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8.3, 13.9, 28.8,62.2,72.8,162.2. IR 1750,1540,1340 cm-'. HR-MS 
(M + NH4+) 205.1188, calcd for C8HI7N2O4 205.1182. 

Ethyl trans ,trans -2,3-Dimethyl- l-nitrocyclopropane- 
carboxylate (13e). 'H NMR: 6 1.14 (m, 6 H), 1.21 (t, J = 7.2 
Hz, 3 H), 1.94 (m, 2 H), 4.17 (9, J = 7.2 Hz, 2 H). 13C NMR: 6 
8.5, 13.9, 26.8, 62.8, 73.4, 166.7. 

Ethyl cis-2-Acetoxy-1-nitryclopropa~ecarboxylate (130. 
'H NMR 6 1.24 (t, J = 7.0 Hz, 3 H), 1.99 (s, 3 H), 2.18 (d, J = 
7.5 Hz, 2 H), 4.25 (4, J = 7.0 Hz, 2 H), 5.07 (t, J = 7.5 Hz, 1 H). 
13C NMR: 6 13.8,20.2,21.9,56.8,63.1,68.4,160.7,169.5. IR 1750, 
1550, 1360 cm-'. HR-MS: (M + NH4+) 235.095, calcd for C8- 

Ethyl trans -2-Acetoxy-1-nitrocyclopropanecarboxylate 
(13g). 'H NMR 6 1.23 (t, J = 7.3 Hz, 3 H), 1.92 (dd, J = 8.6, 
7.5 Hz, 1 H), 1.99 (9, 3 H), 2.34 (dd, J = 8.6, 5.9 Hz, 1 H), 4.21 
(q,J = 7.3 Hz, 2 H),4.85 (dd,J  = 7.5, 5.9 Hz, 1 H). 13C NMR: 
6 13.8, 20.3, 20.6, 55.2, 63.3, 68.4, 163.8, 169.5. 

Ethyl cis -2-n -Butyl-1-nitrocyclopropanecarboxylate 
(13h). 'H NMR 6 0.82 (t, J = 7.1 Hz, 3 H), 1.2 (m, 9 H), 1.58 
(dd, J = 8.9,6.1 Hz, 1 H), 1.78 (dd, J = 10.5,6.1 Hz, 1 H), 2.35 
(m, 1 H), 4.25 (9, J = 7.1 Hz, 2 H). 13C NMR 6 13.8, 13.9, 22.1, 

(M + NH4+) 233.1501, calcd for C10H21N204 233.1508. 
Ethyl trans -2-n -Butyl-1-nitrocyclopropanecarboxylate 

(13i). 'H NMR 6 0.82 (t, J = 7.1 Hz, 3 H), 1.2 (m, 9 H), 1.62 
(dd, J = 12.8,6.2 Hz, 1 H), 1.76 (dd, J = 8.5, 6.2 Hz, 1 H), 2.05 
(m, 1 H), 4.22 (q, J = 7.1 Hz, 2 H). 13C NMR 6 13.6,13.7, 22.0, 
22.1, 27.7, 29.0, 30.2, 62.6, 71.4, 165.8. 

Ethyl SYD -7-Nitrobicyclo[4.1.O]heptane-7-carboxylate 
(13j). 'H NMR: 6 1.05 (m, 2 H), 1.23 (m, 2 H), 1.30 (t, J = 7.2 
Hz, 3 H), 1.88 (m, 4 H), 2.30 (m, 2 H), 4.29 (4, J = 7.2 Hz, 2 H). 
13C NMR: 6 13.8, 19.1, 20.2, 28.4,62.3,72.0, 162.0. IR 1750,1550 
cm-'. HR-MS: (M + H+) 214.1075, calcd for C1&I1&O4 214.1082. 

Ethyl 2,2-Dimethyl-cis -%methyl- l-nitrocyclopropane- 
carboxylate (13k). 'H NMR 6 1.11 (d, J = 6.6 Hz, 3 H), 1.15 
(5, 3 H), 1.23 (t, J = 7.1 Hz, 3 H), 1.30 (s, 3 H), 2.17 (9, J = 6.6 
Hz, 1 H), 4.19 (q, J = 7.1 Hz, 2 H). IR 1750,1550 cm-'. HR-MS 
(M + H+) 202.1079, calcd for C9HI6No4 202.1082. 

Ethyl 1-Nitro-trans-bmethyl-cis -2-phenylcyclopropane- 
carboxylate (131). 'H NMR 6 1.12 (t, J = 7.3 Hz, 3 H), 1.36 
(d, J = 6.7 Hz, 3 H), 2.52 (dq, J = 11.3,6.7 Hz, 1 H), 3.58 (d, J 
= 11.3 Hz, 1 H), 4.13 (4, J = 7.3 Hz, 2 H), 7.3 (m, 5 H). IR 1740, 
1540 cm-'. HR-MS: (M + H+) 250.105, calcd for Cl3HI6No4 
250.1082. 

