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’ INTRODUCTION

The strength of a bond with respect to radical formation is
defined as the homolytic bond dissociation energy (BDE) of that
bond, and for N�X species (X =H, F, and Cl) this is given by the
energy change for the reaction

RR0N� X f RR0N• þ X• ð1Þ

The formation of nitrogen-centered radicals via the homolysis of
N�Cl bonds in N-chlorinated species represents a specific
example of such bond cleavage and is of great importance. From
a biological perspective, such processes can lead to the damage of
important species such as nucleobases and proteins, via fragmen-
tation of their N-chlorinated derivatives.1 Thus, production of
a nitrogen-centered radical via homolysis of the N�Cl bond in
N-chloroadenine has been shown to initiate covalent binding of
the nucleobase to proteins and other nucleobases,2 while uridi-
ne�dimer formation has been observed upon fragmentation of
the N�Cl bond in the monomer.3 Chloramine/amide formation
within proteins has been demonstrated to facilitate degradation
of proteins4 and extracellular matrix.5 Pulse radiolysis investiga-
tions have been performed in order to understand rates of
formation of radicals produced via degradation of biologically

relevant N-chlorinated amines and amides, and cleavage of the
N�Cl bonds has been found to occur with great facility.6

Due to the use of monochloramine (NH2Cl) as a treatment
agent for municipal water supplies, there has been significant
interest in the stability of this species. The radiolytic reactions
of NH2Cl have been investigated in aqueous solution, and
NH2Cl is shown to react rapidly with hydrated electrons,
resulting in formation of •NH2 radical.

7 Monochloramine has
been shown to transfer chlorine to other amines,8 and formation
of N-chloroimines9 has also been observed. EPR investigations
have also been used to study the production of nitrogen-centered
radicals via homolysis of the N�Cl bond in chloramine-T, a
powerful disinfectant used in places such as hospitals and
kitchens.10

Nitrogen-centered radicals (derived from N-chloro species)
are also of synthetic importance,11 where they have been used in
a number of cyclization processes12 and homolytic amination
reactions of aromatic molecules.12 From an industrial perspec-
tive, N-chloro derivatives of amides, lactams, carbamates, and
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A different picture emerges when considering the RSENF and RSENCl values because of the electronegativities of the halogen atoms.
The RSENXs differ from the RSENH values by an amount related to the stabilization of the N-halogenated molecules and given by
MSENX. We find that substituents that stabilize/destabilize the radicals also tend to stabilize/destabilize the N-halogenated
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associated with RSENF and RSENCl values that are less positive or more negative than the corresponding RSENH. In contrast, N�F-
and N�Cl-containing molecules that include electron-withdrawing substituents or are protonated are generally associated with
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imides have been shown to be effective initiators for the metal-
catalyzed living radical polymerization of methacrylates.13

Compounds containing N�F bonds are frequently employed
as fluorinating agents. On the other hand, the fluorine transfer is
generally assumed to occur via electrophilic processes, rather
than involving fluorine atoms. As a result, investigation of the
effect of substituents on the homolytic bond strength of N�F
bonds has generally been somewhat neglected.

Given the importance of N�X bonds (X = H, F, and Cl) in
biological, industrial, and synthetic settings, understanding the
effect of substituents on their strength is highly desirable. In this
regard, we note that the factors governing the strength of the
N�H bonds of amines and amides have been previously
investigated in detail using quantum chemical methods.14 How-
ever, much less attention has been given to the N�H bonds of
imines.15 There have been relatively few investigations of the
effects of substituents on the strength of N�Cl bonds,16 while
the literature on N�F bonds is scarce.

In the present study, we examine the effect of substituents on
the homolytic BDEs of a number of N�X-containing molecules,
in which the key functional groups that are likely to be of
biological/synthetic/industrial importance are represented. The
high-level W2w method is employed.17 We compare and con-
trast the effect of substituents on the strength of N�H,N�F, and
N�Cl bonds and examine the effect of the substituents on both
the stabilities of the molecular precursors and the product
radicals. It is important to note that in light of previous
investigations in which it has been shown that the effects of
substituents on the dissociation energies of R�X bonds depend
both on the stabilities of R• and on the nature of X,18 we might
equally expect that the N�X BDEs of RR0N�X molecules will
depend both on the stability of the RR0N• radicals and on the
nature of X.

’COMPUTATIONAL PROCEDURES

The geometries of all structures have been obtained at the B3-
LYP/A’VTZ level of theory, where A’VnZ indicates the combi-
nation of the standard correlation-consistent cc-pVnZ basis
sets19 on H with aug-cc-pVnZ basis sets20 on first-row atoms
and aug-cc-pV(nþd)Z basis sets21 on Cl. To confirm that the
optimized geometries correspond to equilibrium structures, we
performed harmonic vibrational analyses, which showed that all
frequencies are real. Zero-point vibrational energies (ZPVEs)
have been obtained from such calculations and have been
corrected using the literature scaling factor of 0.9884.22 All
geometry optimizations and frequency calculations were per-
formed using the Gaussian 09 program.23

In order to obtain reliable relative energies, high-level ab initio
calculations have been carried out using the W2w thermoche-
mical protocol with the Molpro 2009.1 program.24 W2w theory
represents a layered extrapolation to the relativistic, all-electron
CCSD(T) basis set limit and can achieve an accuracy in the
kJ mol�1 range for molecules whose wave functions are domi-
nated by dynamical correlation. The computational protocol of
W2w theory has been specified and rationalized in ref 17 (see also
ref 25). It differs from the older W2 procedure26 through the use
of aug’-cc-pV(nþd)Z basis sets, rather than aug’-cc-pV-
(nþ2d1f)Z basis sets for the extrapolations of the HF, and
valence CCSD and (T) components. In brief, the ROHF com-
ponent is obtained from the results with the A’VQZ and A’V5Z
basis sets using the E(L) = E¥ þ A/L5 two-point extrapolation

formula. The valence ROCCSD correlation energy is obtained
using the same basis sets with the E(L) = E¥ þ A/L3 two-point
extrapolation formula. The (T) valence correlation component is
obtained from the same extrapolation formula using the A’VTZ
and AV’QZ basis sets. The inner-shell correlation contribution
is obtained at the CCSD(T) level using the MTsmall core-
correlation basis set.27 The scalar-relativistic contribution is
obtained from second-order Douglas�Kroll�Hess CCSD(T)/
MTsmall calculations.28 Atomic spin�orbit corrections of 1.61
and 3.52 kJ mol�1 have been applied to F• and Cl•, respectively.
The percentage of the total atomization energy accounted for
by parenthetical connected triple excitations, %TAEe[(T)], has
been shown to be a reliable energy-based diagnostic for the
importance of nondynamical correlation effects.29 It has been
suggested that %TAEe[(T)] < 2% indicates systems that are
dominated by dynamical correlation, while 2% < %TAEe[(T)]
< 5% indicates systems that include mild nondynamical corre-
lation. All systems considered in the present study are char-
acterized by %TAEe[(T)] values smaller than 4.3%. Thus, the
W2w BDEs for these systems might be expected to lie close
to the full CI limit (typically within 1 kJ mol�1 or better).

