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The elimination of water from the carboxyl group of protonated diglycine has been investi-
gated by density functional theory calculations. The resulting structure is identical to the b, ion
formed in the mass spectrometric fragmentation of protonated peptides (therefore named “b,”
in this study). The most stable geometry of the fragment ion (“b,”) is an O-protonated
diketopiperazine. However, its formation is kinetically disfavored as it requires a free energy
of 58.2 kcal/mol. The experimentally observed N-protonated oxazolone is 3.0 kcal/mol less
stable. The lowest energy pathway for the formation of the “b,” ion requires a free energy of
37.5 kcal/mol and involves the proton transfer from the amide oxygen of protonated diglycine
to the hydroxyl oxygen. Fragmentation initiated by proton transfer from the terminal nitrogen
has also a comparable free energy of activation (39.4 kcal/mol). Proton transfer initiating the
fragmentation, from the highly basic terminal nitrogen or amide oxygen to the less basic
hydroxyl oxygen is feasible at energies reached in usual mass spectrometric experiments.
Amide N-protonated diglycine structures are precursors of mainly y, ions rather than “b,”
ions. In the lowest energy fragmentation channels, proton transfer to the hydroxylic oxygen,
bond breaking and formation of an oxazolone ring occur concertedly but asynchronously.
Proton transfer to hydroxyl oxygen and cleavage of the corresponding C-O bond take place at
the early stages of the fragmentation step, while ring closure to form an oxazolone geometry
occurs at the later stages of the transition. The experimentally observed low kinetic energy
release is expected to be due to the existence of a strongly hydrogen bonded protonated
oxazolone-water complex in the exit channel. Whereas the threshold energy for “b,” ion
formation (37.1 kcal/mol) is lower than for the y; ion (38.4 kcal/mol), the former requires a
tight transition state with an activation entropy, AS* = —1.2 cal/mol.K and the latter has a
loose transition state with AS* = +8.8 cal/mol.K. This leads to y, being the major fragment ion
over a wide energy range. (J Am Soc Mass Spectrom 2003, 14, 1192-1203) © 2003 American
Society for Mass Spectrometry

ass spectrometry is an important tool for
Mpeptide and protein research as the fragmen-
tation of protonated peptides and proteins
gives information about their primary structure [1-4].
Amino acid sequence can be assigned by considering
the fragments resulting from the cleavage of the peptide
linkage, i.e., the b,, and y,, ions which are the N-terminal
and C-terminal charged fragments respectively (the
conventional nomenclature [5] of the ions is illustrated
in the upper part of Scheme 1).
According to the mobile proton model [6-9], the
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added proton can move along all basic sites before
fragmentation occurs. When the added proton is situ-
ated on the amide oxygen atom, the peptide bond
becomes stronger while protonation of the amide nitro-
gen weakens the peptide linkage and leads to fragmen-
tation [10].

By comparison of the mass spectra of y, ions with
reference spectra, there exists clear evidence that the y,
ions are protonated amino acids, similarly larger y,, ions
are protonated peptides [11, 12]. On the other hand,
using the neutral fragment reionization (N{R) tech-
nique, it has been observed that when a b, ion is
produced, the C-terminus is cleaved as an intact amino
acid (if the C-terminal amide bond is broken) or peptide
(if an amide bond other than the C-terminal one is
cleaved) [12].

The structure of the N-terminal ionic or neutral
fragments is not clear. In early studies, the b, ions have

Received December 31, 2002
Revised May 20, 2003
Accepted May 25, 2003



J Am Soc Mass Spectrom 2003, 14, 1192-1203

HoN—CH—|-C—|-N-|-CH—|—C~|—-N-|-CH—C

HyN—C—|-C—|-N—C—C~|~OH

ap nbzu

Scheme 1

been thought to be acylium ions (Scheme 2) [1, 2, 4].
Later, it has been shown that the acylium ions are not
stable and a N-protonated oxazolone structure (Scheme
2) is proposed for b, ions [13-20]. According to the
oxazolone mechanism, the protonation of the amide
bond causes a large positive charge on the amide
carbon atom. Nucleophilic attack by the nearby amide
carbonyl oxygen results in cyclization. The need for at
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least two amide bonds for this mechanism is consistent
with the observation that amino acids other than the
ones which can react with their own side chain do not
form b, ions. On the other hand, N-acetylated amino
acids are observed to give b, ions in their metastable ion
and CID mass spectra [13]. A further evidence for the
formation of a protonated oxazolone structure is that
protonated 2-phenyl-5-oxazolone and the b, ion de-
rived from N-benzoyl-Gly-Gly-OH produce identical
mass spectra [13]. Moreover, the elimination of CO,
from b, ions is considered to be an indicator of an
oxazolone structure [15]. The experimental findings are
supported by ab initio calculations [8, 13, 14, 16, 20]. The
protonated oxazolone may fragment further to an im-
monium ion (a, ion) and carbon monoxide. Early cal-
culations have indicated that the acyclic acylium ion is
the transition state in the fragmentation of b,, ions to a,
species [13]. However, recent calculations have located
an acyclic acylium ion as a very high energy local
minimum (about 30 kcal/mol above the protonated
oxazolone) [18].

