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Introduction 

The DMSO Acidity Scale. In the present account, 
we will show how our research has evolved over the 
past two decades from the development of a general 
acidity scale for organic compounds in dimethyl sul- 
foxide (DMSO) to the estimation of the relative 
stabilization energies of radicals. In the 1970’s, we 
established an acidity scale in DMSO covering the pKm 
range from 2 to 32 using different families of about 30 
overlapping indicators including fluorenes, indenes, 
arylacetonitriles, phenols, and anilines, and a like 
number of standard acids.’ Our interest in establishing 
this scale was (a) to obtain equilibrium constants for 
weak acids (PKHA values) that would be useful in 
understanding reaction mechanisms and (b) to examine 
the effects of structural changes on acidities and 
basicities of various classes of organic compounds. In 
the 198O’s, studies were initiated on rates of reactions 
in DMSO between individual electrophiles with families 
of bases for which the PKHA values provide quantitative 
basicities. These studies led to the development of 
linear correlations of rates of reactions with pKm values 
(Brernsted relationships) and eventually to the com- 
bination of PKHA values with electrochemical data in 
order to obtain estimates of relative radical stabilization 
energies. 

The Brernsted Equation. The term nucleophilicity 
refers to the relative rate of reaction of an electron donor 
with a given electrophile, as distinct from basicity, which 
refers to the relative affinity of an electron donor for 
a proton in an acid-base equilibrium. A quantitative 
relationship between rate and equilibrium constants 
was discovered by Brernsted and Pedersen in 1924.2 
They found that the rate constants for the catalytic 
decomposition of nitramide by a family of bases, such 
as carboxylate ions (GCH,CO,-), could be linearly 
correlated with the acidities of their conjugate acids, 
pKHA. This observation led to the discovery of general 
base catalysis and to the first linear free-energy 
relationship, which later became known as the 
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Brernsted equation: 

log kA- = PPK, + c 
Hammett recognized the general nature of the 

Bransted relationship in 1935 and showed that it could 
be applied to several reactions other than proton 
transfer, including methyl transfers from CH3I to a 
series of ArN(CH& bases.$ But, with few exceptions, 
the equation has been applied exclusively to correlate 
rates of HT+ to a series of bases in aqueous solutions. 
Our studies in DMSO showed the Brernsted relationship 
to be the most precise of all the linear free-energy 
 relationship^.^ This was not the prevailing view in the 
198O’s, as may be judged by the following comment 
made by C. D. Johnson at the Conference on Correlation 
Analysis held at the University of Hull, England, in 
1982. “No self-respecting user of the Hammett equation 
would stand for the scatter present in Brernsted plots.” 
At the time, it was common practice to use bases from 
different families, e.g., oxygen bases, nitrogen bases, 
and carbon bases with different steric and stereoelec- 
tronic properties to construct Brernsted plots. This did 
indeed lead to much scatter and to the conclusion, 
predicted by the reactivity-selectivity principle, that 
Brernsted plots should be curved.s On the other hand, 
our work showed that, when bases belonging to a single 
family such as remotely substituted fluorenide ions were 
used in the rate studies in DMSO over substantial 
ranges, along with the PKHA values in DMSO of the 
bases in that family, precise linear plots were obtained, 
thus negating the supposed curvature in plots over 
smaller ranges, such as those of Eigen,Scld which had 
been used as evidence supporting the reactivity- 
selectivity principle.6 

Our research demonstrated that the Brernsted equa- 
tion is applicable to all combinations of nucleophiles 
and electrophiles. For example, for 20 combinations 
of anions, including carbanions, nitranions, oxanions, 
and thianions, reacting with electrophiles in DMSO by 
SN2,  SN2’, E2, SNAr, HT+, or eT-mechanisms, the relative 
rate constants depend on only two factors: (a) the 

(1) Bordwell, F. G. Acc. Chem. Res. 1988,21,456-463. References are 
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effects on pKm values. 
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basicity of the anion, as defined by the acidity of its 
conjugate acid, PKHA, and (b) the sensitivity of the rate 
constant to changes in basicity, as measured by the 
slope of the line, the Br~nsted p ~oefficient.~ These 
results showed the Brernsted equation to be not only 
the most precise but the most general of all the free- 
energy relationghips. (The Hammett equation, as 
applied to reaction rates, is actually a less precise version 
of the Brernsted equation in which m- andp-substituted 
benzoate ions are arbitrarily used as bases instead of 
using the bases actually initiating the rea~tion.~) The 
Brernsted /3 coefficients, which measure the sensitivity 
of the reactions to changes in basicity, increase pro- 
gressively in the above series of reactions from about 
0.3 for S N ~  reactions to near unity for eT- reactions. For 
example, a plot of the rates of the eT- reaction (log k) 
of 9-arylfluorenide anions (1) with 1,l-dinitrocyclo- 

0 0 

+ 0"Og:- + 5: 
1 2 3 4 

hexane (2) versus the PKHA values of the anions was 
linear with a slope near unity, and radical products 
(e.g., the dimer of 3) were f ~ r m e d . ~  It seemed reasonable 
to expect that an electrode might be used in place of 
2 as a single electron acceptor. A plot of log k for the 
reaction 1 with 2 versus the oxidation potentials,E,,(A-), 
of the anions (1) did indeed prove to be linear with a 
slope near unity;7 it followed that a plot Eox(A-) versus 
pKm must be linear. 

