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a-Carboxylate radical anions are potential reactive intermediates in the free radical oxidation of

biological molecules (e.g., fatty acids, peptides and proteins). We have synthesised well-defined

a-carboxylate radical anions in the gas phase by UV laser photolysis of halogenated precursors in

an ion-trap mass spectrometer. Reactions of isolated acetate (�CH2CO2
�) and 1-carboxylatobutyl

(CH3CH2CH2
�CHCO2

�) radical anions with dioxygen yield carbonate (CO3
��) radical anions

and this chemistry is shown to be a hallmark of oxidation in simple and alkyl-substituted

cross-conjugated species. Previous solution phase studies have shown that Ca-radicals in peptides,

formed from free radical damage, combine with dioxygen to form peroxyl radicals that

subsequently decompose into imine and keto acid products. Here, we demonstrate that a novel

alternative pathway exists for two a-carboxylate Ca-radical anions: the acetylglycinate radical

anion (CH3C(O)NH�CHCO2
�) and the model peptide radical anion, YGGFG��. Reaction of

these radical anions with dioxygen results in concerted loss of carbon dioxide and hydroxyl

radical. The reaction of the acetylglycinate radical anion with dioxygen reveals a two-stage

process involving a slow, followed by a fast kinetic regime. Computational modelling suggests

the reversible formation of the Ca peroxyl radical facilitates proton transfer from the amide to the

carboxylate group, a process reminiscent of, but distinctive from, classical proton-transfer

catalysis. Interestingly, inclusion of this isomerization step in the RRKM/ME modelling of a

G3SX level potential energy surface enables recapitulation of the experimentally observed

two-stage kinetics.

Introduction

Carbon-centred radicals are key intermediates in numerous

important chemical systems, such as those formed during

tropospheric processing of volatile organics,1 combustion of

hydrocarbon fuels,2 and free radical damage in vivo.3 These

radicals react rapidly with ambient molecular oxygen to

produce peroxyl radicals.4 Mass spectrometry has been widely

implemented to study peroxyl radical chemistry, although in

general it has been applied to the analysis of closed-shell

reaction products. In some instances however, mass spectro-

metry has been used to synthesize charge-tagged radicals that

are analogous to elusive neutral radical intermediates. These

analogues, which have isolated charged and radical sites,

are termed ‘distonic’ radical ions.5 The distonic radical ion

approach, coupled with mass spectrometry, allows for the

isolation and interrogation of these reactive intermediates in

the gas phase.6

Previous work has shown that the reaction of distonic

carboxylatocyclohexyl radical anions (1 and 2 in Scheme 1)

and dioxygen results in the formation of a chemically activated

peroxyl adduct that can be collisionally deactivated or can

decompose through loss of HO2
� and HO�, in good agreement

with observations from studies of neutral cyclohexyl radical.7,8

In contrast with the distonic carboxylatocyclohexyl radical

anions 1 and 2, the isomeric a-carboxylate radical ion
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(structure 3 in Scheme 1) differs significantly in chemistry,

reacting with oxygen to give carbonate radical anion (CO3
��)

as the exclusive product ion, presumably via decomposition of

a fleeting peroxyl radical intermediate through a lower energy

pathway than those available to 1 and 2.

Reaction of 3 with nitric oxide yields displacement of CO2

by NO, which is a hallmark of cross-conjugated radical anions

where the radical and the charge interact directly.9 Given the

unique chemistry of 3 towards oxygen, we were interested in

using a combined experimental and theoretical approach to

further study the chemistry of a-carboxylate radicals and to

explore whether model biomolecular systems, based on this

framework, also react with dioxygen in a similar fashion. In

this study, the archetypal a-carboxylate radical anion along

with model systems for a-carboxylate radicals derived from

fatty acids and peptides (structures 4, 5 and 6 respectively,

Scheme 1) were synthesized by UV photodissociation of

halogenated precursors in a linear ion-trap mass spectro-

meter.10 Once synthesized, the radical anions were isolated

in the presence of dioxygen allowing direct observation of the

ionic reaction products and measurement of reaction rates.11

We found that carbonate radical anion formation is a general

feature of reactions between simple and alkyl-substituted

a-carboxylate radicals (4, 5) and dioxygen. Furthermore this

was shown to be consistent with statistical reaction rate theory

calculations based on potential energy surface derived from

ab initio calculations. In the peptidic systems however, the

amide functionality modifies the ion-molecule chemistry

significantly. The reaction of dioxygen and the simple acetyl-

glycinate radical (6) produces concerted loss of CO2 and HO�

from the peroxyl adduct. Computational modelling and

kinetic analysis were performed on the smaller acetylglycinate

radical anion, allowing us to propose a mechanism consistent

with all experimental observations. Both theory and experi-

ment indicate that reaction occurs in two stages, namely via

oxygen-assisted isomerization followed by further oxidation to

lose CO2 and the highly reactive HO� radical, ultimately

yielding a smaller diamide. Interestingly, the same dissociation

chemistry is also observed for a-carboxylate radicals derived

from a larger peptide, i.e., YGGFG��.

