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Formation of [b3 − 1+ cat]+ ions from metal-cationized
tetrapeptides containing b-alanine, g-aminobutyric acid
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The presence and position of a single b-alanine (bA), g-aminobutyric acid (gABu) or e-aminocaproic acid
(Cap) residue has been shown to have a significant influence on the formation of bn

+ and yn
+ product ions

from a series of model, protonated peptides. In this study, we examined the effect of the same residues
on the formation of analogous [b3 − 1+ cat]+ products from metal(Li+, Na+ and Ag+)-cationized peptides.
The larger amino acids suppress formation of b3

+ from protonated peptides with general sequence AAXG
(where X = b-alanine, g-aminobutyric acid or e-aminocaproic acid), presumably because of the prohibitive
effect of larger cyclic intermediates in the ‘oxazolone’ pathway. However, abundant [b3 − 1+ cat]+ products
are generated from metal-cationized versions of AAXG. Using a group of deuterium-labeled and exchanged
peptides, we found that formation of [b3 − 1+ cat]+ involves transfer of either amide or a-carbon position
H atoms, and the tendency to transfer the atom from the a-carbon position increases with the size of the
amino acid in position X. To account for the transfer of the H atom, a mechanism involving formation of a
ketene product as [b3 − 1+ cat]+ is proposed. Copyright  2008 John Wiley & Sons, Ltd.

KEYWORDS: electrospray ionization; metal-cationized peptides; collision-induced dissociation; ion-trap mass spectrometry;
fragmentation mechanisms

INTRODUCTION

The dominant fragmentation reactions of peptide ions during
collision-induced dissociation (CID) involve cleavage of the
amide bonds along the peptide backbone.1,2 The major CID
products for protonated peptides are the bn

C and yn
C ions,3,4

with the former representing ionized fragments containing
the N-terminus and the latter containing the C-terminus of
the original peptide. The currently accepted pathway for
generation of bn- and yn- type ions involves cyclization and
intramolecular nucleophilic attack upon an amide-carbonyl
carbon atom by the oxygen atom of the carbonyl group
of the amide group to the immediate N-terminal side of
the cleavage site.5 – 13 The mechanism for generation of the
analogous [bn � 1 C cat]C species, commonly observed in the
CID spectrum of LiC-, NaC- and AgC-cationized peptides, is
assumed to follow a pathway similar to bn

C.
Formation of a five-member cyclic intermediate is

thought to be an integral part of the reactions to pro-
duce the bn

C- and yn
C-sequence ions from protonated

peptides,6,7,10 – 13 and analogous [bn � 1 C cat]C products
from metal-cationized peptides through the ‘oxazolone’
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mechanism (shown for b3
C from AAAG in Scheme 1(a)).

The [bn C 17 C cat]C species are prominent, if not the pre-
ferred, dissociation products for LiC- and NaC-cationized
peptides.14 – 17 The mechanism for the [bn C 17 C cat]C

pathways is also thought to involve cyclization and
intramolecular nucleophilic attack with proton transfer
(Scheme 1(b)).18 – 22 The pathway depicted in Scheme 1(b)
includes concerted opening of the cyclic intermediate and
elimination of CO and an imine. Gronert, Lebrilla and
coworkers have proposed instead a plausible route that
involves an anhydride intermediate after ring opening.22 In
any case, the salient feature is that, as in the case of the
bn

C/[bn � 1 C cat]C pathway, the electrophilic site of attack
in the [bn C 17 C cat]C pathway is the carbonyl carbon of the
amide group being cleaved. In this case, however, the nucle-
ophile is the carbonyl oxygen of the C-terminal carboxylic
acid.

Recently we investigated and reported on the incor-
poration of ‘alternative’ amino acids such as ˇ-alanine
(NH2CH2CH2CO2H, ˇA), �-aminobutyric acid (NH2CH2

CH2CH2CO2H �ABu), ε-aminocaproic acid (NH2CH2CH2

CH2CH2CH2CO2H, Cap), and 4-aminomethylbenzoic acid
(NH2CH2C6H4CO2H,4 AMBz) into the sequence of a model
peptide, and the effect(s) of these residues on relative product
ion intensities.23,24 The goal of the study was to determine the
effect on fragmentation patterns of changing the size of the
putative cyclic intermediate formed during the nucleophilic
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Scheme 1. Pathway to [b3 � 1 C cat]C (1a) and [b3 C 17 C cat]C (1b) from AAAG through five-membered cyclic intermediates.

attack. For protonated peptides, the presence of ˇA, �Abu
or Cap in XAAG, AXAG, and AAXG (where X represents
the position of the ‘alternative’ amino acid) inhibited or com-
pletely suppressed formation of specific bn

C and yn
C ions.23

This observation was attributed to the prohibitive effect of
forcing cyclization and intramolecular nucleophilic attack to
progress through larger cyclic intermediates, which should
mainly be kinetically slower to form and entropically less
favored, when larger amino acids were used. Cyclization is
prohibited when the residue is 4 AMBz because the rigid aro-
matic ring separates the nucleophile from the electrophilic
site of attack. For metal(LiC, NaC and AgC)-cationized pep-
tides, similar suppression and inhibition of the formation of
[b3 C 17 C cat]C was observed when the ‘alternative’ amino
acids were placed at the C-terminus of the model peptide
acetyl-FGGX.24