Ethyl 1-Nitro-cis-3-methyl- trans-2-phenylcyclopropane- 

HleNzOe 235.0931. 

23.0,27.5,30.3,30.6,62.6,70.5,163.5. IR 1750,1550 ~m-'. HR-MS 

carboxylate (13m). 'H NMR 6 0.88 (t, J = 7.2 Hz, 3 H), 1.28 
(d, J = 6.4 Hz, 3 H), 2.68 (dq, J = 9.2, 6.4 Hz, 1 H), 3.47 (d, J 
= 9.2 Hz, 1 H), 3.91 (4, J = 7.2 Hz, 2 H), 7.3 (m, 5 H). 

Ethyl cis -2-Isopropyl- 1-nitrocyclopropanecarboxylate 
(1311). 'H NMR 6 0.97 (d, J = 2.4 Hz, 3 H), 1.00 (d, J = 2.5 Hz, 
3 H), 1.16 (m, 1 H), 1.27 (t, J = 7.2 Hz, 3 H), 1.62 (dd, J = 9.1, 
5.9 Hz, 1 H), 1.75 (dd, J = 10.6, 5.9 Hz, 1 H), 2.19 (ddd, J = 10.6, 
9.1,9.4 Hz, 1 H), 4.27 (9, J = 7.2 Hz, 2 H). IR 1740, 1540 cm-'. 
HR-MS: (M + H+) 202.107, calcd for CgHl6NO4 202.1082. 

Ethyl cis -2- tert -Butyl-1-nitrocyclopropanecarboxylate 
(130). 'H NMR 6 0.93 (s, 9 H), 1.32 (t, J = 7.3 Hz, 3 H), 1.70 
(d, J = 10.0 Hz, 2 H), 2.42 (t, J = 10.0 Hz, 1 H), 4.28 (q, J = 7.1 
Hz, 2 H). IR 1740,1540 cm-'. HR-MS: (M + H+) 216.125, calcd 
for CloH18N0, 216.1231. 

Ethyl trans -2- tert -Butyl- 1 -nitroc yclopropanecarboxylate 
(13p). 'H NMR: 6 0.92 (8,  9 H), 1.26 (t, J = 7.3 Hz, 3 H), 1.55 
(dd, J = 10.1, 6.1 Hz, 1 H), 2.02 (t, J = 10.1 Hz, 1 H), 4.21 (4, 
J = 7.3 Hz, 2 H). 

Ethyl Oxo[ hydroxy( l-methyl-2-propenyl)amino]acetate 
(14a) (1:l mixture of rotamers). 'H NMR: 6 1.13-1.34 (m, 4.5 
H), 1.37-1.47 (m, 1.5 H), 4.22-4.34 (m, 2 H), 4.87-4.97 (m, 1 H), 
5.14-5.24 (m, 2 H), 5.75-5.97 (m, 1 H), 7.6 (br, 1 H). 13C NMR: 
6 13.9, 15.6, 17.4, 53.5, 57.8, 62.5, 63.0, 117.3, 117.5, 135.1, 135.5, 
154.3,160.0,160.7, 163.3. IR 3200,1750,1650 cm-'. HR-MS: (M 
+ H+) 188.0923, calcd for C8Hl4No4 188.0925. 

Ethyl Oxo[ hydroxy( 1,2-dimethyl-2-propenyl)amino]- 
acetate (14b) (1:l mixture of rotamers). 'H NMR 6 1.31-1.40 
(m, 4.5 H), 1.50-1.57 (m, 1.5 H), 1.74 (8,  3 H), 4.23-4.38 (m, 2 H), 
4.77-4.83 (m, 0.5 H), 4.87-4.95 (m, 0.5 H), 4.99-5.03 (m, 2 H), 7.6 
(br, 1 H). 13C NMR 6 13.8, 14.4,15.9, 20.0, 20.4,55.4, 59.9,62.4, 
63.0,113.6, 113.8, 142.2, 154.2, 160.2,160.9, 163.3. IR 3200, 1750, 
1650 cm-'. HR-MS: (M + H+) 202.1075, calcd for CgHI6No4 
202.1082. 

Ethyl Oxo[hydroxy(2-cyclohexenyl)amino]acetate (14c) 
(1:l mixture of rotamers). 'H NMR: 6 1.22-1.31 (m, 3 H), 
1.51-1.59 (m, 1 H), 1.75-2.02 (m, 5 H), 4.20-4.27 (m, 2 H), 4.62 
(br, 0.5 H), 4.88 (br, 0.5 H), 5.43-5.50 (m, 1 H), 5.88-5.91 (m, 1 
H), 8.2 (br, 1 H). 13C NMR: 6 20.7, 20.8, 24.1, 24.3, 25.4, 26.7, 
27.8, 27.9, 52.2,56.6,84.9, 85.2, 124.7, 124.8, 132.9,133.1, 155.8, 
159.8,161.2,163.0. IR 3200,1750,1650 cm-l. HR-MS (M + H+) 
214.1079, calcd for CloHl6NO4 214.1082. 

