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Atmospheric Pressure Chemical Ionization Tandem
Mass Spectra of a- and pf-Aspartame

Xue-Zhi Qin

Merck Research Laboratories, WP78-210, West Point, Pennsylvania 19486, USA

Atmospheric pressure chemical ionization tandem mass spectrometry was used to study the gas-phase reactions of
protonated o- and B-aspartame. The results show that under collision-induced dissociation conditions, these ions
undergo dehydration to form anhydro derivatives in addition to carbon—carbon bond cleavages. The fragment ions
formed from these dissociation pathways can be used to distinguish the two isomers. Specifically, ions at m/z 175
and 88 are unique to protonated a-aspartame whereas ions at m/z 249, 189 and 74 are unique to protonated

p-aspartame. © 1998 John Wiley & Sons, Ltd.
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INTRODUCTION

Aspartame (1, L-a-aspartyl-L-phenylalanine methyl
ester, Fig. 1), marketed under the trade name Nut-
rasweet, is a well known artificial sweetener.!~* It has
been used in many products, including phar-
maceuticals.>-°

Aspartame and its degradation products in solution
have been extensively studied. As can be seen in 1,
aspartame contains two hydrolytically sensitive bonds,
the ester and the peptide bonds. The ester bond is
hydrolytically more labile than the peptide bond.°
Three major degradation products of aspartame were
observed in  solution, namely (5-benzyl-3,6-
dioxopiperazin-2-yl)acetic acid (diketopiperazine
(DKP), 2, Fig. 1), L-aspartyl-L-phenylalanine (3, Fig. 1)
and phenylalanine (4, Fig. 1).771° Of these, 2 and 3 are
formed from the breaking of the ester bond while 4 is
formed from the breaking of both the peptide and the
ester bonds. Below pH 3 aspartame mainly undergoes
hydrolysis to 3, whereas above pH 6 it mainly under-
goes cyclization to form 2.

The degradation of aspartame has also been studied
in the dry state. When heated in an acidified—lyophilized
state at 110°C for 24 h in vacuum, aspartame formed
many degradation products.'! In addition to the well
characterized degradates (2—4), aspartame was observed
to dehydrate to form an anhydro derivative (5, Fig. 1),
which has not been observed in solution so far.

In spite of extensive studies of aspartame in solution
and in the solid state, the chemistry of aspartame in the
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gas phase has not been well studied. Owing to the
recent development of the API (atmospheric pressure
ionization) technique in mass spectrometry (MS),
studies of thermally labile, low-volatile compounds,
such as aspartame, by MS have become feasible.'?
Recently, a study of analytical conditions for the deter-
mination of aspartame by liquid chromatography/
electrospray (ES) MS has been reported.'® Different
degrees of aspartame fragmentation were obtained by
varying the electrospray spraying capillary voltage.
However, no detailed analysis of the fragmentation
pattern was given. Here, we report a study of proto-
nated aspartame in the gas phase by the use of APCI
(atmospheric pressure chemical ionization) tandem mass
spectrometry (MS/MS). This study demonstrates that
after collision-induced dissociation (CID) by argon in
the gas phase, protonated aspartame undergoes dehy-
dration to form an anhydro derivative (5) in addition to
carbon—carbon bond cleavages.

a-Aspartame has a positional isomer, f-aspartame (6,
Fig. 1). p-Aspartame is considered to be a decomposi-
tion product of a-aspartame.’® It would be significant
to distinguish them in the study of aspartame chemistry.
Since MS has great potential to distinguish isomers, and
especially MS/MS has been actively used for dis-
tinguishing saturated and unsaturated isomeric molecu-
lar ions,'* MS/MS was applied in the present study to
probe the differences in the gas-phase reactions of
protonated a- and f-aspartame. It was observed that
under the same APCI/MS/MS and CID conditions,
protonated a- and p-aspartame show characteristic
fragmentation patterns in both the dehydration and the
carbon—carbon bond cleavages that are distinguishable.
Since a- and f-aspartame are typical derivatives of a-
and B-dipeptides, this study is significant for MS/MS
studies of a- and B-peptides in general.
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Figure 1. Structures of a-aspartame (1), diketopiperazine (2), ASP-PHE (3), phenylalanine (4), anhydro derivative (5), B-aspartame (6),

anhydro derivative (7) and pyrrolidinedione (8).