In this study, the influence of ˇA, �Abu and Cap
on the tendency to form [b3 � 1 C cat]C products from
LiC-, NaC- and AgC-cationized AAXG was investigated.
The initial hypothesis was that the potential prohibitively
large cyclic intermediates would suppress formation of
[b3 � 1 C cat]C, as was observed for the protonated versions
of the peptide. However, the metal cations may coordinate
with the peptide through interactions with multiple amide-
carbonyl O atoms, and thus kinetically assist formation
of a reactive configuration from which nulceophilic attack
occurs. As we show here, [b3 � 1 C cat]C is a prominent, if
not dominant, reaction product from the metal-cationized
AAXG. More importantly, isotope labeling demonstrates
that formation of the product involves the transfer of an H
atom that originates from an ˛-carbon position of the amino
acid in position X. Possible reaction mechanisms, including

one analogous to the ‘oxazolone’ pathway for conventional
bn

C ions but with a larger cyclic intermediate, and a route
that leads to generation of a ketene, are presented.

EXPERIMENTAL

All peptides used in this study were generated by solid-phase
synthesis methods using Wang resin, conventional coupling
procedures25 and Fmoc-protected amino acids in a custom-
built, multiple reaction vessel peptide synthesis apparatus.
Glycine-loaded Wang resin and Fmoc-alanine (Ala), bA,
gAbu, �-ABu acid labeled with deuterium at the ˛-carbon
position [NH2CH2CH2CD2CO2H, a − d2 − gAbu], Cap and
4AMBz were purchased from Sigma-Aldrich (St. Louis,
MO, USA) and used as received. Peptides, once cleaved
from the resin using trifluoroacetic acid, were used without
subsequent purification in the CID studies.

Solutions of each peptide were prepared by dissolving
the appropriate amount of solid material in a 1 : 1 (V : V)
mixture of HPLC grade MeOH and deionized H2O to
produce final concentrations of 10�5 –10�4 M. Solutions of
the metal ions (¾1 mM) were prepared by dissolving the
appropriate amount of metal(Li, Na or Ag) nitrate salt in
deionized water. To investigate the dissociation of AAXG
peptides for which exchangeable H atoms were replaced
with D, the peptide was incubated in a mixture (50 : 50 by
volume) of D2O and CH3OD (Aldrich Chemical, St. Louis,
MO, USA) overnight prior to analysis.

Electrospray ionization mass spectra (ESI-MS) were col-
lected using a Finnigan LCQ-Deca ion-trap mass spectrome-
ter (San Jose, CA, USA). Peptide/metal ion spray solutions
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were infused into the ESI-MS instrument using the incor-
porated syringe pump and a flow rate of 3–5 µl/min. The
atmospheric-pressure ionization stack settings for the LCQ
(lens voltages, quadrupole and octapole voltage offsets, etc.)
were optimized for maximum �M C H�C or �M C cat�C ion
transmission to the ion-trap mass analyzer by using the
auto-tune routine within the LCQ Tune program. Following
the instrument tune, the spray needle voltage was main-
tained at C5 kV, the N2 sheath gas flow at 25 units (arbitrary
for the Finnigan systems, corresponding to approximately
0.375 l/min) and the capillary (desolvation) temperature at
200 °C. The ion-trap analyzer was operated at a pressure of
¾1.5 ð 10�5 Torr. Helium gas, admitted directly into the ion
trap, was used as the bath/buffer gas to improve trapping
efficiency and as the collision gas for CID experiments.

The CID studies (MS/MS and MSn) were performed as
follows. The �M C H�C ions were isolated for the initial CID
stage (MS/MS) using an isolation width of 0.9 to 1.2 mass
to charge (m/z) units. Product ions selected for subsequent
CID (MSn experiments) were isolated using widths of 1.0–1.3
m/z units. The (mass) normalized collision energy, which
defines the amplitude of the rf energy applied to the end-cap
electrodes in the CID experiment, was set between 20 and
25%, which corresponds roughly to 0.50–0.75 V with the
instrument calibration used in this study. The activation Q
(as labeled by ThermoFinnigan, used to adjust the qz value
for the precursor ion) was set at 0.30. Subsequent CID stages
were performed using similar activation parameter settings.
The activation time employed at each CID stage was 30 ms.

For ion-isolation experiments to probe D for H back-
exchange, precursor ions were isolated using an isolation
width of 0.9–1.1 m/z units, which was sufficient to isolate a
single isotopic peak. The normalized collision energy was set
at 0% (i.e. no imposed collisional activation), the activation
Q at 0.30, and the isolation time ranged from 10 ms to
1 s. During the isolation period, the ions may collide with
H2O, which is present as a contaminant in the ion trap and
because of its use as solvent for ESI. The check for D for H
back-exchange was done because such a process could effect
the splitting of [b3 � 1 C cat]C products into distinct isotopic
peaks (vide infra), which was the principal feature used
to identify and measure the extent of transfer of ˛-carbon
position H or D atoms during fragmentation reactions.

