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Equilibrium acidities provide a fundamental data 
base for assessment of the electronic and steric effects 
brought about by structural variations in organic 

dissociation constant of an acid, formally defined by eq 
1, depends on the ability of the solvent to  solvate the 

molecules. The Hammett eauation.' based on the H-A H+ + A- (1) 
aqueous acidities of meta- and &a-substituted benzoic 

aqueous acidities of substituted acetic acids, 
proton, the anion, and the undissociated acid. Since 

and solvation of most neutral acids is small compared 
acids, and the Taft equation, based Partially on the 

GCH2C02H,2 have served chemists in this regard for 
Over 40 years* The Ho acidity function and 
the like have allowed the aqueous acidity scale, which 

downward into the negative PKa region by about an 

solvation of the proton is constant in a given solvent 

to that of their conjugate bases, differences in acidities 
brought about by structural variations or 
changes are usually caused by changes in the energies 

changing from Me2S0 to H20 for oxygen acids forming 
has a pKa range Of '-l2' to be extended 

equal amounta3 The aqueous scale has also been ex- 
tended upward by about 12 pKa units by the use of H- 

bases.4 These models and functions have severe lim- 
itations, however. 

of the anions. The large acidity increases observed in 

oxyanions that are strongly H-bonded to water provide 
examples (Table I), 

acids such as F3CS03H, HBr, HCI, and CH3SOBH are 
acidity functions that cosolvents and strong In Table 1 we see that the acidities of very strong 

The first acidity scale to be established in a pure 
solvent other than water was the result of the pioneering 
work of Conant, Wheland, and McEwen in ether or 
ben~ene .~  During the past 20 years an ion-pair acidity 
scale covering an "effective pKa range- from about 15 
to 40 has been developed in cyclohexylamine (CHA),6 
and similar studies in other low-dielectric-constant 
solvents including 1,2-dimethoxyethane (DME)7a and 
tetrahydrofuran (THF)7b*c have been carried out. A 
more limited ion-pair acidity scale has been developed 
in liquid NH,.7d Also, during this period, acidity scales 
have been established in the polar non-hydrogen- 
bond-donor (NHBD) solvents dimethyl sulfoxide 
(Me$0)8 and N-methylpyrrolidin-2-one (NMP)? which 
have relatively high dielectric constants. The pK,'s 
measured in these solvents differ from ion-pair pK,'s 
in that they are absolute, in the sense that they are 
based on Me2S0 and NMP as the standard states, 
which allows direct comparisons to be made with H20 
and gas-phase pK,'s. A truly absolute acidity scale has 
been established in the gas phase, which, for the first 
time, provides intrinsic measures of structural effects 
free of solvent effects.1° Our purpose in this Account 
is (a) to discuss briefly acidities in various solvent me- 
dia, (b) to present a table of representative equilibrium 
acidity constants in M e 8 0  solution, and (c) to illustrate 
ways in which these pK, data can be used. In an ac- 
companying Account we compare acidities in Me2S0 
solution with intrinsic gas-phase acidities and discuss 
some of the insights into solvation effects provided 
thereby. 

Acidities in H 2 0  and Me2S0. It is important to 
recognize that pKa values are solvent dependent. The 
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acid PKAHzO) pKa(MezSO)b acid pKa(Hz0) pK,,(Me&30)b 
F3CSOSH -14" 0.3c F3CSOzNHz 6.3 9.7 
HBr -9" 0.gc PhSH 6.5 10.31 

PhCOaH 
CHSCOzH 
PhNH3' 
HN3 

O F 0  

x" 
PhSOzH 
C5HbNH' 

-8" 
-0.6" 
0 
3.0 
3.2 
4.25 
4.75 
4.6 
4.7 

4.8 

3.5 
5.2 

1.8c 
1.6c - Od 
3.6 

15 f 2 
11.1 
12.3 

3.6d 
7.9e 

7.3f 

7.1 
3.4d 

(CH3CO)zCHz 8.9 
HCN 9.1 
NH4+ 9.2 
CHaNOz 10.0 
PhOH 10.0 
CHz(CN)z 11.0 
F3CCHzOH 12.4 
(CH3SOz)zCHz 12.7 
CHBCONHz 15.1 

