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’ INTRODUCTION

The radical stabilization energies (RSEs) of carbon-based
hydrocarbon radicals are based typically on quantitative compar-
isons with the smallest possible alkyl radical reference standard,
CH3•, since complicating effects are minimized. But opinions are
diverse and the literature is extensive.1-26 Ideally, RSEs should
be intrinsic quantities associated only with the species them-
selves, although their detailed interpretation may be quite
complex. Thus, even CH3• can be stabilized in the absolute sense,
e.g., by conjugative geminal HCH interactions27 and by spin
polarization, which is responsible for its hyperfine ESR
coupling.28 The intrinsic stabilization energy of a radical may
be defined by comparing its real energy with that of its hypothe-
tical model, which lacks all stabilizing effects. In essence, the same
species (when rendered interaction-free) serves as a model for
itself. This definition follows the Pauling-Wheland concept of
resonance energy, which is based on the comparison of the
energy of a real molecule with that of its most stable
(hypothetical) resonance contributor at the same geometry.29

The intrinsic stabilization of radicals is discussed further in the
last section of this paper.

However, literature RSE estimates are relative rather than
inherent values and depend not only on the choice of a
comparison standard (e.g., CH3•) but also on the defining
equation, which involves the selection of additional reference
molecules. Clearly such empirical RSEs should be completely
independent of the method used for their determination or
evaluation, but each method introduces interpretive problems,
which need to be considered or eliminated in order to achieve
consistency. Thus, RSE values based on bond dissociation energy
(BDE) comparisons often depend on extraneous interactions
present in the radical precursors but not in the product radicals.
Since these “contaminations” are at a minimum in CH3• and
CH4, the BDE of the CH3-H dissociation appears to be the

logical choice as the reference standard for carbon-centered
radicals. Nevertheless, other definitions of RSEs have been
proposed and, as illustrated by the titles of recent papers
published in this journal, this topic has become increasingly
controversial:

“Choice of Bond Dissociation Enthalpies on Which To Base
the Stabilization Energies of Simple Radicals: DH(R-H) Is
Preferred Because DH(R-Me) and DH(R-R) Are Perturbed
by Changes in Chain Branching” by Poutsma.25

“Shortcomings of Basing Radical Stabilization Energies on
Bond Dissociation Energies of Alkyl Groups to Hydrogen” by
Zavitsas, Rogers, and Matsunaga (ZRM).1

The present paper supports Poutsma25 by emphasizing the
inherent advantages of hydrocarbon RSEs based on R-H bond
dissociation energies. We take issue with ZRM’s conclusion that
SEH RSEs (i.e., RSEs derived from R-H vs CH3-H BDE
comparisons) “do not provide a quantitative measure of radical
stabilization energies.”1 We show that alternative RSE estimates
derived from R-CH3 vs CH3-CH3 and R-R vs CH3-CH3

BDE comparisons (referred to as SECH3
and SER-R, re-

spectively) are equivalent to SEH RSEs, provided that the
necessary corrections for interactions involving the R groups in
R-CH3 and R-R are taken into account. Furthermore, we show
how such corrections overcome ZRM’s recent criticism that
“SEH stabilization energies are not transferable and cannot be
used to estimate carbon-carbon BDE[R-R0] or symmetrical
BDE[R-R]” values.1

’RESULTS AND DISCUSSION

“Bond dissociation energies” are defined as the change in
energy upon homolytic cleavage of, e.g., R-X bonds into two
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ABSTRACT: Hydrocarbon radical stabilization energy (RSE) estimates
based on the differences in R-H vs CH3-H bond dissociation energies
have inherent advantages over RSEs based on R-CH3 vs CH3-CH3, as
well as R-R vs CH3-CH3 comparisons, since the R-CH3 and R-R
reference systems are prone to unbalanced contaminating intramolecular
interactions involving the R groups. When the effects of steric crowding, branching, protobranching, conjugation, and
hyperconjugation are taken into account, R-CH3 and R-R based RSE values are nearly identical to R-H RSEs. Corrections
for electronegativity differences between H and R are not needed to achieve agreement.
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radicals, R• and X•.3-15,26 When X is constant, the relative BDEs
for a series of related RX compounds can be used to evaluate a
scale of radical stabilization energies of R•. We stress that, “bond
energies” and “bond dissociation energies” are quite different.2

“Bond energies” (BEs) are based on the total atomization
energies (AEs, i.e., dissociation of all the Lewis electron pair
bonds) of molecules. The AE of a molecule is taken to be the sum
of all of the BEs. In contrast, “bond dissociation energies” involve
the dissociation of only one bond in amolecule and the relaxation
of the radical fragments formed. Not only are, e.g., the A and B
moieties in A-B quite different from the separated A• and B•
radical fragments, but also the intramolecular interactions be-
tween A and B in A-B have nothing to do with the inherent
stabilization of the A• and B• radicals individually. Thus, the
C-H bond energy (BE, in kcal/mol) evaluations of Exner and
Schleyer2 (103.9 methane, 104.1 ethane, 104.3 propane CH2,
104.4 iso-butane CH, showed essentially no variation in this basic
alkane set, in contrast to the well-known decrease in the
corresponding BDEs.26,30 The BE of the tertiary C-H bond in
iso-butane itself is not weakened. The smaller BDE of this bond is
largely due to the stabilization of the tert-butyl radical by effects
that influence the CH bond energy of the parent hydrocarbon to
a much smaller extent, if at all.2

