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Abstract: A systematic investigation of the methylene C-H bond dissociation energies (BDEs) of the onium-
substituted toluene series (1-6) and of the adjacent electron-pulling group-substituted acetophenone and fluorene
series (7 and8) (Chart 1) was carried out using a modified eletrochemical method (eq 1) incorporating the
pKa’s measured in DMSO solution. This provided the first opportunity to examine the stabilization effect of
substituents on carbon radicals (or C-H bonds) of varying degrees of electron deficiency. The relative BDE
(∆BDE) values estimated for these substrates within a family showed that for most systems, the adjacent or
remote electron-withdrawing groups (EWGs) were found to strengthen the benzylic (or methylene) C-H bonds
(i.e., theO-type), which is in sharp contrast to the universally observed C-H bond-weakening effect of EWGs
(i.e., theS-type) in the literature. This general phenomenon reveals that it is the apparent electronegativity of
the methylene carbon, rather than the nonbonded electron pair as suggested in the literature, that governs the
direction of radical substituent effects.

Introduction
Chemical and many biological phenomena are recognized as

bond reorganization processes in which the energetics of bond
scission and formation, as well as that of the relevant transition
state and intermediates, are key issues. They have attracted
considerable interests in the past1 and continue to be investigated
in both theoretical and experimental aspects.2 In this connection
the most fundamental problem is the quantitative measurement
of bond dissociation energy (BDE) of covalent bonds in various
oxidation states, because these are used to analyze the reaction
characteristics and properties of the reactive intermediates.

Among dissociation processes, the free energy of R-H bond
heterolysis, as represented by the classical term pKa, is the most
investigated one3 and for which have been found in recent years
many new applications to resolve substantive problems.2a,4

Studies of the equally important R-H bond homolysis energies
have been mostly limited to small molecules for a long time,1,2

however, owing to complications from the likely concurrence
of secondary bond scissions in bulky organic molecules in gas-
phase determinations. For example, attempts to repeat a BDE
of 75 kcal/mol (henceforth abbreviated as kcal) for the Ph3C-H
bond5 reported earlier have encountered enormous difficulties
over decades until recently when a BDE of 81 kcal, as
determined by an indirect thermodynamic approach,4i was
reported as the more reasonable value.6 In recent years, the
solution-phase BDE methodology has been developed via
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various approaches by Bordwell,6 Parker,4b,dWayner,2c Arnett,7

and this group.8 These methods are most useful for the BDE
measurement of relatively bulky molecules and, therefore,
constitute reliable counterparts to the well-established gas-phase
techniques.1a Indeed, for substrates whose BDEs were measur-
able in both phases, the values obtained in solution were
generally found to agree very well with those from the gas-
phase4d,6,9 determinations, provided certain cautions are exer-
cised; that is, for solvation-sensitive compounds, such as
phenols, the solution data are best discussed as relative values
because of complex effects arising from differential solvation.10

The relative R-H bond dissociation energy (∆BDE) is widely
practiced to represent the stabilization energy of the correspond-
ing radical R• (i.e., RSE); that is, a stronger R-H bond generates
a less stable R•. In the mid-60s, Walter proposed anO/Sradical
classification on the basis of the stability expressed by an
equilibrium study of homolysis.11 Because carbon radicals have
been widely found to be stabilized by both EDGs and electron
withdrawing groups (EWGs), they were designated as the class
S (for same) type. Alternatively, heteroatom radicals Y• (such
as R2N• and RO•) were classified as the ClassO (for opposite)
type; i.e., being stabilized by EDGs but destabilized by EWGs.
The common feature of heteroatoms (O, N, S, etc.) to bear a
nonbonded lone electron pair was then taken as the structural
criterion for distinguishingO-type radicals fromS-type radi-
cals.11 Note that the latter lacks a nonbonded electron pair. This
O/S radical concept, although it has not been widely applied,
has nevertheless been extensively supported by the currently
known σ• constant scales12 and by many BDE studies. These
investigations show that Y• (O•, N•, S•, etc.) radicals are, indeed,
almost entirely of theO-type,2h,9,13,14whereas the C• radicals
are universally of theS-type,1a,15,16 with only one distinct
exception, that is, the C-H bond in CHF3 is strengthenedby
the electron-withdrawing fluorine atom by 1.5 kcal, as compared
to the C-H bond in CH4 (106.3 versus 104.8 kcal).17