’RESULTS AND DISCUSSION

N�XBDEData Set (X=H, F, andCl) andGeneralOverview.
We calculated a total of 31 N�H, 31 N�F, and 31 N�Cl
BDEs for molecules that include the key functional groups
that are relevant to synthetic, industrial, and biological settings
(Table 1).
We begin by comparing a number of our calculated W2w

N�X BDEs with those obtained experimentally or at higher
levels of theory. Our calculated value of 443.7 kJ mol�1 for
the N�H BDE of NH3 agrees well with the experimental 0 K
value of 444.0 ( 0.2 kJ mol�1 30 and with the value of 443.6 (
0.7 kJ mol�1 derived from high-level W4 energies.29,31,32 For the
aromatic heterocycles, our calculated N�H BDEs of 398.2 and
393.5 kJ mol�1 for imidazole and pyrrole are in close agreement
with the experimentally determined values of 397.9 ( 2.1 and
393.0 ( 0.5 kJ mol�1, respectively.33,34 Analogously, the W2w
N�HBDE for H2CdNH of 363.2 kJ mol�1 agrees well with the
value of 361.7 ( 0.7 kJ mol�1 derived using energies from the
highly accurate W4-08 data set.31

Our calculated N�Cl BDE for NH2Cl of 251.3 kJ mol�1 is
4.0 kJ mol�1 higher than the experimentally derived value
of 247.3 kJ mol�1 (after correction to 0 K).35 Although this
discrepancy is relatively small, we examined it more closely
through performing higher-level calculations for NH2Cl using
the W4 protocol.29 This produces an N�Cl BDE (250.8 ( 0.7
kJ mol�1) just 0.5 kJ mol�1 from the W2w value. A re-evaluation
of the experimental BDE of NH2Cl would be desirable in light
of these findings. Additionally, we note that W2w performs well
for the N�F BDE of NH2F, with a calculated value of 284.7
kJ mol�1 compared with the W4 result of 285.4( 0.7 kJ mol�1.
From a broad perspective, we note that for the neutral N�X

species, the N�H, N�F, and N�Cl BDEs span from 363.2
to 494.5 kJ mol�1, 219.6 to 311.7 kJ mol�1, and 185.4 to 294.0
kJ mol�1, respectively, corresponding to ranges of 131.3, 92.1,
and 108.6 kJ mol�1. The largest BDEs for all X are found for
the imide molecules (CHO)2NX. The smallest N�H BDE
occurs for H2CdNH (363.2 kJ mol�1), while the smallest
N�F BDE occurs for N-fluoroimidazole (219.6 kJ mol�1). For
the N�Cl-containing species, N-chlorovinylamine (which is the
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higher energy tautomer of N-chloroacetaldimine) has the smal-
lest BDE (185.4 kJ mol�1). Let us now try to understand these
results.
Analysis of Stabilization Effects. It is useful to begin by

defining a number of quantities that will assist us in analyzing
the effect of substituents on the N�X BDEs.36 Of immediate
importance in this respect are the relativeN�X BDEs. These are
the BDEs calculated relative to the BDEs of appropriate parent
molecules and are commonly referred to as radical stabili-
zation energies (RSEs). They are given by the energy changes
for the hydrogen-atom-transfer reactions

RSENH : RR0N• þNH3 f RR0NHþ •NH2 ð2Þ

RSENF : RR0N• þNH2F f RR0NFþ •NH2 ð3Þ

RSENCl : RR0N• þNH2Cl f RR0NClþ •NH2 ð4Þ
Despite the fact that we are considering the RSE of a single radical
(RR0N•) in reactions 2�4, there are three relevant RSEs depend-
ing on whether the closed-shell precursor is RR0NH, RR0NF, or
RR0NCl. These are accordingly labeled as RSENH, RSENF, or
RSENCl. The RSENX values measure the effect of substituents on

the stabilities of the nitrogen-centered radicals (RR0N•) relative
to the same effects in the corresponding closed-shell parent
molecules (RR0NX). A positive RSENH, RSENF, or RSENCl

value implies that the substituents stabilize the radical more
than they stabilize the corresponding closed-shell molecule,
relative to the parent species. It also means that the N�H,
N�F, and N�Cl BDEs of the substituted molecules will be
lower than those of parent molecules NH3, NH2F, and
NH2Cl, respectively.
Due to the different electronic behavior of H, F, and Cl, the

values of RSENH, RSENF, and RSENCl are not expected to be
equal for a given substituent(s). The differences for the F and
Cl systems are given simply by the N�X molecule stabiliza-
tion energies (MSENF and MSENCl), which are obtained as
the energy changes for the halogen-transfer reactions 5 and
6, respectively

MSENF : RR0NFþNH3 f RR0NHþNH2F ð5Þ

MSENCl : RR0NClþNH3 f RR0NHþNH2Cl ð6Þ
The MSEs measure the stability of RR0NF or RR0NCl
compared with RR0NH (relative to the corresponding parent
molecules). Equivalently, MSENF and MSENCl may be ex-
pressed in terms of RSEs according to eqs 7 and 8

MSENF ¼ RSENH � RSENF ð7Þ

MSENCl ¼ RSENH � RSENCl ð8Þ
Equations 7 and 8 indicate that RSENX = RSENH whenMSENX = 0
(X = F or Cl).
Despite being termed radical stabilization energies, varia-

tions in RSENH, RSENF, and RSENCl do not reflect the stability
of the radicals in absolute terms but instead refer to their
relative stabilization compared with their closed-shell parents.
To separate out the two effects, we define the molecule
hydrogenolysis energy (MHENX) for N�H-, N�F-, and
N�Cl-containing molecules as the energy changes for the
formal reactions

MHENH : RR0NHþ 2H2 f RHþ R0HþNH3 ð9Þ

MHENF : RR0NFþ 2H2 f RHþ R0HþNH2F ð10Þ

MHENCl : RR0NClþ 2H2 f RHþ R0HþNH2Cl ð11Þ
The MHEs measure the effect of substituents on the stability
of RR0NX (X = H, F, or Cl) compared with their effect in RH
and R0H. A positive value for MHENX indicates a relative
stabilization by the substituents in RR0NX. For the calculation
of the MHENX values for imines RR0CdNX, the RR0C group
is treated as a single substituent and the energy is calculated
relative to RR0CH2 plus NH2X.
In a similar manner, we measure the effect of substituents on

the stability of RR0N• or RR0CdN• compared with their effects in
RH/R0H by the energy changes associated with the radical
hydrogenolysis energy (RHE)

RHE : RR0N• þ 2H2 f RHþ R0Hþ •NH2 ð12Þ
Again, for radicals RR0CdN• derived from imines, the RR0C group
is treated as a single substituent and the energy is calculated
relative to RR0CH2 plus

•NH2.