Ideally, empirical RSE values based on R-X BSEs should be
independent of X and free from any extraneous effects of X in the
R-X precursors. Obviously this requirement results in difficul-
ties in evaluating RSEs in practice; all commonly employed
methods of determination have conceptual flaws and discernible
imperfections. Pople’s methyl stabilization energies (MSEs),18

based on R = CH3 and X = H (the smallest possible and least
complicating X atom or group), are the most widely used RSE
scale.19-24 These MSEs (or SEH values as termed here) are
defined by eq 1 as the difference between the BDE of methane
[CH3-H] and that of the R-H bond of interest, where R• is a
carbon-centered radical.

SEH½R•� ¼ BDE½CH3 -H�- BDE½R -H� ð1Þ
However, it is now well-known that substituting H in eq 1

with, for example, a methyl group (eq 2) yields markedly
different alkyl RSE values (cf., the SECH3

and SEH RSEs in
Table 1).16,25,30,31 Moreover, as ZRM stress, relative RSEs based
on R-X BDEs also depend strongly on the electronegativity of
X, and approaches employing electronegativity corrections are
widely applicable for BDE estimations.16 Although different
methods of deriving alkyl RSEs often predict qualitatively similar

relative radical stabilities,32,33 the choice of the optimum refer-
ence standard used to define the scale of quantitative RSEs
remains controversial, as is well illustrated by the issues raised in
the two disputing papers1,25 we discuss here.

SECH3 ½R•� ¼ BDE½CH3-CH3�- BDE½R-CH3� ð2Þ

SER-R ½R•� ¼ 1
2
ðBDE½CH3-CH3�- BDE½R - R�Þ ð3aÞ

SEZ½R•� ¼ 1
2
BDE½CH3-CH3�- BDE½R - R��Þ ð3bÞ

*BDE[R-R] is corrected for strain/stabilizing effects present
in R-R by ZRM as described in ref 1; when no such effects are
present eqs 3a and 3b are equivalent.

D½A - B� ¼ 1
2
ðD½A - A� þD½B- B�Þ þ 23ðΔχÞ2 ð4Þ

Despite Poutsma’s support for the conceptual and numerical
advantages of eq 1 for defining alkyl RSEs,25 ZRM disparaged the
use of methane as the reference choice.1 Instead, they favored SEZ
values for alkyl radicals given by an alternative approach (eq 3b)
based on the BDEs of symmetrical radical precursors, R-R.16

The purported advantage is the elimination of errors due to the
electronegativity difference between C and H inherent in MSE
evaluations (eq 1). This concern originates from Pauling’s
electronegativity definition (eq 4),34,35 based on the differences
(Δχ) between the average of homolytic [(AA þ BB)/2] and
heterolytic (AB) bond dissociation enthalpies. The importance of
large, well established, Δχ differences has been demonstrated by
Zavitsas et al. in related work,16 and this issue is not in dispute
here. However, Δχ differences between C and H are small,
considering the “relatively nonpolar nature of the R-H bond”,25

and the many electronegativity values for C and H that have been
determined36 often differ only minimally, if at all.37 This conclu-
sion is supported by Quack et al.’s analysis of the high resolution
vibrational spectra of the methane H,D isotopomers, which
“firmly established” the C—Hþ direction of the polarity of the
CH bond dipole moment expected from electronegativity and
determined its value ((6.1 ( 1.0) � 10-3 D)38,39 to be much
smaller than Pauling’s choice of 0.4 D, based on his electronega-
tivity difference between C and H.35 Thus, significant contamina-
tion of SEH RSEs due to such differences appears doubtful.

Table 1. Selected Radical Stabilization Energies (in kcal/mol vs CH3•) for the SEH, SECH3
, SER-R, and SEZ Schemesa