The fact that the radicals showingO-type behavior are
centered either at a carbon atom of induced high electronega-

tivity (such as F3C•), or at a heteroatom of intrinsically high
electronegativity (such as O•, N•, or S•) gives rise to a
fundamental question: which is the ultimate factor, the elec-
tronegativity or the nonbonded electron pair, that governs the
direction (i.e., theO or Spattern) of radical substituent effect?
In this regard, knowledge of the BDEs of the methylene C-H
bond centered at the highly electronegative carbon would be
very desirable. Unfortunately, these classes of substrates have
not been systematically investigated and not much is available
in the literature in terms of their substituent effects.

In a recent study by this group,8 we observed a number of
intriguing “anomalies” that have led us to this study. For the
benzyl carbon carrying an adjacent electron-pulling cyano group,
as in phenylacetonitrile, strongpara EWGs such as CN, CF3,
and CO2Me were observed tostrengthenthe benzylic C-H
bond. Furthermore, in the case ofp-G-C6H4CH(CN)CO2Et,
which has two electron-withdrawing groups attached to the
benzyl carbon, the C-H bond is strengthenedby all para
EWGs. These results are obviously not in accordance with
Walter’sS-definition for carbon radicals11 and also with theσ•

scales in indirect comparisons.12 These results directly disagree
with the general observation of weaker C-H bonds by all
remote substituents, as shown by many BDE determinations
on record (vide infra). This suggests that the apparent elec-
tronegativity of the C- or Y-center may play a critical role in
switching the pattern of substitution effects on benzyl BDEs.

To examine the generality of the critical electronegativity
issue, we carried out an investigation of the remote, as well as
the adjacent, substitution effects on benzyl C-H BDEs pos-
sessing high electronegative carbon centers. Chart 1 shows the
type of compound series examined in this study. These substrates
were synthesized for the study of their equilibrium acidities.18

In this report we discuss the substituent effects on the BDEs
that lead us to identify the factor governing the shifts at the
border area of theS/O radical pattern. In a separate paper we
have applied theoretical calculations to study the BDEs of these
compound series; this is in the process of submission.

Results and Discussion

In the present work, the homolytic C-H bond dissociation
energies were determined according to eq 1, the revised form19

of Bordwell’s approach.4i The C-H equilibrium acidity pKa was
measured in DMSO by the “overlapping indicator method”,3a

and oxidation potentials of the corresponding carbanions
[Eox(C-), versus Fc+/Fc] in DMSO by cyclic voltametry (CV).
The stepwise derivation of this equation and the description of
the terms therein were outlined previously8 and are also given
in the Supporting Information. TheEox(C-) used in eq 1 was
an irreversible value, and the error margin thus introduced in
the final BDEs was in the acceptable range of∼1.5 kcal. This
value was estimated on the basis of comparisons of irreversible
and reversible oxidation potentials of structurally similar car-
banions.20 In view of the well-behaved cyclic voltammograms,
the electrode irreversibility of the ylidic carbanions should be
comparable in size; thus, the error margin for∆BDEs is believed
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to be much smaller, probably in the range ofe0.5 kcal.23

Because the BDEs in this work are used in a relative sense
within the similarly substituted families, the overall results
should not alter the main perspective of the forthcoming
discussion.

To facilitate the discussion, it is necessary to present some
representative indices of structural effects on BDEs (i.e.,∆BDE
values) and on radical stabilities (σ•s) that have been reported
in the literature for comparison (Table 1). These literature data
indicate, at least qualitatively, that both EDGs and EWGs at
either the adjacent or remote positions can reduce the C-H bond
strength (or stabilize the carbon radical), showing a typical class
S behavior, regardless of whether the system is of aσ-type or
a π-type.