Experimental methods

Materials

Methanol (HPLC grade), acetic anhydride, and ammonia

solution (28%) were obtained from Ajax (Sydney, Australia).
18O2 gas (95%) was obtained from Cambridge Isotope

Laboratories (Andover, MA). Bromoacetic acid, chloramine

T trihydrate, sodium iodide (anhydrous), leucine enkephalin

peptide (YGGFL), 2-bromopentanoic acid, and sodium meta-

bisulfite were purchased from Sigma-Aldrich (St. Louis, MO).

L-Tyrosine was purchased from BDH Lab Supplies (now part

of VWR International, West Chester, PA). All commercial

compounds were used without further purification. 2-Iodo-

pentanoic acid was prepared from 2-bromopentanoic acid by a

standard procedure.12,13 Water was purified to 18.2 MO
resistivity using a Millipore (Billerica, MA) Synergy UV water

purification system.

Mass spectrometry

Methanolic solutions of analytes were prepared at 10–50 mM
concentrations and infused at a rate of 3–5 mL/min into

the electrospray ionisation source of a ThermoFisher

(San Jose, CA) LTQ linear quadrupole ion-trap mass spectro-

meter. The LTQ was modified to perform both photodissocia-

tion and ion-molecule reactions in the ion trap (see below for

details). Aqueous ammonia was added to raise the pH when

required to facilitate the dianion formation. Typical source

parameters were spray voltage�2.5 and+3.5 kV (for negative

and positive ion mode, respectively), capillary temperature

200–250 1C, sheath gas flow between 10 and 30 (arbitrary

units), and sweep and auxiliary gas flow set at between 0 and

10 (arbitrary units). For collision experiments, ions were mass-

selected with a window of 1–4 m/z and fragmented using

default instrument parameters, i.e. 0.250 activation q-parameter,

30 ms activation time (unless otherwise noted) and normalized

collision energies of 20–40 (arbitrary units).

Photodissociation

The linear ion-trap mass spectrometer is modified in a similar

fashion to previously described.10,14 A 2.75 in. quartz viewport

(MDC Vacuum Products, Hayward, CA) is affixed to the

posterior plate of the spectrometer vacuum housing with a

CF flange to allow transmission of 266 nm laser pulses from

a flashlamp-pumped Nd :YAG laser (Continuum, Santa

Clara, CA). The laser beam is directed into the trap via two

right-angle prisms, which are adjusted to optimize overlap

with the ion cloud. The laser energy is ca. 2 mJ/pulse,

unfocussed, contained within a 3 mm spot diameter and 5 ns

pulse duration. A single laser pulse irradiates trapped ions at a

time synchronized to the beginning of the activation step of a

typical MSn experiment by feeding a differential signal from

the instrument to the laser flashlamp trigger via a digital delay

generator (Berkeley Nucleonics, San Rafael, CA). The MS

stage that is synchronized with the pulsing of the laser can be

chosen using the Diagnostics menu of the default instrument

tuning software. The photodissociation efficiencies achieved

are comparable to previously reported,10,15 e.g., the yield of

iodine atom loss is B20% for iodoYGGFL (see Supporting

Information Fig. S1w).

Ion-molecule reactions

Modifications to the linear ion-trap mass spectrometer to

allow the introduction of neutral gases into the ion trap

region of the instrument have been described previously.11

Scheme 1
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Briefly, gas reagents in a syringe are introduced into a flow of

Ultra High Purity (UHP) helium (3–5 psi) via a heated septum

inlet (25–250 1C). The gas mixture is introduced into the ion

trap via a variable leak valve, which is adjusted until the ion

gauge reads B0.9 � 10�5 Torr, which indicates an ion trap

pressure of B2.5 mTorr. The temperature of the vacuum

manifold surrounding the ion trap was measured at 307 � 1 K,

which is taken as being the effective temperature for ion-

molecule reactions observed therein.16 Reaction times of

30–10 000 ms were set using the activation time parameter

within the control software using no collision energy applied.

