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1. INTRODUCTION

Hydrogen-atom abstraction from the α-position of proto-
nated amino acids and their N-acylated derivatives (i.e., the
structural motifs representing the fundamental building blocks
of peptides and proteins) is a critical event which, when coupled
with subsequent reactions of the resultant α-centered radicals,
culminates in fragmentation of peptides and proteins.1 The
ensuing fragmentation processes have been identified as impor-
tant steps in the development of a wide range of pathological
conditions such as aging, cancer, and neurodegenerative disorders.2

From a biological perspective, it is therefore of great relevance
that, although Cα�H abstractions do occur to some extent, a
plethora of experimental studies reported in the past five decades
have revealed that the Cα�H (and to a lesser extent the Cβ�H)
bonds of such structures are in fact relatively inert toward
abstraction by electrophilic radicals such as OH• and Cl•.3 In
the present investigation, we use quantum chemistry computa-
tions to examine this behavior.

Early experimental studies of the regioselectivity of the
chlorination reactions of amino acids demonstrated that, under
strongly acidic conditions, chlorination failed to occur at the α-
position but occurred instead at distal positions along the alkyl
chains.4 It was also demonstrated that the α-positions ofN-acylated
amino acids are resistant to hydrogen-atom abstraction by Cl•.
For example, chlorination of N-benzoylvaline methyl ester was
found to result exclusively in the β and γ products, with no product
derived from the α-position.5 In addition, electron paramagnetic

resonance studies of the chlorination reactions of N-acetylvaline
showed no evidence for the formation of an α-centered radical,
with signals observed only for the β- and γ-centered radicals.6

The results for the N-acylated amino acids are particularly
important because their α-carbon-centered radicals are subject
to particularly large stabilizing effects, associated with captoda-
tive interactions,7 and therefore the relatively slow abstraction
rates to produce them represents a substantial contrathermody-
namic effect.

The relatively slow hydrogen-abstraction rates, despite in
some cases resulting in the formation of highly stabilized radical
products, may be rationalized in terms of two related effects.
First, the α-carbon is electron deficient due to the σ-electron-
withdrawing character of the substituents (NH3

+, COOH, and
NHAc). For electrophilic radicals such as Cl•, the interaction
between the incipient polar Cl�H and the electron-deficient
radical center results in a destabilization of the transition
structure.3,8�10 Such effects are often referred to in the literature
as “polar effects”.11 Second, such transition structures are often
“early”, with little degree of C�H bond cleavage, and thus they
do not benefit significantly from the (captodative, in the case of
the N-acylated amino acids) stabilization effects in the radical
products. This picture is supported by the observation that the
corresponding hydrogen-atom abstractions by Br• (which is
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substantially less electrophilic thanCl•) do favor abstraction from
the α-position, because the “late” transition structures do benefit
from the radical stabilization effects.12

Taking into account all of these previous findings, Watts and
Easton recently reported a comprehensive study of radical chlorina-
tion reactions for a significantly more diverse range of protonated
andN-acetylated amino acid derivatives, as well as small peptides,
than had been investigated previously.13 Consistent with pre-
vious reports, their results again demonstrated that the α-positions
are essentially unreactive, with chlorination proceeding with
greater facility as one moves down the chain away from the
functional groups. The experimental findings were also taken to
suggest that these so-called “polar effects” are long-range and
propagate well beyond the α-position (Table 1).

From a biological perspective, the apparent lack of reactivity
toward hydrogen-atom abstraction (by electrophilic radicals such
as Cl• and OH•) near the backbone of amino acids and peptides
led Watts and Easton to suggest this as one reason why nature
may have selected α-amino acids as the building blocks of
peptides and proteins.13 In the absence of such effects, it would
be reasonable to expect that these biopolymers would rapidly
degrade in an environment where they are constantly surrounded
by and processing radicals.14,15