Estimates of Relative Radical Stabilization En- 
ergies. Comparisons of PKHA values of weak organic 
acids in DMSO (eq 1) usually provide reasonable 

H-A F! H' + A' (seldom measurable) (2) 

A- F! A' + e- Eox(A-) (3) 

estimates of relative anion stabilities, but the compa- 
rable equilibria for radicals (eq 2) can seldom be 
measured because of their high reactivities. Compar- 
isons of the oxidation potentials of anions, E,(A-) (eq 
31, can provide information concerning estimates of 
relative radical stabilization energies (RSEs), however. 
For example, a plot of Eox(A-) vs PKHA for 2- and 2,7- 
substituted (meta) fluorenide ions has been shown to 
be linear with a slope near unity over a range of about 
13 kcal/mol (Figure 1).8 (Henceforth kcal/mol will be 
abbreviated as kcal.) This means that for every 1 kcal 
(-0.7 PKHA unit) increase in fluorenide ion basicity 
there is an E,,(A-) shift of 1 kcal(-40 mV) to a more 
negative potential. In other words, these meta sub- 
stituents affect oxidation potentials only by increasing 
or decreasing anion basicity. On the other hand, 

(7) (a) Bordwell, F. G.; Clemens, A. H. J. Org. Chem. 1981,46,1035- 
1036. (b) Zbid. 1982,47, 2510-2516. (c) Bordwell, F. G.; Bausch, M. J. 
J. Am. Chem. SOC. 1986,108,1985-1988. 

(8) (a) Bausch, M. J. Ph.D. Dissertation, Northwestern University, 
June 1984. (b) Bordwell, F. G.; Bausch, M. J. J. Am. Chem. SOC. 1986, 
108,1979-1985. The -MOP values given in this table are equivalent to 
ABDE or RSE values in the present paper. 

Acc. Chem. Res., Vol. 26, No. 9, 1993 511 

E,,(A) = -1.15 + 0.0589 pK, R2 = 0.984 
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Figure 1. Plot of oxidation potentials [E,,(A-)] vs pKm values 
in DMSO solution for 2-substituted fluorenide ions and 3-sub- 
stituted fluorenide ions. 

Scheme I 
H-A -> <- H* + A- pKHA 

A- 

H* + e- -> H' EJH+) (a constant) 

-> A' + e- E,,(A') <- 

<- 

-> H' + A' BDE <- H-A 

ABDE = 1.37ApKH, + 23.1AE0,(A) = RSE 

examination of Figure 1 shows that points for 3-Me, 
3-Me0, and 3-MeS groups (para electron donors) 
deviate from the line defined for the meta groups 
because their oxidation potentials are more negative 
than expected from their basicities. The rationale for 
these deviations in terms of relative RSEs is that the 
more negative Eox(A-) values indicate that the radicals 
are stabilized by delocalization of the odd electron in 
the fluorenyl radical (e.g., 5a-c). 

c_ 

OMe *. OMc Me 

sa 5b 5c 

Gas-phase homolytic bond dissociation energies 
(BDEs) relative to that of a standard, such as the BDE 
of the C-H bond in methane (105 kcal), have long been 
considered to provide the best measures of RSEs? 
Brauman used a thermodynamic cycle similar to that 
shown in Scheme I to obtain gas-phase pKm values 
and to evaluate gas-phase homolytic bond dissociation 
energies.1° and Friedrich demonstrated that this cycle 
can also be used to estimate BDEs in solution.ll In our 
laboratory, Bausch adapted the cycle to obtain RSEs 
for fluorenyl and a variety of other radicals.8 

(9) (a) McMillen, D. F.; Golden, D. M. Annu. Rev. Phys. Chem. 1982, 
33,493-532. (b) Nonhebel, D. C.; Walton, J. C. J. Chem. SOC., Chem. 
Commun. 1984,731-732. (c) ONeal, H. E.; Bensen, S. W. In Free Radicals; 
KOchi, J. K., Ed.; Wiley: New York, 1973; Vol. 11. 

(10) (a) Janousek, B. K.; Reed, K. T.; Brauman, J. I. J. Am. Chem. SOC. 
1980,102,3125-3129. (b) Janousek, B. K.; Brauman, J. 1. In Gas-Phase 
Ion Chemistry; Bowers, W. A., Ed.; Academic Press: New York, 1979; 
p 53. 

(11) Friedrich, L. E. J. Org. Chem. 1983, 48, 3831-3852. 
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9-Substituted Fluorenes, Oxidation Potentials of Their 
Conjugate Bases, and ABDE (RSE) Values for 3-GFlH' 

and 9-GF1' Radicals 

Table I. Equilibrium Acidities in DMSO for 3- and 

Bordwell and Zhang 

3-MeS-F1H- anion. The E,(A-) of this anion is actually 
shifted to a more positive potential by 0.51 kcal, leading 
to a net increase in RSE of 1.1 kcal. The effects of 
these donor groups when placed in the 9 position of 
fluorene are much greater because they are attached to 
the site of highest electron density. For 9-Me- and 
9-MeO-F1- ions, the negative shifts in E,,(A-) cause 
increases of 3.7 and 5.9 kcal in BDE, respectively, and 
the ApKm values are small positive values rather than 
the small negative values observed for the 3 substituents. 
This leads to RSEs of 4.5 and 7.0, respectively. The 
ApKm for 9-MeS is positive and large (6.7 kcal), leading 
to a 5.4-kcal increase in RSE. The 9-Me2N group causes 
the largest increase in RSE (10.2 kcal) due almost 
entirely to its effect on aE,,(A-), and the 9-Me3N+ group 
causes the largest decrease in RSE (-4.7 kcal), caused 
primarily by its effect on aE,,(A-). The 9-Me3N+, 
9-pyridinium (9-PyN+), and 9-PhS02 groups destabilize 
fluorenyl radicals as a consequence of their powerful 
electron-withdrawing effects. (Radicals are electron 
deficient and are therefore destabilized by electron 
withdrawal.) The 9-Ph group exerts its radical stabi- 
lizing effect almost entirely by its ability to lower the 
basicity of the fluorenide anion, and this is also the 
primary mode of action of the 9-PhS group. The strong 
electron-withdrawing groups 9-H2NCO, 9-MeOCO, and 
9-MeCO increase the acidity by 15-17 kcal, which tends 
to increase the RSEs, but these effects are largely offset 
by positive shifts in aE,,(A-) of 12.8-13.7 kcal. The 
delocalizing effects of 9-MeCO and related groups are 
attenuated by steric interference with the peri hydrogen 
atoms at  the C-1 and C-8 positions of the fluorene ring 
which prevents optimum orbital overlap (e.g., 6). The 
RSE of the 9-CN-F1' radical is larger (5.7 kcal vs 2.3- 
3.9 kcal) because the linear nature of the C=N group 
causes minimal steric inhibition of resonance. 

