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Three major forms of gaseous radical-cationic amino acids (RCAAs), keto (COOH), enolic (C(OH)OH), and
zwitterionic (COO-), as well as their tautomers, are examined for aliphatic Ala•+, Pro•+, and Ser•+, sulfur-
containing Cys•+, aromatic Trp•+, Tyr•+, and Phe•+, and basic His•+. The hybrid B3LYP exchange-correlation
functional with various basis sets along with the highly correlated CCSD(T) method is used. For all RCAAs
considered, the main stabilizing factor is spin delocalization; for His•+, protonation of the basic side chain is
equally important. Minor stabilizing factors are hydrogen bonding and 3e-2c interactions. An efficient spin
delocalization along the N-CR-C(O-)O moiety occurs upon H-transfer from CR to the carboxylic group to
yield the captodative enolic form, which is the lowest-energy isomer for Ala•+, Pro•+, Ser•+, Cys•+, Tyr•+,
and Phe•+. This H-transfer occurs in a single step as a 1,3-shift through theσ-system. For His•+, the lowest-
energy isomer is formed upon H-transfer from CR to the basic side chain, which results in a keto form, with
spin delocalized along the NsCRsCdO fragment. Trp•+ is the only RCAA that favors spin delocalization
over an aromatic system given the low ionization energy of indole. The lowest-energy isomer of Trp•+ is a
keto form, with no H-transfer.

Introduction

The chemistry of radical-cationic amino acids (RCAAs) and
polypeptides has received significant attention1-16 particularly
after the discovery by the Siu group1,2 that gaseous RCAAs can
be readily formed in a mass spectrometer. The new method is
based on the low-energy collision-induced electron-transfer
dissociation of [Cu(II)(L)(M)]•2+ complexes, where L is an
auxiliary ligand and M is a polypeptide or an amino acid. Upon
dissociation, an electron transfers from M to the copper center
to yield [Cu(I)(L)]+ and M•+; the latter undergoes further
fragmentations.1-12 The new technique is particularly important
for structural determination of polypeptides since the fragmenta-
tion of radical cations1-12 is different from that of protonated
species, which are typically used in mass spectrometry.

The [Cu(II)(L)(M)]•2+ complexes mimic type 1 copper sites,
which are present in cupredoxines, a family of electron-transfer
proteins.17 The electron-transfer dissociation of [Cu(II)(L)-
(M)] •2+ might serve as a gaseous model of redox reactions in
living cells, responsible for many physiological disorders. In
particular, oxidation at sulfur in the methionine (Met) residue
by Cu(II) yields a radical cation and initiates a sequence of
chemical reactions leading to disease development such as
glaucoma18 and Alzheimer’s disease.19 A systematic theoretical
study on the redox chemistry of methionine-containing systems
related to Alzheimer’s disease was conducted by the Rauk
group.13

Another important aspect of RCAA chemistry arose with the
gaseous synthesis of Gly•+ and Ala•+ from radical-cationic
hydroxylamine and the corresponding carboxylic acids, suc-
cessfully performed by the Bohme group.14 This experiment
combined with a theoretical study14b proves that the formation
of amino acids from small organic molecules and ions (radical
cations) is possible in the interstellar media. Gly, Ala, and

γ-aminobutyric acid have been detected in carbonaceous chon-
drite meteorites.20 Several authors have made a suggestion that
amino acids of chondrite meteorites were formed abiotically in
interstellar media and delivered to the early Earth.21,22

Success in the abovementioned research areas demands
understanding of the trends in the formation, stabilities, and
rearrangements of RCAAs, which determine their chemistry.
Here we apply hybrid density functional theory (DFT) in order
to study the major isomers of radical-cationic alanine, proline,
serine, cysteine, tryptophan, tyrosine, phenylalanine, and his-
tidine. Ala represents a parent amino acid, Pro is unique due to
its secondary amino group, and Ser and Cys contain hetero
atoms, oxygen and sulfur in their side chains. Trp, Tyr, and
Phe are aromatic amino acids, while His combines some
aromatic and strong basic properties. Another object of this
paper is to determine the origin and mechanisms of proton
migrations in RCAAs, which proved to be different from those
in protonated amino acids.5

Methods

Density functional theory was employed to determine geom-
etries, energetics, and Mulliken atomic spin densities using the
Gaussian 03 package.23 The B3LYP exchange-correlation
functional, with Becke’s three-parameter hybrid exchange, B3,24

and the correlation functional by Lee, Yang and Parr, LYP,25

was used. A moderate double-ú 6-31+G(d) basis set was
predominantly employed. Several larger basis sets, 6-31++G-
(d,p), 6-311+G(d), 6-311+G(d,p), 6-311++G(d,p), and
6-311++G(df,p), were also used to verify the reliability of
6-31+G(d). For all the RCAAs considered, B3LYP shows
essentially no dependence on an increase in the size and
flexibility of the basis set. In most cases, an increase in the
basis set caused an increase in the energy gaps between the
RCAA isomers and reaction profiles; no changes in the ordering
of the isomers were obtained. Excellent performance of B3LYP
with the moderate basis sets in predictions of RCAAs has been

* Corresponding author. Phone: (902) 867-5237. Fax: (902) 867-2414.
E-mail: gorlova@stfx.ca.