CH,OH 15.5 

HZO 15.75 

13.3 
12.ge 
10.5d 
17.2 
18.0 
l l . O *  
23.6 
15.0 
25.5 

29.0 

32 

Estimated by the Ho method; in pure HzO their acidities are leveled to that of H30+ (pKa = -1.75). From measurements made in our 
laboratory, unless otherwise noted. e McCallum, C.; Pethybridge, A. D. Electrochim. Acta 1975,20,815-818. dReference 8d. (Reference 8c. 
'Reference 34. 

leveled in Me2S0 to that of Me2SOH+, just as they are 
leveled to that of H30+ in H20. For strong oxygen acids 
such as picric acid and 4-chloro-2,6-dinitrophenol, which 
form highly delocalized anions on dissociation, acidities 
do not differ greatly in H20 and Me2S0. As the oxygen 
acids in Table I become weaker, charge delocalization 
in the anion decreases and the difference in acidity in 
H20 vs Me2S0 (ApK,) increases from near zero for 
picric acid to 15 pKa units for the weakest acids, MeOH 
and H20. This change is due primarily to the strong 
H-bond donor properties of the water solvent, which 
achieve maximum effectiveness toward localized ions 
such as F-, F3CCH20-, MeO-, or HO-. The strong 
H-bqnd acceptor properties of H20 make PhNH3+ and 
pyridinium ions (but not the NH4+ ion) weaker acids 
in H20'than in Me2S0. (Me2S0 is also a good H-bond 
acceptor and solvates cations well.) Solvation of the 
CH(CN)2- by H20 and Me2S0 appears to be nearly 
equal. 

Acidities in Solvents of Low Dielectric Constant. 
Ion-Pair pK,'s. Ion-pair acidity scales in cyclo- 
hexylamine (CHA): DME, THF, or other solvents of 
low dielectric constant' complement that in Me2S0 in 
some respects but are more limited in scope. These 
scales were originally anchored arbitrarily on the H pKa 
= 18.49 for 9-phenylfluorene (9-PhFlH) in H20/  
sulfolane, but more recently they have been anchored 
on the pKa of fluorene in Me2S0 (22.3 on a per-hy- 
drogen basis) .I1 

The size of ion-pairing effects will depend somewhat 
on the nature of the cation. For example, with Li+ 
counterion in OHA, PhC=CH appears to be a stronger 
acid than in Me2S0 by 6.1 pK units, but with Cs+ 
counterion in DME ApK is only 2.4 units.12 Ion-pairing 
effects of anions with K+ counterion are of little or no 
importance in dilute (millimolar) Me2S0 solution, ex- 
cept for strongly chelating anions such as that formed 
from CH3COCH2COCH3 A method for detecting such 
ion-pairing effects and a spectroscopic method for 

(11) Kaufman, M. J.; Streitwieser, A., Jr. J. Am. Chem. SOC. 1987,109, 
6092-6097. 

(12) Bordwell, F. G.; Drucker, G. F.; Andersen, N. H.; Denniston, A. 
D. J. Am. Chem. SOC. 1986,108,7310-7313. See ref 11 and Kaufman et 
al. (Kaufman, M. J.; Gronert, S.; Burs, D. A.; Streitwieser, A., Jr. J. Am. 
Chem. SOC. 1987,109,602-603) for additional examples and discussion. 

measuring ion-pair association constants (K,) have 
been devised.13" Ion pairing stabilizes the anion and 
leads to an apparent acidity increase. Small corrections 
of the pKa values are therefore needed. For chelating 
anions the size of K,  increases along the series K+ C 
Na+ C Li+. 

Acidities in Other NHBD Solvents. An acidity 
scale in N-methylpyrrolidin-2-one (NMP) has also been 
established by using the overlapping indicator method.g 
Relative acidities in NMP and Me2S0 correlate beau- 
tifully (see Figure 5 in ref 9), and the absolute acidities 
do not differ greatly. Ion-pairing association constants 
with K+ counterion for chelating anions and homo- 
hydrogen bonding constants for phenols13b are also 
similar in NMP and Me2S0. Since differences in free 
energies of transfer from H20 to solvents such as 
HMPA, Me2S0, NMP, DMF, and MeCN do not differ 
greatly,14 we can expect relative acidities in Me2S0 to 
provide a good model for those in these NHBD solvents. 
Differences in free energies of transfer of the proton in 
these solvents may be appreciable, however, and can 
lead to sizable differences in absolute acidities. For 
example, the pK,'s for PhOH in Me2S0, NMP,g and 
MeCNsd are 18.0, 20.1, and 27.2, respectively. 