H 22.6 (0.0) -1.069 (0.0) (0.0) 
3-Me 23.4 -1.1 -1.134 1.5 0.4 
3-Me0 23.95 -1.84 -1.191 2.8 1.0 
3-MeS 21.45 +1.57 -1.047 -0.51 1.1 
9-Me 22.3 0.82 -1.230 3.72 4.5 
9-Me0 22.1 1.1 -1.324 5.89 7.0 
9-MezN 22.5 0.55 -1.535 10.2 10.7 
9-MeS 18.0 6.7 -1.001 -1.3 5.4 
9-PhS 15.4 10.3 -0,849 -5.1 5.2 
9-Ph 17.9 6.85 -1.028 -0.94 5.9 
9-MesNt 17.8d 7.0 -0).563d -11.7 -4.7 
9-PyN+ 11.8d 15.2 -0,370d -16.2 -1.0 
9-HzNCO 11.9 15.1 -0.512 -12.8 2.3 
9-MeOCO 10.35 17.0 -0.492 -13.3 3.9 
9-MeCO 10.8 16.2 -0,478 -13.7 2.5 
9-CN 8.3 20.0 -0.448 -14.3 5.7 
9-PhS02 11.5 15.6 -0.309 -17.5 -2.1 

0 Reference 8b, unless otherwise indicated. The oxidation po- 
tentials in this table were referenced to the ferrocenium/ferrocene 
couple by substitution of 0.875 V.l70 In kcal/mol, statistically 
correctedfor ApKw. Estimated by using eq 4. Zhang, X.-M.; Bord- 
well, F. G.; Van Der Puy, M.; Fried, H. E. J .  Org. Chem. 1993,58, 
3060-3066. 

Application of eq 4 to estimate RSEs of some 3- and 
9-substituted fluorenyl radicals, 3-GFlH' and 9-G- 
FP, relative to the RSE of the fluorenyl radical (G = 
H) are shown in Table I.8b 

ABDE = 1.37ApKm + 23.1hE0,(A-) = RSE (4) 

An examination of eq 4 shows that the RSEs of the 
3-GFlH' and 9-GFP radicals are determined by the 
sum of ApKm and aEo.(A-), each expressed in kcal. 
Figure 1 and other plots of this type12 show that there 
is an intrinsic relationship between carbanion oxidation 
potentials and their basicities. In comparing substit- 
uent effects on RSEs, this means that the A ~ K H A  values 
can provide an evaluation of the effects of changing the 
anion basicity on oxidation potentials and RSEs. These 
values (in kcal) are then added to the aE,,(A-) values, 
which provide an estimate of electronic and steric factors 
on the RSEs. It will be instructive, therefore, to see 
how different kinds of substituents affect the APKHA 
and aEo,(A-) values. 

From Table I we see that the 3-Me and 3-Me0 groups 
increase the basicity of the fluorenide ion by 1.10 and 
1.84 kcal, respectively, which tends to increase the BDEs 
and to decrease the ABDEs (RSEs) of the corresponding 
radicals by these amounts. These effects are over- 
shadowed, however, by the shifts in E,(A-) values to 
more negative potentials, which tend to decrease the 
BDEs and increase the RSEs by 1.5 and 2.8 kcal, 
respectively. The net effect is an increase in the RSEs 
for 3-Me-F1H' and 3-MeO-FlH' radicals by 0.4 and 1.0 
kcal, respectively. On the other hand, the 1.1-kcal 
increase in RSE caused by the 3-MeS group is due 
entirely to a decrease of 1.57 kcal in the basicity of the 

(12) The existence of a linear relationship between E,(A-) and ~ K H A  
with a slope near unity has been supported by the discovery of several 
plots of this kind for other carbanion families where substituent effects 
on radical stabilities are small. 

(13) Bordwell, F. G.; Lynch, T.-Y. J .  Am. Chem. SOC. 1989,111,7558- 
7562. 

6 

Most substituents play a dual role in affecting 
radical stability, stabilizing by virtue of their delo- 
calizing ability but destabilizing by virtue of their 
electron-withdrawing ability. The PyN+ group serves 
as a prototype in this regard in that the nature of the 
two effects becomes obvious in comparing the effects 
of PyN+ and Me3N+ groups in,  for example, 
PyN+C*HCN and Me3N+C'HCN radicals. The latter 
radical, where only the electron-withdrawing effect is 
operative, is destabilized by 2.3 kcal, whereas in the 
PyN+C*HCN radical, the delocalizing effect (78-b) 

7P 7b 

overshadows the electron-withdrawing effect and leads 
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to a net stabilizing effect of 5.4 kcal.14 Note, however, 
that in the 9-PyN+-FP radical steric hindrance to 
resonance leads to a net 1-kcal destabilizing effect 
(Table I). 

The large destabilizing effect of steric inhibition of 
resonance illustrated in 6 is brought out further by 
observing the effects of increasing the bulk of the R 
and R' groups in 9-RR'N-F1' radicals. The changes in 
RSEs relative to the fluorenyl radical (in kcal) are as 
follows: HzN, 15; MeHN, 13.5; MezN, 7.7; i-PrzN, 5.3.13 
Since the BDE of the 9-C-H bond in fluorene is 
decreased by 25 kcal, relative to the C-H bond in 
methane, this places the BDE of the 9-C-H bond in 
9-HzN-F1H at 40 kcal below that in methane. 