RESULTS AND DISCUSSION

CID of AA(gAbu)G
The sequences and structures of the model peptides included
in this study are shown in Fig. 1. Figure 2 shows CID (MS/MS
stage) spectra for AA(�Abu)G cationized by: HC (2a), LiC

(2b), NaC (2c) and AgC (both the 107AgC and 109AgC isotopic
peaks, 2d). For the protonated version of AA(�Abu)G, elim-
ination of the full C-terminal G amino acid (75 mass units, u)
to generate b3

C would furnish an ion peak at m/z 228. How-
ever, as in our earlier investigation,23 b3

C is not observed for
AA(�Abu)G and the dominant product ion generated was
instead y2

C at m/z 161. Suppressed formation of b3
C for the

peptide containing �Abu is consistent with, at least in part,
potential changes to the rates of the putative ring-closure

step leading to nucleophilic attack in the ‘oxazolone’ mecha-
nism: the seven-member ring for �Abu should be kinetically
slower to form than the conventional five-member rings that
are postulated as intermediates for ˛-amino acids.

For LiC- and NaC-cationized versions of AA(�Abu)G
(Fig. 2(b) and (c), respectively), the [b3 C 17 C cat]C product,
generated by neutral loss of 57 mass units (u), was prominent.
Other product ions observed included [M � H2O C cat]C,
[y3 � 1 C cat]C, [a3 � 1 C cat]C and [y2 � 1 C cat]C. A more
important observation, however, was the appearance of
the [b3 � 1 C cat]C product. The relative abundance of
[b3 � 1 C cat]C is comparable to that of [b3 C 17 C cat]C for
the LiC- and NaC-cationized versions of the peptides, and is
the dominant product ion generated from the AgC-cationized
version of the peptide. Thus, despite the potential prohibitive
effect of the larger cyclic intermediates that presumably
suppress formation of b3

C for the protonated peptides, the
analogous [b3 � 1 C cat]C ion is prominent in the spectra
derived from the metal-cationized peptides. Formation of
[b3 � 1 C cat]C was not observed for the metal-cationized
versions of AA(4AMBz)G (spectra not shown), consistent
with the hypothesis that prohibiting cyclization altogether
blocks formation of the bn

C/[bn � 1 C cat]C products.

CID of deuterium exchanged and labeled AAXG
Figure 3 shows the CID spectra generated from �M C D�C

of AAXG peptides for which exchangeable H atoms were
replaced with D by incubation of the peptides in a mixture
of D2O and CH3OD. For DC-cationized AAAG (Fig. 3(a)),
the b3

C ion appears as multiple isotopic peaks. Isolation
and storage of the m/z 218 isotopic peak, without imposed
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Figure 1. Sequence/structures of model peptides used to
study the influence of ˇA, �Abu and Cap on formation of
[b3 � 1 C cat]C from metal-cationized AAXG.
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Figure 2. CID (MS/MS) spectra generated from AA(�Abu)G series cationized by: (a) HC, (b) LiC, (c) NaC and (d) 107AgC and 109AgC.

collisional activation (spectra not shown) suggested that the
m/z 217, 216 and 215 isotopic peaks are instead generated by
D for H back-exchange through collisions with adventitious
H2O in the ion trap. This was confirmed by monitoring
exchange of D for H with increasing isolation times.
Investigation of the cause for the rapid D for H exchange for
b3

C derived from AAAG is beyond the scope of this report,
and is being studied in greater detail using a more extensive
set of model peptides.

As shown in Fig. 3(b), the b3
C ion at m/z of 218,

via loss of 78 u, was also observed following CID of
deuterium-exchanged AA(ˇA)G, consistent with loss of fully
deuterium-exchanged glycine from the C-terminus. D for H
back-exchange was minimal, and became significant only
at isolation times longer than 1 s (data not shown). For
AA(ˇA)G, AA(�Abu)G and AA(Cap)G (Fig. 3(b) through
(d), respectively), formation of y2

C following CID of
[M C D]C occurred through the net elimination of 144,
consistent with the loss of the two N-terminal A residues,
each with a single D atom. Isolation and storage of y2

C,
without imposed collisional activation, showed that the
tendency for D for H back-exchange was negligible.

The CID spectra generated from LiC- and NaC-cationized
versions of the deuterium-exchanged forms of AAXG were

qualitatively similar. For the sake of brevity, the results from
the LiC versions are presented here as representative of both
systems. As shown in Fig. 4 for LiC-cationized, deuterium-
exchanged AAAG, the [b3 C 17 C Li]C and [b3 � 1 C Li]C

products were observed at m/z 243 and 223, respectively.
These m/z values correspond to product ions generated
by elimination of 58 and 78 u, respectively. The formation
pathways proposed for both the [bn � 1 C cat]C and [bn C
17 C cat]C products involve transfer of H atoms from
exchangeable sites, specifically amide and acid positions for
the former and latter, respectively. The elimination of 58 and
78 u during formation of [b3 C 17 C Li]C and [b3 � 1 C Li]C

from deuterium-exchanged AAAG is therefore consistent
with the respective proposed mechanistic pathways, and
demonstrates that generation of the products does not
include significant scrambling of isotope labels or transfer
of H atoms from positions other than the amino terminus,
amide positions, or the C-terminal acid group. Both the
[b3 C 17 C Li]C and [b3 � 1 C Li]C were isolated and stored
in the ion trap, without imposed collisional activation, for
periods ranging from 10 ms to 1 s (spectra not shown): no
appreciable D for H back-exchange for the ions was observed.