radical SEH RSE eq 1 SECH3
RSE eq 2 SER-R RSE eq 3a SEZ RSE eq 3b

CH3• 0.00 0.00 0.00 0.00

1� (C2H5•) 3.91 1.22 1.17 1.1

2� (i-C3H7•) 6.37 1.37 2.58 1.4

3� (t-C4H9•) 8.32 2.71 5.77 3.7

benzyl 15.13 12.55 11.60 11.7

allyl 16.73 14.15 14.43 14.3

vinyl -6.05 -11.61 -13.31 -11.6

phenyl -7.79 -13.41 -13.65 -13.1
a SEH, SECH3

, and SER-R RSEs are computed from eqs 1, 2 and 3a, respectively, using experimental heats of formation at 298 K from ref 42. SEZ values
are taken from ref 1 and are derived from eq 3b, where the “strain/stabilization free”BDE[R-R] values were obtained separately by ZRM from Pauling’s
equation (eq 4, see ref 1 for discussion).
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Furthermore, any errors arising from electronegativity differ-
ences between C and H should largely balance along a series of
related substrates; corrections for RSE evaluations would not be
significant from one RH to the next unless differences (Δχ) exist in
the electronegativities of the different R groups. However, on the
basis of their own derivations of χ values, ZRM argue that Δχ
corrections for different R groups “cannot be neglected,” since,
for example, they constitute “30% of the SEH value of 6.5 kcal/
mol for isopropyl” and “similar percentages are obtained with 1�
and 3� R•.” Yet, many literature evaluations of the electronega-
tivities of methyl, primary, secondary, and tertiary alkyl groups
using various methods find nearly the same χ values for all of these
groups. Huheey’s classical assessment of group electronegativities
gave methyl, 2.27; ethyl, 2.28; isopropyl, 2.28; and tert-butyl,
2.28, nearly identical with the Clifford-Jaff�e values.40 Eight
additional complete sets of all four alkyl group χ values
(including ZRM’s) are summarized in Table 4 of Cao and Luo’s
recent paper.41 In five of the eight sets, the χ of the tert-butyl
group actually is slightly larger than χ for methyl; just the
opposite of the 2003 assessment of the ZRM authors.16 Thus,
there is no firm basis for expecting R-H electronegativity
differences for various R’s (if any exist at all) to be significant
energetically in RSE evaluations based onmethane as in eq 1. We
note that Δχ corrections, if any be required, are very much
smaller than other necessary but unconsidered corrections for
imbalances neglected in the ZRM treatment.1

What then is responsible for the divergence in the stabilization
energies given by eqs 1, 2, 3a, and 3b (see Table 1)? As Poutsma
pointed out,25 R-R0 molecules have steric and other unbalanced
interactions between the R and R0 moieties that are not involved in
stabilizing the R• and R0• radicals. Obviously, such interactions
between R and R0 in R-R0 are not present in the separated R• and
R0• radicals or when R-H and R0-H are individual molecules.
After energies associated with the loss of steric, topological,
conjugative, and hyperconjugative interactions inR-R0 are properly
accounted for, the corrected SECH3

and SER-RRSE estimatesmatch
those predicted by the SEH method closely.

Ethyl radical RSE evaluations are illustrative. SEH employs
ethane and methane as reference compounds (eq 5), SER-R

utilizes ethane and n-butane (the symmetrical precursor of the
ethyl radical) (eq 6), and the SECH3

method uses ethane and
propane (eq 7). Although eqs 5-7 give different values, the
required simple protobranching correction (2.69 kcal/mol, eq 8)
to eqs 643 and 7 eliminates the discrepancy.

CH3CH2•þ CH4 f CH3CH3 þ CH3•
SEHðEt•Þ ¼ 3:91 kcal=mol ð5Þ

1
2
C2H6 þ CH3CH2• f

1
2
n-C4H10 þ CH3•

SER-RðEt•Þ ¼ 1:17 kcal=mol ð6Þ

CH3CH2•þCH3CH3 f CH3CH2CH3 þ CH3•
SECH3ðEt•Þ ¼ 1:22 kcal=mol ð7Þ

CH3CH2CH3 þ CH4 f 2CH3CH3 ¼ 2:69 kcal=mol ð8Þ
Poutsma pointed out the readily apparent conceptual flaw of
eq 7,25 which also is present in eq 6: the protobranching
interactions in the alkane reference molecules are not balanced.
While eqs 5-7 compare the methyl and ethyl radicals (and

include the hyperconjugative stabilization energy of CH3CH2•),
the propane product of eq 7 and the 1/2 n-butane product of eq 6
are stabilized by a protobranching interaction, which is un-
balanced on the reactant sides.25,29,44-51 This imperfection is
not present in eq 5. As noted by Poutsma,25 subtracting eq 5 from
eq 7 gives eq 8, which evaluates the stabilization due to a single
protobranch.29,44-53

As both propane and n-Pr• have a single protobranch, a
correction is not needed in eq 9. Not surprisingly, the SEH values
of eq 5 (3.91 kcal/mol) for Et• and protobranching-balanced
eq 9 (3.78 kcal/mol) for n-Pr• are nearly identical; both evaluate
the RSEs of primary alkyl radicals properly. In contrast, the SECH3

and SER-R methods fail for the n-Pr• RSE and give values
(Table 1) that are too low (unless corrected for their proto-
branching and strain imbalances).

CH3CH2CH2•þ CH4 f CH3CH2CH3 þ CH3•

SEHðn-Pr•Þ ¼ 3:78 kcal=mol ð9Þ
Corrections for protobranching imbalances in the SECH3

evaluation of secondary and tertiary alkyl RSEs also result in
values nearly identical to those derived from the SEH method.
However, applying the SER-R approach to estimate these
quantities introduces additional problems. For example, com-
pare the tert-butyl radical RSEs (kcal/mol) given by the SEH
(8.32), SER-R (5.77), and SECH3

(2.71) methods (eqs 10, 11,
and 12, respectively, based on experimental heats of formation).

i-C4H9•þ CH4 f i-C4H10 þCH3•
SEHðt-Bu•Þ ¼ 8:32 kcal=mol ð10Þ

i-C4H9•þ 1
2
C2H6 f

1
2
hexamethylethaneþ CH3•

SER-Rðt-Bu•Þ ¼ 5:77 kcal=mol ð11Þ

corrected ðsee textÞ SER-Rðt-Bu•Þ ¼ 8:34kcal=mol ð11corrÞ
i-C4H9•þ CH3CH3 f neo-C5H12 þ CH2•