All spectra presented are an average of at least 50 scans. The

concentration of dioxygen in the ion trap was measured using

a calibrant reaction where the true second order rate constant

is known (carboxylatoadamantyl radical anion + O2): thus,

the [O2] is simply kpseudo first order/ksecond order. Rate coefficients

were determined as previously described with an estimated

measurement accuracy of �25%.11 Collision rates for the

ion-molecule reactions were estimated by the parameterized

trajectory collision theory of Su and Chesnavich17

and branching ratios were calculated using the method of

Grabowski and Zhang.18

Theoretical methods

Quantum chemical calculations

Electronic structure theory calculations are performed in

Gaussian 09.19 The B3LYP/6-31G(2df,p) model chemistry

is used to optimize structures and calculate vibrational

frequencies. The high-level G3SX composite theoretical

method is used for molecular energies.20 The G3SX method

uses B3LYP/6-31G(2df,p) optimized geometries and zero

point energies along with higher-level wavefunction theory

single point energies from HF through QCISD(T) theory, with

basis sets of incrementally decreasing size. These energies are

combined with empirical scaling corrections to arrive at the

final G3SX energy. The G3SX method is particularly accurate

for barrier heights (relative to computational expense),21 and

also performs well for a range of thermochemical properties.19

The G3SX enthalpies reported in this study are expected to be

accurate to �1.5 kcal/mol (95% confidence intervals).20,21

Reaction rate calculations

Reaction yields and apparent rate constants, k(T,P), for

chemically activated reaction of both the acetate (4) and

acetylglycinate (6) radical anions with O2 are obtained from

stochastic solutions of the 1D Master Equation (ME),

using MultiWell-2010.1.22 Densities and sums of states are

determined from Stein-Rabinovitch-Beyer-Swinehart counts,

based on B3LYP/6-31G(2df,p) vibrational frequencies and

moments of inertia. Internal degrees of freedom are treated

as harmonic-oscillators, with external degrees of freedom

modeled as an active 1D and an inactive 2D rotor, following

the conventional assumption of a symmetric top. Rice-

Ramsperger-Kassel-Marcus (RRKM) theory is used for

microcanonical k(E), with the inclusion of tunneling corrections

for H-shift reactions via an Eckart barrier. Collisional energy

transfer is described using a single exponential-down model

with a constant DEdown value of 600 cm�1. A grain size of

10 cm�1 is used for the energy-grained component of the

hybrid master equation, for energies up to 30 000 cm�1. The

continuum component of the master equation is then solved

up to 200 000 cm�1 across a further 6000 grains. Barrierless

reactions are described using the hindered Gorin transition

state model,23 with the high-pressure limit rate constant set to

that calculated by collision theory. Reported RRKM/ME

simulations represent ten million trials of 200 collisions each.

Calculations were performed at 307 K and 2.5 mTorr of He.

Coordinates for optimized structures, vibrational frequencies,

and moments of inertia for all active species and transition

states involved in the RRKM/ME calculations are provided as

Supporting Information.

Results and discussion

The acetate radical anion (4) is an archetypal cross-conjugated

radical anion,9 which is conveniently synthesized in vacuo

by UV photolysis of the C–Br bond in bromoacetate

(BrCH2CO2
�). Electrospray ionisation (ESI) of a methanolic

solution of bromoacetic acid yields the two naturally occurring

isotopologues of the bromoacetate anion at m/z 137 and 139.

Isolation of these ions in the ion trap and photodissociation

(PD) via irradiation with a single pulse of 266 nm photons

from an Nd :YAG laser yields the target radical anion 4 atm/z

58 along with bromide anions at m/z 79 and 81 (Fig. 1a). In

contrast, conventional collision induced dissociation (CID)

of bromoacetate yields bromide as the exclusive product ion

(see Supporting Information Fig. S2). As observed previously

for the a-carboxylate cyclohexyl radical (3), reaction of 4 and

dioxygen yields carbonate radical anion at m/z 60, which

increases in abundance with increasing reaction time, as shown

in Fig. 1b. Reaction of 4 with 18O2 produces a 2 Th mass shift

in the product ion, indicating incorporation of one atom from

dioxygen, as shown in Fig. 1c. A plot of the natural log of the

fractional precursor intensity versus time is well-described by a

linear fit (R2 = 0.992), indicating that the reaction conditions

are pseudo first-order (see Supporting Information Fig. S3). A

second order rate constant of 7.5 � 10�11 cm3 molecule�1 s�1

is obtained using the pseudo first-order rate constant and the

concentration of O2 in the trap (7.1 � 109 molecule cm�3),

which is determined using a calibrant ion-molecule reaction.11

A calculated reaction efficiency of B12% is derived from the

measured second order rate constant and the predicted

collision frequency, which is 6.5 � 10�10 cm3 molecule�1 s�1.

The reaction efficiency is relatively high, and is comparable to

rates determined for the reactions of distonic radicals with

molecular oxygen.7,11

While PD of 2-bromopentanoate produced a very low

abundance of the desired radical anion, the 2-iodopentanoate

anion (m/z 227) gave rise to a moderate abundance of 5 at m/z

100 (see Supporting Information Fig. S4). By analogy with

bromoacetate (Fig. 1a), PD of the 2-iodopentanoate anion

also yields the halide anion (in this case iodide at m/z 127) as a

major competing pathway. Interestingly, the extension of the

alkyl chain presents two additional competitive channels via

b-scission of the nascent radical yielding m/z 99 (–H�) and

m/z 71 (–CH3CH2
�). These processes presumably occur over a
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low barrier and as a consequence it was found that the target