Acknowledgment. We are grateful to the Air Force 
Astronautics Laboratory, Edwards Air Force Base, for 
generous financial support. 

Oxidation Potentials of Carbanions and Homolytic Bond Dissociation 
Energies of Their Conjugate Acids 

F. G. Bordwell,* John A. Harrelson, Jr., and A. V. Satish 
Department of Chemistry, Northwestern University, 2145 Sheridan Road, Evanston, Illinois 60208 

Received January 11 ,  1989 

Oxidation potentials for carbanions derived from hydrocarbons and representative carbonyl, cyano, and nitro 
compounds have been measured in MezSO solution by cyclic voltammetry. The problem of referencing these 
values to the aqueous standard hydrogen electrode, SHE, , which is necessary in order to estimate homolytic 
bond dissociation energies (BDEs) in Me2S0, is discussed. %he E,(A-) values for the enolate ions derived from 
acetylacetone and diethyl malonate with Li+C104- as an electrolyte have been found to be 0.52 and 0.45 V more 
positive, respectively, than those using a Et4N+BF4- electrolyte due to the stabilizing influence of the Li+ ion 
in the lithium chelate. Oxidation potentials for the delocalized carbanions derived from nine hydrocarbons have 
been found to plot linearly with the equilibrium acidities of their conjugate acids. The slope is near unity but 
the plot exhibits considerable scatter (R2 = 0.94), and points for 10 other hydrocarbons giving delocalized anions 
were found to deviate substantially from the line. The BDE estimated from the pKHA and E,,(A-) values for 
the acidic C-H bond in 6,6-dimethylfulvene (84.5 kcal/mol) is considerably above the average for the group of 
nine (81) and that for 9,lO-dihydroanthracene is below average (78). The BDE for the latter, as well as the BDEs 
for toluene and propene, are within our experimental error of the corresponding gas-phase values. The BDE 
estimated from the acidic C-H bond in 1,1,3,3-tetraphenylpropene is 8 kcal/mol lower than that in propene. 

Oxidation potentials in MezSO for carbanions generated 
from hydrocarbons or their derivatives have been (a) 
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correlated with the acidities of their conjugate acids,lI2 (b) 
related to rates of nonchain single-electron transfer (SET) 
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reactions with ele~trophiles,~-* (c) combined with PKHA 
values of their conjugate acids to estimate homolytic bond 
dissociation energies: and (d) combined with the oxidation 
potentials of their conjugate acids and their pKH, values 
to estimate radical cation aciditiese6 

Kern and Federlinl reported a linear correlation (with 
a slope of 1.1) between the oxidation potentials in Me,SO 
for carbanions derived from the hydrocarbons cyclo- 
pentadiene (CpHJ, indene (InH,), fluorene (FlHJ, and 
triphenylmethane (Ph3CH) and the acidities of their 
conjugate acids. Points for some enolate ions, e.g., PhC- 
(CN)=C(O-)Ph, were found to fit the line, but most of the 
63 enolate ions of this type studied had less negative 
E,,(A-) values than predicted by their basicities. The 
linearity of this plot is suspect, however, because the pKm 
values used were measured in varied solvents (benzene, 
cyclohexylamine, Me2SO). A later correlation of this type,2 
which include anions derived from the hydrocarbons CpH2, 
InH2, F1H2, Ph3CH, Ph2CH2, PhCH3, CH2=CHCH3, and 
(CH3)3CH, and had a slope of 0.53, is suspect for the same 
reason. 

In our laboratory we have found two remotely substi- 
tuted hydrocarbon families for which there is a good linear 
correlation between the oxidation potentials of the anions 
and the acidities of their conjugate acids, both measured 
in MezSO solution. These are the 2- and 2,7-substituted 
f luo rene~ ,~  and the 3-aryl-1,1,5,5-tetraphenyl-1,4-penta- 
dienes.8 In each instance the slope of the line was near 
unity, which shows that the remote substituents are neither 
stabilizing nor destabilizing the radicals, and that for each 
1 kcal/mol increase in anion basicity the oxidation po- 
tential of the anion becomes more negative by l kcal/mol. 
(Points for 3-donor substituents deviated slightly from the 
line defined by the 2- and 2,7-substituents in fluorenes, 
the E,,(A-) values being more negative than predicted by 
the anion basicity because of small stabilizing effects of 
these para donors on the fluorenyl radical.') The aryl 
groups in the 3-aryl- 1,1,5,5-tetraphenyl- 1,4-pentadiene ions 
are constrained by steric effects to be nearly orthogonal 
to the p orbital of the carbanion. The effects of remote 
substituents on radicals are small, a t  best,7 so it isn't 
surprising that their effects are essentially damped out for 
the aryl substituents in these pentadienyl radicals. On the 
other hand, it seemed likely that carbanions derived from 
hydrocarbons belonging to families as different as CpH,, 
Ph3CH, PhCH,, and CH2=CHCH3 would give radicals 
with different degrees of delocalization, and would not give 
precise E,(A-) versus pKHA plots. We have now measured 
acidities of 19 hydrocarbons and oxidation potentials of 
the corresponding conjugate bases, both in Me2S0 solution, 
in order to examine this point. It was also of interest to 
estimate the homolytic bond dissociation energies (BDEs) 
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Table I. Oxidation Potent ia l  of Anions Derived from Some 
Hydrocarbon, Carbonyl,  Cyano, and  Nitro Compounds 