Effect of Adjacent Electron-Pulling Groups on C-H
BDEs. The methylene C-H bond-homolysis energies of the
compounds bearing an adjacent electron-pulling group (1a-
6a, 7, and8; Chart 1) were investigated. In Table 2, the BDEs
calculated from eq 1 are tabulated.

A cursory inspection of the∆BDE data in Table 2 reveals
that most of the positively charged adjacent electron-pulling
groups are, indeed found to strengthen the C-H bonds, which
is in contrast to the generalS-type phenomenon seen from the
literature data in Table 1. Comparisons of the∆BDE data
between toluene and acetophenone derivatives indicate that such
a bond-strengthening effect by the adjacent electron-pulling
group could be enhanced for acetophenone derivatives where
there already preexists a strongly electron-pulling carbonyl

group. For instance, the strengthening effects of Ph3P+ and
nBu3P+ on the methylene C-H bond in the toluene series (0.2
and 0.6 kcal, respectively) are both significantly increased; to
3.5 and 4.2 kcal, respectively; in the acetophenone series. These
results, as well as other allied comparisons in Table 2, imply
that the apparent electronegativity of the methylene carbon is
very likely the key factor that governs the overall patterns of
substituent effects on the BDE variation. As stated in the
literature,8,14c,28an electron-pulling group usually plays a dual
role in affecting radical stabilities. Although it stabilizes the
spin by resonance delocalization, it also destabilizes the radical
center by electron induction. The balance of these two effects
is, conceivably, related to the apparent electronegativity of the
methylene carbon atom. If this atom is highly electron-

(20) The irreversible oxidation potentials (CV) of some ylide anions,
namely, PhCH2-P+Ph3 and PhCH2-N+Me3,13b,21were found to agree within
50 mV (1.15 kcal) with the corresponding reversible potentials obtained
by fast-scan CV.22 Similarly, the reversibleEox’s of a number of delocalized
carbanions by the second-harmonic AC voltametry (SHACV) reported by
Arnett also agree within 50 mV with the irreversible potentials measured
by CV as reported by Bordwell.7a

(21) Bordwell, F. G.; Zhang, X.-M.; Alnajjar, M. S.J. Am. Chem. Soc.
1992, 114, 7623.

(22) Zhang, X.-M.; Fry, A. J.; Bordwell, F. G.J. Org. Chem.1996, 61,
4101.
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0.1) andEox ( ( 0.005 V).

(24) Pasto, D. J.J. Am. Chem. Soc.1988, 110, 8164.
(25) Wu, Y.-D.; Wong, C.-L.; Chan, K. W. K.; Ji, G.-Z.; Jiang, X.-K.J.

Org. Chem.1996, 61, 746.
(26) (a) Zhang, X.-M.; Bordwell, F. G.; Puy, M. V. D.; Fried, H. E.J.

Org. Chem.1993, 58, 3060. (b) Zhang, X.-M.; Bordwell, F. G.J. Am. Chem.
Soc.1994, 116, 968.

(27) Bordwell, F. G.; Cheng, J.-P.; Bausch, M. J.; Bares, J. E.J. Phys.
Org. Chem. 1988, 1, 209.

(28) Bordwell, F. G.; Harrelson, J. A., Jr.; Zhang, X.-M.J. Org. Chem.
1991, 56, 4448.

