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Applications of MassStereochemical Spectrometry

5ÈFragmentation of Protonated and Methylated Maleic andPart
Fumaric Acid and Derivatives

Ya-Ping Tu¤ and Alex G. Harrison*
Department of Chemistry, University of Toronto, 80 St George Street, Toronto, Ontario M5S 3H6, Canada

The unimolecular metastable ion and collision-induced dissociation (CID) fragmentation reactions of protonated
and methylated monoamides, monomethyl esters and methyl esters of the monoamides of maleic and fumaric acids
were studied. In addition, some studies of the fragmentation of protonated and methylated maleic and fumaric
acids were carried out. The ions derived from protonated maleic and fumaric acids show distinctly[MH Ô H

2
O ]‘

di†erent CID mass spectra, that for the ion from the maleic acid being the same as that of[MH Ô H
2
O ]‘

protonated maleic anhydride ; the results show that the stereochemistry about the double bond is retained in the
ions. Fragmentation of speciÐcally deuterium-labelled and protonated or deuterated maleic acids[MH Ô H

2
O ]‘

show that the added proton becomes scrambled with the carboxylic hydrogens prior to loss of The fragmen-H
2
O.

tation of similarly labelled fumaric acids show that a 1,3-H‘ migration followed by elimination of is not theH
2
O

only pathway to water elimination ; the results implicate proton migration from one carboxyl group to the other as
well as some involvement of the C-bonded hydrogens in the water-loss reaction. A major fragmentation reaction of
protonated maleamic acid forms this reaction is of only minor importance for protonated fumamic acid.NH

4
‘ ;

Other primary fragmentation reactions involve elimination of and from the protonated species. TheNH
3

H
2
O

protonated monomethyl esters fragment initially by loss of or loss of the former is more prominentH
2
O CH

3
OH;

for the maleate whereas the latter dominates for the fumarate. Protonation of methyl maleamate and methyl
fumamate results in loss of or as primary fragmentation reactions ; these primary fragment ionsNH

3
CH

3
OH

undergo less facile further fragmentation for the maleamate than for the fumamate. The adducts of theCH
3
‘

monoamides fragment by loss of and the CID spectra of the adducts are distinctly di†erentNH
3
, H

2
O CH

3
OH;

from those of the protonated methyl esters of the monoamides, indicating predominant addition of the methyl to
the amide oxygen. The adduct of monomethyl maleate fragments primarily by loss of methanol, the twoCH

3
‘

methyl groups having become equivalent prior to fragmentation. A minor fragmentation route involves loss of
dimethyl ether, a reaction not observed for protonated dimethyl maleate. Elimination of dimethyl ether is a major
fragmentation channel for the adduct of monomethyl fumarate. Since this reaction channel is not observedCH

3
‘

for protonated dimethyl fumarate, the results indicate predominant addition to the carbomethoxy group ofCH
3
‘

the monoester. 1998 John Wiley & Sons, Ltd.(
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INTRODUCTION

Mass spectrometry (MS) has been widely applied to
stereochemical problems over the past 30 years and
there now are many examples of stereochemical e†ects
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on the fragmentation of gaseous ions formed by elec-
tron ionization or chemical ionization (CI).1h8 One class
of compounds which has seen extensive study by chemi-
cal ionization methods are the Z/E-isomeric but-2-ene-
1,4-dioic acids, their diesters and related compounds.
Fales et al.9 reported brieÑy on the isobutane CI mass
spectra of diethyl maleate and diethyl fumarate ;
although MH` was the only product observed at a
source temperature of 130 ¡C, above 250 ¡C some frag-
mentation was observed with the maleate ester showing
a more facile elimination of ethanol. Harrison and
Kallury10 carried out a more thorough study of the

acid chemical ionization of the (Z)-dicar-BrÔnsted
boxylic acids, maleic and citraconic acids and their E-
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isomers fumaric and mesaconic acids, as well as a
number of esters of maleic and fumaric acids. These
studies showed that there was a much more facile frag-
mentation of the protonated Z-isomers compared with
the protonated E-isomers ; the dominant fragmentation
mode involved elimination of water from the proto-
nated acids and an alcohol molecule from the proto-
nated esters. This stereochemical e†ect has been
interpreted10 in terms of an interaction between the two
carboxylate functions in the Z-isomers which permits a
facile proton transfer from the carbonyl oxygen of one
carboxyl group to the hydroxyl or alkoxyl oxygen of
the other carboxyl group, a necessary transfer for elimi-
nation of water or alcohol. Since the carboxyl groups
cannot interact in the E-isomers it was concluded that a
1,3-proton transfer was necessary prior to elimination of

or ROH and that this transfer had a high energyH2Obarrier because it is symmetry forbidden. Support for
the proton transfer reaction in protonated Z-isomers
was provided by the observation that protonated
methylethyl 2-tert-butylmaleates speciÐcally eliminated
an alcohol molecule incorporating the alkoxy group
adjacent to the tert-butyl group both in fragmentation
following acid CI11 and in low-energyBrÔnsted
collision-induced dissociation (CID) of the MH` ions.12
Steric interaction of the bulky tert-butyl group leads to
protonation at the carbonyl group remote from this
group and, subsequently, elimination of ROH from the
carboxyl function adjacent to the tert-butyl group.