Despite the longstanding experimental interest in the regios-
electivity of hydrogen-atom abstractions of amino acids and their
derivatives by Cl•, we are not aware of any quantum chemical
investigations that have appeared in the literature examining this
effect. There are some distinct advantages compared with
experimental studies in investigating these reactions using a quan-
tum chemical approach. Perhaps the most important is that any
ambiguity that might arise from different protonation states of
the substrates or from competing reaction mechanisms is avoided.
For example, the recently reported experimental radical chlo-
rinations13 were performed in trifluoroacetic acid, where pro-
tonation of the NHAc and COOH substituents and involvement
of N-chloroamines and amides as reaction intermediates may
complicate the interpretation of the results. By contrast, the
calculations involve only hydrogen-atom transfer from substrates
specifically substituted with NHAc, COOH, and NH3

+ groups.
We have therefore used computational quantum chemistry in the
present study to try to provide a better understanding of the lack
of reactivity of the amino acid backbone and adjacent side-chain
positions in the chlorination reactions.16

We have examined hydrogen-atom abstractions by chlorine
from the α-methylene moieties of both protonated and N-
acetylated glycine, and the β�ε-methylenes of α-aminoheptanoic
acid, and have determined associated thermodynamic parameters.
In addition, we have considered the effect of each of the respective
functional groups NHAc, COOH, and NH3

+ in isolation. To this

end, we note that experimental kinetic data are available in the
literature for the chlorination of carboxylic acids,17 but only qua-
litative trends have been reported for protonated amines,18 and it
appears thatN-alkylacetamides have not been investigated in this
context.

2. COMPUTATIONAL DETAILS

In this section, we outline the main features of our computational
approach, while full details are provided in the Supporting Information.
Gas-phase computationswere performed usingGaussian 0319 andGaussian
09,20 with geometries of all structures optimized at the BHandH-LYP/
6-31+G(d,p) level of theory.21 Calculations were carried out for a variety
of conformations. As an illustrative example, for protonated α-amino-
heptanoic acid we have examined abstraction of each nonequivalent
methylene hydrogen atom in each of three conformations (Figure 1),
leading to potentially 24 nonequivalent transition structures and 24
nonequivalent product radicals (see also section S1 of the Supporting
Information).

Initially we focused our attention on the calculation of enthalpic
barriers (ΔHc

q) using a conventional approach. Thus, we carried out
single-point energy calculations on the BHandH-LYP/6-31+G(d,p)
geometries, using the higher-level B2K-PLYP double-hybrid density
functional theory procedure,22 in conjunction with the A0VTZ basis set
(where A0VTZ denotes a basis set consisting of cc-pVTZ for H, aug-cc-
pVTZ for first-row elements, and aug-cc-pV(T+d)Z for Cl).23,24 To
obtain the ZPVE andHvib corrections necessary to calculate the reaction
enthalpies and enthalpic barriers at 298 K, we used BHandH-LYP/6-31
+G(d,p) harmonic vibrational frequencies scaled using appropriate
literature scale factors.25 Likewise, the Svib values that are required for
the determination of free energies in subsequent variational transition
state theory (VTST) calculations were obtained from appropriately
scaled BHandH-LYP/6-31+G(d,p) frequencies.

Variational effects may be of importance when considering hydrogen-
atom abstraction reactions, especially when the enthalpic barriers are
small or negative. This applies to many of the barriers in the present
investigation, and so we have also calculated variational free energy
barriers (ΔGv

q) using Polyrate 2010A26 in conjunction with Gaussian
09.20 The Polyrate portions of our VTST calculations were performed at
the BHandH-LYP/6-31+G(d,p) level. We then refined the location of
the variational maxima on the underlying free energy surface at the B2K-
PLYP level using amixed basis set designated 6-31+G(3df,2d,2p), compris-
ing 6-31+G(2d,2p) for first-row elements and hydrogen, and 6-31+G-
(3df,2p) for chlorine.27Our final reported variational barriers were obtained
through performing single-point B2K-PLYP/A0VTZ energy calculations
at the B2K-PLYP/6-31+G(3df,2d,2p) variational transition structures.