radical anion 5 at m/z 100 could not be isolated in the absence

of m/z 99 (Fig. 1d). Nevertheless the ion abundance of the

closed-shell species m/z 99 was found to be unaffected by

increasing the reaction time in the presence of dioxygen and as

such can be considered a spectator to its radical companion at

m/z 100. The radical anion 5 at m/z 100 was found to yield the

carbonate radical anion at m/z 60 as the exclusive ionic

product of the reaction with dioxygen (Fig. 1d) consistent

with the archetypal a-carbonate radical 4 (Fig. 1b) and the

previously investigated 1-carboxylatocyclohexyl radical 3.7

The calculated energy surface for the reaction of 4 and

dioxygen is shown in Fig. 2. Addition of O2 is around 40 kcal mol�1

exothermic, which is typical of O2 association with an alkyl

radical. The 4 + O2 reaction yields a peroxyl radical that

undergoes an ipso rearrangement to form methyl carbono-

peroxoate radical anion, via the transition state structure

depicted in Fig. 3. b-Scission from the a-peroxide radical takes
place with a negligible barrier, and leads to formaldehyde and

carbonate radical anion. The barriers to these unimolecular

rearrangements are modest, and remain lower than the

entrance channel. The observed carbonate radical is consistent

with the mechanism presented in Fig. 2, which also accurately

predicts that one of the oxygen atoms in carbonate radical

originates from molecular oxygen. Interestingly, hydrogen

carbonate and formyl radical are predicted to be the most

thermodynamically favorable products on the C2H2O4 energy

surface (i.e., 89.6 kcal mol�1 below 4 + O2 at the G3SX level;

see Supporting Information Figure S5). It may be possible for

these products to form via a roaming radical mechanism in the

formaldehyde–carbonate radical anion complex before disso-

ciation to the observed products, although the experiments

reported here provide no evidence for this taking place.

The 4 + O2 reaction has been simulated with RRKM/ME

theory, according to the mechanism depicted in Fig. 2.

Because the barrier for b-scission of the peroxide intermediate

is predicted to fall below the radical energy, this step is

neglected in these calculations, and we assume instead that

the ipso rearrangement transition state leads directly to

formaldehyde + carbonate radical. The RRKM/ME simula-

tions (see Methods: Reaction Rate Calculations) predict that

the formaldehyde + carbonate radical products account for

8.6% of the reaction yield, with the remainder corresponding

to reverse reaction back to 4 + O2. This compares favorably

to the experimentally determined efficiency of 12%, given the

expected uncertainties in the theoretical calculations, the

collision theory rate constant, and difficulties in quantifying

the accuracy of the experimental measurements.

Fig. 1 (a) Irradiation of bromoacetate (BrCH2CO2
�) cleaves the

carbon-bromine bond to produce acetate radical anion (1) at m/z 58.

(b) Reaction of isolated 1 with molecular oxygen for the following

reaction times (in ms), bottom to top: 30, 200, 400, 600, 800, 1000,

1200, 1500, 1700, and 2000 yields the carbonate radical anion at m/z

60. (c) The corresponding reaction with 18O2 yields a carbonate radical

anion that is 2 mass-units heavier, indicating incorporation of one

oxygen atom from molecular oxygen. (d) Isolation of the 1-carboxyl-

atobutyl radical anion (5) at m/z 100 in the presence of dioxygen and

allowed to react for 4000 ms. The ion at m/z 99 forms from m/z 100

during isolation of the latter and is unreactive toward O2 (see text).

Fig. 2 Calculated energy surface for reaction of acetate radical ion

(4) with O2. Energies represent relative 298 K enthalpies calculated at

the G3SX level of theory, in kcal mol�1.

Fig. 3 Optimized structure for the transition state corresponding to

isomerization of the peroxyl radical formed in the acetate radical ion

(4) + O2 reaction (B3LYP/6-31G(2df,p) level). The transition state

structure illustrates concerted C–C bond scission and C–O bond

formation.
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We sought to investigate whether similar chemistry is

observed for peptidic a-carboxylate radical anions. Potential

peptidic sites for a-carboxylate radicals include the Cb of

aspartate, the Cg of glutamate, and the Ca of any non-

amidated C-terminal residue. Radical acetylglycinate (6) was

chosen as a model system for a peptidic C-terminal Ca-centred

radical. As in 4 and 5, the radical in 6 interacts with the charge.

However, the amide group provides an additional lone pair

that can conjugate with the radical and thus modify the

ion-molecule chemistry. Previous work has suggested that

protonated glycine radical can be prepared from UV photo-

dissociation of tyrosine via neutral loss of 107 Da.24

We predicted that similar UV photodissociation chemistry

could be leveraged to synthesize 6, as shown in Scheme 2. The

mass spectrum resulting from irradiation of deprotonated

N-acetyltyrosine at 266 nm (Fig. 4a) shows numerous photo-

dissociation products including neutral loss of 107 Da,

presumably through cleavage of the Ca–Cb bond to form 6.