The stereoisomeric but-2-ene-1,4-dioic acids and
derivatives have also been popular substrates for study
using less common reagent gas systems.13 Das et al.,14
in a study of the ammonia CI of the diethyl esters of
maleic, fumaric, citraconic and mesaconic acid,
observed that only the Z-isomers formed MH` ions
whereas the E-isomers formed more abundant [M

ions and ions ; because of] NH4]` [M ] N2H7]`internal solvation of the added proton in the Z-isomers
the proton affinity is higher than for the E-isomers.
Using 1,2-dibromoethane as reagent gas, Vairamani et
al.15 observed a more abundant MH` ion for the E-
isomers of the acids and esters studied, with more exten-
sive fragmentation by loss of ROH (R \ H or forCH3)the protonated Z-isomers. Similar results were reported
using acrylonitrile16 and methylene chloride as the
reagent gas.17 With tetramethylsilane as reagent, the E-
isomers of the acids showed an abundant [M

ion signal whereas the Z-isomers] (CH3)3Si [ CH4]`exhibited a strong ion[M ] (CH3)3Si [ H2O]`
signal ;18 for the esters studied, the [M ] (CH3)3Si]`
adduct was more abundant for the E- than for the Z-
isomers.

There have been relatively few studies of the collision-
induced fragmentation of the protonated Z- and E-
stereoisomers ; in particular, there have been no studies
to elucidate whether the stereochemistry is retained in
the primary fragment ions. Mandelbaum and co-
workers19 studied the low-energy CID of the MH` ions
of diethyl and dimethyl esters of maleic, fumaric, citra-
conic and mesaconic acid. The (Z)-ethyl esters, for
example, showed abundant ion signals corresponding to

and[MH[ C2H5OH]` [MH [ C2H5OH [ C2H4]`whereas the E-isomers exhibited abundant [MH
and fragment ions. These[ C2H4]` [MH [ 2C2H4]`

highly stereospeciÐc fragmentation processes indicate
that the double bond conÐguration is retained under
collisional activation conditions. Isbell and Brodbelt20
reported on the CID in a quadrupole ion trap of both
protonated and methyl-cationated Z- and E-isomeric
acids and their dimethyl esters. The protonated acids
fragmented by loss of whereas the methyl estersH2Oshowed loss of The methyl-cationated Z-CH3OH.
isomers, maleic and citraconic acid, fragmented entirely
by loss of whereas the methyl-cationated E-H2Oisomers, fumaric and mesaconic acid, fragmented pri-
marily by loss of CH3OH.

The studies to date of stereoisomeric but-2-ene-1,4-
dioic acid derivatives have involved either the free acids
or their diesters, where, with the exception of the work
of Mandelbaum and co-workers,11,12 the two ester
functionalities have been the same. In the present work
we concentrated largely on stereoisomers containing
two di†erent functionalities, the monoamides of maleic
and fumaric acid, the monomethyl esters of the same
acids and the methyl esters of the monoamides. Our
studies involved metastable ion and CID studies of the
fragmentation of the protonated and methyl-cationated
species. Some experiments are also reported concerning
the mechanism of fragmentation of the MH` ions of
maleic and fumaric acid and on the fragmentation of
the ions derived from these acids.[MH [ H2O]`

EXPERIMENTAL

Metastable ion studies and low-energy CID studies
were carried out using a VG Analytical (Manchester,
UK) ZAB-2FQ hybrid BEqQ mass spectrometer, which
has been described in detail previously.21 In the meta-
stable ion studies, the appropriate ion beam was mass
selected by the BE double-focusing mass spectrometer
at 6 keV ion energy decelerated to ca. 20 eV kinetic
energy and introduced into the r.f.-only quadrupole cell,
q, in the absence of collision gas. The ionic products of
unimolecular fragmentation in the cell were analysed by
scanning the Ðnal mass-analysing quadrupole Q. Low-
energy CID experiments were carried out in the same
fashion but with the addition of collision gas to theN2collision cell at a pressure of (1È2) ] 10~7 Torr (1
Torr \ 133.3 Pa) as read by the ionization gauge
attached to the pumping line for the quadrupole
section. In the CID experiments the collision energy
typically was varied from 5 to 45 eV (laboratory scale).
The results of these energy-resolved experiments22h24
are presented in the following in the form of breakdown
graphs showing the fractional fragment ion abundances
as a function of the collision energy. Alternatively, CID
spectra of isomeric species obtained at the same colli-
sion energy are presented. In MS/MS/MS experiments
the initial precursor ion was mass selected at 6 keV ion
energy and underwent either unimolecular or collision-
induced dissociation in the Ðeld-free region before the
electric sector. The desired ionic product was mass
selected according to its kinetic energy by the electric
sector, decelerated to the desired low kinetic energy and
introduced into the quadrupole collision cell where low-
energy CID studies were carried out in the usual

( 1998 John Wiley & Sons, Ltd. J. Mass Spectrom. 33, 858È871 (1998)
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fashion. In both the metastable ion and CID studies,
20È40 2 s scans were accumulated on a multi-channel
analyser to improve the signal-to-noise ratio.