The kinetic energy releases for the formation of b,
ions from various peptides have been mesured as
0.02-0.03 eV, suggesting that no reverse activation bar-
riers exist for these reactions [13].

Considering the relatively low proton affinity of the
amide nitrogen, a mechanism consisting of protonation
at the amide oxygen, yielding an O-protonated ox-
azolone structure (Scheme 2), is also proposed [17].
However, the fragmentation of the b, ion from proton-
ated diglycine occuring by the loss of CO and ab initio
calculations indicating a higher stability for the N-
protonated oxazolone (by 19.5 kcal/mol for oxazolones
derived from protonated N-acetyl glycine) disagree
with an O-protonated oxazolone structure [19].

Recently, carrying out DFT calculations, Rodriquez
et al. [20] have found that the most favorable site of
protonation on protonated triglycine is the carbonyl
oxygen of the N-terminal residue. In the fragmentation
process, a proton is transferred from the N-terminal
carbonyl oxygen to the nitrogen atom of the leaving
C-terminal residue, yielding a N-protonated oxazolone
as the b, ion [20].

A protonated diketopiperazine structure (Scheme 2)
would form if the nitrogen atom of the nearby residue
is involved in the nucleophilic attack to the amide
carbon. However, comparison of the CID spectra of b,
ions with reference spectra gives strong evidence that
cyclization to diketopiperazine does not occur [12, 13,
15]. On the other hand, N(R experiments show that the
neutral fragment lost during y,, formation has a dike-
topiperazine structure (except the case where only the
N-terminal amino acid is lost) [12].

An immonium structure (Scheme 2) is proposed by
Eckart et al. for b, ions in heteromeric sequences
bearing the more basic residue at the N-terminus [21].
This idea has been opposed by Harrison and coworkers
who have shown that Eckart’s observations can be
explained also by the oxazolone model [16].
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Besides the structure of the b, ion, the mechanism by
which the extra proton is shuttled to the site of bond
cleavage is of importance. Spatial proximity of the
donor and acceptor sites as well as their proton affini-
ties may direct the mobile proton to some locations,
favoring the formation of certain fragment ions.

We have carried out calculations using density func-
tional theory (DFT) on the simplest dipeptide diglycine
to deduce the structure and formation mechanism of
the b, ion. The reaction investigated in the present
work, i.e., the elimination of water from the carboxyl
group of protonated diglycine, does not involve the
cleavage of the peptide linkage, nevertheless the result-
ing ionic fragment is identical to a b, ion. Therefore,
throughout this paper, this ion will be named “b,” and
a nomenclature different than the conventional one will
be used. The present nomenclature is illustrated in the
lower part of Scheme 1.

In CID experiments, Klassen and Kebarle have not
observed the formation of “b,” ion from protonated
diglycine, the y, ion being the most abundant species at
low collision energies and a; being the most abundant
fragment at higher collision energies [22]. On the other
hand, the CID experiments of Reid et al. have indicated
the formation of the “b,” ion, the most abundant
fragment being the y; ion [19, 23]. Moreover, van
Dongen et al. have found a significant “b,” ion peak
during the unimolecular decomposition of protonated
diglycine [24].

The favored protonation site in diglycine is the
terminal nitrogen [8, 25]. Paizs et al. have shown
computationally that the proton can sample all basic
sites before fragmentation occurs [8], in keeping with
the mobile proton model [6, 7, 9]. They have proposed
a mechanism that passes through an amide N-proton-
ated species for the formation of the “b,” ion. In this
mechanism, proton transfer from the amide nitrogen to
the hydroxyl group takes place concertedly with the
cleavage of the C-O bond, bearing a transition state
which is 44.8 kcal/mol above the most stable proton-
ated diglycine structure on the electronic energy surface
(including the zero point energy) [8]. The same authors
have proposed also a mechanism for the integrated
formation of the a; and y; ions passing through a
transition state (corresponding to the breakdown of the
amide N-protonated diglycine to immonium, carbon
monoxide and neutral glycine) which is 38.4 kcal/mol
above the most stable protonated diglycine structure
[26]. The reaction yields either an a; ion together with
carbon monoxide and neutral glycine or a y, ion accom-
panied by carbon monoxide and imine [26].

In the following, we examine the relative stabilities
of the proposed structures for the “b,” ion derived from
protonated diglycine. Then, we show why the thermo-
dynamically most stable O-protonated diketopipera-
zine structure is not detected experimentally. We inves-
tigate different channels resulting in N-protonated
oxazolone, the most probable form of “b,” based on
experimental observations. We investigate the compe-
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tition between the formation of “b,” and y,; ions by
comparing our results with those of Paizs et al. [26].