SECH3ðt-Bu•Þ ¼ 2:71 kcal=mol ð12Þ

corrected ðsee textÞ SECH3ðt-Bu•Þ ¼ 8:35 kcal=mol ð12corrÞ
While eq 10 is protobranching compensated, the three iso-

alkyl type protobranching interactions in the tert-butyl radical in
eq 12 are not balanced since there are six neo-alkyl type
protobranches in neopentane. Since protobranching stabilization
attenuates as the number of 1,3 alkyl-alkyl interactions between
groups bound to the same carbon center increases (i.e., the
stabilization energy per protobranch decreases from propane to
isobutane and then to neopentane),44,45 eqs 13-15 serve as proto-
branching corrections for n-alkyl, iso-alkyl, and neo-alkyl groups.

CH3CH2CH3 þ CH4 f 2CH3CH3 ΔErxn ¼ 2:69 kcal=mol

n-alkyl protobranch ¼ 2:69 kcal=mol ð13Þ

i-C4H10 þ 2CH4 f 3CH3CH3 ΔErxn ¼ 7:69 kcal=mol

iso-alkyl protobranch ¼ 7:69=3 ¼ 2:56 kcal=mol ð14Þ

neo-C5H12 þ 3CH4 f 4CH3CH3 ΔErxn ¼ 13:30 kcal=mol

neo-alkyl protobranch ¼ 13:30=6 ¼ 2:22 kcal=mol ð15Þ
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Applying the 6(2.22)- 3(2.56) = 5.64 kcal/mol protobranch-
ing correction to eq 12 raises the SECH3

tert-butyl radical RSE to
8.35 kcal/mol (eq 12corr), in close agreement with the SEH value
of 8.32 (eq 10). The SER-R RSE value derived from eq 11 is
compromised not only by protobranching imbalances but also by
the steric strain in hexamethylethane lost upon cleavage of the
central C-C bond to form two tert-butyl radicals. ZRM recog-
nized that strain corrections must bemade for the SER-Rmethod
to derive the RSE of the tert-butyl radical by means of eq 11
satisfactorily. ZRM’s 5.8 ( 0.6 kcal/mol strain estimate for
hexamethylethane was based on BDE comparisons of neopen-
tane, ethane, tert-butanol, and hydrogen peroxide, by using two
instances of Pauling’s equation (eq 4).16 Our far simpler, direct,
and numerically similar hexamethylethane strain estimate of
6.14 kcal/mol is based on the comparison of its experimental
ΔfH�298, -54.06 kcal/mol, with that given by Benson group
increments, -60.20 kcal/mol.54

However, ZRM’s treatment did not address the protobranch-
ing imbalances inherent in the SER-R (and SEZ) methods. There
are 12 neo-alkyl protobranching interactions in hexamethy-
lethane, but only a total of six (three each) in the two tert-butyl
radical dissociation products. Hence, the protobranching correc-
tion, 5.64 kcal/mol, is the same as that derived for the correction
of eq 12. Therefore, after accounting for protobranching and
strain contaminations, the RSE of the tert-butyl radical given
by the properly corrected SER-R method (eq 11corr) is 5.77
(eq 11)þ 5.64 (PB)- 6.14/2 (strain) = 8.34 kcal/mol, nearly
identical to the RSE values predicted by the SEH (eq 10) and
the corrected SECH3

(eq 12corr) methods, 8.32 and 8.35 kcal/
mol, respectively.

We also contrast the simplicity of our method with the
complicated ZRM treatment. This introduces additional refer-
ence species and is marred by the questionable reliability of their
electronegativity estimates, which are employed to derive “spe-
cial effects free” BDEs but do not agree with other electronega-
tivity indices in the literature.40,41

Similar considerations apply to the other SEH vs SECH3
and

SER-R evaluations of Table 1, e.g., the discrepancy in the RSE
estimates for the phenyl radical.

C6H5•þ CH4 f C6H6 þ CH3•

SEHðC6H5•Þ ¼ - 7:79 kcal=mol ð16Þ

C6H5•þ 1
2
CH3CH3 f

1
2
C6H5-C6H5 þ CH3•

SER-RðC6H5•Þ ¼ - 13:65 kcal=mol ð17Þ

C6H5•þ CH3CH3 f C6H5-CH3 þ CH3•
SECH3ðC6H5•Þ ¼ - 13:41 kcal=mol� ð18Þ

*ΔfH� of the phenyl radical was taken from ref 26.