Acids in the pKa range 32-35 are difficult to measure 
in MezSO (pKa = 35) because of the leveling effect of 
the Very weak acids such as amines, alkyl 
sulfides or ethers, benzenes, alkylbenzenes, alkenes, and 
alkanes are not deprotonated by MeSOCH2K in 
Me2S0, showing that their pK,'s are above 35. Con- 
ceivably, the pKis for some of these compounds could 
be measured in a more weakly acidic solvent such as 
HMPA, but problems with ion pairing can be expected 
to increase. It is possible to obtain at least a rough 
estimate of the pK:s of some of these compounds by 
extrapolation, however.16 

(13) (a) Olmstead, W. N.; Bordwell, F. G. J.  Org. Chem. 1980, 45, 
3299-3305. (b) Bordwell, F. G.; McCallum, R.; Olmstead, W. N. J. Org. 
Chem. 1984,49,1424-1427. 

(14) Alexander, R.; KO, E. C. F.; Parker, A. J.; Broxton, T. J. J. Am. 
Chem. SOC. 1968,90,5049-5069. 

(15) Olmstead, W. N.; Margolin, 2.; Bordwell, F. G. J. Org. Chem. 

(16) Bordwell, F. G.; Algrim, D. J. J. Am. Chem. SOC. 1988, 110, 
1980,45, 3295-3299. 

2964-2968. 
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Table I1 
Equilibrium Acidities in Dimethyl Sulfoxide at 25 OC 

acid P K O  acid PK,O 
5-nitrobarbituric acid 

2,4-dinitronaphthol 
PhN+HMez 

saccharin 

2,6-dinitrophenol 

(F3CSOz)zCHp 

F3CCOZH 

PhCH(CN)z 

2,4-dinitrophenol 

PhCOSH 
F3CSOzCHzCOPh 

ClpCHCOzH 
PhSCH(S0zPh)z 
F3CCHZSOzNHPh 
2,4,5-C1&6HzSH 
Ph3P+CHzCOPh 
PhnP+CH,CN 
PhSOzH - 
PhSOzCHzNOz 
PhSeH 

HONO 
H3N'CHZCOzH 
CHz=CHCHZNOZ 
(CsF&CHCN 
tetrazole 
9-cyanofluorene 
barbituric acid 
(CH,C0)3CH 
H3N+CHzCOzEt 
p-N02C6H&0zH 
F3CS02NH2 

4 

PhSH 

1,3-cyclohexanedione 
9- (methoxycarbony1)fluorene 
fluoradene 

PhCOCHzCN 

(F3C)SCOH 
P-NO&H4OH 

@%J 
F S C C H ( C O ~ M ~ ) ~  
PhCOzH 
F3CSOZCHzSPh 
CHz(CN)z 

PhSOzCHzCOPh 

S C N H  

PhSOzCHzCN 
(PhSOz)zCH2 
PhCHzNOz 
CH3COzH 

benzo- 1,2,3-triazole 

9-(ethylsulfonyl)fluorene 
9-isocyanofluorene 
pentaphenylcyclopentadiene 
5-fluorouracil 
5,5-diethylbarbituric 

2-thiopyridone 

(PhNH),C=S 

(CH3CO)qCHz 

(PhC0)zCHz 

0.8 
2.1 
2.1 
2.45 
3.45 
4.0 
4.2 
4.9 
5.1 
5.1 
5.2b 
6.4c 
5.55 
5.7 
6.0 
6.1 
7.05 
7.1 
7.1 
7.1b 
7.4d 