In contrast to both 4 and 5, reaction of isolated 6 with

dioxygen does not result in formation of the carbonate radical

anion at m/z 60 but rather a neutral loss of 29 Da (i.e., m/z 86

in Fig. 4b). The analogous reaction with 18O2 shifts the

product mass-to-charge ratio by 2 Th (Fig. 4c) indicating

the transfer of a single oxygen atom. While substitution of

the amide hydrogen with a deuterium does not change the

product mass, suggesting that the amide hydrogen is lost to

form m/z 86 (see Supporting Information Fig. S6). It is

proposed that this product ion arises from addition of O2 to 6,

followed by concerted loss of CO2 and HO� and this

interpretation is supported by theoretical modelling of the

potential energy surface as discussed below. Unlike the 4+O2

reaction, a plot of the natural log of the fractional precursor

intensities versus time is notably non-linear, indicating more

complex reaction dynamics, as explained below.

The energy surface developed for the 6 + O2 reaction is

illustrated in Fig. 5. Initial association of the radical anion

with O2 forms a peroxyl radical intermediate, although in this

case the exothermicity is reduced considerably from that

calculated for 4 + O2 (�32.9 kcal mol�1 compared with

�40.1 kcal mol�1 for the latter). This is due to conjugation

between the amide group and the radical site that is lost upon

O2 addition. Despite this, we still identify four transition states

resulting in transformation of the peroxyl radical that occur

with energy below the entrance channel. The highest-energy

pathway is for HO2
� elimination, which forms a hydrogen-

bonded complex involving the imine and the HO2
� radical.

The isomerization occurs at 1.7 kcal mol�1 below the energy

of the reactants and the dissociated products are actually

3.8 kcal mol�1 above the reactants. Formation of an imine

and the hydroperoxyl radical is considered the dominant

pathway in the oxidation of peptide radicals,25 and we do

detect evidence for this reaction as a very minor channel in the

6+O2 process (i.e., m/z 114 in Fig. 4b). The pathway with the

next lowest energy is for formation of carbonate radical anion

plus a neutral carbonyl compound (N-formyl-acetamide),

which occurs at 6.4 kcal mol�1 below the entrance channel.

This reaction takes place via a transition state of similar

structure to that depicted in Fig. 3 for the analogous process

in acetate radical ion oxidation. The barrier for isomerization

of the peroxyl radical (26.5 kcal mol�1 with respect to the

peroxyl radical) is also similar to that found for the corres-

ponding process in the 4 + O2 mechanism (24.7 kcal mol�1).

Despite this pathway requiring a somewhat smaller barrier

than the imine + HO2
� channel, no experimental evidence is

detected for carbonate radical formation (i.e., m/z 60 is not

observed in Fig. 4b).

The 6 + O2 mechanism reveals a transition state lower yet

in energy, leading directly from the peroxyl radical to the

hydroxyl radical, CO2, and an anionic carbonyl species

(N-formylacetamide anion, 8). The transition state structure

for this dissociation reaction is depicted in Fig. 6, where we

observe that it involves a concerted intramolecular hydrogen

shift and C–CO2 bond scission. Intrinsic reaction coordinate

scans demonstrate that initial fragmentation to CO2 and

CH3C(O)N�C�(H)OOH is followed by b-scission to HO�

and 8, without any further barrier. This transition state lies

15.1 kcal mol�1 below the reactant energies, with barrier of

only 17.8 kcal mol�1 relative to the peroxyl radical. Loss of

HO� and CO2 from the anion 6 upon O2 addition via this

Scheme 2

Fig. 4 (a) PD spectrum of acetyltyrosinate anion. (b) Reaction of the

acetylglycinate radical anion (6) with molecular oxygen for 1 s yields

the product ion at m/z 86, which is due to addition of molecular

oxygen, followed by concerted loss of CO2 and HO�. A very minor

�1 Da product observed at m/z 114, which is not present during

isolation, is likely due to +O2, followed by –HO2
�. (c) Reaction with

18O2 produces a 2 Th shift to form m/z 88 with the low abundance

m/z 86 arising from residual 16O2.
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mechanism is responsible for the dominant product ion signal

observed at m/z 86 (Fig. 4b). The mechanism identified for the

formation of these products is also consistent with the isotope

labeling experiments, which indicated loss of the amide

hydrogen and incorporation of one oxygen atom from O2 in

the product ion. The fact that the carbonate radical is not

detected in acetylglycinate radical anion oxidation, whereas it

is the dominant acetate radical anion oxidation product,

supports our theoretical prediction that the former radical

possesses much lower-energy reaction pathways in its reaction

with molecular oxygen.