Chart 1

BDE (kcal/mol)) 1.364 pKa + 23.06Eox(C
-) + 73.6 (1)

Table 1. Relative Bond Dissociation Energies (∆BDEs) and
Radical Substituent Constants in the Literaturea

∆BDE

substituent (G-CH2-H)b (p-G-C6H4CH2-H)f (9-G-Fl-H)g 10× σR
• h σjj

• i

G ) H 0 0 0 0 0
Me2N -21 -2.2 -10.7 1.00
MeO -12 -1.1 -7.0 0.34 0.23
Ph -16c -5.9 0.47
t-Bu -5.1 0.36 0.26
Me -4.2c -0.4 -4.5 0.15 0.15
F -5.1 -0.2 -0.11 -0.02
Cl -4.2 -0.2 0.17 0.22
CF3 1.6 0 0.01 -0.01
MeCO -11 -1.2 -2.5 0.66 0.54
PhCO -12d 0.64
PhSO2 -6e 2.1 0.26
CN -12 -0.9 -5.7 0.43 0.42
NO2 -7e -1.0 0.36

a ∆BDEs are in kcal/mol.b From ref 1a except otherwise noted.
c Reference 17.d Reference 24.e Reference 21.f Reference 25.g Ref-
erence 1f.h Reference 12a.i Reference 12b.
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demanding, as in the cases for the phenacyl radical of the present
work and the phenoxyl radical in the literature,13c the inductive-

destabilizing effect of an EWG could become large enough to
dominate its resonance-stabilizing effect. As shown in Tables

Table 2. Homolytic C-H Bond Dissociation Energies ofR-Substituted Toluenes, Fluorenes, and Acetophenonesa

a In kcal/mol at 25°C. For onium salts, the counterion is Br-. b Measured in Me2SO at 25°C ,as reported in the preceding paper of this group,18

except otherwise noted.c From ref 3a.d From ref 26a.e From ref 26b.f Due to severe absorption overlap in direct pKa measurement, this value was
estimated by parallel comparisons of related pKa data. Estimated uncertainty,<0.2 pK unit. g Irreversible oxidation potentials (in volts) of carbanions
measured in DMSO by CV at Pt electrode taking ferrocenium/ferrocene redox couple as the internal reference (see Experimental Section).h Calculated
from pKa and anion oxidation potential by eq 1.i Lit. 26b. BDE, 88.3 kcal.j ∆BDE ) BDE (R-substituted)- BDE (parent)) -RSE (radical
stabilization energy).
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1 and 2, only if the C-H bonds do not have an external
electronegativity enhancement, such as those of methane,
toluene, and the fluorene series (Table 1), would it allow a
chance for both EDG and EWG to exert a bond-weakening
effect. The fact that all adjacent strong electron-withdrawing
groups universally increased the methylene C-H BDE of
acetophenones (Table 2) further demonstrated the importance
of electronegativity enhancement to cause a switch in the
directions of substituent effects.

The effect of adjacent 9-electron-pulling groups on the BDE
of fluorenes in Table 2 merits some comments. For “normal”
adjacent EWG substituents, CN and CO2Me, the∆BDE values
are negative, which agrees with the general observations in the
literature on the BDE variation pattern for “regular” (i.e., without
induced electronegativity enhancement) C-H bonds (cf. the
BDE data in Table 1). Very strong electron-pulling groups, such
as positively charged onium cations of the Group VB elements
(i.e., N+, P+, or As+), exert a bond-strengthening effect, whereas
those of the Group VIB elements (i.e., R2S+, R2Se+, or R2Te+)
exhibit a weakening effect. Although the strengthening effect
has already been rationalized in the foregoing discussion, the
weakening effect (i.e., radical-stabilizing) of the chalcogenide
onium group, such as R2S+, requires a consideration of its
special bonding situation. Clearly, the radical-stabilizing effect
of the R2S+ group must be associated with the lone-pair
electrons of the sulfur atom, which can stabilize the radical
center by forming a three-electron bond shown in Chart 2.29