Table 1. N�X BDEs (X = H, F, Cl) Obtained at the W2w
Level of Theory (0 K, kJ mol�1)

structure N�H BDE N�F BDE N�Cl BDE

NH2X 443.7 284.7 251.3

MeNHX 411.6 289.2 244.6

Me2NX 387.1 290.7 235.6

(XNH)CH2CO2H 417.7 286.0 242.8

F3C�NHX 454.5 282.8 250.3

H2CdCH�NHX 367.7 223.0 185.4

N-XImidazole 398.2 219.6 201.9

N-XPyrrole 393.5 222.2 200.5

NH3X
þ 516.7 267.9 266.9

MeNH2X
þ 454.4 248.2 226.6

Me2NHX
þ 415.8 242.8 203.9

HCONHX 473.6 296.4 271.6

MeCONHX 466.3 297.8 267.6

FCONHX 478.7 286.8 264.2

(NC)CONHX 482.9 290.7 274.8

HCONMeX 450.8 292.7 264.3

(CHO)2NX 494.5 311.7 294.0

(H2N)(HNX)CdO 451.4 294.5 260.1

(XNH)HCdNH 419.3 256.9 225.3

(XNH)(NH2)CdNH 418.1 264.6 229.9

H2CdNX 363.2 272.9 216.3

MeHCdNX 371.5 279.3 226.1

(H2N)CHdNX 401.2 298.8 256.5

H(OH)CdNX 413.1 294.8 254.1

FHCdNX 420.6 278.9 243.6

(NC)HCdNX 386.6 276.9 227.5

Me2CdNX 373.3 282.2 229.3

Me(OH)CdNX 409.2 299.4 257.3

(H2N)2CdNX 409.0 299.4 261.3

F2CdNX 441.5 275.9 248.3

F(OH)CdNX 440.2 292.4 259.8
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The RSENH, RSENF, and RSENCl values may be determined as
the difference between RHE and MHENX values

RSENH ¼ RHE�MHENH ð13Þ
RSENF ¼ RHE�MHENF ð14Þ
RSENCl ¼ RHE�MHENCl ð15Þ

This shows that RSENX = 0 when the radical hydrogenolysis
energy is equal to the molecule hydrogenolysis energy.
We should emphasize that quantities such as RHE andMHENX

are relative quantities. However, by examining the differences
between them through this approach, it becomes feasible to
perform a breakdown of the contribution of both the radical
and the closed-shell molecular precursor to RSENH, RSENF, and
RSENCl.
We note finally that

MSENF ¼ MHENF �MHENH ð16Þ
MSENCl ¼ MHENCl �MHENCl ð17Þ

Effect of Substituents on the N�X (X = H, F, and Cl) BDEs
of Amines. Introduction of one or two methyl substituents in

amines gives rise to positive RSENH values for MeNH2 and
Me2NH (þ32.1 and þ56.6 kJ mol�1, respectively) (Table 2),
i.e., the BDEs are less than that, of NH3 (Table 1). We find that
although these substituents destabilize both the radical and the
closed-shell parents compared with their effects in RH and R0H,
they destabilize the radicals to a smaller extent (i.e., the RHE
values are less negative than the corresponding MHENH values).
The smaller destabilizing effects may partly be attributed to the
existence of stabilizing hyperconjugative electron donation
from the σCH orbitals of the alkyl groups to the half-filled 2p
orbital at the nitrogen radical center, which is not possible in the
corresponding closed-shell molecules. This appears to be more
important than the stabilizing hyperconjugative donation from
the nitrogen lone pair to the σ*C�H orbitals of the parent amines.
The presence of the σ-electron-withdrawing CF3 substituent

leads to a negative RSENH (�10.8 kJ mol�1) for CF3NH2. This
is associated with the existence of a greater destabilizing effect
for the CF3 substituent in the radical (RHE = �32.8 kJ mol�1)
compared with the same effect in the closed-shell parent
(MHENH =�22.0 kJ mol�1). The radical is destabilized because
of electron withdrawal by CF3 from the electron-deficient radical
center.37 In addition, stabilizing hyperconjugative electron dona-
tion from the nitrogen lone pair to the σ*C�F orbitals of the CF3

Table 2. N�X (X = H, F, Cl) Radical Stabilization Energies (RSENH, RSENF, RSENCl), N�X Molecule Stabilization Energies
(MSENF, MSENCl), and Hydrogenolysis Energies (RHE,MHENF, MHENCl) Obtained at theW2w Level of Theory (0 K, kJ mol�1)