Computational Methods

All the minimum energy structures and transition states
have been fully optimized using the Becke-3-parameter-
Lee-Yang-Parr exchange-correlation functional (B3LYP)
[27, 28]. Previous calculations on the fragmentation of
protonated monoglycine have yielded satisfactory re-
sults using this functional [29]. The 6-31 + G** basis set
has been used in conjunction with the B3LYP method.
This basis set is similar to the one we have used in the
study of the fragmentation of protonated monoglycine
(6-31 + G*) [29] except that diffuse functions on
hydrogens are omitted in the present work. As the
B3LYP method may be inadequate for proton transfer
barriers, the global minimum, the highest energy tran-
sition state and the separated products in the lowest
energy reaction channel, have been reoptimized at the
MP2/6-31 + G** level of theory in order to confirm the
B3LYP/6-31 + G** results. The MP2 and B3LYP results
are in reasonable agreement. The results are further
checked by MP4/6-31 + G** single point energy calcu-
lations using the MP2/6-31 + G** optimized geome-
tries.

The nature of the stationary points has been checked
by computing the harmonic vibrational frequencies. All
real freaquencies have indicated the presence of global
or local minima whereas one imaginary frequency has
suggested a transition state. The fact that the located
transition states connect the expected minima has been
confirmed by intrinsic reaction coordinate (IRC) calcu-
lations.

E.., Eelzpe Hoos, Goog and S,eg refer to the electronic
energy at 0 K, the sum of the electronic energy and zero
point energy at 0 K, enthalpy at 298 K, Gibbs free
energy at 298 K and entropy at 298 K, respectively. The
zero point energies, entropies and thermal contribu-
tions to energy have been obtained from harmonic
frequency calculations without scaling. A complete
documentation of the relative energies of all species and
the dihedral angles defining the conformations are
given as supplementary materials (Tables S1-59).

All the calculations have been performed using the
Gaussian 98 program [30].

Some conclusions drawn regarding the geometry
have been supported by a natural bond orbitals (NBO)
analysis [31, 32]. The energetic contributions of electron
delocalizations between two given NBOs are computed
using the second order perturbation theory in the NBO
context.

Results and Discussion

Relative Stabilities of the Proposed Structures for
the “b,” Ion from Protonated Diglycine

The geometries and relative stabilities of the O-proton-
ated diketopiperazine (b2a), N-protonated oxazolone
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(20.2)

Figure 1. Tonic fragments resulting from the elimination of water. Bond lengths are in A. The
numbers in parentheses are the relative Gibbs free energies (in kcal/mol) with respect to b2a.

(b2b), immonium (b2c), N-protonated diketopiperazine
(b2d) and O-protonated oxazolone (b2f) ions are dis-
played in Figure 1. The O-protonated diketopiperazine
b2a is the most stable isomer. On a neutral dike-
topiperazine ring, conjugation in the amide group in-
creases the proton affinity of the oxygen and decreases
that of the nitrogen. Hence, the N-protonated dike-
topiperazine is significantly less stable than b2a.

The N-protonated oxazolone isomer (b2b) lies 3.0
kcal/mol above b2a. We have also tried to optimize
O-protonated oxazolone structures. One such structure
(b2f) has a very high energy and the C3-O4 bond is
almost broken. Another starting geometry for an O-
protonated oxazolone has ended up with a high energy
structure (b2e) called a retro-Ritter product by Reid et
al. [19], representing another way of water loss (from
the amide oxygen) rather than forming a “b,” ion.

The immonium ion b2c is less stable than b2a by a

free energy of 13.3 kcal/mol. It must be noted that the
calculations of Eckart et al., using the BLYP functional,
have found that b2c and b2b are nearly isoenergetic
and both are less stable than b2a by about 10 kcal/mol
on the AE, surface [21] (AE, of b2c with respect to b2a
is 16.0 in our calculations, and b2b is 12.4 kcal/mol
more stable than b2c). This illustrates the importance of
using hybrid DFT functionals instead of pure ones. The
other calculations on dipeptides containing glycine and
alanine, reported by Eckart et al. [21] involve relative
energies that are within about 11 kcal/mol, i.e., less
than the difference between BLYP and B3LYP results on
the relative stabilities of b2c and b2b. Hence, it may be
that these authors have been misled by the BLYP results
when proposing that an immonium structure is more
stable for “b,” from Ala-Gly.

All our attempts to locate an acyclic acylium ion have
resulted in a N-protonated oxazolone structure.
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Figure 2. Structures involved in the formation of O-protonated diketopiperazine b2a. Bond lengths
are in A. The numbers in parentheses are the relative Gibbs free energies (in kcal/mol) with respect

to 1.

Why Does the O-Protonated Diketopiperazine Not
Form?