For LiC-cationized, deuterium-exchanged AA(ˇA)G
(4b), AA(�Abu)G (4c) and AA(Cap)G (4d), formation of
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Figure 3. Spectra generated by CID (MS/MS) of DC cationized, fully deuterium-exchanged: (a) AAAG, (b) AA(ˇA)G, (c) AA(�Abu)G
and (d) AA(Cap)G.

[b3 C 17 C Li]C continued to involve elimination of 58 u, con-
sistent with transfer of the C-terminal acid-position D atom
during the dissociation reaction (as shown with a C-terminal
H atom in Scheme 1(b)). However, the [b3 � 1 C Li]C ion
appeared as two isotopic peaks (m/z 223, 224; 237, 238 and
265, 266 for X D ˇA, �Abu and Cap, respectively) that arise
through neutral losses of 77 or 78 u. Elimination of 78 u is
consistent with transfer of an amide-position D atom to the
C-terminal residue, and loss of fully deuterium-exchanged
glycine to furnish [b3 � 1 C Li]C. The neutral loss of 77 u
is noteworthy, because it signals transfer to the C-terminal
G residue of an H atom, rather than a D atom, in the
dissociation pathway. Because the peptides were fully D-
exchanged (amino, amide and acid positions labeled with
D), the transfer of an H atom implicates one of the methy-
lene groups within the residue at position X. As is evident
from the comparison of the spectra in Fig. 4, the tendency
to lose 77 u rather than 78 u increases following the trend
ˇA < �Abu < Cap, i.e as the size of the amino acid at
which cyclization and intramolecular nucleophilic attack
should occur to produce [b3 � 1 C cat]C increases. Similar
trends were observed for the NaC-cationized versions of the
deuterium-exchanged peptides. As in the case of the AAAG
peptide, both the [b3 C 17 C Li]C and [b3 � 1 C Li]C derived
from LiC-and NaC-cationized AA(ˇA)G, AA(�Abu)G, and

AA(Cap)G were isolated and stored in the ion trap, with-
out imposed collisional activation, for periods ranging from
10 ms to 1 s (spectra not shown). No appreciable D for H
back-exchange for the respective ions was observed.

The [a3 � 1 C Li]C ion at m/z 195 was a prominent
product in the spectrum derived from LiC-cationized, fully
deuterium-exchanged AAAG. CID (MS3 stage, spectrum
not shown) of [b3 � 1 C Li]C from the deuterium-exchanged
AAAG led primarily to [a3 � 1 C Li]C via elimination of
CO. The [a3 � 1 C Li]C product is absent in the CID spectra
generated from LiC-cationized, fully deuterium-exchanged
AA(ˇA)G (4b), AA(�Abu)G (4c) and AA(Cap)G (4d), nor
was the ion generated by CID of [b3 � 1 C Li]C derived from
the respective peptides, as discussed in more detail in a later
section.

Figure 5 shows the CID spectra for AgC-cationized
AAAG (a), AA(ˇA)G (b), AA(�Abu)G (c) and AA(Cap)G
(d). For the sake of clarity, the spectra shown in Fig. 5
were generated using CID of only the 109AgC adduct of the
peptides. The [b3 � 1 C 109Ag]C ion is the dominant product
generated from each of the peptides, and [b3 C 17 C 109Ag]C

appeared at relative intensities <5% for the AA(ˇA)G,
AA(�Abu)G and AA(Cap)G peptides. As in the case of
the LiC- and NaC-cationized versions, formation of [b3 �
1 C 109Ag]C generated from deuterium-exchanged AAAG

Copyright  2008 John Wiley & Sons, Ltd. J. Mass Spectrom. 2008; 43: 1458–1469
DOI: 10.1002/jms



Large amino acids in metal-cationized peptides 1463

180 190 200 210 220 230 240 250 260 270
0

20

40

60

80

100
263

262

224

223

229

243

180 190 200 210 220 230 240 250 260 270
0

20

40

60

80

100

[y3-1+Li]+

[a3-1+Li]+
[b3+17+Li]+[b3-1+Li]+

(b)

(a)

229

195

243

223

R
. I

. (
%

)
R

. I
. (

%
)

190 200 210 220 230 240 250 260 270 280
0

20

40

60

80

100

237

238

243

275
276

257(c)

R
. I

. (
%

)

220 230 240 250 260 270 280 290 300 310
0

20

40

60

80

100

304303285
271

266

265

m/z

(d)