Comparison of BDEs in DMSO with Gas-Phase 
BDEs. It was desirable to cast eq 4 in terms of AH", 
instead of AGO, in order to allow comparison with gas- 
phase BDEs. Equation 5 was devised for this purpose.15 

BDE = 1.37pK, + 23.1EOx(A-) + C (5)  
In order to evaluate the constant C, theEox(A-) values 

in DMSO were first related to the standard hydrogen 
electrode (SHE) in aqueous solution. An equation 
devised by Nicholas and Arnold16 was then used to 
estimate C from the sum of AG"f(H'), AGo,l(H'), and 
AGotr(H+) from H2O to DMSO, together with an 
estimate of the size of TAS". In this way, a value of 
C of 56 kcal was arrived at, but this value was subject 
to considerable uncertainty, since the AGos0~(H*) and 
AGotr(H+) terms were not well defined and it seemed 
likely that the TAS" term would vary with the nature 
of A-. When it became apparent later that there is no 
precise thermodynamic way of relating Eox(A-) values 
in DMSO to SHE values in HzO, we concluded that C 
must be considered to be empiri~a1.l~ Nevertheless, 
for the 18 weak acids where literature gas-phase BDE 
values for the acidic H-A bonds were available (Table 
11), agreement to within f 2  kcal was observed for all 
but three (Ph3CH, PhNH2, and PhOH).17C For Ph3CH 
and PhNH2, the literature values were shown to be 
wrong or suspect. In all, the BDEs for the acidic H-A 
bonds in 32 acids have been established to f2 kcal in 
this one study. The Eox(A-) value of the ferrocene/ 
ferrocenium (Fc/Fc+) couple (875 mV on our instru- 
ment) was adopted as a reference standard in order to 
make comparisons easier with data from other labo- 
ratories. This necessitated changing C in eq 5 from 56 
to 73.3.17c When the best gas-phase BDE values for the 
15 weak acids (Table 11) were plotted against the sum, 
1.37pKm + 23.1EOx(A-), taken from our estimate of 
these BDEs using eq 5,  a linear plot was obtained with 
an intercept (constant C) of 56 kcal when the oxidation 
potentials, Eox(A-), were referred to SHE and with an 
intercept (constant C) of 73.3 kcal when the oxidation 
potentials were referred to the Fc/Fc+ couple. While 
the exact agreement is fortuitous, it is clear that the 

(14) (a) Bordwell, F. G.; Zhang, X.-M. J. Org. Chem. 1990,55,6078- 
6079. (b) Zhang, X.-M.; Bordwell, F. G.; Van Der Puy, M.; Fried, H. E. 
J. Org. Chem. 1993,58, 3060-3066. 

(15) Bordwell, F. G.; Cheng, J.-P.; Harrelson, J. A., Jr. J. Am. Chem. 
SOC. 1988,110, 1229-1231. 

(16) Nicholas, A. M. P.; Arnold, D. R. Can. J. Chem. 1982,60,2165- 
2179. 

(17) (a) Bordwell, F. G.; Harrelaon, J. A., Jr.; Satish, A. V. J. Org. 
Chem. 1989,54, 3101-3105. (b) Bordwell, F. G.; Harrelson, J. A., Jr.; 
Lynch, T.-Y. J. Org. Chem. 1990,55, 3337-3341. (c) Bordwell, F. G.; 
Cheng, J.-P.; Ji, G.-Z.; Satish, A. V.; Zhang, X.-M.; J. Am. Chem. SOC. 
1991,113,9790-9795. 

Table 11. Comparison of BDEs of the Acidic H-A 
Bonds in DMSO with Their Gas-Phase BDEsa 
weak acids RKH. BDEa (kcal) BDE (lit.)* (kcal) 

~ ~~ 

diphenylmethane 32.2 8 2 f  1 81.4 f 1 
9-methylanthracene 31.1 81.5 81.8 f 1.5 
aniline 30.6 92 f 1 88 f 2 
9,lO-dihydroanthracene 30.1 78 78 
xanthene 30.0 75.5 74 
N-methylaniline 29.5 89 87.5 f 2 
2-benzylpyridine 28.7 82 82.3 
4-benzylpyridine 26.7 83 82.3 
acetone 26.5 94 92 & 2 
diphenylamine 24.95 87.5f 1 87.3 
pyrrole 23.05 97 9 9 & 6  
2,3-benzofluorene 23.1 78.4 78.8 
fluorene 22.6 80 f 1 80.1 
1,3-cyclopentadiene 18.0 81 81.2 
thiophenol 10.3 79 d~ 1 78.5 
hydrazoic acid 7.9 94 92 & 2 

17c. 
Estimated by using eq 5. b For detailed literature sources, see ref 

empirical value of 56 (or 73.3) for C is valid for estimating 
BDEs by eq 5. The good agreement between BDEs in 
DMSO and the gas phase even extends to aqueous 
solution.l8 The rationale here is that the solvation 
energies of the neutral acid, HA, and the radicals in the 
equilibrium, HA a He + A., evidently cancel one 
another. The good agreement between the BDEs in 
DMSO and the gas phase allows us to relate the RSEs 
of the 9-GFP radicals to that of the CH3' radical. For 
example, the ABDE (RSE) for H-F1H vs H3C-H (BDE 
= 105 kcal) is 105 - 80 = 25 kcal. 

a-Substituent Effects on Methyl Radicals. The 
effects of substituents when attached directly to a 
carbon-centered radical have been examined by the- 
oretical cal~ulations~9~~0 and by a number of experi- 
mental approaches, including the thermolysis of azo 
compoundsz1 and a variety of gas-phase methods.9 
Maximum effects are expected for substituted methyl 
radicals, GCHz', and a scale of radical stabilization 
energies (RSEs) based primarily on gas-phase ABDEs, 
relative to that of the C-H bond in methane (105 kcal), 
is shown in Table III.g 

Examination of Table I11 shows that the experimental 
RSE values in columns 3 and 7 are usually about twice 
as large as the calculated RSE values (columns 4 and 
8), presumably because of the difficulty in the calcu- 
lations of taking into account electron correlations.29 
The calculated RSE values agree fairly well in order 
with the RSE values in columns 3 and 7 and agree 
reasonably well in size with the RSE values for 9-GF1' 
radicals, relative to that of the 9-H-Fl' radical (Table 
I). The latter are expected to be smaller than the RSEs 
for GCHz' radicals, however, because the 9-GFP 
radicals are often subject to sizable steric inhibition of 
resonance. Also, the H-FP radical is about 25 kcal more 
stable than the CH3' radical, so 9 - G F P  radicals should 
be less sensitive than GCHZ' radicals to substituent 