structure RSENH RSENF RSENCl MSENF MSENCl RHE MHENH MHENF MHENCl

NH2X 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

MeNHX 32.1 �4.5 6.7 36.7 25.4 �66.4 �98.5 �61.8 �73.1

Me2NX 56.6 �6.0 15.7 62.6 40.9 �120.1 �176.7 �114.1 �135.8

(XNH)CH2CO2H 26.1 �1.3 8.5 27.4 17.6 �53.4 �79.5 �52.1 �61.9

F3CNHX �10.8 1.9 1.0 �12.6 �11.8 �32.8 �22.0 �34.7 �33.8

H2CdCHNHX 76.1 61.7 65.9 14.4 10.2 28.7 �47.4 �33.0 �37.2

N-XImidazole 45.6 65.1 49.4 �19.5 �3.8 43.3 �2.3 �21.8 �6.1

N-XPyrrole 50.2 62.5 50.8 �12.3 �0.6 14.6 �35.6 �47.9 �36.2

NH3X
þ �72.9 16.8 �15.6 �89.7 �57.3

MeNH2X
þ �10.6 36.5 24.8 �47.1 �35.4

Me2NHX
þ 28.0 41.9 47.5 �13.9 �19.5

HCONHX �29.8 �11.7 �20.3 �18.1 �9.6 5.0 34.8 16.8 25.2

MeCONHX �22.6 �13.1 �16.3 �9.5 �6.4 3.4 26.0 16.5 19.6

FCONHX �34.9 �2.1 �12.9 �32.8 �22.0 �19.7 15.2 �17.6 �6.8

(NC)CONHX �39.2 �6.0 �23.5 �33.2 �15.7 �5.2 34.0 0.8 18.3

HCONMeX �7.0 �8.0 �13.0 5.4 5.9 �45.8 �38.8 �33.4 �32.9

(CHO)2NX �50.8 �27.0 �42.7 �23.8 �8.1 4.8 55.6 31.8 47.4

(H2N)(HNX)CdO �7.7 �9.8 �8.8 2.2 1.1 �7.2 0.5 2.6 1.6

(XNH)HC=NH 24.5 27.8 26.0 �3.3 �1.6 21.6 �2.9 �6.2 �4.5

(XNH)(NH2)CdNH 25.6 20.1 21.4 5.6 4.2 4.6 �21.0 �15.4 �16.7

H2CdNX 80.5 11.8 35.0 68.8 45.5 �121.9 �202.4 �133.6 �156.9

MeHCdNX 72.2 5.4 25.2 66.8 46.9 �92.2 �164.5 �97.6 �117.5

(H2N)CHdNX 42.6 �14.1 �5.2 56.7 47.7 �64.3 �106.8 �50.1 �59.1

H(OH)CdNX 30.7 �10.1 �2.8 40.8 33.4 �66.8 �97.5 �56.7 �64.1

FHCdNX 23.2 5.8 7.7 17.4 15.5 �101.8 �125.0 �107.6 �109.5

(NC)HCdNX 57.2 7.8 23.8 49.4 33.4 �144.7 �201.9 �152.5 �168.6

Me2CdNX 70.5 2.5 22.0 68.0 48.4 �71.5 �142.0 �74.0 �93.6

Me(OH)CdNX 34.5 �14.7 �6.0 49.2 40.4 �49.2 �83.7 �34.4 �43.2

(H2N)2CdNX 34.8 �14.7 �10.0 49.5 44.7 �31.4 �66.1 �16.6 �21.4

F2CdNX 2.3 8.8 3.0 �6.5 �0.8 �125.0 �127.3 �133.9 �128.1

F(OH)CdNX 3.5 �7.7 �8.5 11.2 12.0 �94.5 �98.1 �86.9 �86.1
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substituent is likely to be more favorable in the closed-shell
parent than in the radical.
For the vinylamine system, we calculate a large positive RSENH

value of 76.1 kJ mol�1, which arises because the vinyl substituent
stabilizes the radical (RHE = þ28.7 kJ mol�1) but destabilizes
the parent closed-shell molecule (MHENH = �47.4 kJ mol�1)
(relative to ethene plus ammonia). It is of interest that the
calculated atomic spin densities indicate the radical to be better
described as a carbon-centered radical (•CH2�CHdNH) than a
nitrogen-centered radical (CH2dCH�NH•). The hetero-
cyclic structures imidazole and pyrrole also lead to significantly
positive RSENH values (45.6 and 50.2 kJ mol�1, respectively).
They are somewhat smaller than the values for the vinylamine
(76.1 kJ mol�1) and Me2NH (56.6 kJ mol�1) systems. In a
similar manner to that observed for vinylamine, we find that,
whereas the substituents relatively stabilize the imidazolyl and
pyrrolyl radicals (RHE = 43.3 and 14.6 kJ mol�1, respectively),
they destabilize the parent-closed-shell species (MHENH =�2.3
and �35.6 kJ mol�1, respectively).
A somewhat different picture emerges regarding the effect of

substituents on the N�X BDEs and RSEs in N-halogenated
amines (X = F and Cl), compared with those for X = H. We can
see that for MeNHX systems RSENH (þ32.1 kJ mol�1) >
RSENCl (þ6.7 kJ mol�1) > RSENF (�4.5 kJ mol�1) and for
the Me2NX systems RSENH (þ56.6 kJ mol�1) > RSENCl (þ15.7
kJ mol�1) > RSENF (�6.0 kJ mol�1). These trends can be
rationalized on the basis that both F and Cl are electronegative,
and the increased electron density afforded by introduction of
the alkyl substituents stabilizes the MeNHX and Me2NX molec-
ules. The resulting large positive MSENF and MSENCl values
mean that RSENX < RSENH. Because of the greater electronega-
tivity of F, such effects are larger in the N�F species, leading to a
negative RSENF. The results show that for the MeNHX and
Me2NX systems with X =Cl, the N�Cl bonds are weakened com-
pared with that for NH2Cl (RSENCl =þ6.7 andþ15.7 kJ mol�1,
respectively), but when X = F, the BDEs of the analogous
N�F structures are actually increased relative to that for NH2F
(RSENF = �4.5 and �6.0 kJ mol�1, respectively).
In contrast to the negative RSENH for the CF3NH2 system

(�10.8 kJ mol�1), the N-halogenated derivatives are associated
with slightly positive RSENF and RSENCl values (þ1.9 and þ1.0
kJ mol�1, respectively), i.e., the N�F and N�Cl BDEs of these
structures are slightly lower than those for NH2F and NH2Cl,
respectively. These findings can be attributed to the CF3 sub-
stituent destabilizing the parent molecules CF3NHX (X = F
and Cl) relative to CF3NH2 (MSENF and MSENCl = �12.6
and �11.8 kJ mol�1, respectively) and is again consistent with
the electronegativities of both F and Cl.
As a result of the positive MSENF and MSENCl values associated

with the N-halogenated derivatives of vinylamine (MSENF and
MSENCl = þ14.4 and þ10.2 kJ mol�1, respectively), the values
of RSENF and RSENCl (61.7 and 65.9 kJ mol�1, respectively) are

lower than the RSENH for the parent vinylamine system (76.1
kJ mol�1). The positive MSENF and MSENCl values possibly
arise because of enhanced π-donation from the nitrogen lone
pair in the π-electron-rich N�F and N�Cl species, compared
with the N�H system. In contrast, we find that due to the
negative MSENF and MSENCl values in N-halogenated imidazole
(MSENF = �19.5 and MSENCl = �3.8 kJ mol�1) and
N-halogenated pyrrole (MSENF = �12.3 and �0.6 kJ mol�1),
these substituents reduce the N�X BDEs compared with the
effects in their N�H counterparts. Thus, the RSENF and RSENCl
values for N-halogenated imidazole (65.1 and 49.4 kJ mol�1,
respectively) andN-halogenated pyrrole (62.5 and 50.8 kJ mol�1,
respectively) are larger than the RSENH values for the unsubsti-
tuted imidazolyl and pyrrolyl radicals (45.6 and 50.2 kJ mol�1,
respectively).
The finding that the N�Cl BDEs of primary N-chloramines

are substantially greater than that ofN-chloroimidazolemay be of
biological importance. As an example, it is known that HOCl-
induced N-chlorination of the imidazole moiety of the antiox-
idant carnosine (Scheme 1) occurs with greater facility than the
corresponding reactions with a number of other biologically
important targets (e.g., DNA and protein backbones),38 but the
N�Cl BDE of the resulting N-chloroimidazole is expected to be
weak (∼200 kJ mol�1). On the other hand, it has been shown
experimentally that subsequent to this initial chlorination a rapid
intramolecular chlorine-atom transfer occurs, in which the Cl is
transferred to the terminal nitrogen (Scheme 1) forming a
primary N-chloramine.39 Comparison of the MSENCl value of
N-chloroimidazole (�3.8 kJ mol�1) with those of the primary
N-chloramines ofmethylamine or glycine (25.4 and 17.6 kJmol�1,
respectively) suggests that such a transfer will be thermodynami-
cally favorable. Furthermore, our calculations indicate that the
N-chloramine derivative that is produced is expected to have a
significantly larger BDE (∼240.0 kJmol�1) and therefore a greatly
diminished extent of N�Cl dissociation. The favorable secondary
chlorine-transfer process is thus likely to enable carnosine to play
a critical role in diminishing the extent of host damage by the
endogenous oxidant HOCl.
Effect of Substituents on the N�X (X = H, F, and Cl) BDEs

of Protonated Amines. We can see (Table 1) that the N�H
bonddissociation energies are significantly greater (and the RSENH
values significantly more negative or less positive, Table 2) for the
protonated amines than for their corresponding unprotonated
parents. This means that the radicals are less stabilized by
protonation than the corresponding closed-shell molecules, a result
that is consistent with the electron-deficient nature of the radicals.
The MSENX values are large and negative for the protonated
species, indicating that protonation of the halogenated amines is
less favorable than protonation of the corresponding amines. Again,
this would be expected on the basis of the electronegativity of F and
Cl. The large negativeMSENX valuesmean that RSENF andRSENCl
are less negative or more positive than the corresponding RSENHs.