7906 J. Phys. Chem. A2007,111,7906-7914

10.1021/jp071168a CCC: $37.00 © 2007 American Chemical Society
Published on Web 07/24/2007



proven in a number of publications.5,12,13,16a,eThe drawback of
B3LYP in predictions on Gly•+, Ala•+, and Ser•+ has also been
reported.16e,gThe B3LYP exchange-correlation functional over-
estimates the stability of the conformers with the amino group
in the cis position to the carboxyl oxygen and places the cis
conformers slightly (ca.2 kcal/mol) below the conformers with
the NH2 and OH groups in the trans position. The MP2 and
CCSD(T) methods change the ordering in favor (ca. 2 kcal/
mol) of the trans conformers. This drawback of B3LYP has
been analyzed and attributed to the self-interaction error.
However, the reaction barriers predicted with B3LYP are in a
good accord with the CCSD(T) results.16e,g Since the energy
difference between the two conformers and the rotational barrier
are small, this drawback of B3LYP does not affect the general
trends studied in this paper.

The trends in geometries and energetics predicted with the
B3LYP/6-31+G(d) method in the present work are applicable
for large radical-cationic biosystems, which are currently under
active investigation in our group. Thus, the B3LYP/6-31+G-
(d) values are predominantly reported (except in cases specially
mentioned). For selected structures on the competitive reaction
pathways, single-point energy calculations were performed with
the coupled-cluster method, CCSD(T),26 and the 6-311++G-
(d,p) basis set using the B3LYP/6-311++G(d,p) geometries and
zero-point vibrational energy corrections.

For all RCAAs, harmonic vibrational frequencies were
computed to verify minima (all real frequencies) and transition
state structures (one imaginary frequency). The connections
between transition states and adjacent minima on the potential
energy surfaces were verified using the intrinsic reaction
coordinate technique (IRC) developed by Gonzalez and Schle-
gel.27,28 All relative energies include zero-point vibrational
energy (ZPVE) corrections. For reaction profiles, the relative
Gibbs energies at 298 K are also reported. Molecular (Kohn-
Sham) orbitals were constructed using the GaussView software
package.29

In order to locate the lowest-energy conformers, the system-
atic conformation search function of Spartan0630 was used at
the HF/3-21G level of theory, followed by visual inspection
and DFT calculations.

Results and Discussion

1. Keto, Enolic, and Zwitterionic Forms of RCAAs. A
radical cation of an amino acid can be formed by removing an
electron from the closed-shell system; thus, amino acids with
low ionization energies (IEs) should readily form radical cations.
Although the experimental values of IE are known only for a
few gaseous amino acids, one might propose that the aromatic
and sulfur-containing amino acids should have the lowest IEs.
Ionization may cause significant changes in the geometries and
energetics of an amino acid since the covalent bonds, in general,
become weaker. This is supported by the following experimental
observations: the cleavage of a CR-Câ bond resulting in the
loss of the side chain and the Câ proton migrations (i.e., a Câ-H
bond cleavage) are low-energy processes, which occur readily
upon collision-induced dissociations of radical-cationic polypep-
tides and do not have analogues in protonated peptides.5

Ionization may also cause the appearance of a new type of
bonding: a three-electron, two-center, 3e-2c, interaction
discovered for Met•+ by the Rauk group.13a Although the 3e-
2c bonding is weaker than a typical 2e-2c covalent bond, it is
crucial for the stabilization of Met•+ 13a and significant for
Cys•+.16e Another possible stabilizing factor for RCAAs is
intramolecular hydrogen bonding, which is particularly impor-

tant for the amino acids containing proton donors (Ser, Cys)
and proton acceptors (His) in the side chains.

Mechanistically, an electron can be removed from a covalent
bond, from a lone pair of a heteroatom (O, N, S), or from the
π-system of an aromatic ring as shown in Scheme 1. The former
process results in a strong polarization of the bond and has the
greatest effect on the resulting radical-cationic structure. Ioniza-
tion from a lone pair, which might be favorable for the amino
acids containing sulfur (e.g., Cys) and secondary amines (e.g.,
Pro), causes a moderate polarization of the bond. Ionization from
theπ-system of an aromatic ring should have a small structural
effect since an unpaired electron and a hole can be effectively
delocalized over a conjugated system. Thus, one could anticipate
significant changes in the structures of the aliphatic amino acids
and minor changes for the aromatic ones. This mechanistic
approach is consistent with the following experimental observa-
tions: the aromatic amino acids with the lowest IEs (Trp and
Tyr) readily form radical cations, M•+, upon electron-transfer
dissociation of the [Cu(II)(L)(M)]•2+ complexes, suppressing a
competitive proton-transfer dissociation, which yields protonated
amino acids, MH+.1,2,5 In contrast, Cu(II) complexes with the
aliphatic amino acids undergo predominantly proton-transfer
dissociation and demand a very thorough selection11 of an
auxiliary ligand, L, in order to facilitate the electron-transfer
dissociation.