(18) Bausch, M. J.; Gostowski, R. J. Org. Chem. 1991,56,7191-7193. 
(19) (a) Pasto, D. J.; Krasnansky, R.; archer, C. J. Org. Chem. 1987, 

52,3062-3072. (b) Pasto, D. J. J. Am. Chem. SOC. 1988,110,8164-8175. 
(20) (a) Leroy, G.; Peeters, D.; Sana, M.; Wilante, C. In Substituent 

Effects in Radical Chemistry; Viehe, H. G., Janousek, Z., MerBnyi, R., 
Eds.; Reidel Publishing Co.: Boston, MA, 1986; pp 1-48. (b) Leroy, G.; 
Sana, M.; Wilante, C. J. Mol. Struct. (THEOCHEM) 1991,234,303-328. 
(C) Leroy, G. Int. J. Quant. Chem. 1983,23,290. 

(21) Timberlake, J. W. In Substituent Effects in Radical Chemistry; 
Viehe, H. G., Janousek, Z., Merhyi, R., Eds.; Reidel Publishing Co.: 
Boston, MA, 1986; pp 271-281. 
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10 k~al ,2 '~?~ but the combined effects of these groups is 
only 22 kcal, whereas the sum of the individual effects 
(Table 111) on the methyl radical is 12 + 17 = 29 kcal. 
The odd electron in the PhCOC*HCOPh radical can be 
delocalized to both carbonyl groups, but our ABDE 
data indicate that the presence of the second PhCO 
group provides no additional stabilizati~n.~' Analysis 
of the effects on ApKm and ALZox(A-) by the method 
used to analyze the data in Table I suggests that these 
two effects cancel one another.27 

On the other hand, our ABDE measurements indicate 
that the presence of the strong MezN donor in the 
PhCOC'HNMez radical increases the stability by 21 
kcal over that of the PhCOCH2' radical, an effect equal 
to the stabilization of the methyl radical by the MezN 
group!l3pZ8 The donor groups MeO, PhS, and RS also 
have as large stabilizing effects on PhCOC'HG radicals 
as they have on methyl radicals.30 There is evidence 
to indicate that the stabilizing effects in these instances 
may be augmented by an electrostatic effect between 
the negatively charged oxygen atom and the positively 
charged nitrogen in the Z conformation 8b.28p30 In the 

Table 111. Estimates of the Relative Radical 
Stabilization Energies (RSEs) of Substituted Methyl 

Radicals, GCHz' 
RSE RSE 

no. G (kcal) (kcal) no. G (kcal) (kcal) 
RSEa (calcd)b RSEa (calcd)b 

O H  (0.0) (0.0) 0 H (0.0) (0.0) 
1 F  3 1.6 11 HzN 22' 
2 c1 4 2.6 12 MeNH 18' 
3 Me 7 3.3 13 MezN 21' 
4 PhSe 70 14 FsCSOz 2 
5 Me0 12 5.3 15 PhSOz 6' -0.8(HSOz) 
6 HO 11 5.7 16 NO2 7' 1.7 
7 RS 12C 5.7 (SH) 17 CN 12 (10)' 5.3 
8 PhS 12c 18 MeOCO 10 5.7 (COzH) 
9 Ph 17 19 MeCO 11 

10 C H y C H  1gC 20 PhCO 12b 5.7(HCO) 

ref 30. 

effects because they are subject to "saturation" or 
"leveling" effects. 

The donor effects in Table I11 increase in the same 
order, Me < Me0 < MeZN, as was observed in Table 
I, but are about twice as large. Acceptor effects increase 
in the order PhS02 < NO2 < MeOCO, CN < RCO. The 
Ph, MeOCO, and RCO (but not CN) effects in Table 
I are much smaller primarily because of steric inhibition 
of resonance. The effects of RS and PhS are about the 
same size as that of MeO. 

RSEs of Secondary and Tertiary Carbon-Cen- 
tered Radicals. Dewar first pointed out that extended 
delocalization of the odd electron was possible in some 
secondary radicals.22 Qualitative evidence for unusual 
stability of radicals of this kind was first provided by 
Balaban,23 who called it push-pull resonance, and later 
by K a t r i t ~ k y , ~ ~  who called it merostabilization. In the 
period 1979-1986, Viehe and his colleagues provided 
many additional qualitative examples, gave it a new 
name, "the captodative effect", and predicted from 
qualitative theory that the effects of attachment of 
donor and acceptor groups to a radical center would 
always be more than additivesz5 In their recent review 
of the "captodative effect", Sustmann and Korth have 
(a) questioned the use of ABDEs in this context because 
ground-state effects have not been taken into account, 
(b) questioned the use of theory because of insufficient 
electron correlations, and ( c )  concluded that their ESR 
data on tertiary PhC'XY radicals constitute the only 
unambiguous case for synergism between the donors 
and acceptors in carbon-centered 

It will be of interest to see whether various combi- 
nations of the MezN, PhCO, and Ph groups, which 
provide the strongest stabilization of methyl radicals, 
will give secondary radicals where their effects are 
additive, less than additive, or more than additive. The 
radical stabilizing energy of the a-PhCO group in the 
PhCOCHZ' radical is 12 kcal (Table 111), and the 
presence of an additional Ph group, as in the PhC0C'- 
HPh radical, increases the radical stability by another 

Reference 9 unless otherwise noted. Referenes 19 and 20. See 

(22) Dewar, M. J. S. J. Am. Chem. SOC. 1952, 74, 3353-3354. 
(23) (a) Balaban, A. T. Rev. Roum. Chim. 1971,16,725. (b) Balaban, 

A. T.; Caprois, M. T.;Negoita,N.; Baican, R. Tetrahedron 1977,33,2249. 
(24) Baldock, R. W.; Hudson, P.; Katritzky, A. R.; Soti, F. J. Chem. 