Solvation corrections at each point on the reaction path were obtained
at theM05-2X/6-31G(d) level using the SMD-IEFPCMmodel28 for acetic
acid (AcOH),29 allowing a modified variational TS in solution to be
obtained. We have briefly examined the effect of quantum mechanical
tunneling26 in the case of abstraction from the α-position of protonated
glycine, which has the largest barrier among the reactions examined and
therefore can be expected to be the most susceptible to tunneling effects.
The transmission coefficients at 298 K, obtained with the zero-curvature

Table 1. Experimentally Observed Relative Ratesa for
Abstraction of Methylene Hydrogen Atoms from Protonated
and N-Acetyl Amino Acids by Chlorineb

position RCH(NH3
+)CO2H RCH(NHAc)CO2H

α e0.05 e0.20

β 0.05 0.35

γ 0.91 2.7

δ 3.7 5.0
a From ref 13. Reaction rates relative to that for the methylene hydro-
gens of phenylalanine. bR = H for α, and R = alkyl for β, γ, and δ.

Figure 1. Possible conformations of protonated α-aminoheptanoic acid.
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tunneling30 and small-curvature tunneling31 methods, are 3.1 and 7.6,
respectively. As the predicted rate enhancements are less than an order
of magnitude, and we are concerned largely with relative rates (that will
benefit from some cancellation of errors), we have not deemed it
necessary to include tunneling effects more generally.

For chlorine atom, we have included a correction to entropy
(298 K,�1.73 kJ mol�1) associated with the contribution of the low-lying
2P3/2 and

2P1/2 electronic states to the electronic partition function, as
well as a spin�orbit correction (3.52 kJ mol�1). We have assumed that
the spin�orbit correction associated with Cl• in the transition structures
is fully quenched. Finally, reaction free energies and free energy barriers
for the abstraction of hydrogen at the α-position in the protonated and
N-acetylated amino acids have been obtained from glycine derivatives.
This approach was used in order to be consistent with what was done
experimentally.13

3. RESULTS AND DISCUSSION

3.1. Importance of Reactant Complexes. Bimolecular reac-
tions may involve complexes along the reaction path, which, if
lower in energy than the isolated species, may be important as
reference points for the calculation of reaction barriers. In fact, a
recent report32 attributed the unfavorability of abstraction of
hydrogen from theα-position of amino acids by OH• precisely to
the formation of a particularly stable complex, which was suggested
to present a kinetic trap for abstraction from this position. While
the complex of interest in that study involves interactions (between
OH• and the amido groups within the substrate) that do not exist
in the systems examined in the present study,32 we nonetheless
felt it important to consider whether the formation of reactant
complexes might be important in the situations that we are
examining, i.e., in determining the barriers for hydrogen-atom
abstractions by Cl• from protonated amino acids and N-acety-
lated amino acids, given that both sets of systems show resistance
to radical attack at the α-position. To address this issue, we have
located complexes associated with the interaction of Cl• with
protonated glycine and N-acetylglycine and calculated their
energies (both on the enthalpic and free energy surfaces) relative
to the sum of the energies of the separated species (Table 2).
Considering first the case of protonated glycine, it is evident

that, while the reactant complex is stabilized with respect to
the isolated reactants on the enthalpic surface (ΔHgas = �15.7
kJ mol�1), such a complex is destabilized when one takes
into account the unfavorable entropic contributions (ΔGgas = +9.2
kJ mol�1). Thus, our calculations suggest that, in the gas phase,
this complex lies 9.2 kJ mol�1 higher in free energy than the
isolated species. This energy separation is further increased upon
moving to the solution phase (ΔGAcOH = +27.5 kJ mol�1).
Analogously, for N-acetylglycine, a complex also exists with an
enthalpy lower than that of the isolated species (by 22.2 kJ mol�1).
However, as in the case of protonated glycine, the gas-phase
relative free energy of such a complex is positive (+8.8 kJ mol�1),
and this again is the case upon inclusion of solvent corrections
(+4.8 kJ mol�1 in AcOH). Our calculations thus suggest that it
is unlikely that reactant complexes play a significant role in

determining the kinetics of hydrogen-atom abstractions by Cl• in
amino acid derivatives of this type.33

3.2. General Features for Hydrogen-Atom Abstractions
from Amino Acids and Related Species. In the following
sections, we will consider hydrogen-atom abstractions by Cl•

from the protonated and N-acetylated forms of glycine and α-
aminoheptanoic acid. Furthermore, to examine the individual
contributions of the three substituents, we also consider the
effect of each of the COOH, NH3