A gaseous RCAA may exist in three major forms based on
the structure of the carboxylic group: keto (COOH), enolic
(C(OH)OH), and zwitterionic (COO-), shown in Chart 1. Each
form, in turn, may have several low-energy isomers, based on
the origin and/or destination of the hydrogen being transferred,
as shown with the arrows in Chart 1. The keto1 isomer is formed
by ionization of a low-energy conformer of the molecular form
of a neutral gaseous amino acid, with no H-transfer. The keto2
isomer is due to H-transfer from the protic side chain, RH (e.g.,
Ser, Cys), to the amino group. The keto3 isomer is formed upon
H-transfer from the Câ to the amino group that should be
anticipated for the aromatic amino acids (Trp, Tyr, Phe, His).5

The keto4 and keto5 isomers are formed upon H-transfer to the
basic group of the side chain from the Câ and CR, respectively.

The enolic form is formed upon H-transfer from the CR to
the carboxylic group. It has been previously shown by Simon,
Sodupe, and Bertran16athat the enolic form is the lowest-energy
isomer for Gly•+. The zwitterionic forms occur upon H-
migration from the carboxylic group to either the amino group
(zw1) or the basic side chain (zw2). Although neutral gaseous
amino acids do not exist as zwitterions, the presence of a net
charge makes a charge-separated form thermodynamically

SCHEME 1
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stable.15 Rodrı́guez-Santiago et al.16g have shown that a zwit-
terionic form corresponds to a local minimum on the potential
energy surface (PES) of Gly•+. All the major isomers of RCAAs
are connected on the PES via proton migrations.

2. Aliphatic Amino Acids: Ala •+, Pro•+, Ser•+, Cys•+. (a)
Ala•+. The lowest-energy conformers for the enolic, keto1, and
zw1 forms of Ala•+ are reported in Figure 1 along with selected
geometries and relative energetics.

The Ala•+-enolic isomer is formed by H-transfer from the
CR to the carbonyl oxygen; this is the lowest-energy isomer of
Ala•+. Ala•+-keto1 is 21.6 kcal/mol higher in energy than the
enolic form and features an elongated CR-Ccarboxylbond (1.620
Å) aligned with the lone pair of the nitrogen atom and a
shortened C-N bond (1.402 Å). The zwitterionic isomer, Ala•+-
zw1, is formed by H-transfer from the carboxylic group to the
amino group and corresponds to a local minimum, which is
32.3 kcal/mol above the enolic form.

A Mulliken analysis of the atomic spin densities reveals that,
for the lowest-energy enolic form, an unpaired electron is

delocalized along the main chain providing significant stabiliza-
tion. For organic radicals, this effect is known ascaptodatiVe31a

stabilization, which is observed when an unpaired electron
resides between aπ-donor (the N atom of the amino group)
and aπ-acceptor (the carbonyl group).31b For Ala•+-enolic, the
CR-Ccarboxylicbond is shortened (1.411 Å); the singly occupied
molecular orbital (SOMO) reported in Figure 1 indicates
π-bonding for the CR-Ccarboxylic fragment. In contrast, for the
high-energy isomers, spin is localized. For the keto1 form, the
unpaired electron resides essentially on the nitrogen atom (0.7e)
and on the carbonyl oxygen atom (0.2e). For the zw1 form,
spin is localized on the oxygen atom, which is in the trans
position to the amino group (0.7e) and on the cis oxygen atom
(0.3e). Formally, the zwitterionic form can be classified as a
distonic31c radical cation, with separated spin (the carboxylate
group) and charge (the protonated amino group) sites. However,
this separation is not really stabilizing since it is not associated
with delocalization of an unpaired electron.

Mechanistically, ionization of a neutral gaseous Ala can be
considered as a removal of an electron from the CR-Ccarboxylic

bond. The resulting structure, Ala•+-keto1, can be stabilized by
H-transfer from the CR to the carbonyl oxygen: the carboxylic
group acts as a base while CR-H acts as an acid. The acidity
of the methylene group in RCAAs has the same nature as the
acidity of CH4

•+, which has been studied by Gil, Bertran, and
Sodupe.16b

(b) Pro•+. The lowest-energy conformers for the enolic, keto1,
and zw1 forms of Pro•+ are shown in Figure 2. Similar to Ala•+,
the lowest-energy isomer of Pro•+ is enolic, followed by the
keto1 and zw1 forms. However, the energy gap between Pro•+-
enolic and Pro•+-keto1 is notably smaller (12.8 kcal/mol for
Pro•+ versus 28.1 kcal/mol for Ala•+). Analyses of geometries
and Mulliken spin densities reveal the nature of this difference.
Pro•+-enolic is captodative and has a shortened CR-Ccarboxylic

bond, as in the case of Ala•+. The keto1 form of Pro•+ has spin
localized on the nitrogen atom (0.9e) and all the typical covalent
bond lengths, in contrast to Ala•+-keto1. Mechanistically,
ionization from the lone pair of the N atom of the secondary
amino group, with relatively low IE, is more favorable than
ionization from the covalentR-C-Ccarboxylicbond as in the case
of Ala•+. Spin localization on the carboxylate group is not
favorable: the zwitterionic form, Pro•+-zw1, is a high-energy
local minimum, which is 30.4 kcal/mol above Pro•+-enolic,
similar to that for Ala•+.