anion uK"aa EJA-)' E J A T  AE,,! mV 
fluorenide (HF1-) 22.6 -0.63 -0.32 -310 
indenide (HIn-) 20.1 -0.49 -0.20 -290 
cyclopentadienide 18.0 -0.28 -0.028 -252 

(CN),CH- 11.1 +0.59 +0.81 -220 
PhCO(Ph)CH- 17.7 +0.18 +0.105 -75 
CH&O(Ph)CH- 19.9 -0.19, +0.04" 0.00 -190, +40" 

(HCP-) 

(EtOzC)&H- 16.4* +0.94 +0.73 +210 
(EtO,C),(Me)C- 18.7' +0.58 +0.40 +180 
(CH3CO)ZCH- 13.3' +1.04 +0.73 +310 
CH,CO(CO,Et)CH- 14.2' +0.93 +0.755 +175 
(CHdz(N0z)C- 16.9 f0.83 +0.34 +490 

Values reported in earlier publications from this laboratory. 
'Corrected for ion pairing (ref 17). 'Values chosen in ref 2 and 4 
as the best available and referenced to  the standard hydrogen 
electrode (SHE,,). " House, H. 0. Acc. Chem. Res. 1976, 9, 59-67 
reported -0.20 versus SCE. eValues from our laboratory refer- 
enced to SHE,,. f T h e  difference between columns 3 and 4; 3ee the 
text for a discussion. 

of these hydrocarbons by combining their oxidation po- 
tentials and pKH, values according to the dictates of a 
thermodynamic cycle (eq This method requires that 

BDE = 1 . 3 7 p K ~ ~  + 23.1E0,(A-) + 55.9 (1) 

the oxidation potentials in MezSO solution be referenced 
to the standard hydrogen electrode in aqueous solution 
(SHE),,. In the course of the present study we observed 
that our oxidation potentials referenced to SHE,, for 
CpH-, InH-, F1H-, and several other carbanions differed 
substantially from those measured by Kern and Federlin 
and referenced to SHE,, by Eberson. '~~,~ Part of the 
present study was directed, therefore, toward discovering 
the source of these discrepancies since the accuracy of our 
estimated BDEs depends on the validity of this refer- 
encing. 

Results and Discussion 

Referencing E,,(A-) Values to the S tandard  Hy- 
drogen Electrode. Unfortunately, there is no direct 
thermodynamic method of referencing E,,(A-) values 
measured in solutions of Me,SO, or other dipolar non- 
hydroxylic solvents, to SHE,,. Our E,,(A-) values for 
carbanions and other strongly basic anions were measured 
in Me2S0 by cyclic voltammetry using platinium working 
and auxiliary electrodes and a Ag/AgI reference electrode 
using a 0.1 M Et4N+BF; electrolyte. We related these 
values to the SHE,, electrode by using the ferrocene/ 
ferrocenium redox couple as a standard. Our E,,, value, 
determined from an average of anodic and cathodic peak 
potentials, for this couple is +0.875 V in Me2S0. The value 
for the ferrocene couple determined in THF/HMPA has 
been assigned a value of 510 mV versus SCE,,,g and the 
accepted conversion factor from SCE,, to SHE,, is 240 
mV." Our observed values for Ag/AgI, relative to the 
ferrocene couple, were therefore related to SHE,, by 
adding -125 mV algebraically (875-750). The E,,(A-) 

(9) Jaun, B.; Schwarz, J.; Breslow, R. J.  Am. Chem. SOC. 1980, 102, 
5741-5748. This value was estimated from measurements in THF- 
HMPA, 91,0.2 M LiCIOl for 0.1 NCE versus the ferrocene couple of 420 
mV by adding 90 mV to obtain the value versus SCE, of 510 mV.'O 

(10) Private communication from R. Breslow and B. jaun. 
(11) The conversion factor of +0.24 V for SCE,,to SHE, is commonly 

accepted, e.g., see: Yoshida, K. Electroonidation cn Organic Chemistry; 
Interscience: New York, 1984, p xii. 
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values for anions derived from six hydrocarbons, including 
fluorene, indene, and cyclopentadiene, as well as those 
derived from thiophenol, phenol, aniline, and acetone, were 
found to give homolytic bond dissociation energies (BDEs) 
in good agreement with literature values when used in eq 
1.12 It later came to our attention, however, that for anions 
derived from five carbon acids (fluorene, indene, cyclo- 
pentadiene, malononitrile, and phenylacetone) our Eox(A-) 
values versus SHE,, were 190-300 mV more positive than 
those measured in MezSO by Kern and Federlin,' and 
referenced to SHE,, by Eberson (Table I). 