The ion source of the ZAB instrument was operated
in the CI mode at 200 ¡C. Methane was used as the
reagent gas to produce MH` ions. Where it was desired
to produce MD` ions, or was used asCD4 (CD3)2CO
the reagent gas. The use of as the reagent gasCH3OD
resulted in HÈD exchange of the labile hydrogens of the
analyte and production of the MD` ion of the
exchanged species.25 Interaction of the dicarboxylic
acids with prior to introduction by the solidsCH3OD
probe and the use of as reagent gas allowed theCH4preparation of the MH` ion of both the andd1- d2-acids ; these were mass selected for study.dicarboxylic
The methyl-cationated species were obtained using

as the CI reagent ;26 when adductsCH3IÈCH4 CD3`were desired, was used as the reagent.CD3IÈCD4Maleic (7) and fumaric acid (8) were used as received
commercially. Maleamic acid (1) and monomethyl
maleate (3) were prepared by ammoniation and meth-
anolysis, respectively, of maleic anhydride. Further reac-
tion of 1 and 3 with acidic methanol a†orded methyl
maleamate (5) and dimethyl maleate (9). The prep-
aration of all the trans isomers utilized fumaryl dichlo-
ride, which underwent controlled reaction with aqueous
ammonia or methanol and subsequent hydrolysis to
give fumamic acid (2) and monomethyl fumarate (4).
Further esteriÐcation of 2 and 4 gave methyl fumamate
(6) and dimethyl fumarate (10). After recrystallization,
the purity of all compounds was established by MS and
NMR spectrometry.

RESULTS AND DISCUSSION

Although the major focus of the present work is on the
ion chemistry of the protonated and methylated mono-
amides, monomethyl esters and methyl esters of the
monoamides of maleic and fumaric acid, compounds
1È6 in Scheme 1, some experiments were also carried
out on the fragmentation of the protonated and methyl-
ated acids and dimethyl esters, 7È10 in Scheme 1.

Stereochemistry of fragment ions

As discussed in the Introduction, it is well established
that the protonated Z/E-isomers of but-2-ene-1,4-dioic
acids and their esters show strong stereochemical e†ects
in that the Z-isomers show much more facile fragmenta-
tion that the E-isomers. Clearly, the conÐguration about
the double bond is retained in the protonated species.
In the present study we addressed the question of
whether this stereochemistry is retained in the major
fragment ions for the acids. Figure 1[MH [ H2O]`,
compares the 35 eV CID mass spectra of the [MH

ions obtained on fragmentation of proto-[ H2O]`
nated fumaric and maleic acid. In these MS/MS/MS
experiments, the MH` ion was mass selected by the
magnetic sector and fragmentation in the Ðeld-free
region between the magnetic and electric sectors gave
rise to the (m/z 99) ions which were[MH [ H2O]`
selected by the electric sector, decelerated and activated
by collision with in the r.f.-only collision cell at 35N2

Scheme 1

( 1998 John Wiley & Sons, Ltd. J. Mass Spectrom. 33, 858È871 (1998)
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Figure 1. 35 eV CID mass spectra of ions derived by CID of MH½ ions of fumaric and maleic acid.ÍMH ÉH
2
OË½

eV collision energy. There are signiÐcant di†erences in
the CID spectra obtained. Whereas that for the m/z 99
ion formed from protonated fumaric acid shows signiÐ-
cant ion signals at m/z 81 and 53, these ion signals are
barely detectable in the CID spectrum of the m/z 99 ion
arising from protonated maleic acid. This di†erence is
even more dramatic in the 10 eV CID spectra of source-
generated ions shown in Fig. 2. At this[MH [ H2O]`
collision energy, m/z 81 is the base peak in the spectrum
of derived from fumaric acid but is of[MH [ H2O]`
only minor importance in the CID spectrum of [MH

derived from maleic acid. In addition, the[ H2O]`
m/z 53 ion is much more abundant in the former spec-
trum. The bottom panel of Fig. 2 shows the 10 eV CID
spectrum of protonated maleic anhydride, which is seen
to be essentially identical with that of the [MH

ion derived from maleic acid, supporting the[ H2O]`
proposal that one of the driving forces for fragmenta-
tion of the protonated Z-isomers is cyclization to the
stable cationated anhydride structure.