The lowest energy pathway yielding an O-protonated
diketopiperazine ion is depicted in Figure 2. Our calcu-
lations have located the terminal N-protonated digly-
cine 1 as the most stable parent ion structure, in
agreement with the studies in the literature [8, 25]. The
amide group in the diketopiperazine ring has a cis
arrangements of the O-C-N-H atoms while in 1 the
trans form is found. The diglycine isomers protonated
at the amide nitrogen do not display a cis or trans
arrangement as the peptide linkage has a single bond
character. Hence, protonated diglycine isomers other
than the ones protonated at the amide nitrogen have to
undergo cis-trans isomerization before the ring closure
leading to a diketopiperazine structure. Paizs et al. [33]
have investigated the cis-trans isomerization around
the amide bond in protonated triglycine, considering a
pathway involving proton transfer from the N-terminal
nitrogen to the neighboring amide nitrogen, rotation
around the amide bond and back transfer of the proton
to the N-terminal nitrogen. The highest energy transi-
tion state they have located, lies 20.1 kcal/mol above
the most stable protonated triglycine structure on the
AE,, zpg surface. On the other hand, in the present
work, we have located a transition state for the cis-trans
isomerization (1_cis1) which is 24.1 kcal/mol higher
than the most stable diglycine structure 1 on the

AE,, zpg surface. This transition state, connecting 1 and
cisl, shows that cis-trans isomerization in protonated
diglycine is feasible, even when the proton is situated
on the terminal nitrogen leaving the amide bond with
its partial double bond character. Thus, a considerable
amount of cis isomers are expected to be found in mass
spectrometric experiments below the threshold for frag-
mentation (see below for threshold energies in various
fragmentation channels).

We have also considered alternative pathways for
cis-trans isomerization. Cyclization to a diketopipera-
zine ring and elimination of water can occur concert-
edly starting from an amide N-protonated structure.
The related transition state (AG,e5 = 50.9 kcal/mol) also
includes contributions from the elimination of water
and cyclization. We are not able to distinguish the
contribution of the rotation around the amide bond to
the barrier. The terminal N-protonated transition state,
1_cis1 has a relative free energy close to that of the
amide N-protonated species (AGyg = 23.0 kcal/mol,
see reference [8] for the relative energies of all amide
N-protonated diglycines). Hence, the cis-trans isomer-
ization does not necessarily involve amide N-proton-
ated species.

The steric interactions between the methylene hydro-
gens of different residues destabilizes the cis isomer
(the H. . .H distances are 2.63 A). On the other hand, in
cis1 the N1-H. . .O4 hydrogen bond is stronger than the
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Figure 3. Structures involved in the formation of N-protonated oxazolone b2b via direct proton
transfer from the terminal nitrogen. Bond lengths are in A. The numbers in parentheses are the relative

Gibbs free energies (in kcal/mol) with respect to 1.

one in 1 shown by the corresponding hydrogen bond
distance. The repulsive interactions between methylene
hydrogens are partially compensated by the strength of
this hydrogen bond to yield a rather low relative free
energy for cisl. Species cisl converts to cis2 and then
cis3 through low energy transition states. Rotations
which lead to the loss or weakening of the intramolec-
ular hydrogen bonds also lead to reductions in steric
interactions by placing methylene hydrogens of differ-
ent residues away from each other. Moreover, a new
hydrogen bond (N1-H...O8) is formed in cis3 and
probably an electrostatic interaction (O8...C3) is
present in cis2. Therefore, all cis species have very
similar relative free energies and interconvert easily.

Proton transfer from N1 to O8 takes place in concert
with cyclization. However, these processes are not
synchronous. Proton transfer takes place before cycliza-
tion as shown by the geometry of the transition state
cis3_cis4. Cyclization benefits from the creation of the
positive charge on C7 upon proton transfer.

Starting with the cyclic species cis4, proton transfer
from N1 and cleavage of the C7-O8 bond occurs
concertedly through a four membered transition state,
cis4_compl. The resulting species, compl is an O-
protonated diketopiperazine-water complex which is
only 1.4 kcal/mol higher in free energy than 1. The low
relative free energy of compl is in part due to the
intrinsic stability of the b2a moiety, but mostly to the
tight hydrogen bond between b2a and water. The
hydrogen bond free energy is 12.2 kcal/mol, computed
as the difference between the relative free energies of
b2a and separated products.

Instead of cis3_cis4, one may consider an alternative
transition state in which the proton is transferred to O9,

leading to the simultaneous formation of a N-proton-
ated diketopiperazine and water (not shown in the
figures). One such transition structure has a relative free
energy of 50.9 kcal/mol (the proton is transferred from
N5 and not from N1 but we do not expect that this fact
changes the conclusions presented below). This transi-
tion state is lower than cis4_compl, suggesting that the
formation of b2d requires less energy than b2a, thus
kinetically more favorable. From the resulting b2d-
water complex, the water molecule evaporates. Then,
b2d has to tautomerize to form the more stable b2a. The
four membered transition state for tautomerization (not
shown in the figures) has a relative free energy of 68.1
kcal/mol. In all cases, the free energy requirement for
the formation of b2a is much higher than for b2b,
preventing kinetically the formation of the most stable
product.

Formation of the N-Protonated Oxazolone

Direct proton transfer from the terminal nitrogen. In order
for fragmentation to occur, the ionizing proton has to
migrate to the hydroxyl oxygen of the protonated digly-
cine. Starting from 1, the simplest route is the direct
proton transfer from the terminal nitrogen to the hy-
droxyl oxygen. The geometries of the species involved
in this reaction channel are displayed in Figure 3.