Scheme 1. Initial N-Chlorination of Carnosine and Subsequent Intramolecular Chlorine-Atom Transfer Affording a Stronger
N�Cl Bond
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Effect of Substituents on the N�X (X = H, F, and Cl) BDEs
of Amides.The RSENH values for all the amides investigated are
negative (�7.0 to �39.2 kJ mol�1), i.e., the N�H BDEs are
larger than that of NH3. The negative RSENH values mean that
the RCO substituents stabilize the parent closed-shell molecules
to a greater extent than the resulting amidyl radicals (i.e.,
MHENH > RHE). For the closed-shell species, delocalization
of the nitrogen lone pair into the π*CdO orbital of the RCO
moiety results in a stabilizing interaction. There is a reduced
stabilizing effect (or even a destabilizing effect) in the corre-
sponding amidyl radicals, as reflected in the less positive or more
negative RHEs compared with corresponding MHENH values.
The negative RSENH values in amidyl radicals have been
rationalized previously on the basis that delocalization of the
lone pair, which occurs in the parent closed-shell species
RCONH2, is reduced in the resulting RCONH

• radicals because,
in their pseudo-2A00 electronic ground states, it is the unpaired
electron rather than the lone pair that is positioned to allow
delocalization into the π*CdO orbital.14j

Of the amide systems investigated, the FCO- and (NC)CO-
substituted systems are associated with the most negative RSENH
values (�34.9 and�39.2 kJ mol�1, respectively). This finding may
be rationalized on the basis of the greater electron-withdrawing
nature of both the F and the NC substituents. In contrast, the
HCONHMe and (H2N)2CdO systems are associated with the
least negative RSENH values (�7.0 and �7.7 kJ mol�1, re-
spectively). In these cases, the radicals would benefit to a greater
extent as a result of the donating effect of theMe substituent and the
reduced electron-withdrawing effect of the CONH2 substituent.
Moving to the only imide structure investigated, namely,

(CHO)2NH, the presence of two CHO substituents induces
the largest N�H BDE (494.5 kJ mol�1) and hence the largest
negative RSENH value of the neutral molecules investigated
(RSENH = �50.8 kJ mol�1). This arises because of the sub-
stantial stabilization in the (CHO)2NH system (MHE = þ55.6
kJ mol�1), which is associated with delocalization of the nitrogen
lone pair into the π*CdO orbitals of the two CHO groups in
(CHO)2NH. This is reduced in the 2A ground state of the
(CHO)2N

• radical (RHE =þ4.8 kJmol�1). The effect of the two
CHO substituents appears to be less than additive, with the
RSENH of the imide species being slightly less than twice the
RSENH value associated with HCONH2 (�29.8 kJ mol�1).
Replacing the carbonyl moiety of HCONH2 and (H2N)2CdO

with imine groups, as in the structures HC(dNH)NH2 and
(H2N)2CdNH, has a dramatic effect on the values of RSENH,
which go from being negative in the case of the carbonyl
derivatives (RSENH = �29.8 and �7.7 kJ mol�1, respectively)
to being positive in the case of the imine derivatives (RSENH =
þ24.5 andþ25.6 kJ mol�1). These findings may be attributed to
the fact that, whereas for the amido species the RHE values are
less positive or more negative than the corresponding MHENH
values (implying that the substituents have a greater stabilizing
effect on the closed-shell parent molecules than in the resulting
amidyl radicals), the opposite is the case for the imine-containing
species. The imine substituent leads to negative MHENH values
andmore positive RHEs than are found for the carbonyls. This in
turn may be attributed to the better π-electron-accepting nature
of the π*CdO orbital compared with the π*CdN orbital.
For the N�X BDEs of the N-fluoro and N-chloroamide

derivatives, we note that although the values of RSENF and
RSENCl are negative they are generally less negative than the
corresponding RSENH. This arises because of destabilizing effects

present in the N-halogenated parent structures (i.e., MSENF and
MSENCl are negative), which can be explained on the basis of the
electronegativities of F and Cl and the electron-withdrawing
nature of the carbonyl group. Owing to the greater electronega-
tivity of F vs Cl, the values of MSENF are generally more negative
than the correspondingMSENCl values. There are two exceptions
to this, namely, the HCONMeX and (H2N)(HXN)CdO spe-
cies where, by virtue of the electron-donating nature of the Me
and NH2 substituents, MSENF and MSENCl have small positive
values and RSENF and RSENCl are slightly more negative than the
corresponding RSENH.
For the N-halogenated imides, we note the existence of desta-

bilizing effects in the closed-shell species (MSENF =�23.8 kJ and
MSENCl = �8.1 kJ mol�1) compared with (CHO)2NH. This
leads to less negative values of RSENF and RSENCl (�27.0 and
�42.7 kJ mol�1, respectively) compared with the corresponding
RSENH for the parent (CHO)2NH system (�50.8 kJ mol�1).
Effect of Substituents on the N�X (X = H, F, and Cl) BDEs

of Imines. For the N�H dissociations in imines, we find that the
radicals are generally destabilized to a smaller extent than the
closed-shell precursor parent molecules (i.e., the RHE values are
less negative than the correspondingMHENH values), and hence,
all of these systems are associated with positive RSENH values
(Table 2). It is interesting to note that out of all of the neutral
N�H-containing molecules (amines, amides, imides, and imi-
nes) investigated, the H2CdNH system is associated with the
smallest N�H BDE (363.2 kJ mol�1) and hence the largest
RSENH (80.5 kJ mol�1). The significantly smaller destabilization
in the H2CdN• radical (RHE = �121.9 kJ mol�1) compared
with theH2CdNHparent (MHENH=�202.4 kJ mol�1)may be
partly attributed to the existence of a powerful hyperconjugative
stabilizing effect in the radical, which does not exist in the closed-
shell parent. This hyperconjugative interaction involves electron
donation from theσC�H orbitals to the half-filled 2p orbital at the
nitrogen radical center.40 According to Ingold and co-workers,40b

such hyperconjugative interactions will be favored when the
R/R0 substituents are σ-electron donating while σ-electron-
withdrawing substituents would disfavor such interactions.
We find that the RSENH values become less positive for all the
substituents that we examined, and the origin of this effect is now
discussed. For ease of discussion, we analyze the effects in terms
of differences (denoted ΔRSENH, ΔRHE, and ΔMHENH) in
RSENH, RHE, and MHENH values in the substituted system
compared with those in the parent imine (H2CdNH) (Table 3).
For the monosubstituted imine systems, we see that values of