Obviously, the structures of at least the major portion
of the ions derived from fumaric and[MH [ H2O]`
maleic acid are di†erent, since they show distinctly dif-
ferent CID spectra. This structural di†erence presum-

ably reÑects the fact that the stable structure for the ion
derived from maleic acid has a cyclic protonated maleic
anhydride structure, whereas that derived from fumaric
acid is an acylium ion with a trans conÐguration about
the double bond. A rationalization of the facile loss of
water from the derived from fumaric[MH [ H2O]`
acid is presented in Scheme 2. The orientation about the
double bond of maleic acid precludes such a proton
migration for its ion ; the low-[MH [ H2O]`
abundance m/z 81 ion observed in the spectrum of the

ion derived from maleic acid presum-[MH[ H2O]`
ably reÑects a small extent of isomerization to the E-
conÐguration or water elimination by a di†erent,
unknown, mechanism. The major fragmentation reac-
tions of protonated maleic anhydride are rationalized in
Scheme 3 ; a similar sequence is operative, in addition to
the water-loss reaction, in the fragmentation of the

ion derived from fumaric acid.[MH[ H2O]`

Mechanism of elimination from protonated acidsH
2
O

The low extent of fragmentation of protonated E-
isomers of acids and esters has been attributed10,27 to

( 1998 John Wiley & Sons, Ltd. J. Mass Spectrom. 33, 858È871 (1998)



862 Y.-P. TU AND A. G. HARRISON

Figure 2. 10 eV CID mass spectra of ions formed in source from (a) fumaric acid and (b) maleic acid and (c) 10 eV CIDÍMH ÉH
2
OË½

mass spectrum of protonated maleic anhydride.

the necessity for a 1,3-H` migration in a carbonyl-
protonated species before or ROH loss can occurH2O(Scheme 4). This 1,3-migration is believed to be sym-
metry forbidden and, hence, to have a high energy
barrier. By contrast, a 1,6-H` migration between two

carbonyl groups can occur for protonated Z-isomers
(Scheme 4) ; since this migration is not symmetry for-
bidden and has a low energy barrier, more facile frag-
mentation of protonated Z-isomers occurs in BrÔnsted
acid chemical ionization mass spectra.

Scheme 2

( 1998 John Wiley & Sons, Ltd. J. Mass Spectrom. 33, 858È871 (1998)
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Scheme 3

Further insight into the details of the fragmentation
of protonated Z- and E-isomers was obtained from a
study of the unimolecular metastable ion and col-
lisionally activated dissociation of various protonated
or deuterated fumaric and maleic acid species in which
the carboxylic hydrogens had been replaced, partially or

Scheme 4

totally, by deuterium. The results of these studies are
presented in Tables 1 and 2 in terms of the percentage
elimination of HDO or The results for theH2O, D2O.
maleic acid isotopomers (Table 1) are compared with
distributions calculated on the assumption that the
added H`/D` undergoes complete exchange or scram-
bling with only the carboxylic hydrogens/deuteriums
prior to fragmentation. The results for the fumaric acid
isotopomers (Table 2) are compared with distributions
calculated on the basis of the above model and also
those calculated assuming that all H/D, including those
bonded to carbon, become scrambled prior to fragmen-
tation.

The results obtained for the variously labelled maleic
acid species (Table 1) are in reasonable agreement with
the distribution calculated on the basis of scrambling of
the added H`/D` and the carboxylic hydrogens, partic-
ularly if one assumes that there is an isotope e†ect
favouring elimination of water containing the fewest
number of deuterium atoms. However, even in this
apparently simple case there is some involvement of the
C-bonded hydrogens in the water-loss reaction, particu-
larly for long-lived metastable ions ; this is evident from
the minor ion signals corresponding to loss of H2Ofrom maleic acid-O- and maleic acid-O-d2 ÉH` d1 ÉD`.
The results for the labelled fumaric acids (Table 2) indi-
cate that the water-loss reaction is much more complex

Table 1. Metastable ion (MI) and CID fragmentation of labelled maleic acids

Neutral lost (% of total water loss signal)

Experimental Calculateda

Precursor Fragmentation H
2
O HDO D

2
O H

2
O HDO D

2
O

7 · D½ MI 46.6 53.4 33.3 66.7

CID 40.6 59.4

7-O-d
1
· H½ MI 44.2 55.8 33.3 66.7

CID 38.4 61.6

7-O-d
2
· H½ MI 3.4 70.8 25.8 66.7 33.3

CID 3.8 69.0 27.2

7-O-d
1
· D½ MI 1.8 70.3 27.9 66.7 33.3

CID 71.1 28.9

7-O-d
2
· D½ MI 100 100

CID 100

a Assumes that added H/D scrambles with oxygen-bonded H/D only.