The transition state 1_2 converts the most stable
species 1 to 2 through coupled rotations around the
N5-C6 and C6-C7 bonds. The rotamer 2 still displays
the N1-H...0O4 hydrogen bond while the conforma-
tional rearrangement leads to the loss of the N5-H. . .O8
hydrogen bond which is compensated to some extent
by an electrostatic interaction between C3 and O9.
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Along the reaction coordinate from 2 to comp2,
rotation around the C2-C3 bond occurs first, allowing
the proton to come closer to O9. Then, the proton
transfer from N1 to O9 accompanied by the breaking of
the C7-09 bond takes place. At the transition state
2_comp2, the water molecule is already formed and
connected to the rest of the system by a charge transfer
interaction at C7 (the charge transfer energies from one
of the lone pairs of O9 into the two antibonding orbitals
on the C7-0O8 bond are 38.2 and 32.9 kcal/mol) and a
hydrogen bond at N1, rather than covalent bonds as
demonstrated by the long C7...09 and N1...H dis-
tances. A charge transfer interaction between one of the
O4 lone pairs and the two antibonding orbitals on the
C7-08 bond is detected (contributing 7.7 and 10.6
kcal/mol). The amide bond in 2_comp?2 is substantially
long and distorted from planarity (by 24.9°). For com-
parison, the highest energy point along the fragmenta-
tion pathway of protonated monoglycine via direct
proton transfer from nitrogen to the hydroxylic oxygen
on the AE,,, ,pg surface is about 35 kcal/mol (the final
products are an immonium ion, carbon monoxide and
water) [34].

The ring closure occurs after the transition state and
a protonated oxazolone-water complex comp2 is
formed. The N1-C2-C3-N5 dihedral angle of —83.8°
disables the intramolecular hydrogen bond N1. . .H-N5
encountered in b2b. Hence, the complex has a high
relative free energy. The oxygen O9 interacts with C7
from a long distance, yielding a charge transfer energy
of 3.3 kcal/mol. Similarly, one of the water hydrogens
interacts weakly with N1 from a distance of 2.46 A with
a charge transfer energy of 2.9 kcal/mol. The low
degree of charge transfer reveals that comp2 is mainly
an electrostatically held ion-dipole complex.

The weakly bound ion-dipole complex comp2 rear-
ranges to the substantially more stable hydrogen
bonded complex comp3. The glycine moiety in comp3
is similar to b2b. The water molecule is hydrogen
bonded to the formerly amide proton. We have not
been able to locate a transition state between comp2 and
comp3. Nevertheless, we expect that a transition state
involving the migration of a weakly held water mole-
cule and rotation around the C2-C3 bond is not too
high in free energy relative to comp2.

The separated products, i.e., b2b and water lie 6.0
kcal/mol above comp3 on the AG,y4 surface. The pres-
ence of this complex, in the exit channel, which is lower
in free energy than the separated products explains the
experimentally observed low kinetic energy release
[13].

The pathway presented above requires less energy
than the one proposed by Paizs et al. (37.9 versus 44.8
on the AE,, zpr surface) [8]. Moreover, no high energy
amide N-protonated species are involved. It is clear that
proton transfer from the most basic site (terminal nitro-
gen) to the least basic site (hydroxyl oxygen) is feasible
at energies reached in usual mass spectrometric exper-
iments, provided that the proton donor and acceptor
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get close to each other in space (no matter how they are
far apart on the amino acid sequence).

Direct proton transfer from the amide oxygen. Due to the
conjugation along the amide bond, the amide oxygen is
a good nucleophile. Hence, proton shuttle from the
most basic terminal nitrogen to the hydroxyl oxygen
through the amide oxygen is expected to be favorable at
least thermodynamically. The geometries of the species
involved in this pathway are presented in Figure 4.

The O-protonated isomer 3 is very close in energy to
1. The stability of this isomer comes from the strong
hydrogen bond between N1. . .H-O4. Interestingly, the
O-protonated monoglycines have been found to be
15.8-30.8 kcal/mol less stable than the most stable
N-protonated isomer at the B3LYP/6-31+ +G** level of
theory [29]. The transition state 1_3 has an extremely
low free energy. It may be assumed that the two
minima are physically indistinguishable and the proton
oscillates between the two basic sites.

Rotation around C6-C7 coupled with a rotation
around N5-C6 occurs through the transition state 3_4.
The resulting local minimum 4 is the O-protonated
analog of 2. The transition state 4_5 consists of a series
of internal rotations. The loss of the intramolecular
hydrogen bond and the partial double bond character
of the C3-O4 bond renders the rotation around the
C3-04 bond energy demanding. The rotations around
N5-C6 and C6-C7 bring the hydroxyl oxygen O9 close
to the proton attached to O4 (2.36 A). Meanwhile,
rotation around the C2-C3 bond moves N1 far apart
from O4 which begins to orient its lone pairs towards
the N-terminus. Due to the rotation around the C2-C3
bond, the repulsive interaction between the lone pairs
of N1 and O4 is avoided.