Since our relative, AE,,(A-) values for HF1-, HIn-, and 
HC - agreed to within 60 mV with those of Kern and 
FedPerlin that were used by Eberson (Table I), it was clear 
that  the discrepancy in the values for these anions must 
lie in the method of referencing. Eberson used the value 
for the ferrocene couple versus SHE,, of 539 mV in 
PrOH/Hz0l3 to relate the values of Kern and Federlin in 
Me2S01 to SHEaT14 The 211-mV difference between this 
value and that of Breslow accounts for most of the dis- 
~repancy. '~  The Ellz  values for the ferrocene couple are 
usually independent of ~olvent .~  For example, in our hands 
the values in MeCN and Me2S0 using a Ag/AgI reference 
electrode are identical (875 mV). We have also found an 
ElI2 = +0.222 for the ferrocene couple versus the Ag/Ag+ 
electrode (a silver wire immersed in a 0.01 M AgN03, 0.1 
M LiC104 in MeCN solution); this electrode has been as- 
signed a potential of +0.267 V versus SCEaT16 When this 
potential is related to SHE, (0.222 + 0.267 + 0.24 = 0.729 
V) the value obtained is wihin experimental error of the 
value of 0.750 V assigned by Breslow. We note that the 
El for the ferrocene couple in water is reported to be 0.12 
V iess positive than that in PrOH/H20.13 It is possible, 
then, that  the lower El 2 in PrOH/H,O than in THF/  
HMPA, Me2S0, or MedN may be due in part to the hy- 
droxylic nature of the solvent used. Difference in liquid 
junction potential may also play a role here. 

As a further check, the E1p  potential for SCE,, versus 
the ferrocene couple in Me2S0 with Et4N+BF4- electrolyte 
was measured and found to be 438 mV, i.e., 678 mV versus 
SHE,. The latter value is to be compared to the 729-mV 
value we obtained using the Ag/Ag+ electrode and the 750 
mV value of Jaun, Schwarz, and B r e s l ~ w . ~  The average 
of these three values is 719 mV. If this value is accepted, 
the estimated BDEs that we have published earlier would 
need to be decreased by about 1 kcal/mol. The use of 
Eberson's SHE,, values for F1H-, InH-, CpH-, (CN),CH-, 
CH,CO(Ph)CH-, etc. in eq 1 would give BDE values lower 
by about 4 kcal/mol. The lack of a truly thermodynamic 
method of relating EoX(A-) values in MezSO to SHE,, 
therefore introduces considerable uncertainty into our 
estimates of BDEs. There are also uncertainties in the 
values chosen for the AGot,(H+), AG",,(H'), and TAS" 
terms used in arriving at  the constant 55.9 in eq In 
addition, most of the E,,(A-) values reported are for ir- 
reversible potentials, which appear to be generally about 
50-100 mV more positive than the El12 values for the 
reversible potentials in corresponding anions." Therefore, 
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(12) It now seems likely, for reasons to be discussed later, that this 

(13) Carlson, B. W.; Miller, L. L.; Neta, P.; Gradkowski, J. J. Am. 

(14) Eberson, L., private communication. 
(15) The origin of this discrepancy is not known. It is not uncommon 

for CV measurements made by different investigators to differ by 50 mV, 
or more, even when seemingly the same experimental conditions have 
been used, but 211 mV is well outside of experimental error. 

(16) Larson, R. C.; Iwamoto, R. T.; Adams, R. N. Anal. Chim. Acta 

good agreement is the result of fortuitous cancellation of errors. 

Chem. SOC. 1984, 106,7233-7239. 

1961,25, 371-374. 

Table 11. Comparison of E,,(A-) Values for @-Dicarbonyl 
Enolate Ions Using Different Electrolytes 

electrolyte 
(Li+- (Et,N+- (Li+- 

BF,T Clod-)" C ~ O A - ) ~  anion from 
acetylacetone +0.730 +1.25 +1.24 
5,5-dimethylcyclohexane-1,3- +0.875 +0.94 +0.89 

dione 
diethyl malonate +0.728 +1.18 +1.14 

a Measured by cyclic voltammetry using Pt working and auxilia- 
ry electrodes and Ag/AgI reference electrode in Me,SO solution 
(0.1 M electrolyte) using a ferrocene/ferrocenium standard. Ref- 
erenced to  SHE,, by subtracting 0.125 V (see text). bKern and 
Federlin's values (reported relative to  ferrocene)' were referenced 
to SHE, by applying Ellz  of ferrocene = 0.750 V. 

it now seems likely that the value of 55.9 for the constant 
in eq 1 and the agreement observed with gas-phase BDE$ 
is the result of a fortuitous cancellation of errors. Nev- 
ertheless, the good agreement with gas-phase BDEs, for 
whatever reason, is real, and our estimated values appear 
to be good to *3 kcal/m01.~ The value of the method for 
determining relative BDEs within a family with greater 
accuracy remains unquestioned. 