The SEH(C6H5•) evaluation (eq 16) is straightforward,
simple, and easily interpreted. Despite minor hybridization
imbalance in the C-H bond energies (C6H6 larger and CH3

smaller than CH4),
2 the phenyl radical is destabilized primarily

by its distorted radical center.
In contrast, the SER-R(C6H5•) evaluation (eq 17) is compli-

cated primarily by the unbalanced conjugation stabilization
energy of biphenyl. Since such “special effects” precluded use

of the SER-R method directly, ZRM attempted to derive a
“conjugation-free” BDE estimate for biphenyl, based on chlor-
obenzene, Cl2, toluene, and ethane. Other special effects, e.g., the
hyperconjugative stabilization of toluene and the possible stabi-
lization of chlorobenzene, were neglected; the reliability of the
ZRM assessment is clouded further by concerns regarding the
accuracy of their electronegativity estimates (whose derivations
also are subject to contamination by “special effects”).

biphenylþ 2CH4 f 2C6H6 þ C2H6 þ 11:72 kcal=mol

ðestimated conjugation energy of biphenylÞ ð19Þ
Isodesmic eq 19 is not without conceptual flaws, but it

provides a simpler, direct estimate of the conjugative stabilization
of biphenyl. On the basis of the resulting 1/2 � 11.72 = 5.86
correction to eq 17, the derived SER-R RSE value for the phenyl
radical is -13.65 þ 5.86 = -7.79 kcal/mol. While this phenyl
radical RSE evaluation via SER-R matches the SEH estimate
(eq 16), this identity is due to the redundancy of the equations
employed (1/2 [eq 19 þ eq 18] = eq 16). However, alternative
estimates of conjugation energies applicable to biphenyl (and
related species, see Table 2) are like those of eq 19. Equation 20,
which gives a 14.5 kcal/mol conjugation energy estimate for anti-
butadiene (C2h) similar to that predicted via Block Localized
Wave function(BLW) analysis,44 is an example.

1; 3-anti-butadieneþ 2CH4 f 2C2H4 þ C2H6

conjugation energy 14:52 kcal=mol ð20Þ
The experimental D2 f D2h planarization energy of biphenyl

is 1.43 kcal/mol.55 Taking this “strain effect” into account,
the corrected biphenyl conjugation energy given by eq 19 is

Table 2. Selected Radical Stabilization Energies (RSE) Re-
lative to CH3• for the SEH, SECH3

, and SER-R Schemes after
Correcting for Protobranching,b Hyperconjugation,c Conju-
gation,d and Straine Lost upon the Dissociation of the Parent
Hydrocarbon, Compared to the SEZ RSEs Predicted by ZRM
(ref 1)a

radical SEH RSE SECH3
RSE SER-R RSE SEZ RSE

CH3 0.00 0.00 0.00 0.00

1� (C2H5•) 3.91 3.91b 3.86b 1.1

2� (i-C3H7•) 6.37 6.36b 6.19b,e 1.4

3� (t-C4H9•) 8.32 8.35b 8.34b,e 3.7

benzyl 20.72c 20.83b,c 19.88b,c 11.7

allyl 22.32c 22.43b,c 22.71b,c 14.3

vinyl -6.05 -6.02c -6.05d -11.6

phenyl -7.79 -7.82c -7.11d,f -13.1
a SEH, SECH3

, and SER-R values are based on experimental heats of
formation (kcal/mol, 298K) taken from ref 42. Detailed application of
the corrections applied to each radical is available in the Supporting
Information. b 2.69, 2.56, and 2.22 kcal/mol corrections per protobranch
lost for n-, iso-, and neo-alkanes were derived from eqs 13, 14, and 15
respectively (see text). c 5.59 kcal/mol correction for hyperconjugation
lost was derived from eqs 21 and 22 (see text). dA 14.52 kcal/mol
conjugation lost was derived from eq 20. eCorrections for strain lost are
taken as the difference between experimental heat of formation of the
parent hydrocarbon, and its predicted heat of formation based on
Benson group increments (see text and ref 54). f 1.43 kcal/mol was
added to the heat of formation of biphenyl to correct for strain
encountered when enforcing the planar (D2h) geometry.
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13.2 kcal/mol. Correcting the SER-R estimate for the D2h

planarization energy, and the resulting enhanced conjugation
energy of biphenyl gives -13.65 þ 1/2 14.52 - 1/2 1.43 =
-7.11, which agrees reasonably well with the -7.79 obtained
from the more direct SEH approach.

The SECH3
evaluation of the RSE of the phenyl radical (eq 18)

is complicated by the unbalanced phenyl-methyl hyperconjuga-
tion interaction in toluene. Equation 21 gives a 5.62 kcal/mol
hyperconjugative stabilization, similar to that of propene (5.56
kcal/mol, eq 22) for which Mo’s BLW analyses gave values
between 5.0 and 5.9 kcal/mol.44,56

tolueneþ CH4 f C6H6 þ C2H6

hyperconjugation energy ¼ 5:62 kcal=mol ð21Þ

propeneþ CH4 f C2H4 þ C2H6

hyperconjugation energy ¼ 5:56 kcal=mol ð22Þ
We adopt the averageΔErxn of eqs 21 and 22, 5.59 kcal/mol, as a
general hyperconjugation correction. Thus, our correction to
eq 18 is -13.41 þ 5.59 = -7.82, in close agreement with the
direct SEH and corrected SER-R data.

Employing similar corrections to the remaining radical set in
Table 1 unites their RSEs as well. The values of the corrected
RSEs and the applied corrections are presented in Table 2. Note
the close agreement between all three RSE estimates results from
the removal of extraneous interactions in the SECH3

and SER-R

equations and that the SEH method is the simplest and most
direct means of obtaining relative RSEs with near inherent
character.