Table 2. Metastable ion (MI) and CID fragmentation of labelled fumaric acids

Neutral lost (% of total water loss signal)

Experimental Calculateda

Precursor Fragmentation H
2
O HDO D

2
O H

2
O HDO D

2
O

8 · D½ MI 54.3 45.7 33.3 66.7

CID 40.0 60.0 60.0 40.0

8-O-d
1
· H½ MI 57.6 42.4 33.3 66.7

CID 50.3 49.7 60.0 40.0

8-O-d
1
· D½ MI 23.4 66.0 10.6 66.7 33.3

CID 12.9 65.5 21.6 30.0 60.0 10.0

8-O-d
2
· H½ MI 28.6 62.7 8.7 66.7 33.3

CID 15.3 72.5 12.1 30.0 60.0 10.0

8-O-d
2
· D½ MI 8.4 51.4 40.2 100

CID 3.6 29.0 67.4 10.0 60.0 30.0

a First entry for each compound assumes that added H/D scrambles with oxygen-
bonded H/D. Second entry assumes that all H/D become scrambled, including
those bonded to carbon, prior to fragmentation.

( 1998 John Wiley & Sons, Ltd. J. Mass Spectrom. 33, 858È871 (1998)
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than that for the maleic acid system. The observed dis-
tributions are not in accord with the predictions of
either scrambling model, nor are they in agreement with
a model which assumes carbonyl oxygen protonation
followed by a 1,3-H` migration leading to water elimi-
nation. Such a model would predict loss of only HDO
from fumaric acid-O- and loss of only fromd2 ÉH` D2Ofumaric acid-O- Two major points are evident.d2 ÉD`.
First, the H/D originally bonded to the two carboxylic
acid groups are lost together as water to a signiÐcant
extent ; this is shown by the substantial loss of D2Ofrom fumaric acid-O- Second, the hydrogensd2 ÉH`.
originally bonded to carbon are involved to a substan-
tial extent in the water-loss reaction. This is shown by
the ion signal for loss of in the fragmentation ofH2Ofumaric acid-O- and fumaric acid-O- andd1 ÉD` d2 ÉH`
by the loss of both HDO and from fumaricH2Oacid-O- However, it does appear that a majord2 ÉD`.
portion of the fragmentation, particularly after col-
lisional activation, can be accommodated by a 1,3-H`
transfer reaction followed by water loss (Scheme 4).
Such a pathway can lead, for example, to the prominent
loss of from fumaric acid-O- loss of HDOD2O d2 ÉD`,
and from fumaric acid-O- loss of HDOD2O d1 ÉD`,
from fumaric acid-O- and loss of HDO fromd2 ÉD`
fumaric acid ÉD`. In Scheme 5 we propose that a
proton may migrate from one carboxyl group to the
other by way of a n-complex with the double bond. We
also propose in Scheme 5 a possible mechanism for
interchange of the C-bonded hydrogens with the O-
bonded hydrogens which rationalizes the involvement
of the former in the water-loss reaction. These migra-
tions and interchanges undoubtedly have a signiÐcant
energy barrier but become possible for the fumarate
species because of the high energy barrier for the 1,3-
H` migration. It should be noted that the results dis-
cussed above indicate that the ion from[MH [ H2O]`
fumaric acid largely retains the original conÐguration
about the double bond, although we cannot preclude
some isomerization to the maleate conÐguration.

Fragmentation of protonated molecules

Table 3 records the metastable ion mass spectra
resulting from unimolecular fragmentation of the MH`
ions of 1È6. The metastable ion mass spectra for the two
protonated monoamides 1 and 2 show formation of

the fractional yield being much greater for 1H`.NH4`,
A similar formation of in the fragmentation ofNH4`protonated succinamic acid has been reported28 while
protonated aniline is a major ion in the acidBrÔnsted
CI mass spectrum of maleanilic acid10 and in the CID
mass spectrum of protonated maleanilic acid.29 The for-
mation of the ammonium ion in the fragmentation of
protonated maleamic acid (1 ÉH`) can be most readily
rationalized (Scheme 6) in terms of formation of a
protonated maleic anhydrideÈammonia complex, which,
at low internal energies, undergoes internal proton
transfer to form the ammonium ion since the proton
affinity of ammonia undoubtedly is greater than that of
maleic anhydride. The low-intensity ion signalNH4`for protonated fumamic acid (2 ÉH`) may arise directly
from the trans conÐguration by an unknown mecha-
nism or may reÑect a small extent of isomerization to
the maleate structure. In metastable ion fragmentation,
protonated maleamic acid (1 ÉH`) shows a more pro-
nounced loss of than loss of plus formationH2O NH3

Table 3. Unimolecular fragmentation of MH‘ of compounds
1–6

Product m /z (% of base peak)