CHART 1

Figure 1. Lowest-energy conformers of three major isomers of Ala•+

predicted with the B3LYP/6-31+G(d) method. Selected geometries are
in Å. Relative enthalpies at 0 K are in kcal/mol. Mulliken spin densities
are in blue italics. SOMO for Ala•+-enolic is sketched.
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(c) Ser•+. The side chain of Ser•+ contains the hydroxyl group,
which might form a hydrogen bond or donate a proton to the
amino group; the latter results in the keto2 form. The lowest-
energy conformers of Ser•+-enolic, Ser•+-keto1, Ser•+-keto2, and
Ser•+-zw1 isomers are shown in Figure 3. Similar to the enolic
forms of Ala•+ and Pro•+, Ser•+-enolic is the lowest-energy
isomer, with an unpaired electron delocalized along the main
chain, which appears to be a major stabilizing factor for RCAAs.
The new stabilizing factor, which appears in Ser•+-enolic, is
the H-O‚‚‚H-O hydrogen bonding between the side chain and
the protonated carboxylic group.

Ser•+-keto1 is 22.8 kcal/mol higher in energy than the enolic
form. For this isomer, the CR-Câ bond is significantly elongated
(1.797 Å); an unpaired electron is distributed equally between
the weakly bound fragments. H-transfer from the side-chain
carboxyl to the amino group yields Ser•+-keto2, which is 23.3
kcal/mol above the enolic isomer. For Ser•+-keto2, an unpaired
electron resides entirely on the oxygen atom of the side chain
that apparently is not energetically favorable. Even less favorable
is spin localization on the carboxylate group for the zwitterionic
form, Ser•+-zw1, which is 33.2 kcal/mol higher in energy than
Ser•+-enolic.

Mechanistically, ionization of a neutral Ser occurs from the
covalent bonds rather than from the lone pair of the oxygen
atoms of the carboxyl or hydroxyl groups. An additional
H-bonding in the keto2 and zwitterionic forms does not compete
with the captodative stabilization in the enolic from. The
N-H‚‚‚O• and O-H‚‚‚O• hydrogen bonds of Ser•+-keto2 and
Ser•+-zw1 contain only slightly elongated N-H and O-H bonds
(Figure 3), since O• is a poorer base than the carbonyl oxygen
in closed-shell compounds. Assuming that the strength of an
A-H‚‚‚B intramolecular hydrogen bond increases with an
increase in the A-H distance,32 the N-H‚‚‚O• and O-H‚‚‚O•

interactions are rather weak.
(d) Cys•+. Cys is a sulfur analogue of Ser. Cys•+ forms the

same four types of low-energy isomers as Ser•+, but the presence
of a period 3 element in the side chain affects the relative
energetics and electronic structure dramatically. The lowest-
energy conformers for the Cys•+-enolic, Cys•+-keto1, Cys•+-
keto2, and Cys•+-zw1 isomers of Cys•+ are shown in Figure 4.
In sharp contrast to Ser•+-keto1, the lowest-energy conformer
of Cys•+-keto1 has no elongated bonds. A new type of
stabilization appears: a 3e-2c interaction between the sulfur
and nitrogen atoms, with spin densities of 0.6e and 0.4e,
respectively. Cys•+-keto1 is also stabilized by N-H‚‚‚O hy-
drogen bonding. The Cys•+-keto2 isomer, with hydrogen
transferred from the SH group to the amino group, is notably
lower in energy than Cys-keto1 (by 11.9 kcal/mol), in contrast
to the corresponding isomers of Ser•+. For Cys•+-keto2, the
localization of an unpaired electron on the sulfur atom is
energetically favorable given the low IE of a period 3 element.
The Cys•+-keto2 isomer is also stabilized by the N-H‚‚‚S and
N-H‚‚‚O hydrogen bonds. The enolic form, Cys•+-enolic, is
the lowest-energy isomer, similar to that for Ala•+, Pro•+, and
Ser•+, albeit the energy gaps between the keto forms and enolic
form are small.

Stabilization of the Cys•+-enolic form is caused by spin
delocalization and by the O-H‚‚‚S and N-H‚‚‚O hydrogen

Figure 2. Lowest-energy conformers of three major isomers of Pro•+

predicted with the B3LYP/6-31+G(d) method. Selected geometries are
in Å. Relative enthalpies at 0 K are in kcal/mol. Mulliken spin densities
are in blue italics.

Figure 3. Lowest-energy conformers for major isomers of Ser•+

predicted with the B3LYP/6-31+G(d) method. Selected geometries are
in Å. Relative enthalpies at 0 K are in kcal/mol. Mulliken spin densities
are in blue italics.
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bonds. Cys•+-zw1, which is formed by H-transfer from the
carboxylic group to the amino group, is also slightly lower in
energy than the zwitterionic structures of other aliphatic RCAAs,
with an energy gap between Cys•+-enolic and Cys•+-zw1 of
22.8 kcal/mol. Cys•+-zw1 is stabilized by the N-H‚‚‚O
hydrogen bonding and by the S‚‚‚O 3e-2c interaction, with
the spin equally distributed between the S and O atoms. This is
in contrast to the spin density distribution in Ala•+-zw1, Pro•+-
zw1, and Ser•+-zw1, where an unpaired electron resides entirely
on the carboxylate group. Since the O atom involved in the
N-H‚‚‚O bonding in Cys•+-zw1 has a zero Mulliken spin
density, the N-H bond is longer than in the case of Ser•+-zw1
(1.065 and 1.031 Å, respectively).