Poutsma highlighted the superior applicability of the SEH
method further by pointing out that only SEH RSEs predict the
isomerization energies of alkyl radical isomers with identical
carbon skeletons directly. In contrast, the SECH3

, SER-R, and SEZ
approaches all underestimate these differences. For example,
secondary radicals are 2.4 to 2.7 kcal/mol more stable than their
primary radical isomers experimentally (e.g., 2.6 kcal/mol for 2-
vs 1-propyl), but the SECH3

, SER-R and SEZ methods give only
0.2, 1.0, and 0.3 kcal/mol, respectively (Table 1). In sharp
contrast, the 2�-1� SEH difference, 2.46 kcal/mol (based on
ethyl vs i-propyl, see Tables 1 and 2), agrees with the isomeriza-
tion energy. The 2�-1� difference in BDEs for all experimentally
available data are 2.4 kcal/mol.12 The SEZ shortcomings are
similar for primary-tertiary RSE differences (see Tables 1 and 2).
The experimental tert-butyl-isobutyl radical energy difference,
5.1 kcal/mol,41 compares with the 4.4 ( 0.6 kcal/mol ethyl vs
tert-butyl SEH difference but not with the 1.5, 3.3, and 2.6 kcal/mol
3�-1� differences given directly by the SECH3

, SER-R and SEZ
methods (Table 1).

ZRM attribute the agreement of radical isomerization energies
with those given by SEH differences to the redundancy of the
derivations involved. However, we emphasize that the radical
isomerization energies derived from experimental data are not
necessarily the same as the actual SEH energy differences,
particularly when the latter are based on the average of available
1�, 2� and 3� alkyl radical data. Unlike the SECH3

, SER-R and SEZ
methods, the SEH method achieves the skeletal balance inherent
in comparisons of isomers.

However, even the SEH method is not without complications.
The dissociation of a hydrogen atom from the methyl groups
both of toluene and propene results in the loss of their stabilizing
π hyperconjugation interactions. Thus, the RSEs of the benzyl

and allyl radicals given by eq 1 (see Table 1) are too low
compared to their hyperconjugation-corrected conjugation en-
ergies (Table 2).

ZRM recently issued another criticism of the SEH method.
Using the RSEs determined from eqs 1 and 3b and eq 23 to
compute the BDEs of a set of 13 hydrocarbons, ZRM reported
excellent agreement with experiment for the SEZ method
(eq 3b), whereas the SEH method (eq 1) performed less
satisfactorily (see Table 3).

BDE½R-R0� ¼ BDE½CH3-CH3�- SE½R•�- SE½R0•� ð23Þ
In all these cases, the BDEs given by the SEZ method agree

within experimental error (Table 3) whereas the values given
directly by SEH are too low.25 Noting this numeric disagreement,
ZRM stated, “SEH values, by themselves, do not provide a
quantitative measure of radical stabilization energies.” Yet this
inference is highly misleading, since the disagreement between
the SEH-derived and experimental BDEs is not due to the
energies of the dissociated radicals by themselves, but rather to
imbalances involving the change in the number of proto-
branching44 and hyperconjugation57-63 interactions in the R-R0
reference molecules and in their separated radical fragments.
Thus, there is no reason to expect RSEs derived from direct use of the
SEH method to reproduce experimental R-R0 BDEs.

SEHRSEs can be used to calculate theBDEsof theTable 3 species
provided explicit corrections aremade for the loss of protobranching
and hyperconjugation interactions (“PB loss” and “HC loss”) upon
cleavage of the parent compound as shown in eq 24.

BDE½R-R0� ¼ BDE½CH3-CH3� þ PB loss

þHC loss- RSE½R•�- RSE½R0•� ð24Þ
The PB loss and HC loss terms are derived from the energies

of the isodesmic equations that define protobranching (eqs 13,
14, and 15) and hyperconjugation (the average of eqs 21 and 22).
The BDEs of the selected hydrocarbons computed by the SEH
and SEZ methods using eq 24 are presented in Table 4, and the
applied protobranching and hyperconjugation corrections are
listed in Table 5. Note the corrected SEH-derived BDEs in
Table 4 are nearly identical to experiment, while those based
on SEZ are overestimated. Moreover, eq 24 is interpretively
superior to eq 23, since the impact of losses in protobranching
and hyperconjugation interactions caused by bond cleavage in
the parent compound are treated explicitly.