The Effect of Li+ Ion on E,(A-) Values of Anions 
Capable of Chelation. The experiments of Kern and 
Federlin' differed from ours in that they used a different 
reference electrode (Ag/AgC12- rather than Ag/AgI), a 
different base (t-BuOK in MezSO rather than 
MeSOCH,K), and a different electrolyte (Li+C104-, rather 
than Et4N+BF4-). In exploring reasons for the discrep- 
ancies in Table I where our values were more negative than 
those of Kern and Federlin, we tested the effect of 
changing the base and the electrolyte on the oxidation 
potentials. An experiment with the fluorenide ion showed 
that, using our electrode system, a change to the t-BuOK 
base and Li+C104- electrolyte gave an E,(A-) value within 
30 mV of our earlier value, indicating that these changes 
were not important for carbanions of this type. This is not 
true for anions capable of chelation, however. Since it is 
known that 0-dicarbonyl anions chelate strongly with 
lithium cations,'8 it seemed likely that the discrepancies 
between our values and those of Kern and Federlin versus 
SHE, (Table I) were caused by the difference in the cation 
in the electrolyte (Et4N+, rather than LP).  This was 
confirmed by experiment (Table 11). 

Examination of Table I1 shows that we were able to 
check the Kern and Federlin E,,(A-) values for the anions 
derived from acetylacetone and diethyl malonate to within 
50 mV for measurements with Li+C104- as the electrolyte, 
but that changing to the Et4N+BF4- electrolyte caused a 
shift to less positive potentials by 520 and 450 mV, re- 
spectively (12 and 10 kcal/mol). Since (CH3C0)2CH- and 
(Et02C)2CH- ions are known to ion pair strongly with Li+ 
(log K,  = 4.77 and 4.56, respectively18), the large shifts 
show that E,,(A-) values in the presence of Li+C104- are 
providing measures of the oxidation potentials of the 
lithium chelates, rather than the free anions. (Potassium 
ions also form complexes with these anions,18 but the K,  
values are low enough to assure an appreciable concen- 
tration of the free anions in solution). The shifts are larger 
than those shown in Table I by over 200 mV because of 

(17) (a) Bordwell, F. G.; Cheng, J.-P.; Seyedrezai, S. E.; Wilson, C. A. 
J. Am. Chem. SOC. 1988,110,8178-8183. (b) Arnett, E. M.; Cheng, J. P., 
private communication. 

(18) (a) Olmstead, W. N.; Bordwell, F. G. J. Org. Chem. 1980, 45, 
3299-3305. (b) Amett, E. M.; Maroldo, S. G.; Schilling, S. L.; Harrelson, 
J. A., Jr. J. Am. Chem. SOC. 1984, 106, 6759-6767. 

(19) Knight, D. B.; Harrelson, J. A. J. Chem. SOC., Chem. Commun. 
1987, 116-117. 
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Figure 1. Plot  of oxidation potentials, E (A-), for nine highly delocalized anions derived from hydrocarbons vs the  PKH* values of 
their conjugate acids in MezSO solution (Rp= 0.94). Points for the hydrocarbons shown as triangles were not included in the  correlation. 

differences in the method used for referencing the Eox(A-) 
values to SHE,, as discussed in the previous section. For 
the anion derived from 5,5-dimethylcyclohexane-1,3-dione 
the change from Li+ to Et4N+ caused only a 65-mV shift 
because ion pairing with Li+ is much weaker (log K, = 
1.58). 

Correlation of Oxidation Potentials with Equilib- 
rium Acidities in Dimethyl Sulfoxide for Hydro- 
carbons. The oxidation potentials of 19 hydrocarbons 
that form highly delocalized anions on deprotonation, to- 
gether with their equilibrium acidities in Me,SO and the 
homolytic bond dissociation energies of their acidic C-H 
bonds, are summarized in Table 111. 

The first 11 hydrocarbons in Table I11 are listed in order 
of increasing pKm values. Comparison of these with the 
Eox(A-) values of their conjugate bases shows that the 
oxidation potentials tend to become more negative as the 
pKHA values increase, as expected from earlier 
The linear regression line for the first nine hydrocarbons, 
for which measured pKHA values are in hand, has a slope 
of -0.0579 (R2 = 0.94; sd = 0.0057). The rough linear 
correlation reported by Kern and Federlin is thus con- 
firmed. This is equivalent to a slope of 0.97 when the axes 
are both expressed in kilocalories/mole. The plot is shown 
in Figure 1 with points added for phenyl and methyl de- 
rivatives of some of the nine hydrocarbons and for toluene 
(10) and propene (11). 