The O-protonated conformer 5 is a relatively high
energy structure because the N-terminal amino group is
not hydrogen bonded. The O4-H. . .09 hydrogen bond
forming a seven membered ring in 5 is expected to be
weaker than the O4-H. . N1 hydrogen bond in 3 and 4.
The relatively less stable 5 easily converts to 6 in which
the N-terminal amino group is involved in N1...H-N5
hydrogen bonding.

The transition from 6 to comp4 consists of a con-
certed proton transfer from O4 to O9 and the cleavage
of the C7-09 bond. At the transition state 6_comp4, the
water molecule is already formed and has started to
leave the remaining ion as in 2_comp2. Similarly, the
water molecule is held by a hydrogen bond with O4
and a charge transfer interaction between O9 and C7.
The C7...09 interaction has a very high covalent char-
acter (delocalizations from O9 to the C7-0O8 antibond-
ing orbitals give 91.2 and 24.0 kcal/mol). Cyclization to
form the oxazolone ring is not advanced in 6_comp4
(the O4...C7 distance is 2.35 A), nevertheless charge
transfer energies of 10.0 and 7.7 kcal/mol between one
of O4 lone pairs and the C7-O8 antibonding orbitals are
detected.

The complex formed after cyclization, comp4, dis-
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Figure 4. Structures involved in the formation of N-protonated oxazolone b2b via direct proton
transfer from the amide oxygen. Bond lengths are in A. The numbers in parentheses are the relative
Gibbs free energies (in kcal/mol) with respect to 1.

plays a NI1...H-N5 hydrogen bond in contrast to
comp2. No important charge transfer is observed be-
tween water and the “b,” ion, indicating that comp#4 is
mainly an ion-dipole complex. As comp2, comp4 rear-
ranges to the more stable hydrogen bonded complex
comp3. We have not been able to locate any transition
state for this rearrangement. Finally, comp3 dissociates
with a low kinetic energy release.

The highest energy structure in the above mecha-
nism, 6_comp#4, is lower than 2_comp2 by 1.8 kcal/mol.
Hence, the formation of the “b,” ion from protonated
diglycine is expected to occur mainly through the
mechanism involving protonation of the amide oxygen,
while the other mechanism may compete with it.

The sequence 4 — 4.5 — 5 — 5_6 — 6 involves a
conformational rearrangement of the N-terminal amino
group along the C2-C3 bond (besides the rotation
around C3-0O4 bond). Such a rotation may not be
feasible in a long peptide far from the termini or a
conformation in which N1 and O4 are syn to each other
may be more stable than conformations bearing an anti
orientation of these atoms. Hence, in order to compare
the energetics of the fragmentation reaction starting
with different reactive conformations, we have opti-
mized the O-protonated parent ion, transition state of
the fragmentation and the final complex with a syn
arrangement of N1 and O4. The geometries are given in

Figure 5. Of course, in a large peptide, the hydroxyl
group present in diglycine will be replaced by an amino
acid or a peptide. These groups are more basic than
water and will lower the proton transfer barrier. Also,
amide N-protonated species are stable, hence the pro-
ton transfer and fragmentation will not be concerted.
Keeping in mind all these differences, our aim below, is
to explore the effect of the conformation around the
C2-C3 bond on the energetics of the reaction.

Although the bond lengths and interaction distances
are slightly different, the reactive region of 7, comp5,
and 7_compb display similar features as 6, comp4, and
6_comp4, respectively, i.e., there is a seven membered
ring in the reactant, the water molecule is already
formed whereas cyclization is not observed in the
transition state and the product is a complex of water
and N-protonated oxazolone. The structures 7,
7_comp5, and comp5 are 7-9 kcal/mol less stable than
6, 6_comp4, and comp4. Nevertheless, the free energy
of the transition state with respect to the minima it
connects is reasonably close in both reactions. The
conformational change increases the relative energy of
all stationary points approximately by the same amount
due to the absence of a hydrogen bond in a spectator
region of the system, but does not induce significant
effects on the reactive region.
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(18.7)

7_comp5 compS

44.7) @17

Figure 5. The transition state and corresponding minima involved in the formation of N-protonated
oxazolone b2b via direct proton transfer from the amide oxygen when the terminal nitrogen and

amide oxygen are in a syn arrangement. Bond lengths are in

. The numbers in parantheses are the

relative Gibbs free energies (in kcal/mol) with respect to 1.

Proton transfer from the amide nitrogen. The elimination
of water initiated by a proton transfer from amide
nitrogen to O9 has been already modeled by Paizs et al.
at the BBLYP/6-31G* level of theory [8] and the stability
of each species involved in this reaction channel has
been discussed [8]. We have simply reoptimized the
structures reported by this group [8] at the B3LYP/6-31
+ G** level of theory in order to make a better compar-
ison with the energetics of the mechanisms discussed
above. The geometries are displayed in Figure 6.