The results described above explain the observed reaction

products from 6 + O2, but do not explain the multi-step

reaction kinetics measured in these experiments. We find that

this behavior can be explained by a novel oxygen-assisted

isomerization. Fig. 5 illustrates that the 6+O2 reaction forms

a peroxyl radical for which the lowest-energy transition state

corresponds to proton transfer from the amide nitrogen to a

carboxylate oxygen resulting in the slightly more energetic

(+7.6 kcal mol�1) amide-centred anion. The structure of this

transition state is shown in Fig. 7(a) and reveals that the

migrating proton is closer to the carboxylate oxygen (1.18 Å)

than the amide nitrogen (1.33 Å). For comparison, Fig. 7(b)

shows the equivalent transition state for direct, unassisted

unimolecular conversion of 6 to 7 and reveals the migrating

Fig. 5 Calculated energy surface for reaction of acetylglycinate radical ion (6) with O2. Energies represent relative 298 K enthalpies calculated at

the G3SX level of theory, in kcal mol�1.

Fig. 6 Optimized structure for the transition state corresponding to

CO2, HO� loss from the peroxyl radical formed in the acetylglycinate

radical anion (6) + O2 reaction (B3LYP/6-31G(2df,p) level). This

transition state structure illustrates concerted hydrogen shift and C–C

bond scission.

Fig. 7 (a) Optimized structure for the transition state corresponding

to isomerization of the peroxyl radical formed in the acetylglycinate

radical anion (6) + O2 reaction. (b) Optimized structure for direct

intramolecular proton transfer connecting radical anions 6 and 7

(B3LYP/6-31G(2df,p) level). (c) Reaction energetics for direct proton

transfer compared with that facilitated by reversible oxygen addition.

Energies represent relative 298 K enthalpies calculated at the G3SX

level of theory, in kcal mol�1.
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proton closer to the carboxylate oxygen (1.22 Å) than the

amide nitrogen (1.32 Å). This geometry suggests an earlier

transition state consistent with this slightly exothermic

isomerization (�4.7 kcal mol�1). A comparison of the energetics

of direct proton transfer to that facilitated by formation of

intermediate peroxyl radicals is shown in Fig. 7(c) and illus-

trates the net reduction in the reaction barrier from +3.4 to

�25.3 kcal mol�1 afforded by participation of the dioxygen

molecule. This dramatic lowering of the barrier is reminiscent

of classical ‘‘proton transfer catalysis’’ where the transition

state energies for intramolecular proton transfer within an ion

are lowered by partial solvation of the proton by a neutral

atom or molecule.26,27 There are however three distinctive

features of the effect observed here: (i) the neutral molecule

is covalently attached to the ion in the transition state, i.e., the

dioxygen in this instance is present as a formal peroxyl moiety

in the transition state; (ii) the proton transfer is remote from

the peroxyl moiety by some 3.19 Å and; (iii) while there is a net

lowering in transition state energy due to addition of the

oxygen, the barrier for the proton transfer relative to the

peroxyl radical is actually higher (+7.8 kcal mol�1)28 than

that for the unassisted pathway (+3.4 kcal mol�1). The

absence of even a partial bonding or solvation interaction

between the neutral ‘‘catalyst’’ and the transferring proton in

the transition state is distinct from classical proton-transfer

catalysis. It appears that the catalytic role of the oxygen in the

present system is simply to provide the necessary energy

(�32.9 kcal mol�1) to fuel the proton transfer reaction via

reversible formation of the peroxyl radical. While the rever-

sible addition of dioxygen to carbon-centred radicals is

well-known from solution phase studies,29 the indirect proton

transfer catalysis observed here is likely to be unique to the gas

phase where the excess energy from formation of the new

C–OO bond remains with the system and can be used to power

the isomerization.

Calculations reveal that isomerization of the intermediate

peroxyl radical anion can result in formation of a rearranged

radical anion 7 by loss of O2 but, in addition, the intermediate

can undergo competitive loss of CO2 + HO� (Fig. 5).

The latter pathway is actually somewhat lower in energy

(�6.7 kcal mol�1 below the entrance channel) but will be less

favored in terms of entropy than the direct dissociation.

Because 6 and 7 are isobaric, the mass spectrometry experi-

ments do not allow for direct differentiation of these products,

nor can they exclude the possibility of direct rearrangement of

6 to 7 over the relatively modest barrier of +3.4 kcal mol�1.

Through analysis of the kinetics however, we show that the

involvement of the oxygen-assisted isomerization pathway

provides a more satisfactory explanation for the measured

reaction kinetics (see below).

Reaction rate simulations have been performed for both

6 + O2 and 7 + O2, in both cases incorporating all pathways

depicted in Fig. 5. Rate constants for the radical ion + O2

steps were determined to be 5.89 � 10�10 cm3 molecule�1 s�1

from trajectory collision theory, whereas dissociation of the

imine–HO2
� complex was treated with the reverse reaction

having a rate constant of 1 � 10�11 cm3 molecule�1 s�1,

consistent with variational transition state theory calculations

on dissociation of similar HO2
� radical complexes.30,31 The

6+O2 reaction is predicted to yield 70.1% 7+O2 and 29.8%

8 + CO2 + HO�, with 0.1% 6 + O2 via the reverse reaction.