EXPERIMENTAL

Samples

Aspartame (a-aspartame), f-aspartame and L-aspartyl-
L-phenylalanine (ASP-PHE) were purchased from
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Sigma (Milano, Italy) and were used as received. Their
standard solutions were made by dissolving 20 mg of
each compound in 200 ml of water.

Flow Injection MS and MS/MS

An HP 1090 liquid chromatograph and a Finnigan
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MAT TSQ 7000 mass spectrometer were interfaced by a
Finnigan MAT APCI source operated in the positive
ionization mode. Flow injection parameters were a flow
rate of 0.5 ml min~!, a carrier stream of 20%
acetonitrile-80% 0.02 M NH,OAc and an injection
volume of 20 pl. The APCI parameters were vaporizer
500 °C, capillary 200 °C, sheath gas (N,) flow meter 50
psi, auxiliary gas (N,) flow meter 30 units and corona
setting, 5 pA. Parameters for CID were collision gas
argon at a pressure of 1.5 mTorr (1 Torr = 133.3 Pa),
collision energy 20 eV and MS/MS correction factor
0%. The protonated molecular ions of «- and p-
aspartame and ASP-PHE at m/z 295, 295 and 281,
respectively, were selected by Q1 while Q3 was scanned
repetitively from m/z 50 to 350 in 1 s.

RESULTS AND DISCUSSION

MS/MS of the protonated a-aspartame ion

Under the experimental conditions, the mass spectrum
of protonated aspartame (APM) was dominated by the
parent ion at m/z 295 with little fragmentation (not
shown). A typical product ion spectrum of this ion is
shown in Fig. 2. This spectrum is rather complicated.
These ions are divided into two groups. The proposed
dissociation pathways for the two groups of ions are
shown in Schemes 1 and 2, respectively. Some product
ions in Scheme 1 are referred to as ‘a-type,” ‘y-type’ and
‘z-type’ ions. Such nomenclature refers to ions formed
from protonated peptides.!> Since aspartame is a deriv-
ative of the dipeptide ASP-PHE, the nomenclature is
also used for its product ions.

Scheme 1 shows the dissociation pathways resulting
in ions at m/z 235, 218, 180, 175, 163, 120 and 88. The
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ions at m/z 235 and m/z 88 (a,) are formed by carbon—
carbon bond cleavages according to a-scissions
assuming the amine group is protonated. The ion at m/z
175 is formed by loss of an HCOOCH; group from the
m/z 235 ion. As shown, two structures have been pro-
posed for the ions at m/z 235. When assuming the
amide group is protonated, the alternative ion at m/z
235 (a,) can be formed by carbon—carbon bond cleav-
age according to a-scission. The ion at m/z 218 is
formed from the m/z 235 ion by deamination. The ions
at m/z 180 (y,) and m/z 163 (z,) are postulated to be
formed when the amide group is protonated. The ion at
m/z 120 is formed by loss of an HCOOCH; group from
the m/z 180 ion. The ions at m/z 235 and 180 are the
most abundant ions in this group.

The second group of ions, shown in Scheme 2, con-
tains ions at m/z 277, 260, 245, 228, 217 and 200. The
overall abundance of these ions is much lower than that
of the first group of ions (the overall abundance ratio of
the first group to the second group is about 4:1). The
ion at m/z 277 is the key to understanding the forma-
tion of these ions since they are formed consecutively
from this ion, as depicted. The ion at m/z 277 is sug-
gested to be the anhydro derivative 5. This species was
identified by fast atom bombardment (FAB) MS in a
study of aspartame in an acidified-lyophilized state,'’
in which the characteristic fragment ions of this species
at m/z 245 and 217 were also reported. As shown in
Scheme 2, the ions at m/z 260, 245 and 217 are formed
by deamination, the loss of a HOCH; and the loss of a
HCOOCH; from the m/z 277 ion, respectively. The ions
at m/z 260 and 245 underwent further dissociation. The
ion at m/z 228 is formed from deamination from the ion
at m/z 245 and the ion at m/z 200 is formed from the
loss of an HCOOCH; group from the ion at m/z 260.
The ion at m/z 260 is the primary ion in this group. In
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Figure 2. Product ion spectrum of protonated a-aspartame obtained under the CID conditions described in the Experimental section.
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Scheme 1. Dissociations of protonated a-aspartame (APM) and ASP-PHE (AP).

addition to these ions, there is a very minor ion at m/z
263 in Fig. 2. It is assigned to protonated aspartame-
DKP formed by cyclization by the loss of an HOCH;
group from protonated aspartame.