R
. I

. (
%

)

Figure 4. Spectra generated by CID (MS/MS) of LiC-cationized, fully deuterium-exchanged: (a) AAAG, (b) AA(ˇA)G, (c) AA(�Abu)G
and (d) AA(Cap)G.

involved primarily elimination of 78 u, which represents
fully deuterium-exchanged glycine. However, loss of 77 u
was observed from the deuterium-exchanged AA(ˇA)G,
AA(�Abu)G and AA(Cap)G, and the fraction of product
ion derived from this pathway increased systematically with
the size of the ‘alternative’ amino acid. No D for H back-
exchange was observed when either [b3 C 17 C 109Ag]C or
[b3 � 1 C 109Ag]C derived from AgC-cationized AA(ˇA)G,
AA(�Abu)G, and AA(Cap)G were isolated and stored in the
ion trap, without imposed collisional activation, for periods
ranging from 10 ms to 1 s (spectra not shown). As in the
case of the LiC (and NaC)-cationized versions of deuterium-
exchanged AA(ˇA)G, AA(�Abu)G and AA(Cap)G, the
[a3 � 1 C 109Ag]C product was not generated by CID of
[b3 � 1 C 109Ag]C.

The CID spectra shown in Figs 4 and 5 demonstrate
that formation of [b3 � 1 C cat]C from metal-cationized
AA(ˇA)G, AA(�Abu)G and AA(Cap)G involves, in part,
transfer of an H atom that does not originate in an
exchangeable position. To determine the specific position
from which the H atom is transferred during formation
of [b3 � 1 C cat]C, the CID of metal-cationized AA(˛–d2-
�Abu)G was examined. This peptide was chosen for study

because ˛-d2 labeled �Abu is commercially available, and
because our initial hypothesis was that the ˛-C position
is the most likely origin of the H atom. In Figs 6 and 7,
high-resolution ZoomScan spectra collected after CID of
native AA(�Abu)G and AA(˛–d2-�Abu)G are compared
for the LiC- and 109AgC-cationized forms of the peptides,
respectively. For AA(˛–d2-�Abu)G (Figs 6(b) and 7(b)), the
[b3 � 1 C cat]C ion appears as two isotopic peaks, which
are shifted higher by 1 and 2 mass units compared to the
unlabeled version of the peptide. The higher mass isotopic
peaks (m/z 236 and 338 for LiC and AgC, respectively) are
generated by the net elimination of 75 u and formation of
[b3 � 1 C cat]C via a reaction that involves transfer of an H
atom from an amide position to the departing, C-terminal G
residue. The lower mass peaks (m/z 235 and m/z 337 for the
LiC- and AgC-cationized versions, respectively) correspond
to the formation of [b3 � 1 C cat]C by transfer of a D atom,
thus supporting the hypothesis that the ˛-C position is
the source of the nonexchangeable H atom in the reaction
pathway. Regardless of the metal cation, exclusive loss of 78 u
was observed following CID of AA(˛–d2-�Abu)G that was
incubated in D2O/CH3OD to induce H/D exchange (spectra
not shown). This result suggests that only H(or D) atoms
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Figure 5. Spectra generated by CID (MS/MS) of 109AgC-cationized, fully deuterium-exchanged: (a) AAAG, (b) AA(ˇA)G,
(c) AA(�Abu)G and (d) AA(Cap)G.

from amide-N positions or the ˛-carbon position of residue
X are transferred in the reaction to product [b3 � 1 C cat]C.

Proposed mechanism for [b3 − 1+ cat]+ with
transfer of a-position H atom
The results shown thus far demonstrate that placement of
larger amino acids such as ˇA, �Abu or Cap in position
X of AAXG does not appreciably inhibit formation of
[b3 � 1 C cat]C from the model peptide, unlike the results
obtained for b3

C from protonated versions of the same
peptides.23 The pronounced transfer of an H atom from an
˛-carbon position suggests that formation of [b3 � 1 C cat]C

occurs, at least in part, through a mechanistic pathway
distinct from that proposed for peptides with conventional
˛-amino acids. Two reasonable general pathways can be
envisioned for [b3 � 1 C cat]C from AAXG where X D ˇA,
�Abu or Cap: one involving formation of cyclic intermediate
larger than the five-member ring proposed for ˛-amino acids,
and a second pathway that instead involves tautomerization
and generation of a metal-cationized ketene.