+, and NHAc substituents in
isolation. Results of these investigations are provided in Tables 3
and 4. Table 3 contains quantities calculated in the gas phase at
298 K, including enthalpies of reaction (ΔH), free energies of
reaction (ΔG), conventional enthalpic barriers (ΔHc

q) (i.e.,
barriers obtained by single-point energy calculations on the
classical BHandH-LYP/6-31+G(d,p) transition structures), con-
ventional free energy barriers (ΔGc

q), and enthalpic (ΔHv
q) and

entropic (�TΔSv
q) contributions to the overall variational gas-phase

free energy barriers (ΔGv
q). Table 4 presents condensed-phase

free energies of reaction (ΔGsoln), variational free energy barriers
(ΔGgas

q =ΔGv
q) in the gas phase, and contributions from changes

in gas-phase free energies (arising from solvent-induced changes
in the variational transition structure) (ΔΔGgas//solv

q) and
solvation free energies (ΔΔGsolv

q) to the overall solution-phase
variational free energy barriers (ΔGsoln

q). The relationship
between these quantities is ΔGsoln

q = ΔGgas
q + ΔΔGgas//solv

q

+ ΔΔGsolv
q. In the light of our finding that reactant complexes

are unlikely to play an important role in determining the kinetics
of these reactions, all energies in Tables 3 and 4 are calculated
relative to separated reactants.
We first note fromTable 3 that, in general, there is a reasonable

correlation between the trends in the reaction enthalpies (ΔH)
and the barriers (ΔHc

q and ΔHv
q), which is in accord with the

Bell�Evans�Polanyi principle. Exceptions are found for n-hepta-
noic acid and N-acetylglycine, where the barriers for hydrogen
abstraction are largest (or least negative) at the α-position,
despite this leading to the most exothermic reaction. We find
that, in general, both the conventional and variational enthalpic
barriers are in accord with the observed experimental trends for
the protonated and N-acetylamino acids, such that the barriers
decrease from the α-position to the ε-position. However, in
many cases, the enthalpic barriers are negative, particularly for
those obtained with the conventional approach. When higher-
level B2K-PLYP potential energy surfaces are used (via an
IRCmax-type34 procedure) and entropic effects are included,
the vast majority of the variational free energy barriers (ΔGv

q)
are positive and reproduce the experimentally observed trends
for the protonated andN-acetyl amino acids and for heptanoic acid.
In general, we find that the variational free energy barriers

(ΔGv
q) can differ significantly from those obtained with a con-

ventional approach (ΔGc
q), with the largest difference (21.3 kJ

mol�1) associated with abstraction from the α-position of N-
hexylacetamide (Table 3). Thus, with the exception of the
abstraction reactions from theα-carbons of either the protonated
amino acid or the protonated amine, abstractions from the α-
positions of other substrates are subject to substantial variational
effects, culminating in the variational free energy barriers being
significantly larger than the conventional barriers. These results
highlight the importance of using high-level potential energy
surfaces and considering variational effects when studying low-
barrier hydrogen-atom abstractions by Cl•. Nonetheless, while
the conventional barriers can be quantitatively very different
from the corresponding variational barriers, we again emphasize

Table 2. Energies of Reactant Complexes Relative to the
Species in Isolation (298 K, kJ mol�1)

structure ΔHgas ΔGgas ΔGAcOH

[protonated glycine 3 3 3Cl
•] �15.7 +9.2 +27.5

[N-acetylglycine 3 3 3Cl
•] �22.2 +8.8 +4.8



16556 dx.doi.org/10.1021/ja205962b |J. Am. Chem. Soc. 2011, 133, 16553–16559

Journal of the American Chemical Society ARTICLE

that the qualitative features of the results from the two appro-
aches are similar.
We find (Table 4) that the inclusion of solvation effects does

not significantly alter the locations of the variational transition
structures. As a consequence, redetermination of the variational
transition structures in solution does not significantly change the
underlying gas-phase free energy barriers (i.e., ΔΔGgas//solv is
small), except for the abstraction from the α-position of the
protonated amine and, to a smaller extent, β-abstraction for both
protonated substrates. In addition, solvation corrections (ΔΔGsolv)
act generally in such a way as to increase the free energy barriers
associated with hydrogen-atom abstraction from the protonated
species. The values of ΔΔGgas//solv and ΔΔGsolv for the neutral
systems in Table 4 are much smaller in magnitude and thus do
not significantly affect the results. We note that the overall
solution-phase barriers (ΔGsoln