7.5 
7.5e 
7.7 
7.95 
8.2 
8.3 
8.4 
8.6 
8.7' 
9.0 
9.7 

10.1 

10.3 
10.2 
10.3d 
10.35 
l0.d 
10.7 
10.8 
10.8 

10.8 
11.0 
11.0 
11.0 
11.2 

11.4 
11.8 

11.9 
12.0 
12.25 
12.3 
12.3c 
12.3 
12.3 
12.5 
12.7 
13.0 
13.3 
13.3 
13.35 
13.4 

PhCONHOH 
2,3-dihydroxynaphthalene 
N-acetyloxindol 
1,2,3-triazole 
uracil 
adenine 
CH3COCHzCOzEt 
(MeS02)zCHPh 
2,5-diphenylcyclopentadiene 
9-cyano-9,lO-dihydroanthracene 

0 

PhaCH3 
It 
" +  

MeAN\Me 

fluorenone benzylimine 

succinimide 
CH,C(=S)NHPh 

CH3COCHzCOzEt 

F3CSOZCHzPh 

Me 

O ~ N H  (4 - pyridone) 

fluorenone phenylhydrazone 
MeCH(COCHd, 
1,2,3- triphenyfiidene 
PhCHzSH 
9-(phenylthio)fluorene 
9-(benzylsulfinyl)fluorene 
PhSOzNHNMe, 
nitrocycloheptane 

nitrocyclopentane 

(PhSe)&HPh 
fluorenone oxime 
CHz(C0zEt)z 
benzimidazole 

CsF&HzCN 

PhSOzNHz 

CH3CH(SOZEt)z 
NOZNH(=NH)NHz 
3-((phenylsulfonyl)methyl)pyridine 
isonicotinic hydrazide 
2,6-di-tert-butylphenol 
PhC(=S)NHp 
HpNCN 
PhCHpSOzF 
MeZCHNO2 

0 
It 

PhSCHCIz  

\ 
TS 

! 
2-indanone 

2-pyridone 

2-naphthol 

CH,CH~CHZCHZSH 

PhSOzNHNHz 

PhCOCHPSPh 
F3CCONHz 
CH,NO, 
nicotinic hydrazide 
CH3SOZNHz 
PhCOCHzPh 
nitrocyclobutane 
nitrocyclohexane 
9-phenylfluorene 
(CHnCOLNH 
cy clopeniadiene 
PhOH 

13.65 
13.7 
13.88 
13.9 
14.1 
14.2 
14.2 
14.3 
14.3 
14.3 
14.4 

14.4 
14.5 
14.55 
14.6 
14.7 
14.75 
14.75 

14.8 

14.9 
15.05 
15.2 

, 15.4 
15.4 
15.7 
15.8 
15.8 
15.8 
16.0 
16.1 
16.15 
16.2 
16.4 
16.4 
16.7 
16.7 
16.7 
16.8 
16.85 
16.9 
16.9 
16.9 
16.9 
16.95 

16.95 
17.0 
17.0 
17.1 
17.1 
17.1 
17.15 
17.2 
17.5 
17.5 
17.65 
17.8 
17.9 
17.9 
17.9 
18.0 
18.0 
18.1 
18.2 
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Table I1 (Continued) 

acid PK," acid PK,' 
F3CSOzCHMe2 21.8 ox i n d o 1 e 

(EtO)zP(O)NHPh 
p-CH&6H&30ZCHzN=C 
CH&(=S)NHz 
PhCON(Me)OH 
N-methvloxindole 
imidazoie 
PhCOCHzSePh 
1,3-dimethylbenzoimidazolium ion 
PhCOCHPhz 
(PhCH2)2C=O 
F~CSOZCH~ 
PhCONHNH2 
4-chloro-2-nitioaniline 
PhCOCH,SCH,Ph 
Me3SiCH{COzEt)z 
PhCHzSOZSCHzPh 
PhzP(S)CHzP(S)Phz 

PhSOZNHC(=NH)NHz 

P hCOCH2S 

PhCHZN=CHCOzEt 
(PhNH)zC=O 
NH&(=NH)NHCN 

2-phenylindene 

-0 
pyrazole 
carbazole 
PhCHZSOSPh 
PhCHzCOCH3 
10-cyano-9-methylanthracene 
indene 
PhzC=NOH 
PhCH=CHCHZS02Ph 
PhCOCHFz 
PhSOzCHZPPhz 
PhCOCHZNPhz 
p-NOzCsH4CHs 
F3CSOZCHzMe 
i-PrCH(COzEt)z 