SOC., Perkin Trans. 1, 1974, 1422-1427. 
(25) (a) Viehe, H. G.; Merhyi, R.; Stella, L.; Janousek, 2. Angew. Chem., 

Znt. Ed. Engl. 1979,18,917-932. (b) Viehe, H. G.; Janousek, 2.; MerBnyi, 
R.; Stella, L. Acc. Chem. Res. 1985, 18, 148-154. 

(26) Sustmann, R.; Korth, H.-G. Adv. Phys. Org. Chem. 1990,26,131- 
178. 

ab 9b 

analogous cyclic structure (9b), an E conformation is 
enforced, and the ABDE decreases from 21 to about 11 
kcaLZ8 Pasto has calculated that the electrostatic effect 
in 8b will stabilize the radical by about 5 kcal in the gas 
phase.29 These results show that in special cases the 
effects in donor-C'H-acceptor type carbon-centered 
radicals may equal the s u m  of those in the corresponding 
methyl radicals. On the other hand, in radicals of the 
type 10, where the electrostatic effect is minimal, the 

RS R" R" 
' Z - C I N  - >,--,EN - )=C.rN- 

H H 
/ 

H 

1On 10b 10C 

ABDE is about 19 kcal,3O compared to about 23 kcal for 
the sum of the individual effects. Introducing a second 
a-CN group into the CNCH2' radical to give N=C-C*- 
HC=N appears to stabilize the radical by an additional 
4 kcal. Another special case has been found when the 
effects of Me0 and CN groups on the BDE interact 
through the ?r system of the central ring of anthracene 
where the combined effect has been shown to be greater 
than the sum of the individual 

(27) (a) Bordwell, F. G.; Harrelson, J. A., Jr. Can. J.  Chem. 1990,68, 
1714-1718. (b) Bordwell, F. G.; Zhang, X.-M.; Filler, R. J. Org. Chem., 
in press. (c) Bordwell, F. G.; Harrelson, J. A., Jr.; Zhang, X.-M. J.  Org. 
Chem. 1991,56,4448-4450. 

(28) (a) Bordwell, F. G.; Gallagher, T.; Zhang, X.-M. J. Am. Chem. 
SOC. 1991,113,3495-3497. (b) Bordwell, F. G.; Ji, G.-Z.; Zhang, X.-M. 
J. Chim. Phys. Phye.-Chim. Biol. 1992,89, 1623-1630. 

(29) Pasto, D. J. Private communication. Wayner and Koch (Clark, 
K. B.; Wayner, D. D. M.; Demirdji, S. H.; Koch, T. H. J. Am. Chem. SOC. 
1993, 115, 2447-2453) estimated, however, that the energy difference 
between 2 and E isomers is only about 1 kcal. 

(30) Bordwell, F. C.; Zhang, X.-M.; Alnajjar, M. S. J. Am. Chem. SOC. 
(31) Bausch, M. J.; Guadalupe-Fasano, C.; Peterson, B. M. J. Am. 

1992,114,7623-7629. 

Chem. SOC. 1991,113,8384-8388. 



Evaluation of Radica 1 Stabilization Energies Acc. Chem. Res., Vol. 26, No. 9, 1993 515 

The analysis of the effects of substituents on the 
stabilities of tertiary radicals is usually complicated by 
steric inhibition of resonance and/or cross conjugative 
effects. The GCH(CN)2 substrate provides one of the 
simplest systems of this type for study because the two 
CN groups have minimal steric demands and the C(CN)2 
moiety can be considered to act as a strong acceptor 
unit. The Me2NC*(CN)2 radical has been cited as being 
remarkably persistent by virtue of the presence of a 
captodative effect.25b The BDE of the H-C bond in 
H-CH(CN)2 is estimated by eq 5 to be 90 kcal. 
Substitution of a Me2N group for one of the hydrogen 
atoms gives Me2NCH(CN)2, which is estimated by eq 
5 to have a BDE of 74 kcal.l3 The BDE is therefore 31 
kcal smaller than that of CH3-H but 5 kcal less than 
the sum of the individual Me2NCH2-H and H-CH- 
(CN)2 ABDEs (21 + 15 = 36 kcal). The presence of two 
donor groups with larger steric demands in a tertiary 
radical, as for the changes from (a) PhSC'HPh to PhSC*- 
Ph2, (b) PhSC'HCOPh to (PhS)2C*COPh, or (c) (c- 
C5HloN)C'HCOPh to (c-C5H1d)2CoCOPh, increase the 
RSEs by only 1.5,1, and 0 kcal, respectively. Evidently 
the stabilizing effect of the third group in these radicals 
is almost completed damped out by steric and saturation 
effects.30 

In the highly congested p-GC&I&'Ph:! radicals, we 
find that the substituents have negligible effects on 
RSEs because the phenyl groups that bear a para 
substituent are twisted with respect to the p orbital on 
the carbon atom bearing the odd electron.32 In contrast, 
electron-withdrawing groups such as p-NO,, p-PhCO, 
or p-PhS02 in the corresponding carbanions, p -  
GC&C-Ph2, cause increases in acidity that are larger 
than those in the noncongested arylacetonitrile family.32 
The large effects are a consequence of strong solvation 
of these para substituents, as well as the carbanion 
center, which causes the benzene ring to adopt a 
conformation where maximum overlap between the 
carbanion p orbital and the substituent orbitals can be 
achieved because of substituent solvation assisted 
resonance (SSAR) effects:33 

Scheme I1 
Stcrsodcctronic Kinetic Effects 

Plots of Eo,(A-) vs pKm for congested substrates such 
as triphenylmethanes, p-GC6H4CHPh2,32 or meta and 
para a-N-morpholinylarylacetonitriles, c-(OC4H8N)- 
CH(CN)CGH&,~~ are linear with a slope near unity as 
in Figure 1, indicating that the effects of most sub- 
stituents on the RSEs in these radicals are small. 