The carbonate radical anion and HO2
� radical pathways were

predicted to take place to only a minor extent (respective yields

of 0.004% and 0.00001%). For the 7 + O2 reaction, the

dominant products are 8 + CO2 + HO� (72.1%), with a

significant null reaction channel reforming 7 + O2 (27.9%).

Minor amounts of 6 + O2 (0.005%) and carbonate radical +

N-formyl-acetamide (0.001%) are also predicted to form,

whereas the branching ratio to the HO2
� channel is too low

to calculate.

Calculated rate constants for the formation of important

products in reactions of 6 and 7 with O2 are listed in Table 1.

These rate constants have been used to model the oxidation

kinetics of acetylglycinate in the ion trap. Consistent with the

experimental settings, we assumed that all concentrations were

homogeneous and that O2 was in significant excess, with the

total constant [O2] concentration at 7.1 � 109 molecule cm�3.

The set of simultaneous ordinary differential equations

(ODEs) describing [6], [7], and [8] were then solved numeri-

cally, using previously-developed code.32 The resultant concen-

trations, normalized to unity initial reactant concentration, are

provided as Supporting Information (Fig. S7), compared to

experimental fractional intensities for m/z = 115 (6 + 7) and

86 (8). The calculated rate constants result in an apparent

reaction rate faster than that observed experimentally,

although they do manage to describe the two-stage kinetics.

Here, the slow initial reaction rate can be attributed to oxygen-

assisted isomerization of 6 to 7, with the apparent rate of

reaction subsequently increasing due to the faster 7 + O2

reaction to form 8 + CO2 + HO�.

In order to further investigate the complex kinetics observed

for the 6 + O2 reaction in the ion trap we attempted to

numerically fit experimental values to k2–k4. Initial trials

revealed that the results could be adequately described using

only k2 and k4, implying the mechanism 6 + O2 - 7+ O2 -

8 + CO2 + HO�. The closed-form solution to the reduced

system of ODEs describing [6] and [7] (where [8]=1–[6]–[7]) as

a function of time was obtained using the inverse Laplace

transform method (with unity initial reactant concentration).33

A least-squares procedure was then used to obtain best fits to

k2 and k4, which for both rate constants provided values of

1.52 � 10�10 cm3 molecule�1 s�1. Fig. 8 demonstrates that the

fitted two-step mechanism accurately reproduces the observed

kinetics. Reasonable fits can still be obtained using small

values of k3 (on the order of 10�11 cm3 molecule�1 s�1),

although no value for this rate constant improved the agreement

Table 1 Rate constants for reaction of the radical ions 4, 6, and 7

with dioxygen

Reaction

k (cm3 molecule�1 s�1)

Experimental Theoreticala

4 + O2 - HCHO + CO3
�� (k1) 7.51 � 10�11 5.54 � 10�11

6 + O2 - 7 + O2 (k2) 1.52 � 10�10b 4.13 � 10�10

6 + O2 - 8 + CO2 + HO� (k3)
�b 1.76 � 10�10

7 + O2 - 8 + CO2 + HO� (k4) 1.52 � 10�10b 4.25 � 10�10

a From RRKM/ME simulations. b Determined from a least-squares

fit assuming a two-step (k2, k4) reaction mechanism.
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between model and experiment. The experimental rate

constants for 6 + O2 and 7 + O2 correspond to a reaction

efficiency of 26%, comparable to the value determined for

4 + O2 (12%) and, as noted, comparable to literature values

for other radical ion reactions with O2.
7,11 The experimental

rate constants are in relatively good agreement with the purely

theoretical RRKM/ME values, which are too large by around

a factor of two. The reported acetylglycinate radical ion + O2

experiments, and accompanying theoretical and kinetic

analysis, therefore provide evidence for two novel low-energy

reactions, one that achieves oxygen-assisted isomerization of

the reactant and another that results in formation of the highly

reactive hydroxyl free radical.

A peptide was examined next to determine whether the ion-

molecule chemistry observed for 6 would extrapolate to larger

systems. It has been previously shown that radical peptides can

be synthesized from iodinated peptide precursors.34 Here, the

tyrosine residue of YGGFL was iodinated using published

procedures and then acetylated to block deprotonation of the

tyrosine sidechain, thus favouring a charged C-terminus. PD

of the peptide derivative cleaves the carbon-iodine bond,

yielding a radical at the tyrosine sidechain (see Supporting

Information Fig. S8a). CID of the peptide radical produces

sidechain losses, predominantly from leucine, and backbone

fragmentation.15 Previous studies have shown that sidechain

losses and backbone fragmentation are due to radical migra-

tion (via hydrogen atom abstraction), followed by b-scission.
In the case of the 56 Da loss, b-scission occurs from a Leu Cg

radical, effectively transforming Leu to a Ca-radical Gly, i.e.,

an alpha carboxylate radical, as shown in Scheme 3. Reaction

of YGGFG�� with dioxygen yields loss of 29 Da (Scheme 3),

which is the same loss observed for 6 (see Supporting

Information Fig. S8b). The loss of 29 Da is not observed in

the CID of YGGFG�� (see Supporting Information Fig. S8c),

confirming that the product is a result of specific ion-molecule

chemistry and not simply dissociation of a metastable

precursor. These results indicate that a general feature of

reactions between peptidic a-carboxylate radical anions and

oxygen is the production of hydroxyl radicals with concomi-

tant expulsion of carbon dioxide.