This type of radical stabilization has been suggested to account
for the enhanced captodative radical stabilizing effects.30 The
relatively small radical-stabilizing effect of R2S+ on the fluo-
renyl radical (1.9 kcal), as compared to that on the benzyl radical
(4.6 kcal), is probably due to a combination of steric inhibition
of three-electron overlapping and saturation effects. The small
radical-destabilizing effect of Bu2S+ on the phenacyl radical
may be mainly the result of its enhanced inductive destabilizing
effect (vide supra). Similarly, the effects of the other two
chalcogenide onium groups, R2Se+ and R2Te+, can also be
understood by the same arguments on the basis of a combined
outcome of inductive, steric, and three-electron-bonding effects,
with a consideration of the differences of their structural
progressions (i.e., longer C-M bond, more dispersed lone-pair
electrons, etc.). In this respect, the importance of the electron-
demanding property (i.e., electronegativity) of the radical center
in controlling the direction and magnitude of substituent effects
is revealed.

In connection with the role of electronegativity of the radical
center, it would be helpful to compare the present observations
with those in the literature regarding the effect of an adjacent
electron-pulling group on the Y-H bonds centered at the atom
which is intrinsically of high electronegativity. As shown in
Table 3, the∆BDE data of the representative N-H (Y ) N)
systems show that the adjacent electron-pulling groups do
strengthen the N-H bond in anilines, although they are not so
strong in electron-pulling as those onium groups in Table 2.

This supports the hypothesis that the patterns of substituent
effect are related to the electronic nature of the bond-breaking
site.

Effects of Remote Substituents on C-H Bonds of Eletrone-
gative Carbon. The benzyl C-H BDEs of six series of toluene
derivatives (1-6) carrying various electron-pulling groups at
the benzyl carbon were investigated with respect to thepara
substituent effects. The thermodynamic pKa’s (measured in
previous work18), the carbanion oxidation potentials [Eox(C-)],
and the BDEs calculated according to eq 1 are summarized in
Table 4; some relevant data from early works are also listed.

It is noted from Table 4 that for toluene series1-6, all para
EDGs give a negative∆BDE, whereas allpara EWGs give a
positive∆BDE; namely, showing a bond-weakening effect by
p-EDG and a bond-strengthening effect byp-EWG. These
results are not what one would normally expect, on the basis
of the reported benzylic C-H BDEs in the literature (vide
supra). The cause of this distinct phenomenon, in analogy to
the situation for the C-H systems with an adjacent substituent
(Table 2), is, again, believed to be related to the enhanced
electronegativity of the benzylic carbon atom as a result of the
adjacent electron-pulling group.

To understand the crucial role of the electronegativity of the
benzylic carbon, we have to invoke a consideration of the
electrostatic interactions between the substituent and the site
of the reaction within the system. For a homolytic process, it is
conceivable that a highly electron-deficient radical center (such
as the benzylic carbon of high electronegativity that is induced
by a strong adjacent electron-pulling group) would be stabilized
electrostatically by aparaEDG but destabilized by aparaEWG.
It means that the polarized benzylic C-H bond is expected to
be weakened by ap-EDG but strengthened by ap-EWG simply
because of their opposing effect on the stability of the corre-
sponding C• radical. It should be pointed out that the radical
stability is not the only factor controlling the C-H BDE. A
fuller understanding of the bond-breaking energetics should
involve a consideration of the substituent effect on the stability
of the substrate (i.e., the ground-state energy level), as well.31

Previous calculations have concluded that such an effect is,
indeed, minor in comparison to the effect of the same substituent
on the stability of its corresponding radical, especially where a
C-H bond breaking is considered.2d,15f,25 As Ingold et al.2d

recently stated: “The effect of Y substituents on 4-YC6H4CH2-H
BDE must be attributed mainly (or entirely) to the greater ability
of Y to delocalize the unpaired electron relative to a hydrogen
atom.” All of these give credence to the use of relative BDEs

(29) Cheng, J.-P.; Liu, B.; Zhang, X.J. Org. Chem.1998, 63, 7574.
(30) (a) Viehe, H. G.; Mere´nyi, R.; Stella, L.; Janousek, Z.Angew. Chem.,

Int. Ed. Engl.1979, 18, 917. (b) Viehe, H. G.; Janousek, Z.; Mere´nyi, R.;
Stella, L.Acc. Chem. Res. 1985, 18, 148.