The deviations of the individual points from the line 
along the Y axis are given in Table I11 as AY. These values 
can be considered as furnishing a rough measure of the 
degree to which the individual hydrocarbon skeletons 
provide radical versus anion stabilization, compared to the 
average for the group. Examination of the AY values 
shows that hydrocarbons 1, 2, 3, 4, 7,  8, and 9 are very 
similar in this respect, all having AY values of less than 
1 kcal/mol. The point for 9,lO-dihydroanthracene (6) falls 
below the line by 2 kcal/mol, suggesting relatively more 
radical stabilization, and that for 6,6-dimethylfulvene ( 5 )  
falls above the line by 2.9 kcal/mol, suggesting relatively 
less radical stabilization. The points for toluene ( IO)  and 
propene (11) fall above the line by 4.6 and 3.1 kcal/mol. 
The deviations for these points is not surprising since these 

Table 111. Equilibrium Acidities and Bond Dissociation 
Energies of Hydrocarbons and Oxidation Potentials of 

Their Conjugate Bases 
no. hydrocarbon 
1 cyclopentadiene (CpH,) 
2 indene (InH,) 
3 4,5-methylene- 

phenanthrene 
4 fluorene (FlH,) 
5 6,6-dimethylfulvene 
6 9,lO-dihydroanthracene 
7 triphenylmethane 
8 9-methylanthracene 
9 diphenylmethane 
10 toluene 
1 1  propene 
la 1,2,3,4,5-Ph5CpH 
lb 1,2,3,4,5-Me6CpH 
2a 1,2,3-triphenylindene 
2b 2-phenylindene 
4a 9-phenylfluorene 
4b 9-methylfluorene 
Sa (pdiphenyly1)diphenyl- 

methane 
l la  1,1,3,3-tetraphenylpropene 

PKHAa 
18.0 
20.1 
22.2 

22.6 
22.7b 
30.1 
30.6 
31.1 
32.25 
(43Y 
(44Y 
12.5 
26.1 
15.2 
19.35 
17.9 
22.3 
29.4 

25.8d 

-0.028 
-0.200 
-0.240 

-0.320 
-0.107 
-0.825 
-0.740 

-0.790 
-1.185 
-1.330 

-0.629 

-0.115 
-0.278 
-0.480 
-0.689 

-0.610 

-0.740 

+0.208 

-0.035 

AYf BDW 
-0.31 81 
-1.2 79 
+0.20 81 

-0.75 79.5 
+2.9 84.5 
-2.0 78 
-0.039 81 
+0.45 81 
+0.72 82 
+4.6 87.5 
+3.1 85.5 
-1.7 78 
-2.5 77 
-3.2 76 
-0.45 80 
-4.6 74 
-3.7 75 
-0.20 80 

-2.5 77 

"Unless otherwise noted these values in Me2S0 have been re- 
ported earlier from this laboratory. Reference 19. Reference 20. 

Hughes, D. L. Ph.D. Dissertation, Northwestern University, 1981. 
'Referenced to SHE,,; this work and ref 5 and 6. fcalculated in 
kilocalories/mole from the correlation equation for Figure 1, Y = 
1.061 + (-0.0578)X. gcalculated by using eq 1; *3 kcal/moL5 

two hydrocarbons are over 10 PKHA units less acidic than 
the least acidic of the other hydrocarbons in Table 111, and 
the pKHA and E,,(A-) values are much less reliable.20 

(20) The PKHA for PhCH3 was extrapolated from that for PhCHzCN 
in Me,SO.Z1 The PKHA of propene is judged to be somewhat higher in 
view of the more negative oxidation potential of its anion.g An estimate 
of PKHA values using Breslow's method: but with a BDE of 81 for 
Ph3CH5 and a PKHA of 30.6 for Ph,CH in Me2S0, gives values of 44-45 
for both toluene and propene. The E,,(A-) values were measured using 
the lithium derivatives in THF with HMPA added to dissociate the 
lithium  aggregate^.^ The presence of the Li' cation could lead to positive 
shifts of the potential (Table II), but the good agreement between the 
E,,(PhCH2-) value with a recently published Erd(PhCH2') valuez2 indi- 
cates that this is not a serious problem. 
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However, the points are near enough to the line to indicate 
that the values used are at least of the right order or 
magnitude. 

a-Methyl substituents in these hydrocarbons make ox- 
idation potentials more negative but have relatively little 
effect on PKHA values. (For example, compare FlH2 and 
9-MeFlH in Table 111; larger deviations would be expected 
for 9-Me0- and 9-Me2N-F1H.5*23 The AY values for 9- 
methylfluorene (-3.7) and pentamethylcyclopentadiene 
(-2.5) indicate enhanced radical stabilizing vs anion sta- 
bilizing ability, as expected. Since a-phenyl substituents 
stabilize both radicals and anions, it is more difficult to 
predict the AY values for these, particularly since the 
orientation of the Ph group will be important. The results 
suggest a greater radical than anion stabilizing effect for 
la, 2a, 4a, and l la .  The 2-Ph group in 2b is at a site of 
low electron density, and its effect is small, as is the effect 
of the remote p-Ph group in 9a. 