Mechanistically, ionization of a neutral gaseous Cys occurs
from the lone pair of the S atom rather than from the C-C
covalent bond as in the case of Ala and Ser. Spin delocalization
along the main chain in the Cys•+-enolic isomer is still more
favorable than its localization on the sulfur atom in Cys•+-keto2,
yet the energy gap between these isomers, as calculated with
the B3LYP/6-31+G(d) and B3LYP/6-311++G(df,p) methods,
is only 3.4 and 8.2 kcal/mol, respectively. An unpaired electron
on the sulfur site can be stabilized with the methyl group: for
Met•+, the keto-1 form is the global minimum on PES.13a

3. Migrations of HCa: the π- and σ-Type Mechanisms.The
lowest-energy enolic isomers of Ala•+, Pro•+, Ser•+, and Cys•+

are formed upon proton migration from the CR to the carbonyl
oxygen. The HR-transfer may occur through theπ-system and
through theσ-system of RCAA. The potential energy profiles
for two possible mechanisms and the SOMOs for the transition
state structures predicted for Gly•+ are shown in Figure 5. When
theπ-system is involved, hydrogen can migrate above the planar
structure of [Gly-H]•+ from the CR to the carbonyl oxygen. Since
the pπ-atomic orbitals (AOs) of the CR and carbonyl oxygen do
not overlap (see the SOMOs in Figure 5), there cannot be a

direct 1,3-shift through theπ-system. Indeed, theπ-type transfer
occurs via a stepwise mechanism as a sequence of two 1,2-
shifts. The first 1,2-shift is from the CR to the carbon atom of
the carboxylic group, via a transition state structure, TS1-π, with
a reaction barrier of 37.6 kcal/mol. The TS1-π leads to an
intermediate, Gly•+-int, which is 24.7 kcal/mol above the Gly•+-
keto1 isomer. The second step of theπ-type H-transfer is a 1,2-
shift from the carboxylic carbon to the carbonyl oxygen, via a
transition state, TS2-π, and a reaction barrier of 41.5 kcal/mol.
This is the rate-determining step on theπ-type reaction pathway.

When theσ-system is involved, hydrogen migrates in the Hs
CRsCdO plane. Since theσ-AOs of CR-H and the carbonyl
oxygen overlap (see the SOMO in Figure 5), direct transfer is
possible. Indeed,σ-type H-transfer occurs via a concerted
mechanism as a 1,3-shift in the HsCRsCdO plane. The
corresponding transition state, TS-σ, is 5.6 and 9.7 kcal/mol
lower in energy than TS1-π and TS2-π, respectively, as
predicted with the B3LYP/6-31+G(d) method. These values
increase to 6.5 and 10.4 kcal/mol, respectively, with an increase
in the basis set to 6-311++G(d,p). The two types of proton
transfer are reminiscent of theσ- and π-type hydrolyses of
radical-cationic ketene to form acetic acid; aσ-type hydrolysis
only yields the product.14bThis selectivity reflects the dual nature
of a radical cation which may act as a cation, through the
σ-system, and as a radical, through theπ-system.

Theσ-type concerted H-transfer is competitive with another
stepwise mechanism, which has been earlier proposed for the
keto-enolic rearrangement of Gly•+.16a This rearrangement
occurs via a 1,2 H-shift from the CR to the amino group (CR f
NH2) through theπ-system, which yields a low-energy inter-

Figure 4. Lowest-energy conformers for the major isomers of Cys•+

predicted with the B3LYP/6-31+G(d) method. Selected geometries are
in Å. Relative enthalpies are in kcal/mol; values in parentheses are
from B3LYP/6-311++G(df,p). Mulliken spin densities are in blue
italics.

Figure 5. The σ-type andπ-type mechanisms of HR-transfer for the
keto-enolic rearrangement of Gly•+ predicted with the B3LYP/6-
31+G(d) and B3LYP/6-311++G(d,p) (values in parentheses) methods.
The ∆H0 values are on top,∆G298 values on bottom. SOMOs for
transition structures are sketched. Mulliken spin densities are in blue
italics.

7910 J. Phys. Chem. A, Vol. 111, No. 32, 2007 Sutherland et al.



mediate, NH3C(H)COOH•+. This is the rate-determining step.
The second step involves a low-barrier 1,4 H-shift from NH3

to the carboxylic group through theσ-system to yield Gly•+-
enolic. The corresponding reaction profile is reported in the
Supporting Information (Figure S1). It has been shown at the
CCSD(T) level of theory that the barrier to the CR f NH2 shift
is ca. 5 kcal/mol lower than the barrier to the 1,2-shift from the
carboxylic carbon to the carbonyl oxygen.16aThus, for the keto-
enolic rearrangement the stepwise H-transfer via the NH2 group
is energetically more favorable than the stepwise H-transfer via
the C atom of the carboxylic group. However, the concerted
1,3 H-shift is the most favorable. Our calculations show that
the transition state for the CR f NH2 shift is higher in energy
than the TS-σ by 7.8, 8.2, and 5.1 kcal/mol as predicted with
the B3LYP/6-31+G(d), B3LYP/6-311++G(d,p), and CCSD-
(T)/6-311++G(d,p)//B3LYP/6-311++G(d,p) methods, respec-
tively (Table S1).