(31) (a) Nau, W. M.; Harrer, H. M.; Adam, W.J. Am. Chem. Soc.1994,
116, 10972. (b) Nau, W. M.J. Org. Chem. 1996, 61, 8312. (c) Welle, F.
M.; Beckhaus, H.-D.; Ru¨chardt, R.J. Org. Chem. 1997, 62, 552.

Chart 2 Table 3. N-H BDEs in Adjacently Substituted Anilines and
Amines in the Literaturea

substrate pKa Eox(N-) BDE ∆BDE reference

MeNH2 99.9 0 1a
MeNHCOMe 25.9 -0.217 103.9 4.0 13g
PhNH2 30.6 -0.992 92.5 0 13b
PhNHPO(OEt)2 18.4 -0.174 94.7 2.2 14d
PhNHSO2Ph 11.9 0.161 93.6 1.1 14c
PhNHCOPh 18.8 -0.085 97.3 4.8 14c
PhNHCONMe2 21.2 -0.435 92.7 0.2 14a
PhNHCOMe 21.5 -0.159 99.3 6.8 14c
PhNHCOCF3 12.6 0.384 99.6 7.1 16c

a BDEs are in kcal/mol. Electrode potentials are in volts vs Fc+•/Fc.
All data are taken from the literature as cited. The pKa and Eox(N-)
were measured in DMSO.
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for the present discussion of substituent effect on benzylic
carbon radical stabilization.32

Substituent Effects on Radical Thermodynamic Stabil-
ity: The Class O Concept.As stated above, the∆BDE value
should be a reasonably good model serving as the quantitative
guide for radical stabilization energies (RSE) induced by
substitution. This forms the basis for the present discussion of
the directions of radical subsituent effects.

From the ∆BDE data in Table 4, one can see a general
phenomenon that as the methylene carbon of the benzylic radical

becomes sufficiently electron-demanding by connecting to a
strong electron-pulling group, the thermodynamic stability of
such a radical increases with apara-EDG substitution but
decreases with apara-EWG substitution. Radicals featuring this
oppositesubstituent effect, according to the description in the
Introduction, should belong to the so-called classO radical.
These broad observations of the opposing substituent effects
with the benzylic radical series1-6 clearly indicate the necessity
of modifying the previous structural criterion forO-type radicals;
that is, to bear a nonbonded electron pair on the center atom.11

The ample experimental evidence collected in the present work
allows us to propose thatit must be the electron-demanding
property (i.e., apparent electronegatiVity) of the radical center,
rather than the existence of a nonbonded electron pair, that
plays the critical role in controlling the directions of radical
substituent effects.

In conclusion, we have in the present work defined a new
concept for the classO carbon radical that takes into account
the apparent electronegativity of the central atom. This is
believed to provide a general (though yet qualitative) criterion
for assessing the direction of the substituent effect on radical
thermodynamic stabilities. The intriguing findings that EWGs
can usually strengthen the benzylic C-H bonds (or destabilize
the carbon radicals) are rationlized in terms of the enhanced
electronegativity of the center atom, which, in turn, warrants
further experimental and theoretical investigations.

Experimental Section

Materials. All the substrates studied (1-8, see Tables 2 and 4) were
prepared in this laboratory following literature procedures and were
already reported in the preceding paper.18 The supporting electrolyte
tetra-n-butylammonium hexafluorophosphate (nBu4NPF6, Aldrich) was
recrystallized from dichloromethane and vacuum-dried at 110°C for
10 h before use. The purification of dimethyl sulfoxide solvent and
the preparation of potassium dimsyl (CH3SOCH2

-• K+) were carried
out according to the standard procedures in the literature.33