Further studies of the product ion spectra of proto-
nated aspartame were conducted by varying collision
energy from 0 to 40 eV. Below 10 eV, the protonated
aspartame ion showed very little fragmentation. With
increasing collision energy to 20 eV, many product ions
were formed. As described above, for the first group of
ions, the ions at m/z 235 and 180 were the most abun-
dant ions at this collision energy. On increasing colli-
sion energy to 30 eV, the ions at m/z 235 and 180
decreased whereas those at m/z 120, 163, 175 and 88
increased. The ion at m/z 120 became the most abun-
dant ion. With further increasing collision energy to
40 eV, the ion at m/z 120 remained the most abun-

© 1998 John Wiley & Sons, Ltd.

dant ion while all the other ions decreased (the relative
abundances of these ions were all <15%). For the
second group of ions, the ion at m/z 260 was the
primary ion at a collision energy of 20 eV. On increas-
ing collision energy to 30 eV, this ion and the ions at
m/z 245, 228 and 217 decreased whereas the ion at m/z
200 increased and became the primary ion. On increas-
ing the collision energy to 40 eV, all the ions in the
second group decreased with the ion at m/z 200 still
being the primary ion. In general, the ratio of the
overall abundance of the first group to that of the
second group increased with increasing collision
energy. At a collision energy of 20 eV, the ratio was
about 4:1, as mentioned above. It became about 5:1
and 10:1 at collision energies of 30 and 40 eV, respec-
tively. These results are in agreement with the disso-
ciation pathways proposed in Schemes 1 and 2.
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Scheme 2. Dissociation of the protonated anhydro derivative ions formed from dehydration of protonated «-aspartame (APM) and

ASP-PHE (AP).

In summary, protonated w«-aspartame undergoes
dehydration (Scheme 2) in addition to fragmentation by
carbon—carbon bond cleavages (Schemes 1) under CID
conditions.

MS/MS of the protonated ASP-PHE ion
In order to support the analysis of the product ion spec-

© 1998 John Wiley & Sons, Ltd.

trum of protonated a-aspartame, its hydrolysis product,
ASP-PHE (3), was studied under the same conditions.
The mass spectrum of protonated ASP-PHE was domi-
nated by the parent ion at m/z 281 with little fragmenta-
tion (not shown). A representative product ion spectrum
of this ion is shown in Fig. 3. The spectrum of
ASP-PHE can be similarly interpreted by two groups of
ions as those of a-aspartame. Every analysis of the
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Figure 3. Product ion spectrum of protonated ASP-PHE obtained under the CID conditions described in the Experimental section.

product ion spectrum of protonated a-aspartame can be
applied to that of protonated ASP-PHE after replacing
the methyl ester group of aspartame with the carboxyl
group of ASP-PHE, as shown in Schemes 1 and 2.
It should be pointed out that ions at both m/z 221 and
235 were observed, supporting the contention that
there are two structures for the m/z 235 ions from
aspartame (see Scheme 1). In conclusion, the parallel
results for «-aspartame and ASP-PHE strongly
support the analysis of the product ion spectrum of
protonated a-aspartame.

MS/MS of the protonated p-aspartame ion

B-Aspartame (6), a positional isomer of a-aspartame,
was studied under the same conditions. The molecular
mass of f-aspartame is the same as that of a-aspartame,
and the mass spectrum showed the parent ion at m/z
295 with little fragmentation (not shown). A representa-
tive product ion spectrum of this ion is shown in Fig. 4.
These ions can also be divided into two groups. The
first group, shown in Scheme 3, is predominant. It con-
tains eight ions at m/z 249, 235, 218, 189, 180, 163, 120
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Figure 4. Product ion spectrum of protonated B-aspartame obtained under the CID conditions described in the Experimental section.
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Scheme 3. Dissociation of protonated B-aspartame.