Although the SEZ RSEs reproduce experimental BDE[R-R0]
values accurately via eq 23, the loss of individual interactions
(both stabilizing and destabilizing) present in the parent R-R0
compound upon bond cleavage are hidden in the evaluation. The
method ignores properties such as C-C bond energies, hyper-
conjugation, and conjugation stabilization of the radical, as well
as loss of protobranching, hyperconjugation, and conjugation
interactions in the parent hydrocarbon. Although ZRM attempt
to remove the influence of steric strain from the parent com-
pounds (necessary for their technique to function satisfactorily),
the energies of other effects are not elucidated when analyzing
BDEs. Hence, the SEZ model fails as an interpretive tool.
Theoretical Inherent Alkyl Radical RSE Computations.The

relative magnitudes (e.g., tertiary > secondary > primary) of the
RSEs of simple alkyl radicals, traditionally defined by eq 1, have
been attributed to greater hyperconjugative stabilization of the
more highly alkylated radicals. To test this premise, we employed
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Block Localized Wave function (BLW) and Natural Bond
Orbital (NBO) analyses to probe the magnitude of radical
hyperconjugative stabilization directly.
The BLW implementation of valence bond theory defines

a localized wave function corresponding to a Lewis structure
where the electrons are confined to bonds or to atoms (e.g., as
radicals).56,64 The vertical delocalization energy (VDE)27,29

corresponds to the increase in energy due to this localization,
compared to the energy of the fully delocalized wave function at
the same geometry. This VDE for a radical is a measure of its
intrinsic stabilization from all its interactions, e.g., geminal as well
as vicinal. Relaxation of the geometry, but still within the
localized BLW constraint, gives the adiabatic delocalization
energy (ADE). In effect, the radical itself serves as its own
reference in both of these “absolute” evaluations, but it must
be kept in mind that the radical precursors, even the parent
alkanes, also have appreciable BLW delocalization energies
(VDE and ADE). Hence, the greater DEs of the radical compared
to those of its parent hydrocarbon, as well as the origins of these
energies and their interpretations, also are important. We will

discuss full details in a separate paper; the evaluation of hyper-
conjugation suffices here.
The alkyl radical hyperconjugation energy (RHE) can be

approximated by the difference between the VDEs of the radical
and its parent alkane, relative to the ΔVDE for CH4 f CH3•
(where hyperconjugation is not possible). Such RHEs are lower
limits, as the BLW procedure “turns off” a greater number of
stabilizingHCCH hyperconjugation interactions in the reference
alkanes27,65,66 than in the corresponding radicals. As a simple
illustration, there are three stabilizing HCCH hyperconjugation
interactions in both staggered and eclipsed ethane;27,65,66 only
two of these HCCH’s remain in C2H5• since one is replaced by
the HCC• hyperconjugation. Nevertheless, the decrease in
alkane C-H BDEs with increasing alkyl substitution (Table 6,
SEH data) is matched reasonably well by the greater hypercon-
jugative stabilization of the corresponding 1�-2�-3�RHEBLW
radical data.
The NBO formalism expresses a molecular wave function in

terms of natural bond orbitals (NBOs). This orthonormal
maximum occupancy set of localized one and two center orbitals

Table 3. Bond Dissociation Energies (kcal mol-1) Calculated by eq 23 using SEH and SEZ Carbon Radical Stabilization Energies
in Table 1

R-R0 BDE [R-R0] by SEH eq 23a BDE [R-R0] exptb BDE [R-R0] by SEZ eq 23a

CH3-CH2CH3 86.29 88.2( 0.5 89.1

CH2dCHCH2-CH2Ph 58.34 62.9( 1.2 64.2

CH3CH2-CH2CH3 82.38 87.4( 0.7 88.0

CH3CH2-CH(CH3)2 79.92 87.1( 0.7 87.7

CH3-Ph 97.99 103.8( 2.0 103.3

(CH3)2CH-CHdCH2 89.88 99.9( 1.1 100.4

PhCH2-CH2CH3 71.16 76.0( 1.1 77.4

CH3CH2-CH2CHdCH2 69.56 74.7( 0.9 74.8

(CH3)2CH-CH2Ph 68.70 76.7( 1.1 77.1

CH3CH2-CHdCH2 92.34 100.2( 1.1 100.7

CH3CH2-Ph 94.08 101.5( 2.1 102.2

(CH3)2CHCH2-CHdCH2 92.34 99.8( 1.1 100.7

CH2dCHCH2-CH2CHdCH2 56.74 61.4( 0.8 61.6
aCH3-CH3 BDE of 90.20 kcal/mol was employed. b Experimental BDEs are taken from ref 1.

Table 4. Bond Dissociation Energies (kcal mol-1) Calculated by eq 24 using SEH and SEZ Carbon Radical Stabilization Energies
in Table 2