Electrochemical Measurement.Cyclic voltammograms were re-
corded on a BAS-100B electrochemical analyzer equipped with a three-
electrode assembly. Oxidation potentials of carbanions (∼1.5 mM,
generated in situ by reaction of substrate with dimsyl in DMSO) were
measured in 0.1 MnBu4NPF6-DMSO solution under argon at 23°C as
previously described.8,14c The working electrode was a Pt disk (φ ) 1
mm). The reference electrode was a AgNO3/Ag (0.1 M) couple. The
counterelectrode was a Pt wire. The scan rate was 100 mV/s. The
reported potentials were all referenced to the ferrocenium/ferrocene
(Fc+/Fc) redox couple, which was taken as the internal standard. The
reproducibility was generallye5 mV.
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JA994120M(32) Our recent DFT calculations (at the B3LYP/6-31G* level) of the
C-H BDEs in para-substituted phenylacetonitriles also indicated that the
substituent effect on the ground-state energy (G. E.) of the parent molecules
is, indeed, a minor factor in the BDE variations of the benzylic C-H bonds.
This paper was recently submitted toJ. Am. Chem. Soc.

(33) Mattews, W. S.; Bares, J. E.; Bartmess, J. E.; Bordwell, F. G.;
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Table 4. Homolytic C-H Bond Dissociation Energies (BDEs) of
Para-Substituted Toluene Derivativesa

Substrate pKa
b Eox(C-)c BDEd ∆BDEe

p-G-C6H4CH2P(O)Ph2 (1)
G ) OMe 29.2 -1.158 86.7 -1.3
Me 28.0 -1.051 87.6 -0.4
H 27.5 -1.004 88.0 0
CF3 23.6 -0.739 88.8 0.8
NO2 17.7 -0.274 91.4 3.4

p-G-C6H4CH(CN)CO2Etf (2)
G ) OMe 9.4 -0.351 78.3 -2.0
Me 9.2 -0.267 80.0 -0.3
H 8.0 -0.181 80.3 0
F 7.8 -0.172 80.3 0
Cl 7.3 -0.120 80.8 0.5
CO2Me 5.9 0.015 82.0 1.7
CF3 5.8 0.028 82.2 1.9
CN 5.3 0.101 83.2 2.9

p-G-C6H4CH2P+Ph3 (3)
G ) Me 18.0 -0.457 87.6 -1.0
H 17.6 -0.385 88.7 0
CF3 14.6 -0.152 90.0 1.3
CO2Me 14.2 -0.166 89.1 0.4
CN 13.4 -0.092 89.8 1.1
NO2 11.4 0.038 90.2 1.5

p-G-C6H4CH2As+Ph3 (4)
G ) Me 23.8 -0.630 91.5 -0.2
H 22.7 -0.558 91.7 0
CF3 18.4 -0.290 92.0 0.3
CO2Me 18.2 -0.276 92.1 0.4
CN 17.7 -0.221 92.7 1.0
NO2 16.1 -0.062 94.1 2.4

p-G-C6H4CH2P+Bun
3
g (5)

G ) Me 23.1 -0.694 89.1 -0.1
H 21.9 -0.620 89.2 0
CF3 18.9 -0.370 90.8 1.6
CO2Me 17.9 -0.358 89.8 0.6
CN 17.5 -0.292 90.7 1.5
NO2 15.0 -0.127 91.2 2.0

p-G-C6H4CH2S+Me2 (6)
G ) Me 23.6 -0.701 82.5 -0.6
H 23.1 -0.642 83.1 0
CN 14.6 -0.324 86.0 2.9
CO2Me 14.6 -0.378 84.8 1.7
NO2 13.6 -0.004 92.0 8.9

a BDEs are in kcal/mol, obtained at 25°C in this work, except as
noted. All substrates were synthesized in the early work of this
laboratory18 (see Experimental Section). The counterion of oniums is
Br-. b See footnoteb in Table 2.c See footnoteg in Table 2.d Derived
from eq 1; in kcal/mol.e See footnotej in Table 2.f See ref 8 of this
group.g See ref 14b of this group.
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