Using the peptide AA(�Abu)G for discussion, a mech-
anism involving intramolecular nucleophilic attack and
formation of a cyclic intermediate is shown in Scheme 2.
Once the cyclic intermediate is formed, proton transfer from
the amide-N position of the �Abu residue to the amide N
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Figure 6. CID (MS/MS) spectra of LiC-cationized
(a) AA(�Abu)G and (b) AA(˛-d2-�Abu)G.
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Figure 7. CID (MS/MS) spectra of AgC-cationized
(a) AA(�Abu)G and (b) AA(˛-d2-�Abu)G.

atom of the C-terminal glycine residue must occur. Cleavage
of the C-terminal amide bond would then liberate glycine
as a neutral and furnish 3H-tetrahydro-1,3-oxazepine, a
seven-membered ring analogue to the oxazolinone (a five-
membered ring) generated by ˛-amino acids. In our earlier
study of protonated peptides, residues such as �Abu and Cap
were found to suppress the formation of bn

C ions when the
residues were positioned such that they influence formation
of the cyclic intermediate. The larger cyclic intermediates
were thought to be kinetically and entropically less favored,
thus leading to diminished ion yields. In the present case, for-
mation of [b3 � 1 C cat]C for which amide-position H (or D)
atoms are transferred to the departing neutral by the mech-
anism shown in Scheme 2 suggests that the metal ion may
facilitate nucleophilic attack by coordinating with the proper
amide-carbonyl oxygen atoms to assist formation of the
reactive configuration, thus kinetically assisting the reaction
pathway.

Though the reaction shown in Scheme 2 may account
for generation of [b3 � 1 C cat]C with specific transfer of
an amide-position H (or D) atom, it cannot explain the
formation of the same species when an H atom from an
˛-carbon position is transferred. Assuming formation of
the same intermediate after nucleophilic attack, transfer of
the ˛-position D atom to the O atom would have to be
accompanied by opening of the ring as shown in Scheme 3.
However, the cyclic intermediate depicted in Scheme 3 has
no properly located keto group to participate in keto–enol
tautomerization, or otherwise render the ˛-deuterium atoms
sufficiently acidic; so it is difficult to mechanistically explain
the transfer of deuterium from the ˛-carbon position
necessary to complete the reaction to produce [b3 � 1 C cat]C
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Scheme 2. Pathway to [b3 � 1 C cat]C from metal-cationized
AA(˛-d2-�Abu)G through seven-membered cyclic intermediate,
with transfer of amide-position H atom.

and account for the splitting of the product ion as observed
in Figs 6 and 7.

A rational alternative to a mechanism that involves
cyclization is formation of a metal-cationized ketene as
shown in Scheme 4. The appearance of [b3 � 1 C cat]C in
the CID spectra of metal-cationized AAXG, when X D �Abu
or Cap, but not b3

C from protonated analogues, and that
generation of [b3 � 1 C cat]C from AAXG involves transfer
of an H atom from the ˛-position of X suggests that the acidity
of this H atom has been enhanced by the intervention of the
metal ion. The normal pKa of this H atom is about 25–30.
However, as suggested below, this H atom acquires the
character of allylic to an iminium ion prior to fragmentation.
The pKa of H in an allylic position to electronegatively
substituted imines such as oxime tosylates cannot be much
higher than 16–18 because its removal by a base such as
ethoxide (–OEt) promotes the Neber rearrangement via an
azirine.26 Moreover, condensation of a CH3 group, adjacent
to an iminium ion, with orthoformate to form a cyanine dye
in acetate buffer27 indicates that its pKa must be significantly
lower than 16–18. Any process that interferes with the
production of carbocation A′ (Scheme 4) would disfavor
loss of glycine. Such a process is cyclization involving
nucleophilic attack by the oxygen of the penultimate alanine
residue of AAXG (iminium ion A, Scheme 3). When X D Cap,
this ring is nine-membered, whereas X D �Abu, ˇA or Ala
leads to seven-, six- and five-membered rings, respectively.
It is well-known that formation of medium-sized rings (sizes
seven to nine) is least favored based on both thermodynamic
and kinetic factors. Thus, the acyloin condensation affords
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these rings in lower yields than both bigger or somewhat
smaller ones,28 and the Dieckmann condensation yields
virtually no product corresponding to medium-sized rings.29

Therefore, we expect the loss of C-terminal glycine to be the
greatest with X D Cap because of least competition with
formation of A′, and diminish in the order �Abu > ˇA > Ala.

If the [b3 � 1 C cat]C ion is indeed a metal-cationized
ketene, one would not expect it to lose CO upon further
dissociation. Ketenes (as odd-electron species) by themselves
do lose CO upon electron impact to produce electron-
deficient carbenes. However, formation of such carbenes in
the present case would be discouraged by the proximity
of electron-deficient metal ions. Figure 8 shows spectra
generated by CID (MS3 stage) of [b3 � 1 C Li]C (a) and [b3 �
1 C 109Ag]C (b) derived from the respective metal-cationized
versions of AA(�Abu)G. For neither species is the loss of CO
a prominent pathway. The dominant product fragmentation
pathway for [b3 � 1 C Li]C involves either elimination of
18 u, presumably as H2O, or loss of 44 u. Elimination
of 44 u was observed by our group for dissociation of
[b3 � 1 C cat]C ions generated from metal-cationized AXGG,
where X D ˇA, �Abu or Cap, and attributed to the
elimination of CO2 to furnish a metal-cationized azirine.30 In
the prior study, the [b3 � 1 C cat]C ions were all five-member
ring oxazolinones, and decomposition of the azirine led to
the formation of a metal-cationized nitrile product. What
specific atoms make up the neutral(s) eliminated at 44 u in
the present study is not known and will be determined using
a more extensive series of isotope-labeled peptides. Other
dissociation pathways apparent in the spectra shown in Fig. 8
include formation of [b2 � 1 C Li]C and [a2 � 1 C Li]C via
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AA(˛-d2-�Abu)G through alternative ketene mechanism.

elimination of 85 u (residue mass of �Abu) and 113 u (residue
mass of �Abu and CO), respectively. For [b3 � 1 C 109Ag]C,
similar dissociation pathways were observed. However,
formation of [b2 � 1 C 109Ag]C and [a2 � 1 C 109Ag]C was
more favored compared to loss of H2O or 44 u.