R-R0 BDE [R-R0] by SEH eq 24 a BDE [R-R0] expt eq 24 b BDE [R-R0] by SEZ eq 24 a

CH3-CH2CH3 88.98 88.2( 0.5 91.79

CH3CH2-CH2CH3 87.76 87.4( 0.7 93.38

CH3CH2-CH(CH3)2 87.6 87.1( 0.7 95.38

CH3-Ph 103.58 103.8( 2.0 108.89

(CH3)2CH-CHdCH2 100.46 99.9( 1.1 110.98

PhCH2-CH2CH3 76.57 76.0( 1.1 88.37

CH3CH2-CH2CHdCH2 74.97 74.7( 0.9 85.77

CH2dCHCH2-CH2Ph 63.78 62.9( 1.2 80.76

(CH3)2CH-CH2Ph 76.41 76.7( 1.1 90.37

CH3CH2--CHdCH2 100.62 100.2( 1.1 108.98

CH3CH2-Ph 102.36 101.5( 2.1 110.48

(CH3)2CHCH2-CHdCH2 100.62 99.8( 1.1 108.98

CH2dCHCH2-CH2CHdCH2 62.18 61.4( 0.8 78.16
aCH3-CH3 BDE of 90.20 kcal/mol was employed. b Experimental BDEs are taken from ref 1.
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typically accounts for >99% of the total molecular electron
density.67 Sets of low occupancy Rydberg and antibonding
orbitals augment the NBOs and complete the description of
the wave function. The hyperconjugative stabilization of an alkyl
radical center was evaluated simply by computing the increase in
energy when the radical π* acceptor orbital is deleted. Since the
BDE equations used to define RSEs also involve the loss of a
C-HσfC-Hσ* interaction in the parent alkane, the RSE of an
alkyl radical is computed as the hyperconjugation energy differ-
ence between the radical and parent alkane. Similar to the BLW
findings, the decrease in alkane C-HBDEs with increasing alkyl
substitution (Table 6, data via SEH) is matched by the hyper-
conjugative stabilization of the corresponding 1�-2�-3� RHE
NBO data.

The results in Table 6 not only support the hyperconjugation
explanation for the decreased C-H BDEs of more highly
substituted alkanes impressively but also highlight the advantage
of using the C-HBDEofmethane as the basis for defining RSEs.
All other evaluations using experimental data suffer from un-
compensated imbalances, which are absent or minimal in SEH
evaluations.
This criticism applies even to ethane. Extensive investigations

of the origin of its rotation barrier all agree that the HCCH
hyperconjugation energy is substantial in both the staggered and
eclipsed conformations.27,65,66,69-71 Vicinal Pauli repulsion oc-
curs as well.72,73 The loss of these interactions on CC bond
dissociation further complicates the interpretation of SECH3

and
SER-R data. Such problems with vicinal R-R and R-R0 inter-
actions are either absent or minimized in the R-H systems upon
which SEH data are based.

’CONCLUSIONS

RSEs evaluated by the SEH, SECH3
, and SER-R methods give

the same qualitative order of radical stability. We have shown
their quantitative disagreements arise from extraneous interac-
tions lost upon cleavage of the R-CH3 and R-R bonds in the
SECH3

and SER-R methods. Buried in each of the RSEs derived
from the SECH3

and SER-Rmethods are a complex array of effects
involving the initial hydrocarbons (including the inherent C-C
bond energies, the relief of steric strain and Pauli repulsion
between their R and R0 groups, and the loss of their proto-
branching, conjugative, and hyperconjugative stabilization) and
in the dissociated R• and R0• radicals (including hyperconjuga-
tive and conjugative stabilization). ZRM’s refinement of the
SER-R method (SEZ) attempts to compensate for the loss of
conjugation and steric strain in radical precursors when present,
but the other factors mentioned are not taken into account in
their analysis.

Both SEH and SEZ values can be utilized to calculate C-C
BDEs of ZRM’s 13 hydrocarbon test set accurately. Although
values derived directly from the SEH procedure do not match
experiment, this cannot be expected since changes in the number of
protobranching and/or hyperconjugation interactions lost upon
bond cleavage of the parent compound are not considered. We
have proposed a simple refinement of the SEH treatment (eq 24),
which includes explicit corrections for losses in the number of
protobranching and hyperconjugation interactions, and repro-
duces experimental C-C BDEs.

The SEHmethod relies on straightforward stabilization energy
assessments. Its RSE values, based on the dissociation of hydro-
gen from R, are the less compromised by extraneous interactions
in the radical precursors than any other method for obtaining
RSEs from BDEs. The SEH method gives RSEs, which agree
reasonably well with BLW andNBO theoretical estimates of alkyl
radical stabilization due to hyperconjugation and is the simplest
and most direct means for obtaining RSEs from BDE data.
Moreover, the concept of protobranching44 by itself unifies most
of the RSE estimates for the simple alkyl radicals discussed here
derived from R-H, R-CH3, or R-R0 BDEs.

’ASSOCIATED CONTENT

bS Supporting Information. This material is available free
of charge via the Internet at http://pubs.acs.org.

Table 5. Total and Individual SElost Corrections for ZRM’s
Set of 13 Bond Dissociation Reactionsa

aOnly the immediate environment of the specific bond being cleaved is
considered. n-Alkyl and iso-alkyl protobranching imbalances are labeled
n-pb and i-pb.

Table 6. Comparison of BLW and NBO Derived Relative
Radical Hyperconjugation Energies (RHE) with the Relative
C-H BDEs Predicted by the SEH, SECH3

, and SEZ Methodsa

alkane C-H BLW-RHE NBO-RHE via SEH via SECH3
via SEZ

CH4 f CH3• 0.00 0.00 0.00 0.00 0.0

C2H6 f C2H5• 2.50 3.03 3.91 1.22 1.1

C3H8 f i-C3H7• 5.70 6.20 6.37 1.37 1.4

i-C4H10 f t-C4H5• 8.62 9.68 8.32 2.71 3.7
a Energies in kcal/mol are relative to CH4 f CH3 3 . The BLW RHEs
were computed with the XMVB program.68 Due to constraints regard-
ing the maximum number of primitive basis functions allowed in the
XMVB suite, the HF/6-31þG* level of theory was employed. The NBO
RHEs were computed at HF/6-311þG**.
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