A consideration of the BDE values (Table 111) for the 
acidic C-H bonds in these hydrocarbons provides further 
insight into structural effects on radical and anion sta- 
bilities. The BDEs for 1, 2, 4, 8, 9 have been reported 
earlier and have been shown to be within our experimental 
error of the best gas-phase valuesS5 The BDE for the acidic 
C-H bond in 6,6-dimethylfulvene (84.5 kcal-mol) is ap- 
preciably above the average for the nine hydrocarbons used 
for the correlation (80.7); that for 9,lO-dihydroanthracene 
(78) is below average. The latter is within ow experimental 
error of the gas-phase value (75.3 f 1.5).24 The BDE 
values for toluene and propene reported in Table I11 agree 
to within 1 kcal/mol with the gas-phase literature values 
of 88.0 f 1 and 86.3 f 1.5, re~pectively,2~ which lends 
further support to the validity of the PKHA and E,,(A-) 
values assigned in Table 111. The BDE for 4,5- 
methylenephenanthrene, which can be considered to be 
a derivative of fluorene wherein a benzene ring has been 
fused across the 4,4a, 4b, and 5 positions, is comparable 
to that of fluorene (81 vs 79.5 kcal/mol). The BDE 
1,1,3,3-tetraphenylpropene (1 la) (77) is 8 kcal/mol lower 
than that of propene, pointing to the strong delocalizing 
effect of the phenyl groups on the incipient radical formed 
on breaking the C-H bond. 

Summary and Conclusions 
The E,,(A-) values using the Ag/AgI electrode in M e 8 0  

have been referenced to the aqueous standard hydrogen 
electrode, SHE,,, by relating them to potentials of the 
ferrocene redox coupling, following literature methods. 
Evidence for the validity of the referencing method chosen 
comes from the good agreement between the BDEs cal- 
culated by using eq l and literature values. Comparison 
of our E,,(A-) values with literature values has revealed 

(21) Bordwell, F. G.; Algrim, D. J. J. Am. Chem. SOC. 1988, 110, 
2964-2967. 

(22) Wavner, D. D. M.; McPhee, D. J.; Griller, D. J. Am. Chem. SOC. 
1988,110, i32-137. 

(23) Bordwell, F. G.; Wilson, C. A. J. Am. Chem. SOC. 1987, 109, 
5470-5474. 

(24) McMillen, D. F.; Golden, D. M. Ann. Rev. Phys. Chem. 1982,33, 
493-532. 
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that a change from a Et4N+BF4- electrolyte to a Li+C104- 
electrolyte causes a positive shift of over 300 mV for @- 
dicarbonyl anions due to chelation with the Li+ cation. A 
good linear correlation (R2 = 0.94) of nearly unit slope has 
been observed for a plot of E,,(A-) values in Me2S0 for 
nine delocalized hydrocarbon ions versus the pKHA values 
of their conjugate acids in Me2S0. The appreciable scatter 
in this plot and the substantial deviations observed for 
points for 10 additional delocalized carbanions indicates, 
however, that precise linear correlations cannot be ex- 
pected for hydrocarbons with this degree of structural 
variation. Better precision can be expected, however, when 
families of anions are used wherein the basicity is changed 
by remote substitution because the radical-stabilizing ef- 
fects of remote substituents are small. 

Experimental Section 
The materials were either commercially available or their 

sources have been described earliera6 They were purified by 
distillation or recrystallization prior to use. The purification of 
Me2S0, the preparation of CH3SOCH;K+, and the method for 
pKHA determination have been described elsewhere.26 

Cyclic voltammetric data were obtained with a three-electrode 
Bioanalytid Systems Inc. (BAS) apparatus and a Bausch & Lomb 
X-Y recorder at a scan rate of 100 mV/s. A platinum disk (BAS, 
polished with 0.05 micron alumina suspension between runs) and 
a platinum wire were used as the working and auxilliary electrodes, 
respectively. The reference electrode was Ag/AgI, a silver wire 
plated with silver iodide and immersed in a saturated MezSO or 
CH3CN solution of tetraalkylammonium iodide. Tetraethyl- 
ammonium tetrafluoroborate (0.1 M) was used as electrolyte, and 
all electrochemical experiments were carried out under an argon 
atmosphere. Other details were described previously! By using 
an equation reported by Nicholson26 for calculating the shift in 
potential due to irreversibility, we calculate that if radicals pro- 
duced by anion oxidation dimerize at diffusion controlled rates 
(3.3 X lo9), a maximum of a 90-mV shift from the true potential 
would occur. This is within the estimated uncertainty for our 
BDE calculations (A3 kcal/mol). 
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