Precursor ÍMH ÉNH
3
Ë½ ÍMH ÉH

2
OË½ ÍMH ÉCH

3
OHË½ NH

4
½

1 · H½ 99 (14) 98 (100) 18 (51)

2 · H½ 99 (100) 98 (65) 18 (8)

3 · H½ 113 (100) 99 (12)

4 · H½ 113 (26) 99 (100)

5 · H½ 113 (34) 98 (100)

6 · H½ 113 (24) 98 (100)

Scheme 5

Scheme 6

( 1998 John Wiley & Sons, Ltd. J. Mass Spectrom. 33, 858È871 (1998)
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of this is to be expected since loss shouldNH4` ; H2Obe more facile than loss.27 By contrast, protonatedNH3fumamic acid (2 ÉH`) shows more loss of than lossNH3of this may reÑect preferential protonation at theH2O;
amide function followed by fragmentation without
interfunctional proton migration.

The 35 eV CID mass spectra of the two protonated
monoamides are shown in Fig. 3. Apart from the forma-
tion of (m/z 18), the spectra can be interpreted byNH4`the fragmentation sequences shown in Scheme 7.
Further fragmentation of the and [MH[MH [ NH3]`primary fragment ions is more extensive for[ H2O]`
the fumamic acid species than for the maleamic acid.
Thus, for the protonated fumamic acid m/z 27 ion

Scheme 7

is more abundant than its precursor m/z 99(C2H3`)
whereas the m/z 70 and 44 ions are more abundant than
their precursor m/z 98 ion ; the opposite is true for the
protonated maleamic acid. This di†erence presumably
reÑects the greater stability of the and[MH [ NH3]`species for the maleamic acid system[MH[ H2O]`
since cyclization to protonated maleic anhydride and
protonated maleimide structures, respectively,
undoubtedly occurs. The CID spectra (not shown) of
the source-produced ions from both[MH [ NH3]`acids were each in good agreement with the correspond-
ing spectra of the ions derived from the[MH [ H2O]`
dicarboxylic acids (Fig. 1), providing support for the
conclusion that cyclization has occurred on loss of NH3from protonated maleamic acid. Weisz et al.19 noted
that, in the CID of the protonated dimethyl esters, the

ion from the fumarate ester under-[MH[ CH3OH]`
went more extensive fragmentation than did the [MH

ion derived from the maleate ester.[ CH3OH]`
The metastable ion mass spectra of the protonated

monomethyl esters 3 and 4 are distinctly di†erent
(Table 3), with the maleate ester showing loss of asH2Othe dominant fragmentation reaction whereas the fuma-
rate ester shows as the base peak.[MH [ CH3OH]`
This di†ering behaviour carries over to the CID spectra.

Figure 3. 35 eV CID mass spectra of protonated maleamic and fumamic acid.

( 1998 John Wiley & Sons, Ltd. J. Mass Spectrom. 33, 858È871 (1998)



866 Y.-P. TU AND A. G. HARRISON

Table 4. 40 eV CID mass spectra of protonated methyl maleate
(3) and fumarate (4) and of methylated maleic (7) and
fumaric (8) acid

Intensity (% of base peak)

m /z Identity 3 · H½ 7 · CH
3
½ 4 · H½ 8 · CH

3
½

113 ÉH
2
O 100 100 7.6 10.3

99 ÉCH
3
OH 61.6 62.9 100 100

85 ÉÍH
2
O ½COË 9.6 9.3 13.1 10.3

81 ÉÍCH
3
OH ½H

2
OË 2.9 2.7 35.0 34.3

71 ÉÍCH
3
OH ½COË 4.8 5.3 25.1 16.0

59 COOCH
3
½ 67.3 66.7 28.0 18.8

53 HCCCO½ 6.7 5.3 53.1 52.6

45 COOH½ 8.4 9.3 23.0 20.6

33 CH
3
OH

2
½ 2.9 6.7

27 C
2
H

3
½ 1.4 4.0 11.2 17.5

Table 4 records the 40 eV CID mass spectra of the
MH` ions of the two monomethyl esters and, for com-
parison, the 40 eV CID mass spectra of the CH3`adducts of the free maleic and fumaric acids. The
spectra of the methyl adducts are in reasonable agree-
ment with the CID spectra of the corresponding proto-
nated monomethyl esters ; this is to be expected given
the mobility of the proton in these systems. The CID
spectra can be rationalized by the fragmentation
sequences in Scheme 8. Clearly, the maleates prefer-
entially fragment by initial elimination of whereasH2Othe fumarates preferentially fragment by elimination of
CH3OH.