ΔRSENH become successively more negative as we move along
the sequence of substituents Me, NH2, OH, and F. On the other
hand, the pattern ofΔRHE values is less regular. To examine why
this is so, we look also at the ΔRHE and ΔMHENH values. We
note that substituents that stabilize the radicals also stabilize
the closed-shell parents (relative to the effects in H2CdN• and
H2CdNH, respectively), but the magnitude of the stabilizing
effects in the parent imines is much greater than the effect in the
corresponding radicals (i.e., ΔMHENH values are more positive
or less negative than the corresponding ΔRHE values). Thus,
stabilization effects in the parent imines contribute substantially
to the RSENH values and lead to the irregular relationship between
ΔRSENH and ΔRHE.
For specific monosubstitued imines, we find that FCHdNH

has themost negativeΔRSENH value (�57.3 kJmol�1). The cyano-
substituted system has a substantially less negative ΔRSENH
value (�23.3 kJ mol�1), and in this case it is interesting to note
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that the ΔRHE value associated with the resulting radical is
negative compared with that of H2CdN• (�22.8 kJ mol�1). For
the disubstituted species, F2CdN• has the most negative
ΔRSENH value (�78.2 kJ mol�1) while Me2CdN• has the least
negative ΔRSENH value (�10.0 kJ mol�1).
Moving next to the N�F and N�Cl BDEs of the N-haloge-

nated imine derivatives, we note that the values for RSENF and
RSENCl are nearly always smaller than the corresponding RSENH
values. Furthermore, in contrast to RSENH values of the N�H
species (which are always positive), the RSENF and RSENCl values
are often negative (Table 2). These results arise because theN-halo-
genated molecules are generally associated with large positive
MSENF and MSENCl values, with the former being of generally
greatermagnitude. These positiveMSE values indicate the existence
of stabilizing effects in the RR0CdNX molecules compared with
RR0CdNH, relative to the corresponding parent molecules.
Alternatively, this may be associated with more favorable (or less
unfavorable) interactions inmolecules such as H2CdNF compared
with NH2F (relative to H2CdNH vs NH3). The unfavorable
interactions inNH2F include repulsion between the lone pairs on
N and F, which ismuch less important inH2CdNF. This difference
in interactions does not exist for the H2CdNH vs NH3 com-
parison. The only exceptions to the positive MSENX values are the
F2CdNF and F2CdNCl systems, where the MSENF and MSENCl
values are�6.5 and�0.8 kJmol�1, respectively. The largest RSENF
and RSENCl values occur for the H2CdNX systems (11.8 and
35.0 kJmol�1, respectively) and are substantially reduced compared
with the RSENH value for H2CdNH (80.5 kJ mol�1). For the
N-fluorinated imines, the Me(OH)CdNF and (H2N)2CdNF
systems are associated with the most negative RSENF values (�14.7
kJ mol�1). For theN-chlorinated imines, the most negative RSENCl
values occur in the case of the (H2N)2CdNCl and F(OH)CdNCl
systems (�10.0 and �8.5 kJ mol�1, respectively).

’CONCLUSIONS

The strength of N�X (X = H, F, and Cl) bonds has been
investigated from the point of view of the effect of functional
group and substitution using the high-level W2w method. A
number of important conclusions emerge:
(i) We used the W2w method to provide benchmark-quality

thermochemistry with which to analyze the effect of
substituents on the strength of N�X (X = H, F, and
Cl) bonds.

(ii) For the neutral N�X species, we find that the BDEs
span from 363.2 to 494.5 kJ mol�1 (N�H), 219.6
to 311.7 kJ mol�1 (N�F), and 185.4 to 294.0 (N�Cl)
kJ mol�1, corresponding to ranges of 131.3, 92.1, and
108.6 kJ mol�1, respectively.

(iii) The analysis of the results is facilitated through introduc-
tion of thermochemical quantities in addition to bond
dissociation energies (BDEs) and radical stabilization
energies (RSENX). These include molecule stabilization
energies (MSENX), radical hydrogenolysis energies (RHE),
and molecule hydrogenolysis energies (MHENX).

(iv) With respect to the effects of substituents on the relative
strengths of N�X bonds, it is important to consider
stabilizing/destabilizing effects in both the reactant mole-
cule and the product radical.

(v) The presence of donor alkyl substituents in alkylamines
results in positive RSENH values. For the corresponding
N�Cl species, the values of RSENCl are still positive but to
a diminished extent. Donor alkyl substituents result in
negative RSENF values. These findings arise because of the
existence of stabilizing effects in the parentN-halogenated
amines. The effects are larger in the case of the N�F
species because of the greater electronegativity of F vs Cl.

(vi) Electron-withdrawing substituents (e.g., CF3) or proton-
ation lead to larger N�HBDEs but not necessarily larger
N�X (X = F and Cl) BDEs because the presence of such
substituents generally leads to increased destabilizing
effects in the closed-shell parent as well as the radical.

(vii) For amides, we find that RSENH, RSENF, and RSENCl
adopt negative values, i.e., the BDEs of such structures
are greater than those of NH3, NH2F, and NH2Cl,
respectively. Negative RSENH values arise because the
RCO substituents stabilize the parent closed-shell mole-
cules to a greater extent than the resulting amidyl
radicals. Owing to the generally negative MSENF and
MSENCl values for the N-halogenated species, the cor-
responding RSENF and RSENCl values are typically less
negative than the corresponding RSENH values.

(viii) The N�HBDEs of all the imines investigated are smaller
than that of NH3, which may be attributed to the fact that
the radicals are destabilized to a smaller extent than the
closed-shell parent species, as reflected in MHENH values
beingmore negative than the RHE values.We do not find
a correlation between the RSENH and RHE values,
indicating that the RSENH values are not always a good
indicator of relative radical stability. For the N�X (X = F
and Cl) species, we note that MSENF and MSENCl are in
almost all cases large and positive. Such positive MSE
values may be associated with more favorable (or less
unfavorable) interactions in molecules such as H2CdNF
compared withNH2F (relative toH2CdNHvsNH3). As
a result, RSENF and RSENCl are smaller than the corre-
sponding RSENH values and can even become negative if
the MSEs are greater than the corresponding RSEs.
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Table 3. Changes in RSENH, RHE, and MHENH Associated
with Substitution in Imines and Iminyl Radicals (kJ mol�1) a

molecule ΔRSENH
a ΔRHEa ΔMHENH

a

H2CdNH 0.0 0.0 0.0

MeHCdNH �8.3 29.7 37.9

(H2N)CHdNH �37.9 57.6 95.6

H(OH)CdNH �49.8 55.1 104.9

FHCdNH �57.3 20.1 77.4

(NC)HCdNH �23.3 �22.8 0.5

Me2CdNH �10.0 50.4 60.4

Me(OH)CdNH �46.0 72.7 118.7

(H2N)2CdNH �45.7 90.5 136.3

F2CdNH �78.2 �3.1 75.1

F(OH)CdNH �77.0 27.4 104.3
aValues calculated relative to H2CdNH and H2CdN•.