q) are consistent with the experi-
mental trends of reactivity.
3.3. Hydrogen-Atom Abstractions from Protonated Ami-

no Acids. Abstraction from the α-position of protonated amino
acids is found to be disfavored both kinetically and thermody-
namically. The kinetic deactivation is also apparent at the β- and,
to a smaller extent, γ-positions, with the barriers becoming

smaller, both in the gas phase (ΔGgas
q) and in solution (ΔGsoln

q),
as one proceeds along the alkyl chain, a result consistent with the
experimentally observed regioselectivity (Table 1).13We see that
ΔΔGsolv changes monotonically from a negative value at the α-
position to its largest positive value at the ε-position. In most
cases, this is the dominant contribution to the difference between
the gas-phase and condensed-phase barriers and serves to com-
press the range of values of ΔGsoln

q.
An intriguing observation from our calculations is that the gas-

phase barriers for abstraction from the protonated amine/amino acid
are significantly lower at the γ�ε-positions, compared with those at
the same positions in the neutral structures. These barrier reductions
can be attributed to favorable Cl 3 3 3H�N+ interactions that exist
between the chlorine atom and charged ammonium moieties in the
abstraction transition structures, which are most effective for the
conformationally more flexible δ- and ε-positions, for which cyclic
transition structures are observed (Figure 2). As might have been
anticipated, solvation leads to a partial washing out of such stabilizing
interactions, and thus the barriers in acetic acid solutionbecome larger.
3.4. Comparison with Hydrogen-Atom Abstractions from

Species with Protonated Amino Acid Components. With
regard to the individual effects of the NH3

+ and COOH

Table 3. Gas-Phase Reaction Enthalpies (ΔH), Reaction Free Energies (ΔG), Conventional Enthalpic and Free Energy Barriers
(ΔHc

q and ΔGc
q), and Enthalpic (ΔHv

q) and Entropic (�TΔSv
q) Contributions to the Overall Variational Free Energy Barriers

(ΔGv
q) (kJ mol�1, 298 K)

aModeled using glycine derivatives. b Located using the 6-31+G(d) basis.
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substituents, the calculatedΔGsoln
q values (Table 4) indicate that

the presence of either of these moieties disfavors abstraction
from the α-position, and to a smaller extent the β-position. The
calculations are consistent with experimentally observed regios-
electivity data available in the case of COOH.17 Comparison of
the reaction barriers for hydrogen-atom abstraction by Cl• from
heptane, heptanoic acid, protonated hexylamine, and protonated
amino acids indicates that, even at the δ- and ε-positions, the
ΔGsoln

q barriers for the substituted species still differ by 1�8 kJ

mol�1 from the limiting hydrocarbon barriers of ∼19 kJ mol�1.
It is apparent that the deactivating effect for abstraction at the α-
and β-positions is more pronounced in the case of the protonated
amine and protonated amino acids than for the carboxylic acid.
However, we note that the COOH group is deactivating for α-
abstraction, despite the fact that this would lead to the thermo-
dynamically most stable radical product. Thus, it exhibits contra-
thermodynamic behavior.
These observations can be attributed to inductive or polar

field effects,11 associated with the expected unfavorable inter-
actions between the electron-withdrawing COOH and NH3

+

groups with the electronegative chlorine in the transition
structures. Equally, they are consistent with arguments based
on the Pross�Shaik curve-crossing model.8,9 In this regard,
it has been found that the contribution of the (donor)+-
(acceptor)� configuration is important in abstractions by a
chlorine atom, leading to the observed polar character.10 It is
also worth noting that the combined effect of the two substit-
uents in protonated amino acids leads to a larger α-abstraction
barrier than that found in molecules containing only one of the
two functionalities, whereas the side-chain effects with the
protonated amino acid are qualitatively similar to those of the
protonated amine.
3.5. Hydrogen-Atom Abstractions from N-Acetyl Amino