H 

0 
II 

PhSCH2CI 
II 
N 

'TS 

2-benzylbenzothiazole 

indole 
PhCH=NNHPh 
PhCOCHzOPh 
(HzN)zC=S 
PhCONHC(=NH)NHZ 
PhSOzCHzSiPhs 
PhCH2C(=S)NMe2 
PhSCHzCOzMe 

isonicotinamide 
PhC(Me)=NNHPh 
phenoxazine 

9- (trimethylsily1)fluorene 
4-acetylpyridine 

CHSCONHPh 

PhCOCHzF 

18.28 
18.3 
18.4 
18.45 
18.5 
18.58 
18.6 
18.6 
18.6 
18.7 
18.7 
18.75 
18.9 
18.9 
19.0 
19.0 
19.1 
19.3 
19.4 
19.45 
19.45 

19.5 
19.55 
19.6 
19.8 
19.9 
19.9 
19.9 
20.0 
20.1 
20.1 
20.2 
20.2 
20.2 
20.3 
20.4 
20.4 
20.5 
20.7 

20.7 

20.8 

20.8 

2 0 9  

24.7h (pK.") 
20.95 
21.1 
21.1 
21.1 
21.25 
21.3 
21.3 
21.4 
21.45 
21.5 
21.5 
21.65 
21.7 
21.7 
21.8 

2-methylindene 
CH3CONHNHz 
PhCHZCN 
9-cyano-9,lO-dihydrophenanthrene 
nicotinamide 
CH3COCHzSOzPh 
PhC=CCHZSOzPh 
4,5-methylenephenanthrene 
2-thiophenecarboxamide 

2- ((phenylsulfony1)methyl) furan 
9-methylfluorene 

PhSOzCHPhz 

P h S O 2 C H 2 G  

P h CH (C N NnO 

CHz=CHCHZSOzPh 
U 

3-methylindene 
Ph3PCH3+ 
2-furancarboxamide 
fluorene 

phenothiazine 

pyrrole 
PhCH(Me)CN 
PhOCHzCONHz 
1-indanone 

PhCHzCOzEt 

(PhS)BCH 

PhSCHzCONHz 
PhSeCHzCONHz 
2,3,4-trimethylimidazolium ion 
4-aminopyrimidine 
(HzNNH)ZC=O 
PhCONHp 
(Ph2C=CH)2CHPh 
PhSOzCH2Ph 
HCONH, 
F3CCHz6H 

(PhCHz)zSOz 
PhSOzCHzCl 

MeOCHzCONHz 
t-BuSCHzCONHz 
p-F3CSO&H4CH3 
2-pyrrolidone 
3- ((phenylsulfony1)methyl)thiophene 
cyclohexanone oxime 

benzoxazole 
PhzC=NCHzPh 

CH3COCH2CH3 
HzNCOzEt 
t-BuCH(COzEt)p 
HZNCH2CONH2 
PhCHzCONHz 

PhzNH 
PhCOCH3 

csclobutanone 
CH3SO20Ph 
PhCHzSOzNMez 

4-benzylpyridine N-oxide 
2-aminopyrimidine 

Y 

CH3CONHz 

CH3C(=S)NMez 
PhZC=CHCHzPh 

PhZC=CHCHPhz 
c-C,H&OPh 
cyclopentanone 

21.8 
21.8 
21.9 
21.9 
22.0 
22.1 
22.1 
22.2 
22.3 
22.3 
22.3 
22.3 
22.35 

22.4 

22.5 
22.5 
22.5 
22.55 
22.6 
22.6 
22.7 
22.8 
23.0 
23.0 
23.0 
23.0' 
29.6' (pK,") 
23.0 
23.1 
23.2 
23.9 
23.3 
23.35 
23.4 
23.4 
23.45 
23.45 
23.8 
23.9 
23.9 
24.1 
24.1 
24.2 
24.2 
24.3 
24.3 
24.4 
24.4 
24.6 
24.7 
24.7 
24.7 
24.7 
24.95 
25.05 
25.2 
25.2 
25.2d 