Peptidic Ca radicals are predicted to form as a result of free

radical damage in vivo. These radicals are highly stabilized by

captodative interactions from the neighbouring amide and

carbonyl groups.35,36 However, pulse radiolysis experiments

on model amino acids have shown that these radicals react

quickly with oxygen to produce peroxyl radical intermediates

that undergo backbone scission to form an amide and an a
keto acid.25 Further experiments demonstrated that other

species such as pyruvic acid, acetaldehyde, acetic acid, and

carbon dioxide are also produced in significant yields.37 Inter-

molecular recombination of two amino acid peroxyl radicals

was proposed as a possible explanation for these side-

products. In this manuscript, we show that a novel uni-

molecular dissociation pathway is available to a-carboxylate
peroxyl radicals isolated in the gas phase, namely loss of

carbon dioxide and generation of hydroxyl radical. This

8+CO2 +HO� pathway is, however, likely to be competitive

with the imine + keto acid pathway (cf. Scheme 4) even in

aqueous solution, due to the low barrier heights relative to the

peroxyl radical (Fig. 5). Indeed, the observation of carbon

dioxide in gamma-irradiated amino acids and peptides is

entirely consistent with the novel pathway described here.

Conclusions

We have explored the gas phase ion-molecule reactions of

oxygen and cross-conjugated radical anions, including model

and larger biomolecular systems. The archetypal cross-

conjugated radical anion, the acetate radical anion (4), reacts

with oxygen to produce carbonate radical anion exclusively.

The reactivity observed is completely consistent with the

1-carboxylatocyclohexyl radical (3) examined previously.7

The reactivity of the 1-carboxylatobutyl radical anion (5) is

diminished somewhat, but carbonate radical remains a

significant product. Combined, these results indicate that the

carbonate radical anion formation is a general feature in the

Fig. 8 Kinetics of the acetylglycinate radical ion (6) + O2 reaction. Dot points represent experimental results (relative ion intensities). Solid lines

represent least-squares fit of the experimental data assuming the mechanism 6 + O2 - 7 + O2 - 8 + CO2 + HO�.
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reactions of simple and alkyl-substituted a-carboxylate radical
anions with oxygen. Furthermore, the efficiency and selectivity

of this reaction suggests that this product ion at m/z 60 may be

used as a diagnostic ion for the presence of cross-conjugated

radical anions. Indeed, the clear distinction in reactivity

between the radical anion 3 and its distonic isomers 1 and 2

suggests that the term distonoid radical ions—coined by

Eberlin and co-workers38—may be usefully applied to the

former system as well as the other a-carboxlyate radical anions
studied here (4, 5 and 6).

We demonstrate that the ion-molecule chemistry changes

significantly when the a-carboxylate radical anion motif is

incorporated into amino acids and peptides. In such instances,

the presence of the neighbouring amide functionality enables

access to new pathways that are significantly lower in energy

than carbonate radical anion formation. In the archetypal

peptidic system, acetylglycinate radical anion (6), the

concerted loss of carbon dioxide and hydroxyl radical is the

dominant pathway observed. Similar ion-molecule chemistry

is observed in a larger peptidic a-carboxylate radical anion.

Interestingly, the kinetics measured for the acetylglycinate +

O2 reaction had significant curvature, consisting of a ‘‘slow’’

followed by a ‘‘fast’’ component. Theoretical calculations

point to a novel oxygen-assisted isomerization whereby

reversible formation of a peroxyl moiety facilitates proton

transfer from the amide to the carboxylate group. Indeed, the

experimental reaction kinetics were fully recapitulated by

including the isomerization step in the RRKM/ME modelling.

The systems examined in this manuscript are direct models

of free radical damaged peptides and fatty acids. Due to the

prevalence of oxygen in the atmosphere and in the bio-

molecular environment, it is conceivable that some of the

mechanisms shown also occur in aqueous solution. Formation

of carbonate radical anion is higher in energy than simple

decomposition of the peroxyl adduct in aqueous solution to

dioxygen and the fatty acid radical. Thus, the formation of

carbonate radical anion is only expected to be favourable in

the gas phase. In contrast, the novel decomposition pathway

observed in the peptidic systems leading to loss of CO2

and generation of HO� is likely a competitive pathway in

oxygenated aqueous solutions and is consistent with the

products observed from gamma-irradiated peptides.
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