The preferential elimination of from proto-CH3OH
nated monomethyl fumarate might be taken to indicate
that protonation occurs favourably at the carbonyl
moiety of the ester function with subsequent 1,3-H`
migration. In the light of the labelling results reported

Scheme 8

Table 5. Unimolecular fragmentation of
MH‘/MD‘ of monomethyl fumarates

Neutral lost (% of base peak)

Precursor HDO D
2
O CH

3
OH CH

3
OD

4 · D½ 12.3 100 47.7

4-O-d
1
· H½ 11.5 100 45.0

4-O-d
1
· D½ 2.0 8.1 10.5 100

above for fragmentation of protonated fumaric acid, it
is no surprise that the fragmentation of protonated
monomethyl fumarate also is complex. The results for
the metastable ion fragmentation of speciÐcally labelled
monomethyl fumarates are presented in Table 5. Frag-
mentation of 4 ÉD` and 4-O- both show loss ofd1 ÉH`

loss of whereas fragmentationCH3OH: CH3ODB 2 : 1
of 4-O- shows that loss of involving ad1 ÉD` CH3OH,
C-bonded hydrogen, accounts for ca. 10% of the frag-
mentation events. Under CID conditions (40 eV) 4 ÉD`
showed whereas 4-O-[CH3OH/[CH3OD B 1 d1 ÉH`
continued to show The[CH3OH/[CH3OD B 2.

Figure 4. Breakdown graph for the MH½ (m /z 130) ion of methyl
maleamate.
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Figure 5. Breakdown graph for the MH½ (m /z 130) ion of methyl
fumamate.

metastable ion spectrum of 4-O- shows that a C-d1 ÉD`
bonded hydrogen is involved in about 20% of the
water-loss reaction. Clearly, as for protonated fumaric
acid, the detailed pathways of fragmentation are
complex and cannot be rationalized solely on the basis
of carbonyl protonation followed by a 1,3-H` shift and
fragmentation.

Scheme 9

Table 6. Unimolecular fragmentation of CD
3
‘

adducts of compounds 1–4

Neutral lost (% of base peak)

Compound NH
3

H
2
O CH

3
OH CD

3
OH CD

3
OCH

3

1 28 40 100

2 38 38 100

3 100 93

4 99 100 70

The metastable ion fragmentation reactions for
protonated methyl maleamate (5) and protonated
methyl fumamate (6) are very similar (Table 3) with
similar ratios for loss of and However,CH3OH NH3 .
fragmentations of the two protonated isomers under
CID conditions show distinct di†erences. The break-
down graphs for 5 ÉH` and 6 ÉH` are shown in Figs 4
and 5 and the rationalization of the spectra observed is
presented in Scheme 9. At collision energies greater
than ca. 25 eV the fragment ions [MH [ CH3OH
[ CO]` and become the most abundantCOOCH3`ions for 6 ÉH` whereas the primary fragment ions [MH

and remain the most[ NH3]` [MH [ CH3OH]`
abundant ions for 5 ÉH`. Clearly, as observed for the
protonated monoamides, the primary fragment ions are
more stable for the maleate species and undergo further
fragmentation less readily.

SigniÐcant di†erences also are observed in the meta-
stable ion fragmentation of 5 ÉD` and 6 ÉD`. For both
species the ammonia lost incorporated the added D;
however, the maleate 5 ÉD` showed

whereas the fumarate[ CH3OH/[ CH3OD \ 1.7
6 ÉD` showed The[CH3OH/ [ CH3OD \ 0.15.
former ratio is close to the ratio of 2.0 expected if the
added D` scrambles with the amide hydrogens prior to
methanol elimination. Clearly, for 6 ÉD` there is a
decided preference for elimination of the added D` with
the neutral methanol.

Fragmentation of methyl–cation adducts

The metastable ion spectra of the adducts of theCD3`monoamides and monomethyl esters 1 to 4 are present-
ed in Table 6. As can be seen, the adducts ofCD3`both monoamides 1 and 2 fragment on the metastable
ion time-scale by elimination of andCD3OH, H2Owith very similar abundance ratios. Despite thisNH3similarity, the CID mass spectra of the adducts exhibit
substantial di†erences, as shown by the 20 eV CID mass
spectra of the adducts (Fig. 6). The relative abun-CH3`dances for (m/z 113),[MCH3[ NH3]` [MCH3(m/z 112) and (m/z 98)[ H2O]` [MCH3[ CH3OH]`
di†er signiÐcantly for the two isomers. The m/z 84 and
80 fragment ions originate by loss of CO and CH3OH,
respectively, from the ion. The[MCH3 [ H2O]`

fragment ion from the fumamic acid[MCH3[ H2O]`
adduct shows a distinctly di†erent m/z 84/80 ratio to
the maleamic acid adduct. In agreement with the latter
spectrum, CID of the adduct of maleimide (m/zCH3`112) gave an m/z 80 ion, as the[MCH3[ CH3OH]`,
major fragment ion with minor formation of m/z 84. An
unexpected observation is the formation of CH3OH2`(m/z 33, shifting to m/z 36 for the adducts) inCD3`minor yield in both CID mass spectra. The mechanism
by which this product is formed is not known.