Stereoelectronic Factors in  Stabilizing o r  De- 
stabilizing Anions and Radicals. The rate of re- 
moval of either a proton or a hydrogen atom from a 
C-H bond adjacent to a nitrogen or oxygen atom has 
been shown to be subject to stereoelectronic control 

(32) Bordwell, F. G.; Cheng, J.-P.; Satish, A. V.; Twyman, C. L. J.  Org. 
Chem. 1992,57,6542-6546. 

(33) (a) Fujio, M.; McIver, R. T., Jr.; Taft, R. W. J. Am. Chem. SOC. 
1981,103,4017-4029. (b) Mashima, M.; McIver, R. T., Jr.; Taft, R. W.; 
Bordwell, F. G.; Olmstead, W. N. J.  Am. Chem. SOC. 1984,106, 2717- 
2718. 

(34) Bordwell, F. G.; Bausch, M. J.; Cheng, J.-P.; Cripe, T. A.; Lynch, 
T.-Y.; Miiller, M. E. J.  Org. Chem. 1990,55, 58-63. 

0 .  

Two oxygens cause a -5 fold rate retardati~n.'~ 

/ \  
H O H  \ 

The second oxygen atom causes -9 fold rate accelerati~n.~~ 

because of interactions of the lone pairs on these atoms 
with the carbanion or carbon-centered radical being 
formed. The size of the destabilizing effect in carbanion 
formation will depend in the dihedral angle between 
the p (or sp3) orbital of the carbanion and the lone-pair 
orbital on nitrogen or oxygen, being maximal when the 
angle is 0" and minimal when it is In radical 
formation, these interactions are stabilizing because of 
the formation of a three-electron b0nd.3~ The stereo- 
electronic theory has been supported by the observation 
of rate retardations in the removal of a proton and rate 
accelerations in the removal of a hydrogen atom,35,37 
but these effects are small, as is brought out in Scheme 
11. 

A comparison of the differences in ApKm and ABDE 
values for compounds 11 and 12 has provided striking 
evidence concerning stereoelectronic effects on anion 
and radical ~tabilities.3~ In the anion of 12, the darkened 

11 12a 12b 

orbitals contain two electrons, and four electron re- 
pulsions involving the filled p orbital of the carbanion 
exist in both conformations 12a,b. In 11, the ethano 
bridge forces the two orbitals bearing the nitrogen lone 
pairs to be essentially orthogonal to the p orbital of the 
carbanion. As a consequence, the conjugate acid of 11 

(35) Hine and Dalsin (Hine, J.; Dalsin, P. D. J.  Am. Chem. SOC. 1972, 
94,6998-7002) observed a &fold rate retardation for a-deprotonation by 
the Me@ ion in MeOH of methyl 1,3-dioxolane-2-carboxylate relative to 
methyl cyclopentanecarboxylate. 

(36) (a) Wolfe, S.; Schlegel, H. B.; Whangbo, M. H.; Bemardi, F. Can. 
J .  Chem. 1974,52,3787-3792. (b) Baird, N. C. J.  Chem. Educ. 1977,54, 

(37) (a) Hayday, K.; McKelvey, R. D. J.  Org. Chem. 1976,41,2222- 
2223. (b) Malatesta and Ingold (Malatesta, V.; Ingold, K. U. J.  Am. 
Chem. SOC. 1981,103,609-614) observed an 8.8fold rate acceleration for 
abstraction of a hydrogen atom by the t-BuO* radical from l,&dioxalane 
relative to abstraction of an a-hydrogen atom from tetrahydrofuran. (c) 
Beckwith and Easton (Beckwith, A. I. J.; Easton, C. J. J.  Am. Chem. SOC. 
1981, 103,615-619) observed that the C-2 axial hydrogen atom in cis- 
2-methoxy-4,6-dimethyl- 1,3-dioxane was abstracted by the t-BuO* radical 
8.7 times more readily than the equatorial C-2 hydrogen atom in the trans 
isomer. 

(38) Bordwell, F. C.; Cheng, J.-P.; Seyedrezai, S. E.; Wilson, C. A. J. 
Am. Chem. SOC. 1988,110,8178-8183. 

(39) Bordwell, F. G.; Vanier, N. R.; Zhang, X.-M. J. Am. Chem. SOC. 

291-293. 

1991,113,9856-9857. 
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observations indicating that an electron is abstracted 
from pyrro1ide4l and c a r b a z ~ l i d e ~ ~  anions to give the 
corresponding CT radicals so as not to break up the 4n 
+ 27r electron resonance in these aromatic anions. It is 
not consistent, however, with the conclusion derived 
from ESR spectroscopy that amidyl radicals [ R N C  
( 4 ) R ' l  are 7r, rather than u, radicals.43 

The substitution of an OH or NH2 group for one of 
the hydrogen atoms on nitrogen in benzamide leads to 
marked changes in the acidity and the BDE of the 
remaining N-H bond. For example, the N-H bond in 
benzohydroxamic acid, PhCONHOH, is 13 kcal more 
acidic (heterocyclic cleavage) in DMSO than the N-H 
bond in benzamide and is 19 kcal weaker toward 
homolytic cleavage. Similarly, the a-N-H bond in 
benzohydrazide, PhCONHNH2, is 6.1 kcal weaker than 
the N-H bond in benzamide toward heterolytic cleavage 
and 26 kcal weaker toward homolytic ~1eavage.l~~ These 
large effects on p K ~ s  and BDEs are believed to be due 
in part to a large increase in ground-state energy caused 
by four electron repulsions between the lone-pair 
electrons on the N-0 or N-N moieties. Intramolecular 
hydrogen bonding in the benzohydroxamate anion 
probably accounts for the larger effect on acidity for 
PhCONHOH vs PhCONHNHZ, and the much greater 
ability of NH2 than OH to stabilize an adjacent radical 
accounts for the greater weakening of the N-H bond 
in benzohydrazide than in benzohydroxamic acid. 