Dissociation of [b3 � 1 C cat]C was examined further
using the ˛–d2 labeled version of AA(�Abu)G, which
allowed for investigation of the CID of the species as
generated (presumably) by the two distinct pathways shown
in Schemes 2 and 4, by focusing individually on the peaks
corresponding to either loss of 75 u or 76 u from metal-
cationized AA(˛-d2-�Abu)G (see Figs 6(b) and 7(b)). Using
the 109AgC-cationized version of the peptide, we found that
the dominant product ion was [b2 � 1 C cat]C (spectra not
shown), regardless of which ‘version’ of the [b3 � 1 C Ag]C

product was isolated for dissociation. For example, when
the species at m/z 338 in Fig. 7(b) was isolated for a
subsequent CID stage, [b2 � 1 C 109Ag]C was the dominant
product generated through the elimination of 87 u. This
loss corresponds to the residue mass of ˛-d2 labeled �Abu,
and is consistent with the elimination of 85 u (residue mass
of unlabeled �Abu) to generate the [b2 � 1 C cat]C species
apparent in Fig. 8(b). When the m/z 337 species in Fig. 7(b)
was instead isolated for dissociation, a neutral loss of 86
to generate [b2 � 1 C 109Ag]C was observed. In this case,
the shift in neutral loss by 1 u reflects the fact that one
˛-C position D atom was transferred to the C-terminal G
that was eliminated in the prior CID stage to generate
[b3 � 1 C 109Ag]C.
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Figure 8. CID (MS3) spectra of (a) [b3 � 1 C Li]C and
(b) [b3 � 1 C Ag]C derived from AA(�Abu)G.

It is clear from the spectra in Fig. 8, and the lack of
[a3 � 1 C cat]C products in the CID spectra of LiC- and
AgC-cationized AA(�Abu)G and AA(Cap)G (Figs 3 and 4),
that [b3 � 1 C cat]C with the larger ‘alternative’ amino acids
does not dissociate via the elimination of CO as do con-
ventional bn

C/[bn � 1 C cat]C ions. Loss of CO from the
[bn � 1 C cat]C and analogous bn

C species generated from
AAAG, and related peptides composed of ˛-amio acids,
is assisted with concomitant facile formation of an imine
product (Scheme 1(a)). For AA(ˇA)G, AA(�Abu)G and
AA(Cap)G, cyclic [b3 � 1 C cat]C products formed via the
pathway shown in Scheme 2 would not be expected to form
the associated [a3 � 1 C cat]C species because opening of the
ring, with concomitant elimination of CO, cannot lead to the
formation of an imine product as depicted in Scheme 1 with-
out significant rearrangement. As noted above, metallated
ketenes likely also would not eliminate CO.

Loss of H2O from [b3 � 1 C Li]C and [b3 � 1 C Na]C

probably occurs through a retro-Koch or retro-Ritter type
pathway and elimination of an amide O atom, as proposed
first by Reid and coworkers31 for protonated peptides and
supported by subsequent experiments by our group with
metal-cationized peptides.21,32,33 The formation of [b2 � 1 C
cat]C and [a2 � 1 C cat]C from [b3 � 1 C cat]C can instead be
attributed to the conventional ‘oxazolone’ pathway, with
attack by the carbonyl O atom of the alanine residue adjacent
to the N-terminus upon either a C atom within the large ring
formed in Scheme 2, or the amide group between alanine
and the �Abu-ketene to the peptide generated in Scheme 4.
Regardless of the precursor ion structure, such a nucleophilic
attack would furnish a metal-cationized oxazolinone as
[b2 � 1 C cat]C which could decompose further, through loss
of CO, to produce [a2 � 1 C cat]C. CID (MS4 stage, spectra

not shown) of [b2 � 1 C Li]C and [b2 � 1 C Ag]C derived
from AA(�Abu)G or AA(Cap)G produces the [a2 � 1 C cat]C

species via the loss of CO.