25.2 
25.9 

25.5 

25.5 
25.6 
25.65 
25.8 
25.8 
25.8 
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Table I1 (Continued) 

acid PKC acid PKC 
26.1 CHSOH 29.0 

thiazole 29.4 
M e s M e  P - P ~ S O ~ C B H ~ C H ~  29.85 

Me Me 2-benzylthiophene 29.9 
26.1 xanthene 30.0 

3- benzylpyridine 30.15 
(CHJZCHOH 30.25 & - 4-methylthiazole 30.3 

c-CdH&OPh 26.15 camphor 30.4 
30.6 PhNHNHPh 

MezCHCOPh 26.25 

cyclohexanone 26.4 PhNHz 30.6 
CHSCOCH3 26.5 Ph3CH 30.6 
4-aminopyridine 26.5 
F J C S O ~ C H \  ,CH2 I 26.6 

CH2 PhSOzCH2OMe 30.7 
c-CBHIICOP~ 26.7 PhSCHzPh 30.8 
4- benzylpyridine 26.7 9-methylanthracene 31.1 
cyclodecanone 26.8 CH3SOZCH3 31.1 
PhSCHPhz 26.8 (n-PrS)&H 31.3 
(HzN)zC=O 26.95 CHSCN 31.3 
benzothiazole 27.0 HZO 31.2 
PhS(0)CHzPh 27.2 PhzCHZ 32.2 
PhCHzNEC 27.4 (CH&COH 32.2 
heptamethylindene 27.4 

2-methylbenzothiazole 27.6 
2-aminopyridine 27.7 

26.2 
Me+&H 

2-piperidone 26.4 S 

30.65 
C ) - P h  

(33Ik 0 

Ph--S-CH3 
(EtO)zP(O)CHzPh 27.55 II 

II 
0 27.7 \Me 

!.! 
PhSCH3 I I  CH3S(O)CH3 35 

4-methylpyridine (3Wk 

(39Ik 

(4Uk 

cycloheptanone 27.8 
9-phenylxanthene 27.9 
PhSOzCHzOPh 27.9 NH3 
4-methyloxazole 28.0 2-methylnaphthalene (42)k 
PhOCHzCN 28.1 PhSCH3 (Wk 
[(CHS)ZCHIZC=O 28.2 2-methylthiophene (Wk 

(1 \ T S  

2-benzylpyridine 28.2 2-methylfuran (43Ik 
c-CaHSCOPh 28.25 PhCH3 (43Ik 
PhSOzCHzF 28.5 CHZ=CHCHS (44)kJ 
3-aminopyridine 28.5 CH3SCH3 (45Ik 
PhC=CH 28.7 PhOCH3 (49Ik 
(Et0)2P( O)CHzSiMes 28.7 CH4 (Wk 

"The pK,'s were selected from a list of about 1200 that have been measured in our laboratory. The pK,'s of oxygen acids have been 
corrected for homohydrogen bonding, and pK,'s of acids forming chelating anions have been corrected for ion pairing with K'. The ylides 
formed from cations are often reactive, and these values should be regarded as tentative. Most pK,'s were measured by using two or more 
indicators or standard acids and are believed to be accurate to *O.l unit. bCourtot-Coupez, J.; Le DgmBzet, M. Bull. SOC. Chim. Fr. 1969, 
1033-1039. CRitchie, C. D.; Lu, S., private communication. dArnett, E. M.; Harrelson, J. A., Jr. J. Am. Chem. SOC. 1987, 109, 809-812. 
eHughes, D. L.; Bergan, J. J.; Grabowski, E. J. J. Org. Chem. 1986,51,2579-2585. fRitchie, C. D.; Uschold, R. E. J. Am. Chea .  SOC. 1968, 
90, 2821-2824. BFried, H. E. Ph.D. Dissertation, Northwestern University, 1982. hStreitwieser, A., Jr  Acc. Chem. Res. 1984, 17, 353-357. 
'Cornforth, F. W. Ph.D. Dissertation, Northwestern University, 1974. 'Shkurko, 0. P.; Terekhova, M. J.; Petrov, E. S.; Mamaev, V. P.; 
Shatenshtein, A. J. J. Org. Chem. USSR (Engl. Trawl.)  1981,17, 260-264. kVaiues in parentheses were extrapolated by methods such as 
those described in ref 16. 'From ref 52, assuming a BDE of 81 for the C-H bond in Ph3CH.S1 

withdrawing groups,n cY-heteroatoms,22 phenyl  group^,^ 
phenylthio groups,24 alkyl groups on C-H acids,25 sp 
hybridization at  carbon,26 remote substituents (in 