5503 dx.doi.org/10.1021/jp203108e |J. Phys. Chem. A 2011, 115, 5496–5504

The Journal of Physical Chemistry A ARTICLE

’AUTHOR INFORMATION

Corresponding Author
*E-mail: radom@chem.usyd.edu.au.

’ACKNOWLEDGMENT

We gratefully acknowledge funding (to L.R.) from the
Australian Research Council and the generous allocation of
computing time from the National Computational Infrastructure
(NCI) National Facility and from Intersect Australia Ltd.
A.K. was supported by an Australian Research Council (ARC)
Discovery Project Grant (DP110102336).

’REFERENCES

(1) See, for example: (a) Hawkins, C. L.; Pattison, D. I.; Davies, M. J.
Amino Acids 2003, 25, 259–274. (b) Henderson, J. P.; Byun, J.;
Heinecke, J. W. Redox Rep. 1999, 4, 319–320. (c) Hoyano, Y.; Bacon,
V.; Summons, R. E.; Pereira, W. E.; Halpern, B.; Duffield, A. M. Biochem.
Biophys. Res. Commun. 1973, 53, 1195–1199. (d) Stanley, N. R.;
Pattison, D. I.; Hawkins, C. L. Chem. Res. Toxicol. 2010, 23, 1293–
1302. (e) Pattison, D. I.; Hawkins, C. L.; Davies, M. J.Chem. Res. Toxicol.
2003, 16, 439–449. (f) Prutz, W. A. Arch. Biochem. Biophys. 1998,
349, 183–191.
(2) Bernofsky, C.; Bandara, B. M. R.; Hinojosa, O.; Strauss, S. L. Free

Radical Res. Commun. 1990, 9, 303–315.
(3) Hawkins, C. L.; Davies, M. J. Chem. Res. Toxicol. 2001,

14, 1071–1081.
(4) (a) Hawkins, C. L.; Davies, M. J. Biochem. J. 1998, 332, 617–625.

(b) Hawkins, C. L.; Davies, M. J. Biochem. J. 1999, 340, 539–548.
(c) Hazell, L. J.; Arnold, L.; Flowers, D.; Waeg, G.; Malle, E.; Stocker, R.
J. Clin. Invest 1996, 97, 1535–1544.
(5) Woods, A. A.; Davies, M. J. Biochem. J. 2003, 376, 219–227.
(6) (a) Pattison, D. I.; Davies, M. J.; Asmus, K.�D. J. Chem. Soc.,

Perkin Trans. 2002, 2, 1461–1467. (b) Pattison, D. I.; O’Reilly, R. J.;
Skaff, O.; Radom, L.; Anderson, R. F.; Davies, M. J. Chem. Res. Toxicol.
2011, 24, 371–382.
(7) Poskrebyshev, G. A.; Huie, R. E.; Neta, P. J. Phys. Chem. A 2003,

107, 7423–7428.
(8) (a) Amiri, F.; Mesquita, M. M.; Andrews, S. A.Water Res. 2010,

44, 845–853. (b) Mehrsheikh, A.; Bleeke, M.; Brosillon, S.; Laplanche,
A.; Roche, P.Water Res. 2006, 40, 3003–3014. (c) Gould, J. P.; Richards,
J. T.; Miles, M. G. Water Res. 1984, 18, 991–999. (d) Gould, J. P.;
Richards, J. T.; Miles, M. G. Water Res. 1984, 18, 205–212.
(9) (a) McCormick, E. F.; Conyers, B.; Scully, F. E., Jr. Environ. Sci.

Technol. 1993, 27, 255–261. (b) Conyers, B.; Scully, F. E., Jr. Environ. Sci.
Technol. 1993, 27, 261–266.
(10) Evans, J. C.; Jackson, S. K.; Rowlands, C. C.; Barratt, M. D.

Tetrahedron 1985, 41, 5191–5194.
(11) (a) Kovacic, P.; Lowery, M. K.; Field, K. W. Chem. Rev. 1970,

70, 639�665 (and references therein). (b) Stella, L. Radicals in Organic
Synthesis; Wiley-VCH, Verlag GmbH: New York, 2001 (and references
therein).
(12) (a) Stella, L. Angew. Chem., Int. Ed. Engl. 1983, 22, 337�349

(and references therein).
(13) (a) Percec, V.; Grigoras, C. J. Polym. Sci., Part A: Polym. Chem.

2005, 43, 5283–5299. (b) Wang, X.-Y.; Chang, L.-Q.; Zhou, H.; Zhang,
K.-D. Chin. J. Chem. 2006, 24, 1214–1218.
(14) (a) Li, Z.; Cheng, J. P. J. Org. Chem. 2003, 68, 7350–7360.

(b) Gomes, J. R. B.; Ribeiro da Silva,M.D.M.C.; Ribeiro da Silva,M. A.V.
J. Phys. Chem. A 2004, 108, 2119–2130. (c) Feng, Y.; Wang, J.-T.;
Liu, L.; Guo, Q.-X. J. Phys. Org. Chem. 2003, 16, 883–890. (d) Wood,
G. P. F.; Moran, D.; Jacob, R.; Radom, L. J. Phys. Chem. A 2005,
109, 6318–6325. (e) Barckholtz, C.; Barckholtz, T. A.; Hadad, C. M.
J. Am. Chem. Soc. 1999, 121, 491–500. (f) Kaur, D.; Kaur, R. P. J. Mol.
Struct. (THEOCHEM) 2005, 757, 53–59. (g) Kaur, D.; Kaur, R. P.;

Kohli, R. Int. J. Quantum Chem. 2009, 109, 559–568. (h) Song, K.-S.;
Liu, L.; Guo, Q.-X. Tetrahedron 2004, 60, 9909–9923. (i) Song, K.-S.;
Cheng, Y.-H.; Fu, Y.; Liu, L.; Li, X.-S; Guo, Q.-X. J. Phys. Chem. A
2002, 106, 6651–6658. (j) Wood, G. P. F.; Henry, D. J.; Radom, L.
J. Phys. Chem. A 2003, 107, 7985–7990. (k) Pratt, D. A.; DiLabio,
G. A.; Valgimigli, L.; Pedulli, G. F.; Ingold, K. U. J. Am. Chem. Soc.
2002, 124, 11085–11092. (l) DiLabio, G. A.; Pratt, D. A.; LoFaro,
A. D.; Wright, J. S. J. Phys. Chem. A 1999, 103, 1653–1661.

(15) Blake, J. A.; Pratt, D. A.; Lin, S.; Walton, J. C.; Mulder, P.;
Ingold, K. U. J. Org. Chem. 2004, 69, 3112–3120.

(16) (a) Song, K.-S.; Liu, L.; Guo, Q.-X. J. Org. Chem. 2003,
68, 262–266. (b) Brogaard, R. Y.; Solling, T. I. J. Mol. Struct.
(THEOCHEM) 2007, 811, 117–124.

(17) Boese, A. D.; Oren, M.; Atasoylu, O.; Martin, J. M. L.; Kallay,
M.; Gauss, J. J. Chem. Phys. 2004, 120, 4129–4141.

(18) Coote, M. L.; Pross, A.; Radom, L. Org. Lett. 2003, 5, 4689–
4692.