The initial conformational rearrangement (leading to
2) is the same as the one in the mechanism initiated by
direct proton transfer from N1 to O9. Also, the final
complex is comp4 (actually its mirror image as dis-
played in Figure 6). The energy requirement of the
proton transfer from N1 to N5 is comparable to the
conformational rearrangement barrier 4_5 in the mech-
anism passing through amide O-protonated species.
The relative energy of the amide N-protonated 8 and
the activation energy for its formation are well below
the activation energy of the fragmentation steps. There-

fore, a considerable amount of amide N-protonated
species can exist. On the other hand, the transition state
8_comp4 is higher in energy than the ones in the other
mechanisms discussed above. Moreover, the cleavage
of the amide bond, which involves amide N-protonated
structures, requires less energy (AE} , ;o = 38.4 kcal/
mol) [26] than 8_comp4. Hence, we think that amide
N-protonated species do not play an important role in
the formation of the “b,” ion from protonated diglycine,
rather they are intermediates for the formation of y; and
a, ions.

Proton transfer from the terminal carbonyl oxygen. We
have not been able to locate any open chain terminal
carbonyl O-protonated species, in agreement with the
findings of Paizs et al. [8]. In protonated trans digly-
cines, proton transfer to the terminal carbonyl oxygen
occurs always in concert with a nucleophilic attack by
the amide oxygen to the terminal carboxyl carbon,
leading to a five membered ring carrying a geminal diol
functionality. The barrier for this transition (AGl, =

Figure 6. Structures involved in the formation of N-protonated oxazolone b2b via direct proton
transfer from the amide nitrogen. Bond lengths are in A. The numbers in parantheses are the relative
Gibbs free energies (in kcal/mol) with respect to 1.
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9_comp4
(59.4)

Figure 7. Transition state for the proton transfer between the
carboxylic oxygens and elimination of water. Bond lengths are in
A. The number in parenthesis is the relative Gibbs free energy (in
kcal/mol) with respect to 1.

25.7 kcal/mol) is comparable to the conformational
rearrangement barrier 4_5 and the proton transfer bar-
rier from N1 to N5, 2_8. Hence, a considerable amount
of terminal carbonyl O-protonated cyclic geminal diol
species can exist. However, as already noted by Paizs et
al. [8], the transition state for the proton transfer be-
tween the oxygens of the geminal diol group has a
relative free energy of 59.4 kcal/mol. This transition
state, 9_comp4, is depicted in Figure 7. This high barrier
suggests that such a fragmentation channel may be
open only at high collision energies in CID experiments.
It is also interesting to note that in protonated mono-
glycine, the barrier for proton transfer in the geminal
diol group is much higher (AE¥, ,pp = 71.6 kcal/mol)
[29].

Competition between the formation of b, and vy, ions.
Although N{R experiments suggest that the formation
of y, ions in peptides with n + 1 amino acid residues,
proceeds via the elimination of a neutral aziridinone
[12], DFT calculations of Paizs et al. [26] show that the
lowest energy path yielding y,; from protonated digly-
cine passes through a transition state (E . pg = 38.4
kcal/mol) yielding a complex of an immonium ion,
carbon monoxide and glycine concertedly. Carbon
monoxide is easily evaporated from the complex if an
internal energy of 1-2 kcal/mol is supplied [26]. Sub-
sequent proton transfer in the remaining bimolecular
complex leads to the formation of y; and an imine [26].
We have optimized several transition states yielding an
aziridinone ring, however all of them are significantly
higher in free energy than tsyl. We have also looked for
transition states leading to acyclic neutral fragments,
but we have not found any. Therefore, we have consid-
ered tsyl as the transition state leading to y;. We have
computed the relative free energies and entropies of the
transition state (tsyl, Figure 8) and final products
reported by Paizs et al. [26] as entropy effects are
important. The relative energies of the highest energy
transition states involved in different pathways of “b,”

ELIMINATION OF WATER FROM GlyGlyH?? 1201

tsyl
(36.8)

Figure 8. Transition state for the simultaneous formation of
glycine, carbon monoxide and immonium ion along the pathway
for the formation of a, and y, ions. Bond lengths are in A. The
number in parenthesis is the relative Gibbs free energy (in
kcal/mol) with respect to 1.

and y, formation, their activation entropies as well as
the relative energies of the final products are given in
Table 1.

The lowest energy transition state for the formation
of the “b,” ion, 6_comp4, is very close in free energy to
tsyl at the BSLYP/6-31 + G** level of theory. Assuming
that thermal corrections and entropy effects are similar
at the different computational methods used here (only
E. has been computed with MP2 and MP4 as these

Table 1. The relative electronic energies (AE,), sum of the
electronic and zero point energies (AE,,, zpg), enthalpies at 298
K (AH,gg), Gibbs free energies at 298 K (AG,yg) of the highest
energy transition states and final product in each reaction
channel with respect to the most stable parent ion 1, computed
at the B3BLYP/6-31 + G** level of theory. All energy values are
in kcal/mol; entropies are in cal/mol.K.