The reaction barriers to the concerted and stepwise keto-
enolic rearrangements for other aliphatic RCAAs apparently are
lower in energy than those for Gly•+, since the side chain should
decrease the reaction barrier to CR-H cleavage. The stabilizing
effect would be greater for theπ-mechanism because in this
case the side chain is in the same plane as the main chain. The
effect of the side chain on the reaction barriers is shown for the
π-type andσ-type keto-enolic rearrangements of Ala•+. Indeed,
both mechanisms are similar to those for Gly•+ (Figure S2 in
the Supporting Information), with lower reaction barriers and
smaller energy gaps between the two profiles. The TS-σ
transition state is 1.0 and 1.4 kcal/mol lower than the TS1-π
and 4.5 and 4.9 kcal/mol lower than the TS2-π transition state,
as predicted with the B3LYP/6-31+G(d) and B3LYP/6-311++G-
(d,p) methods, respectively. The CH3 group has the greatest
effect on the TS1-π transition state, making 1,2- and 1,3-shifts
nearly degenerate. The stabilizing effect of the side chain is
fading at the remote second reaction step; thus, for Ala•+, the
TS2-π transition state is notably higher in energy than TS-σ.
The CH3 group also decreases the gap between theσ-type 1,3-
shift and theπ-type CR f NH2 shift from 7.8 kcal/mol for Gly•+

to 3.6 kcal/mol for Ala•+ (Table S1).
In summary, for both Gly•+ and Ala•+, and probably for all

RCAAs, theσ-type concerted H-transfer from the CR to the
carboxylic group is energetically more favorable than the
stepwise keto-enolic rearrangements.

4. Aromatic Amino Acids: Trp •+, Tyr •+, and Phe•+. (a)
Trp•+. Trp contains indole in the side chain and, apparently,
has the lowest IE among amino acids5 (IE of 3-methylindole is
7.51 eV).33 Thus, mechanistically, ionization of a neutral gaseous
Trp should occur from the aromatic condensed rings. Selected
geometries and relative enthalpies of the Trp•+-keto1, Trp•+-
keto3, Trp•+-enolic, and Trp•+-zw1 isomers predicted with the
B3LYP/6-31+G(d) method are reported in Figure 6. In contrast
to the aliphatic amino acids considered in the present work, the
keto1 form of Trp•+ is the lowest-energy isomer. The geometry
of Trp•+-keto1 is very close to that of neutral Trp at the same
conformation (reported in the Supporting Information); an
unpaired electron and a hole are delocalized among the
condensed aromatic rings. The Trp•+-enolic isomer, with a
proton transferred from the CR to the carboxylic group exhibits
an alternative way for delocalization of an unpaired electron
along the main chain. This captodative delocalization appears
to be less efficient: Trp•+-enolic is higher in energy than Trp•+-
keto1 by 6.8 kcal/mol. The enolic form has typical covalent
bond lengths and a shortened CR-Ccarboxyl bond (1.407 Å),
similar to the enolic forms of the aliphatic amino acids.

Trp•+-zw1 is reminiscent of the keto1 form, which contains
a N-H‚‚‚O hydrogen bond. Mulliken spin densities indicate
that an unpaired electron resides essentially on the indole (0.8e)
and partly on the carbonyl oxygen, which is involved in the
3e-2c weak bonding with the carbon atom of indole. That is
in sharp contrast to the spin localization at the carboxylate group
in the zw1 forms of the aliphatic amino acids. The O atom
involved in the N-H‚‚‚O interaction in Trp•+-zw1 has a zero
Mulliken spin density. Thus, the N-H bond is strongly
polarized: the N-H distance is 1.105 Å (1.031 and 1.065 Å
for Ser•+-zw1 and Cys•+-zw1, respectively). All three stabilizing
factors, delocalization of an unpaired electron, 3e-2c interac-
tion, and hydrogen bonding, place Trp•+-zw1 only 11.4 kcal/
mol above the lowest-energy Trp•+-keto1 isomer.

The presence of an aromatic system in the side chain of Trp
(and other aromatic amino acids) provides an exceptional
mobility of a Câ hydrogen;5 this phenomenon is not observed
in the aliphatic amino acids. Several low-energy pathways for
the migrations of the Câ hydrogen for TrpGly•+ and GlyTrp•+

dipeptides have been previously reported.5 H-transfer from the
Câ to the amino group yields the Trp•+-keto3 isomer, which is
nearly isoenergetic to the enolic form. For Trp•+-keto3, an
unpaired electron resides essentially on the Câ (0.7) and is
stabilized with the adjacent aromatic indole. The N-C bond is
elongated (1.579 Å); thus, the loss of NH3 from Trp•+-keto3
should be a low-energy process.