and 74. In this group, the ions at m/z 235, 218, 180, 163
and 120 are formed when the amide group is proto-
nated. They are not affected by the different position of
the amine group in f-aspartame as compared with a-
aspartame. The different position of the amine group
affects the formation of the ions at m/z 249, 189 and 74,
formed after the amine group is protonated. As shown
in Scheme 3, the ions at m/z 249 and 74 are formed by
carbon—carbon bond cleavages according to a-scissions
when the amine group is protonated. The ion at m/z 249
increases by 14 u and the ion at m/z 74 decreases by 14
u from the corresponding two ions for a-aspartame
(namely the ions at m/z 235 and 88), reflecting the differ-
ent positions of the amine groups in the two isomers.
Subsequent loss of HCOOCH, from the ion at m/z 249
produces the ion at m/z 189. It also increases by 14 u
from the corresponding ion at m/z 175 for a-aspartame.
The ions at m/z 249, 189 and 77 are unique to f-
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aspartame while those at m/z 175 and 88 are unique to
a-aspartame. They can be used to distinguish the two
isomeric aspartames. The most abundant ions of the
first group for p-aspartame are the ions at m/z 235 and
180. The second group of ions formed from protonated
B-aspartame ion are very weak, and mainly consist of
the ions at m/z 277, 245 and 217 (the ratio of the overall
abundance of the first group to that of the second group
is >50:1). The ion at m/z 277 is proposed to be the
anhydro derivative 7 formed by dehydration as shown
in Scheme 4. The ions at m/z 245 and 217 are formed
from 7 by the loss of HOCH; and HCOOCH,, respec-
tively. The anhydro derivative 7 is an isomer of 5. It
appears that the two ions 5 and 7 and also the ions
formed consecutively from them had very different
abundance distributions. The overall abundance of 7
and its fragment ions was much lower than that of 5. In
particular, the ions formed from deamination observed
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Scheme 4. Dissociation of the protonated anhydro derivative ion formed from dehydration of protonated S-aspartame.

for 5 were not observed for 7. Presumably, their relative
abundances were too low to be observed for 7 under the
experimental conditions. In addition to the two groups,
there is an ion at m/z 263, which is a very minor species
and assigned to a seven-membered cyclization product,
formed by the loss of HOCH; between the amine group
and the methyl ester group.

Structures of the dehydrated aspartame ions

As described above, under the CID conditions, proto-
nated a- and f-aspartame undergo dehydration to form
anhydro derivatives in addition to carbon—carbon bond
cleavages. The anhydro derivatives are quasi-molecular
ions [M + H]" at m/z 277, which differ from the aspar-
tame ions by 18 u, consistent with dehydration of the
aspartame ions. The proposed structure of the anhydro
derivative from the a-aspartame ion is 5 and that from
the p-aspartame ion is 7. They are formed by the
nucleophilic attack of the oxygen of the amide group on
the carbon of the carboxyl group in aspartames and
subsequent loss of a water molecule. The anhydro deriv-
ative 5 was characterized by FABMS and photoacous-
tic infrared spectrometry in the study of degradation
products of aspartame in an acidified-lyophilized
state.!! It was only formed under acidic conditions. The
instability of aspartame under acidic conditions is
attributed to protonation of the carboxyl group since
OH™ is a much better leaving group that O~. The
protonated aspartame ion in the gas phase is similar to
its acidified-lyophilized state, and therefore when it
gains energy from collision in the gas phase it can
undergo the same dehydration to form 5. According to
the m/z 277 ion, there is another possible structure of
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the dehydration product, the pyrrolidinedione structure
8, which is formed by cyclization with loss of water
between the phenylalanine amino group and the termin-
al carboxyl group. The structure 8 was suggested as
an intermediate between the conversion of a- and f-
aspartame in a recent MS determination of aspartame
decomposition products in aqueous solutions.'® In the
present study, if 8 was the structure of the ion at m/z
277, both a- and B-aspartame would form the same ion
of 8. This cannot explain the large difference in relative
abundances of the ions formed consecutively from the
ions at m/z 277 for the protonated a- and f-aspartame
ions under the same experimental conditions. Hence 8 is
excluded. Further argument to support this is that since
the oxygen of the amide group in aspartame is more
electronegative than that of the nitrogen of the amide
group, in the gas phase where there is no solvent influ-
ence, it is more likely that the oxygen attacks the car-
boxyl group followed by dehydration to form 5 (or
7)1t7han the nitrogen attacks the carboxyl group to form
8.

CONCLUSION

APCI/MS/MS study of protonated a- and f-aspartame
shows that under CID conditions they undergo dehy-
dration (—H,0) to form anhydro derivatives in addi-
tion to carbon—carbon bond cleavages. They can be
distinguished by the fragment ions formed from these
dissociation pathways. Specifically, ions at m/z 175 and
88 are unique to protonated a-aspartame while ions at
m/z 249, 189 and 74 are unique to protonated p-
aspartame.
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