Scheme I11 
H 

-H' - 
Homolytic Heterolytic 

BDE = 80 kcal (DMSO) p K m  = 31 kcal (DMSO) 
BDE = 80 kcal (gas phase) p K m  = 344 kcal @as phase) 

is stronger than the conjugate acid of 12 by 2.7 kcal. In 
the radical, the carbon p orbital contains only one 
electron, and the overlap with the lone pair orbitals on 
nitrogen in 12a,b gives a three-electron bond that is 
stabilizing, whereas the orthogonal orientation of the 
orbitals in 11 is less stabilizing by 16 kcal! These are 
the only comparisons of the type of which we are aware, 
but it seems likely that stereoelectronic effects of 
radicals will generally be much larger than those of 
analogous anions because the latter will be greatly 
attenuated by solvent effects. 

The domination of solvation forces on anions as 
opposed to radicals can be illustrated by the comparison 
of the heterolytic and homolytic bond dissociation 
energies of the acidic C-H bond in fluorene in the gas 
phase and in DMSO solution, as shown in Scheme 111. 

Donor and Acceptor Effects on Nitrogen-Cen- 
tered Radicals. Phenyl substituent effects on the 
BDEs of ammonia and aniline have been shown to be 
similar to those observed on the BDEs of methane and 
toluene,17c as shown below: 

15 M 4.5 M 
HPN-H - PhNH-H - PhZN-H 

BDE: 107 kcal 92 kcal 07.5 kcal 

17 M 6 kcal 
H&-H - PhCH2-H PhZCH-H 

BDE: 105 kcal 00 kcal 82 kcal 

We expected, therefore, that nitrogen-centered rad- 
icals would also be stabilized by acceptor groups such 
as a-PhCO. But an estimate of the BDE of the N-H 
bond in the carboxamide, PhCONH-H, gave a value 
within experimental error of that in H2N-H (107 kcal), 
and this was true also of the BDE of the N-H bond in 
acetamide. On the other hand, our estimates indicate 
that the CN moiety in H-NHC=N weakens the H-N 
bond by 8 kcal,4O which is within experimental error of 
the ABDE for the H-C bond in H-CH~CEN. A 
possible rationale is that strong conjugation in the 
carboxamide anion (HN-C=O - HN=C-0-) re- 
quires the generation of the odd electron from the 
nitrogen lone-pair orbital orthogonal to the p orbital of 
the carbonyl group (14- - 15*).17b 

14' 15' 

In the HN-C=N anion, however, both lone-pair 
orbitals on nitrogen are conjugated with the C=N 
moiety, and the odd electron in the corresponding rad- 
ical can conjugate with the C=N moiety (HN'-C=N - HN=C=N*). This postulate is consistent with 

(40) Harrelson, J. A., Jr. Unpublished result. 

Summary and Conclusions 

1. The Brcansted equation, log I Z A -  = PpKw + C, 
where A- is a nucleophile and pKm is the equilibrium 
acidity constant of HA, is the first, the most general, 
and the most precise of all the linear free energy 
relationships. The Hammett equation can be consid- 
ered to be a derivative of the Brcansted equation. 

2. Linear plots of E,,(A-) vs pKm with slopes near 
unity (e.g., Figure 1) establish the presence of an 
intrinsic relationship between oxidation potentials of 
carbanions and their equilibrium acidities in DMSO. 

3. A simple equation, based on a thermodynamic 
cycle, ABDE = 1 . 3 7 A p K ~  + 23.lhEO,(A-), has been 
used to estimate relative homolytic bond dissociation 
energies of the acidic H-A bonds in families of weak 
acids, HA, relative to that of the family parent. The 
ABDEs are assumed to be equal to RSEs of the 
corresponding A' radicals. 

4. An equation, BDE = 1.37 pKm + 23.1EO,(A-) + 
C, has given BDEs that agree with the best gas-phase 
BDEs within f 2  kcal with few exceptions and allows 
BDEs between families of weak acids to be compared. 
This method can be used to estimate BDEs of the H-A 
bonds and RSEs of A' radicals that would be difficult 
or impossible to obtain by other methods. 

5. In solution, radicals are subject to much larger 
thermodynamic stereoelectronic effects than are anal- 
ogous anions because the latter are subject to large 
solvent leveling effects. 

(41) Richardson, J. H.; Stephenson, L. M.;Brauman, J. I.J. Am. Chem. 
SOC. 1984,106, 3234-3239. 

(42) Bordwell, F. C.; Zhang, X.-M.; Cheng, J.-P. J. Org. Chem. 1991, 
56,3215-3219. 

(43) (a) Danen, W. C.; Gellert, R. W. J.  Am. Chem. SOC. 1972, 94, 
6853-6854. (b) Ibid. 1980,102, 3264-3265. (c) Leseard, J.; Griller, D.; 
Ingold, K. U. J. Am. Chem. SOC. 1980,102,3262-3263. 
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6. Substituent solvation assisted resonance (SSAR) 
effects can cause changes in conformations of anions, 
but not of analogous radicals. 

7. The presence of both donor (D) and acceptor (A) 
groups on a carbon-centered radical (D-C*-A) generally 
causes stabilizing effects that are larger than either of 
the individual effects on methylradicals. The combined 
stabilizing effects are usually less, but rarely more than 
additive. 

8. Nitrogen-centered radicals fail to be stabilized by 
a-C=O groups, as in the PhCONH' radical, relative to 
the NH2' radical, whereas the HN'C=N radical is 
stabilized by 8 kcal and the PhCOCH2' radical is 
stabilized by 12 kcal, relative to the CH3* radical. 

9. The CH3CONH' radical is stabilized by 17 and 25 
kcal by substitution of the hydrogen atom on nitrogen 
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by Me0 or NH2 groups, respectively. These effects are 
about 5 kcal greater than the stabilizing effects of these 
groups on the CH3COCH2' radical. 

10. The pyridinium group, c-CeHsN+, is a prototype 
for the dual effects displayed by most substituents on 
radical stabilities, i.e. destabilizing by virtue of their 
electron-withdrawing effects but stabilizing by virtue 
of their delocalizing effects. 
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