The CID spectra of the adducts of the mono-CH3`amides di†er substantially from the CID mass spectra
of the protonated methyl esters of the monoamides
(Figs 4 and 5). The latter show no signal for loss of H2O(m/z 112) and no signal at m/z 84 and 80. Clearly, the
major fraction of the adducts has a structure dif-CH3`ferent than that of the MH` ion of the methyl esters of

( 1998 John Wiley & Sons, Ltd. J. Mass Spectrom. 33, 858È871 (1998)
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Figure 6. 20 eV CID mass spectra of adducts of maleamic and fumamic acid.CH
3

½

the monoamides. This precludes signiÐcant methyl
cation addition to either of the oxygens of the free car-
boxyl group of the monoamides. We conclude that the
methyl cation adds primarily to the carbonyl oxygen of
the amide function. addition to the nitrogenCH3`would be expected to result in formation of either

or neither of which[MCH3[ CH3NH2]` CH3NH3`,
is observed in either CID mass spectrum.

The metastable ion mass spectra of the CD3`adducts of the monomethyl esters 3 and 4 are substan-
tially di†erent (Table 6). Although both show loss of

and in a ca. 1 : 1 ratio, the adductCD3OH CH3OH
with monomethyl fumarate also shows an intense meta-
stable ion signal for elimination of Figure 7CD3OCH3 .
compares the CID mass spectrum of the adductCH3`of the monoester of maleic acid-O- with themethyl-d3 d1CID spectrum of protonated methylmaleate.methyl-d3The spectra are similar, the major primary fragmenta-
tion reaction involving loss of methanol before which
the labelled and unlabelled methyl groups have become
equivalent, as in the metastable ion spectrum. Loss of
methanol is followed by loss of CO to give m/z 85 and

88 ions and further loss of to giveC2H2 COOCH3`and (m/z 59 and 62). The methyl adduct ofCOOCD3`the monoester also shows a minor peak at m/z 100 in
the CID spectrum, corresponding to loss of CH3OCD3from the adduct ; this product is not observedMCH3`in the metastable ion spectrum, nor is it observed for
the protonated diester. This fragmentation presumably
arises from a species in which the methyl group has
added to the carbomethoxy group of the monoester, at
either the carbonyl or methoxy oxygen.

Elimination of dimethyl ether becomes a major frag-
mentation reaction in the CID spectrum of the CH3`adduct of the monomethyl fumarate (4). This is evident
from the intense ion signal at m/z 99 in the top spec-
trum of Fig. 8. This fragmentation reaction is not seen
for protonated dimethyl fumarate (bottom spectrum,
Fig. 8), indicating that at least a major part of the two
ions of m/z 145 have di†erent structures. Clearly, methyl
cation addition to the monoester 4 must take place
largely at the carbomethoxy group, but it is not certain
whether this occurs at the carbonyl or methoxy oxygen.
Isbell and Brodbelt20 observed elimination of dimethyl

( 1998 John Wiley & Sons, Ltd. J. Mass Spectrom. 33, 858È871 (1998)
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Figure 7. CID mass spectra (40 eV) of adduct of maleate-O- and of protonated dimethylmaleate.CH
3

½ methyl-d
3

d
1

methyl-d
3

ether from methyl-cationated methyl propionate,
methyl acrylate and methyl methacrylate.

CONCLUSIONS

A signiÐcant observation in the present work is that the
fragmentation of protonated fumaric acid does not
involve solely a 1,3-H` migration followed by H2Oelimination starting from a carbonyl oxygen protonated
species. There is signiÐcant proton migration from one
carboxyl group to the other as well as participation of
the C-bonded hydrogens in the water-loss reaction.
Despite the complexity of this water-loss reaction, the

ion formed from protonated fumaric[MH[ H2O]`
acid has a structure di†erent from that of the [MH

ion derived from protonated maleic acid ;[ H2O]`
this result indicates that the cis/trans conÐguration
about the double bond is retained in the fragment ions.

The fragmentation of the protonated monoamides,
monomethyl esters and the methyl esters of the mono-

amides show substantial stereochemical e†ects, making
di†erentiation of the cis and trans isomers possible. Of
particular note is the substantial formation of inNH4`
the fragmentation of protonated maleamic acid, which
is best rationalized as occurring through the initial for-
mation of a protonated maleic anhydrideÈammonia
ionÈneutral complex.

The adducts of maleamic and fumamic acidsCH3`show a di†erent fragmentation behaviour to the proto-
nated methyl esters of the monoamides, indicating that
the methyl cation adds mostly to the carbonyl oxygen
of the amide function. Similarly, formation of the CH3`adducts of the monomethyl esters appears to proceed
primarily by addition to the carbomethoxy group
rather than to the free carbohydroxy group.
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Figure 8. CID mass spectra (40 eV) of adduct of monomethyl fumarate and of protonated dimethyl fumarate.CH
3
½
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