AEeI AEeI + ZPE AHZSS AG'298 ASZQS
1 0.0 0.0 0.0 0.0 0.0
(0.0)2
[0.0]°
cis4_comp1 59.0 56.1 552 582 —10.1
b2a-+water 26.1 22.3 233 136 324
2_comp?2 40.0 37.9 375 394 -6.2
6_comp4 39.7 37.1 372 375 —1.2
(37.0)
[35.5]
7_comp5 47.6 44.6 449 447 0.7
8_comp4 47.6 44.0 439 442  -0.9
9_comp4 62.4 58.3 57.9 594 48
b2b + water 29.8 25.2 263 16.6 325
(29.9)
[29.2]
tsy1 41.9 38.4 39.4 36.8 8.8
(42.5)
[37.8]
imine + CO +vy, 528 46.2 48.2 247 78.8
(50.2)
[44.9]

®The numbers in parentheses are the relative electronic energies from
the MP2/6 — 31 + G** optimizations.

PThe numbers in square brackets are from the MP4/6— 31 + G** single
point calculations based on the MP2/6 — 31 + G** geometries.
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methods require too much computational resources),
tsyl and 6_comp4 have again very close AG,yg values
with MP2 and MP4. Experimentally, the y, ion has been
found to be more abundant than “b,” [19, 23, 24].
Moreover, in the CID spectrum of protonated diglycine
there are significant peaks due to the CO and (CO, NH,)
eliminations [19, 23]. According to the mechanism pro-
posed by Reid et al. [23] these reactions also proceed via
a transition state in which the parent ion fragments into
three pieces. Paizs et al. argue that the elimination of
CO occurs through tsy1 [26].

There are two major reasons for the low abundance
of the “b,” ion: (1) The internal energy window in
which it can be formed is very narrow: 37.1-38.4
kcal/mol (Table 1). Above the threshold of y, formation
(AE, ., zpg = 38.4 kcal/mol) the latter ion becomes the
dominant product because it has a very loose transition
state. (2) There are very large kinetic and competitive
shifts for all the reactions of protonated diglycine [22].
As a result, dissociation over the energy range over
which “b,” is dominant is further suppressed.

Conclusion

The elimination of water from the terminal carboxyl
group of protonated diglycine has been probed using
B3LYP/6-31 + G** calculations. The relative stabilities
of the proposed structures for the resulting ion (named
“b,” here) have been computed. The O-protonated
diketopiperazine structure has been found to be the
most stable one, while the N-protonated oxazolone lies
3.0 kcal/mol above. However, the formation of the
O-protonated diketopiperazine is kinetically disfa-
vored. The other proposed structures are 13-30 kcal/
mol less stable. No linear acylium structure could be
located.

The formation of water and oxazolone ring happen
concertedly during fragmentation. In the early stages of
the fragmentation step, proton transfer to the hydroxyl
oxygen accompanied with the cleavage of the corre-
sponding C-O bond occurs. In the final stage of the
fragmentation, the ring closure yielding an oxazolone
structure takes place (except the terminal carbonyl
O-protonated species which bears already a ring struc-
ture).

The lowest energy channel for fragmentation in-
volves the transfer of the proton from the amide oxygen
to the site of bond breaking. Fragmentation triggered by
proton transfer from the terminal nitrogen to the hy-
droxyl oxygen requires slightly more energy. Fragmen-
tation mechanisms initiated by proton transfer from
amide nitrogen and especially from terminal carbonyl
oxygen require higher internal energies. Once the reac-
tive conformations are formed, proton transfer from the
highly basic terminal nitrogen or amide oxygen to the
less basic hydroxyl oxygen is more feasible than proton
transfer from other basic sites to the hydroxyl oxygen.

Amide N-protonated species can pass through the
transition state for y, formation more easily than the

J Am Soc Mass Spectrom 2003, 14, 1192-1203

one for “b,” formation. Hence, they are expected to be
precursors of mainly y, rather than “b,” ions.

The formation of “b,” and y; occurs via two compet-
ing reaction channels. However, “b,” is the major ion
over a very limited range of internal energies in the
protonated diglycine ion—between 37.1 and 38.4 kcal/
mol. Once the energy threshold for y; is exceeded, it
becomes the favored reaction channel since it has a
much looser transition state than “b,” formation
(AS(y,)* = +8.8 cal/mol.K vs. AS(“b,”)} = —1.2 cal/
mol.K). Indeed, in threshold CID measurements, “b,”
ions have not been reported at all [22]. Energy resolved
breakdown curves [19] have indicated that “b,” has a
lower energy threshold than y; but the latter is the
dominant ion at higher collision energies and reaches
much higher overall intensities. These results have now
been clarified through our calculations of the activation
entropies for the two competing channels. Our implicit
assumption is that the competition between the two
reaction channels is controlled by the transition states
tsyl and 6_comp4. The RRKM expression for k(E) for
the “b,” formation is controlled by the density of states
of the deepest potential well-structure 1, and the sum of
states is that of the transition state 6_comp4 (Figure 4).
It is predicted that eventually more elaborate RRKM
calculations of the rate energy dependencies, k(E) and
of breakdown graphs as a function of internal energy in
the precursor will verify this behavior.

The experimentally observed low kinetic energy
release in the formation of the “b,” ion is found to be
due to the presence of a low energy hydrogen bonded
complex in the exit channel.
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