(19) Dunning, T. H. J. Chem. Phys. 1989, 90, 1007–1023.
(20) Kendall, R. A.; Dunning, T. H.; Harrison, R. J. J. Chem. Phys.

1992, 96, 6796–9806.
(21) Dunning, T. H., Jr; Peterson, K. A.; Wilson, A. K. J. Chem. Phys.

2001, 114, 9244–9253.
(22) See Supporting Information for: Merrick, J. P.; Moran, D.;

Radom, L. J. Phys. Chem. A 2007, 111, 11683–11700.
(23) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.;

Robb, M. A.; Cheeseman, J. R.; Scalmani, G.; Barone, V.; Mennucci, B.;
Petersson, G. A.; Nakatsuji, H.; Caricato, M.; Li, X.; Hratchian, H. P.;
Izmaylov, A. F.; Bloino, J.; Zheng, G.; Sonnenberg, J. L.; Hada, M.;
Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.; Ishida, M.; Nakajima,
T.; Honda, Y.; Kitao, O.; Nakai, H.; Vreven, T.; Montgomery, J. A., Jr.;
Peralta, J. E.; Ogliaro, F.; Bearpark, M.; Heyd, J. J.; Brothers, E.; Kudin,
K. N.; Staroverov, V. N.; Kobayashi, R.; Normand, J.; Raghavachari, K.;
Rendell, A.; Burant, J. C.; Iyengar, S. S.; Tomasi, J.; Cossi, M.; Rega, N.;
Millam, N. J.; Klene, M.; Knox, J. E.; Cross, J. B.; Bakken, V.; Adamo, C.;
Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.;
Cammi, R.; Pomelli, C.; Ochterski, J. W.; Martin, R. L.; Morokuma, K.;
Zakrzewski, V. G.; Voth, G. A.; Salvador, P.; Dannenberg, J. J.; Dapprich,
S.; Daniels, A. D.; Farkas, €O.; Foresman, J. B.; Ortiz, J. V.; Cioslowski, J.;
Fox, D. J. Gaussian 09, Revision A.1; Gaussian, Inc., Wallingford CT, 2009.

(24) MOLPRO 2009.1 is a package of ab initio programs written by
Werner, H.-J.; Knowles, P. J.; Lindh, R.; Manby, F. R.; Sch€utz, M.;
Celani, P.; Korona, T.; Mitrushenkov, A.; Rauhut, G.; B. Adler, T.; D.
Amos, R.; Bernhardsson, A.; Berning, A.; Cooper, D. L.; Deegan,
M. J. O.; Dobbyn, A. J.; Eckert, F.; Goll, E.; Hampel, C.; Hetzer, G.;
Hrenar, T.; Knizia, G.; K€oppl, C.; Liu, Y.; Lloyd, A.W.; Mata, R. A.; May,
A. J.; McNicholas, S. J.; Meyer, W.; Mura, M. E.; Nicklass, A.; Palmieri,
P.; Pfl€uger, K.; Pitzer, R.; Reiher, M.; Schumann, U.; Stoll, H.; Stone,
A. J.; Tarroni, R.; Thorsteinsson, T.; Wang, M.; Wolf, A. MOLPRO
2009.1; 2009; http:www.molpro.net.

(25) In the present treatment, we use a slightly modified form of
W2w in which B3-LYP/A’VTZ geometries are employed in place of the
CCSD(T)/A’VQZ geometries used for standard W2w because of the
large size of some of the systems examined. This is unlikely to have a
significant effect on the calculated relative energies.

(26) Martin, J. M. L.; de Oliveira, G. J. Chem. Phys. 1999, 111, 1843–
1856.

(27) Martin, J.M. L.; Taylor, P. R.Chem. Phys. Lett.1994, 225, 473–479.
(28) (a) Douglas, M.; Kroll, N. M. Ann. Phys. 1974, 82, 89–155.

(b) Hess, B. A. Phys. Rev. A 1986, 33, 3742–3748.
(29) Karton, A.; Rabinovich, E.; Martin, J. M. L.; Ruscic, B. J. Chem.

Phys. 2006, 125, 144108(1)–144108(17).
(30) Mordaunt, D. H.; Ashfold, M. N. R.; Dixon, R. N. J. Chem. Phys.

1996, 104, 6460–6471.
(31) Karton, A.; Tarnopolsky, A.; Lamere, J.-F.; Schatz, G. C.;

Martin, J. M. L. J. Phys. Chem. A 2008, 112, 12868–12886.
(32) For a breakdown of the W4 BDEs into their components, see

Table S2 of the Supporting Information. The uncertainties in the W4
values are calculated as the 95% confidence intervals taken from ref 29.



5504 dx.doi.org/10.1021/jp203108e |J. Phys. Chem. A 2011, 115, 5496–5504

The Journal of Physical Chemistry A ARTICLE

(33) Gianola, A. J.; Ichino, T.; Hoenigman, R. L.; Kato, S.; Bierbaum,
V. M.; Lineberger, W. C. J. Phys. Chem. A 2005, 109, 11504–11514.
(34) Gianola, A. J.; Ichino, T.; Hoenigman, R. L.; Kato, S.; Bierbaum,

V. M.; Lineberger, W. C. J. Phys. Chem. A 2004, 104, 10326–10335.
(35) Luo, Y.-R. Comprehensive Handbook of Chemical Bond Energies;

Taylor & Francis: Boca Raton, FL, 2007 (and references therein).
(36) For recent examples of this approach, see: (a) Menon, A.;

Henry, D. J.; Bally, T.; Radom, L. Org. Biomol. Chem. 2011, 9, 3636�
3657. (b) Chan, B.; Radom, L. Aust. J. Chem. 2011, 64, 394–402.
(37) Ingold, K. U.; Wright, J. S. J. Chem. Educ. 2000, 77, 1062�1064.
(38) (a) Pattison, D. I.; Davies, M. J. Chem. Res. Toxicol. 2001,

14, 1453–1464. (b) Wright, C. D.; Low, J. E. Biochem. Biophys. Res.
Commun. 1989, 165, 1018–1026. (c) Peskin, A. V.; Winterbourne, C. C.
Free Radical Biol. Med. 2003, 35, 1252–1260. (d) Thomas, E. L.;
Jefferson, M. M.; Learn, D. B.; King, C. C.; Dabbous, M. K. Redox
Rep. 2000, 5, 191–196.
(39) (a) Pattison, D. I.; Davies, M. J. Biochemistry 2005, 44,

7378–7387. (b) Pattison, D. I.; Davies, M. J. Biochemistry 2006,
45, 8152–8162. (c) Peskin, A. V.; Midwinter, R. G.; Harwood, D. T.;
Winterbourne, C. C. Free Radical Biol. Med. 2004, 37, 1622–1630.
(40) (a) Symons, M. C. R. Tetrahedron 1973, 29, 615–619.

(b) Griller, D.; Mendenhall, G. D.; Van Hoof, W.; Ingold, K. U. J. Am.
Chem. Soc. 1974, 96, 6068–6070.