Acids. Our calculations for hydrogen-atom abstractions from

Table 4. Condensed-Phase Reaction Free Energies (ΔGgas), Gas-Phase Variational Free Energy Barriers (ΔGgas
q), and

Contributions from the Solvent-Induced Geometry Dependence of the Gas-Phase Free Energies (ΔΔGgas//solv
q) and Free

Energies of Solvation (ΔΔGsolv
q)a to the Overall Variational Condensed-Phase Free Energy Barriers (ΔGsoln

q) (kJ mol�1, 298 K)

aObtained using variational transition structures from the condensed-phase potential energy surface. bModeled using glycine derivatives. c Located
using the 6-31+G(d) basis.

Figure 2. Variational transition structure for abstraction from the ε-
position of the protonated amino acid. The calculated bond lengths are
1.245 (C 3 3 3H), 1.642 (CH 3 3 3Cl), and 2.203 (Cl 3 3 3HN) Å.
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N-acetylated amino acids confirm that abstraction from the α-
position exhibits remarkable contrathermodynamic behavior,
even greater than that seen for the carboxylic acid, in that the
product radical is more stable by∼33 kJ mol�1 but the barrier is
reduced by only ∼5 kJ mol�1. Thus, while abstraction from the
α-position of the N-acetyl amino acid is associated with a large
exergonicity (�82.0 kJ mol�1), the α-abstraction barrier is the
largest for any position along the chain, and larger than the barriers
associated with hydrogen-atom abstraction from the α-, β-, and
γ-positions of heptane by approximately 12 kJ mol�1. We observe
that the variational transition structure for abstraction from
N-acetylglycine is particularly early (in acetic acid the Cl 3 3 3H
distance is ∼2.07 Å). This means that the barrier is less influenced
by the stabilizing captodative interactions operating within the
radical product while being more influenced by the destabilizing
inductive effects of the COOH and acetamido groups.8,10

Hydrogen-atom transfer from N-hexylacetamide is favored
both thermodynamically and kinetically at the α-position, but on
its own the NHAc substituent has relatively little effect further
along an alkyl chain. For N-acetyl amino acids, there is a slightly
greater deactivation at the β- and γ-positions compared with the
δ- and ε-positions. Combined with the observed significant
deactivation at the α-position, this is particularly relevant to
the resistance of amino acids and peptides and their derivatives
toward radical degradation, as themajority of aliphatic hydrogens
found in peptides occupy α�γ-positions, and reactions closer to
the backbone generally have more deleterious effects on peptide
properties.13

4. CONCLUDING REMARKS

In summary, we show here that the results of our quantum
chemical calculations of hydrogen-atom abstraction barriers are
consistent with the experimentally observed regioselectivity of
chlorination of protonated and N-acetylated amino acids, in
particular the decreased reactivity toward hydrogen-atom ab-
straction from the backbone α-carbon and adjacent side-chain
positions. We find no evidence that the observed resistance to
hydrogen abstraction by chlorine at the α-carbon is associated
with the presence of a strong reactant complex, in contrast to a
recent suggestion for abstraction by HO•. Instead, we find that,
for the reactions in the present study, the experimental trends of
reactivity can largely be explained by a combination of thermo-
dynamic effects, early transition structures, polar effects (that are
particularly important in the early transition structures), varia-
tional effects, and solvation.

Among the individual NH3
+, COOH, and NHAc substituents,

we find that the carboxylic acid group is deactivating at the α-
carbon, despite the fact that abstraction at this position would
lead to the most thermodynamically stable radical product. This
contrathermodynamic behavior is consistent with the expected
unfavorable polar effects destabilizing the transition structure.
For α-abstraction from the N-acetylamino acid, it would seem
that the deactivating electrostatic effects of COOH and NHAc,
together with the occurrence of an early transition structure, lead
to an even larger contrathermodynamic effect.

In general, the influence of polar and inductive field effects
leads to a significant deactivation of backbone and adjacent side-
chain positions with respect to hydrogen-atom abstraction by
chlorine atom. This supports the hypothesis that the peptides
and proteins are peculiarly resistant toward hydrogen-atom
abstraction by electrophilic radicals.13
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