Mechanistically, ionization of a neutral gaseous Trp occurs
from the aromatic system. The delocalization of an unpaired
electron over indole rings is more efficient than the delocal-
ization along the main chain of the captodative enolic form.

(b) Tyr•+. Tyr contains cresol as the side chain and exhibits
nearly the same efficacy in forming radical cations as Trp in
mass-spectrometry experiments.5 Tyr, apparently, has a higher

Figure 6. Selected geometries, in Å, and relative enthalpies at 0 K, in
kcal/mol, predicted for the lowest-energy conformers of major isomers
of Trp•+ with the B3LYP/6-31+G(d) method. Mulliken spin densities
are in blue italics.
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IE than Trp (IE ) 8.34 eV for p-cresol versus 7.51 eV for
3-methylindole33). Thus, mechanistically, ionization from the
aromatic system might be less favorable than in the case of
Trp. Selected geometries and relative enthalpies of the Tyr•+-
keto1, Tyr•+-keto3, Tyr•+-enolic, and Tyr•+-zw1 isomers pre-
dicted with the B3LYP/6-31+G(d) method are reported in
Figure 7. The B3LYP method shows that, indeed, the Tyr•+-
keto1 isomer is not the global minimum on the PES. The isomer
has an elongated CR-Câ bond of 1.637 Å. Thus, mechanisti-
cally, ionization occurs from the C-C covalent bond rather than
from the aromatic ring of Tyr, in contrast to Trp. The Tyr•+-
keto3 isomer, which is formed by migration of the Câ hydrogen
to the amino group, exhibits the same features as Trp•+-keto3:
the N-C bond is elongated (1.570 Å) and an unpaired electron
resides on the Câ, stabilized by the adjacent aromatic ring. This
isomer is 3.0 and 3.7 kcal/mol lower in energy than the keto1
form of Tyr•+, as predicted with the B3LYP/6-31+G(d) and
B3LYP/6-311+G(d,p) methods, respectively.

In contrast to Trp•+, the lowest-energy isomer of Tyr•+ is
enolic, similar to that of the aliphatic amino acids considered
in the present work. However, with the B3LYP/6-31+G(d)
method, Tyr•+-enolic is only 1.2 and 4.2 kcal/mol lower in
energy than Tyr•+-keto2 and Tyr•+-keto1, respectively. An
increase in the basis set to 6-311+G(d,p) increases the gaps to
3.6 and 7.3 kcal/mol, respectively. The zwitterionic isomer,
Tyr•+-zw1, has features similar to those of Trp•+-zw1 and similar
stabilizing factors: the spin delocalization, the N-H‚‚‚O
hydrogen bond, and the 3e-2c interaction. Thus, Tyr•+-zw1 is
only 12.7 and 17.4 kcal/mol higher in energy than the enolic
form as predicted with the B3LYP/6-31+G(d) and B3LYP/6-
311+G(d,p) methods, respectively.

For Tyr•+, comparable stabilizing effects are achieved by the
captodative delocalization of an unpaired electron along the main
chain (enolic isomer) and by partial withdrawing of an unpaired

electron from Câ to the adjacent ring (keto3); the former
stabilizing factor is preferable.

(c) Phe•+. Phenylalanine contains toluene as a side chain.
The IE of toluene is 8.8 eV,33 which is 0.5 and 1.3 eV greater
than the IEs of the side chains of Tyr and Trp, respectively.
Therefore, one can anticipate Phe•+-enolic to be the lowest-
energy isomer. Selected geometries and relative enthalpies of
Phe•+-keto1, Phe•+-keto3, Phe•+-enolic, and Phe•+-zw1 predicted
with the B3LYP/6-31+G(d) and B3LYP/6-311+G(d,p) methods
are reported in the Supporting Information (Figure S3). The
geometries, the atomic spin densities, and the ordering of the
isomers are similar to those for Tyr•+, with greater energy gaps
between the enolic form and the higher-energy isomers.

5. Basic Amino Acids: His•+. His is unique as it contains
the aromatic imidazole ring, which is also a strong base. The
IE of imidazole is 8.8 eV,33 similar to that of toluene. The gas-
phase proton affinity (PA) of His, along with glutamine, is ca.
230 kcal/mol.34 This is close to the PAs of arginine (249 kcal/
mol) and lysine (235 kcal/mol),34 the most basic amino acids.
The high PA of His implies that protonation of the imidazole
ring in His•+ should be a strong stabilizing factor. Therefore,
H-transfer should occur to imidazole from either the Câ or CR.
The former transfer results in the formation of a keto4 isomer,
with an unpaired electron residing on the Câ, stabilized by the
adjacent protonated imidazole. The latter results in the capto-
dative keto5 isomer, with spin delocalized on the NsCRdO

Figure 7. Selected geometries, in Å, and relative enthalpies at 0 K, in
kcal/mol, predicted for the lowest-energy conformers of major isomers
of Tyr•+ using the B3LYP/6-31+G(d) and B3LYP/6-311++G(d,p)
(values in parentheses) methods. Mulliken spin densities are in blue
italics.