Apparent influence of X on yield of other product
ions
Another interesting observation was the apparent influence
of X in AAXG on the relative abundance of the �M � H2O C
cat�C and [b3 C 17 C cat]C products relative to [b3 � 1 C cat]C.
As noted above, an investigation of the elimination of H2O
from model, metal-cationized peptide-esters showed that the
preferred pathway likely involves a retro-Koch-type process
that involve loss of an amide-position carbonyl O atom.32,33

This is opposed to loss of the C-terminal –OH group through
a pathway similar to that operative for the generation of the
[bn � 1 C cat]C and b3

C ions shown in Scheme 1(a). In the
previous study, loss of H2O was shown to involve loss of
both amide-N position and ˛-carbon position H atoms,33

consistent in the present study with the significant fraction
of the �M � H2O C Li�C generated from the fully deuterium-
exchanged form of AA(ˇA)G and AA(�Abu)G via the loss
of HDO rather than D2O. The reason for the enhanced loss
of H2O from AA(ˇA)G and AA(�Abu)G is not clear, but we
have found that the intensity of �M � H2O C cat�C increases
when the favored [bn C 17 C cat]C pathway is inhibited or
suppressed.24

Noting the fact that the [b3 � 1 C Li]C species appears
as two isotopic peaks, the ratio of the abundance of
[b3 � 1 C Li]C relative to [b3 C 17 C Li]C increases from ca.
0.75 (measured using integrated peak areas) for AAAG
to ca. 1.5 for AA(ˇA)G and AA(�Abu)G, and further to
nearly 5 for AA(Cap)G. The change in relative abundance
is surprising given the fact that the [b3 C 17 C Li]C is
often the preferred, if not dominant, product generated
from metal-cationized peptides. We recently investigated
the competition between formation of [b3 � 1 C Li]C and
[b3 C 17 C Li]C from A(4AMBz)AG and found that there was
a significant increase in the intensity of [b3 � 1 C Li]C for the
peptides that contain the 4AMBz residue, and in some cases
the complete elimination of the [b3 C 17 C Li]C pathway.34

The influence of the 4 AMBz residue was attributed to
the fact that [b3 � 1 C Li]C would be a highly conjugated
species containing an aromatic ring substituent. Comparison
of CID profiles suggested that the competition may be
influenced by a decrease of the critical energy for generation
of [b3 � 1 C cat]C relative to that of [b3 C 17 C cat]C.

However, in the present study the initial assumption
was that the larger amino acids would suppress formation
of [b3 � 1 C cat]C because of the larger cyclic intermediates,
and in doing so presumably increase the competitiveness
of the [b3 C 17 C cat]C product. As shown in Scheme 1(b),
formation of [b3 C 17 C cat]C requires attack on an amide
C atom by the C-terminal carboxyl group to generate an
oxazolidinone intermediate, whereas formation of [b3 �
1 C cat]C via the ketene pathway would involve attack
by the adjacent nitrogen atom on the same carbocation
(Scheme 4), to produce an iminium ion. Preferred formation
of [b3 � 1 C cat]C over [b3 C 17 C cat]C as the size of the
amino acid in position X increases may be rationalized by
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considering that the nitrogen atom may be more nucleophilic
than the carbonyl group that would attack in the pathway
shown in Scheme 1(b), and thus make formation of the former
product more favorable.

The [y3 � 1 C cat]C ion was also more prominent in
the CID spectra generated from LiC and NaC-cationized
AA(�Abu)G and AA(Cap)G when compared to AAAG.
Computational studies by Paizs and Suhai provide com-
pelling evidence for an integrated pathway that involves
simultaneous cleavage of the C–C bond of the N-terminal
amino acid reside, and the N-terminal amide C–N bond to
generate y3

C, a1
C and CO.35 Such a pathway was found, for

protonated glycine-glycine, to be energetically more favor-
able than one involving formation of an aziridinone product
via cyclization and attack by the N-terminal amino group.
In the present study, it is not clear what role the metal ion
may play in enhancing the formation of [y3 � 1 C cat]C; a
more detailed investigation of the enhanced formation of the
species is currently underway using a larger group of model
peptides.

CONCLUSIONS

In this study, we examined the effect of the ‘alternative’
ˇA, �Abu and Cap residues on the tendency to form
[b3 � 1 C cat]C ion from metal-cationized peptides. For
protonated versions of these peptides, the larger amino
acids suppress formation of b3

C from peptides with general
sequence AAXG, presumably because of the prohibitive
effect of larger cyclic intermediates in the ‘oxazolone’
pathway. However, we found that abundant [b3 � 1 C cat]C

products are generated from LiC-, NaC- and AgC-cationized
versions of AAXG, despite the potential negative effects of
the large cyclic intermediates. Using a group of D-labeled
peptides, we found that formation of [b3 � 1 C cat]C from
the AAXG peptides involves transfer of both amide-position
H atoms, as well as those attached to C atoms. The most
likely source of the H atom transferred is identified as
the ˛-carbon position using AA(�Abu)G for which the ˛-C
position of the �Abu residue was labeled with D. To account
for the unusual transfer of the ˛-C position H atom, and
formation of [b3 � 1 C cat]C from the AAXG peptides, a
mechanism was proposed that involves tautomerization at
the X-G amide group and bond cleavage to furnish a metal-
cationized ketene. Unlike the ‘oxazolone’ mechanism used to
explain generation of conventional bn

C and [bn � 1 C cat]C

ions, formation of the ketene does not involve cyclization
and nucleophilic attack by a carbonyl O atom, and thus is
less likely to be hindered by the large cyclic intermediates
necessary for formation of oxazolinone products.
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