Figure 8. Selected geometries, in Å, and relative enthalpies at 0 K, in
kcal/mol, predicted for the lowest-energy conformers of the major
isomers of His•+ with the B3LYP/6-31+G(d) method. Mulliken spin
densities are in blue italics.
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moiety. The H-transfer from the carboxylic group results in the
zw2 isomer, with no efficient stabilization of an unpaired
electron. Other low-energy forms, His•+-enolic and His•+-keto1,
should provide an efficient delocalization of the unpaired
electron along the main chain and the aromatic ring, respectively.
However, for these isomers, the basic imidazole ring is not
protonated, which might not be energetically favorable.

Selected geometries and relative enthalpies of the His•+-keto1,
His•+-keto4, His•+-keto5, His•+-enolic, and His•+-zw2 isomers
predicted with the B3LYP/6-31+G(d) method are reported in
Figure 8. The global-minimum isomer, His•+-keto5, is 18.1 kcal/
mol below the nearest-energy isomer, His•+-keto4. Both isomers
contain protonated imidazole and two N-H‚‚‚O hydrogen
bonds. Therefore, the energy gap of 18.1 kcal/mol is due to
more efficient captodative stabilization compared to the stabi-
lization of an unpaired electron on the Câ by the adjacent
protonated imidazole.

Another two isomers, His•+-keto1 and His•+-enolic, with
delocalized spin and nonprotonated imidazole, are significantly
higher in energy than the lowest keto5 form, by 30.2 and 32.6
kcal/mol, respectively. This difference in energy could be
attributed to the protonation of the imidazole ring. A small
energetic preference of the keto1 form of 2.4 kcal/mol might
be due to the N-H‚‚‚N hydrogen bonding. The His•+-zw2
isomer represents the structure with protonated imidazole and
unpaired electron localized on the carboxylate group. This
isomer is above the lowest-energy keto5 isomer by 34.9 kcal/
mol. The relative energetics of the five isomers of His•+ show
that the protonation of imidazole stabilizes the system by ca.
30 kcal/mol; spin delocalization causes a similar decrease in
energy.

Conclusions

For RCAAs, the following stabilizing factors should be
considered: delocalization of an unpaired electron, protonation
of the basic side chain, hydrogen bonding, and 3e-2c interac-
tions (for sulfur-containing amino acids). The first two factors
are the most important. There are three major forms of RCAAs
based on the structure of the carboxylic group: keto (COOH),
enolic (C(OH)OH), and zwitterionic (COO-).

Spin delocalization is energetically favorable for all the
RCAAs considered in this paper: aliphatic Gly•+, Ala•+, Pro•+,
and Ser•+; sulfur-containing Cys•+; aromatic Trp•+, Tyr•+, and
Phe•+; and basic His•+. The same results were seen in the
previous work on Gly.16aTo date, the only amino acid that does
not favor spin delocalization is Met•+. It has been previously
shown13a that the lowest-energy isomer of Met•+ has its spin
localized on the sulfur atom of the side chain.

An efficient spin delocalization occurs in the enolic (C(OH)-
OH) form, with the hydrogen being transferred from CR to the
carboxylic group. An unpaired electron is delocalized along the
main chain providing captodative stabilization. The lowest-
energy isomers of Gly•+,16a Ala•+, Pro•+, Ser•+, Cys•+, Tyr•+,
and Phe•+ are enolic. For these RCAAs, the CR hydrogen acts
as an acid and the carboxylic group acts as a base. The enolic
structure is probably a lowest-energy isomer for all other
aliphatic RCAAs, which are not basic.

The lowest-energy isomer of His•+ is formed upon H-transfer
from CR to the basic imidazole ring rather than to the carboxylic
group; that results in a keto form, with an unpaired electron
delocalized over the NsCRdO moiety. One might speculate
that the lowest-energy isomers of the radical-cationic basic
arginine, lysine, and glutamine have a keto structure similar to
that for His•+.

Trp•+ has the lowest IE among the aromatic amino acids,
and this is the only RCAA that favors its spin delocalized over
the aromatic side chain. Thus, the lowest-energy isomer of Trp•+

has a keto form, and the same conformation and nearly the same
geometry as a neutral gaseous Trp, with no H-transfer. The
enolic form of Trp•+ is 6.8 kcal/mol higher in energy than the
keto form, as predicted using the B3LYP/6-31+G(d) method.

The H-transfer from the CR to the carboxylic group to yield
the enolic form occurs via a concerted mechanism as aσ-type
1,3-shift in the HsCRsCdO plane. The stepwise mechanisms
are somewhat higher in energy for Gly•+ and Ala•+ and,
probably, for all RCAAs.

The zwitterionic isomers of RCAAs are high-energy local
minima, with spin localized on the carboxylate group (on the
carbonyl oxygen and sulfur for Cys•+), that is not energetically
favorable. The energy gaps between the enolic and zwitterionic
forms are in the range of 22-33 kcal/mol. The exceptions are
aromatic Trp•+, Tyr•+, and Phe•+. For these RCAAs, the
zwitterionic isomers have spin delocalized over the aromatic
side chains that drops the enolic-zwitterionic gaps below 20
kcal/mol.
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