(21) (a) Bordwell, F. G.; Van Der Puy, M.; Vanier, N. R. J. Org. Chem. 
1976,41,1884-1885. (b) Bordwell, F. G.; Algrim, D. J. Org. Chem. 1976, 

(22) (a) Bordwell, F. G.; Van Der Puy, M.; Vanier, N. R. J. Org. Chem. 
1976,41,1885-1886. (b) Bordwell, F. G.; Fried, H. E. Tetrahedron Lett. 

(23) Bordwell, F. G.; Bares, J. E.; Bartmess, J. E.; McCollum, G. J.; 
Van Der Puy, M.; Vanier, N. R.; Matthews, W. S. J. Org. Chem. 1977, 

(24) Bordwell, F. G.; Bares, J. E.; Bartmess, J. E.; Drucker, G. E.; 
Gerhard, J.; McCollum, G. J.; Van Der Puy, M.; Vanier, N. R.; Matthews, 
W. S. J. Org. Chem. 1977, 42, 326-331. 

(25) (a) Bordwell, F. G.; Drucker, G. E.; McCollum, G. J. J. Org. Chem. 
1976,41,2786. (b) Bordwell, F. G.; Bartmess, J. E.; Hautala, J. A. J. Org. 
Chem. 1978,43,3095-3101. (c) Zbid. 1982,47,2504-2510. (d) Bordwell, 
F. G.; Bausch, M. J.; Wilson, C. A. J. Am. Chem. SOC. 1977, 109, 

The Me2S0 Acidity Scale. Structural Effects on 
Acidities. In Table I1 we present data for equilibrium 
acidities in M e a 0  for over 300 compounds. The effects 
of structural variations on acidities for many of these 
have been discussed in papers from Our laboratory, in- 
cluding the effects of cyclopropyl rings,20 a-electron- 41, 2507-2508. 

(17) Algrim, D.; Bares, J. E.; Branca, J. C.; Bordwell, F. G. 1978,43, 
5024-5026. 1977, 1121-1124. 

(18) In CHA a Bransted-type extrapolation gives an ion-pair pK, for 
toluene of 41,% and two extrapolations from azine acidities in DME have 

(19) Terekhova, M. I.; Petrov, E. E.; Shkurko, 0. P.; Mikhaleva, M. 
H.; Mamaev, V. P.; Shatenshtein, A. I. J. Org. Chem. USSR (Engl. 
Transl.) 1983,19,405-408. 

(20) (a) Bordwell, F. G.; Vanier, v. R.; Matthews, W. S.; Hendrickson, 
J. B.; Skipper, P. L. J. Am Chem. SOC. 1975,97,7160-7163. (b) Bordwell, 
F. G.; Bartmess, J. E.; Hautala, J. H. J. Org. Chem. 1978,43,3113-3116. 
(c) Bordwell, F. G.; Branca, J. C.; Johnson, C. R.; Vanier, N. R. J. Org. 

given a value of 42. 42, 321-325. 

Chem. 1980, 45, 3884-3889. 5465-5470. 
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f l ~ o r e n e s ~ ~  and in acetophenones28), ion pairing,13 steric 
inhibition of resonance,29 alkyl groups in alcohols,15 
a r ~ m a t i c i t y , ~ ~  thiol groups,31 methyl effects on cyclo- 
pentadienes and and homohydrogen bonding 
in phen01s.l~~ Papers from other laboratories have 
discussed the first and second ionization constants of 
9,9’-bifl~orenyl,~~ the effects of cyclization on acidities 
of ketones and carboxylic esters containing 6-dicarbonyl 
 group^,^ and the effects of aza groups on acidities.% In 
the accompanying paper we compare some of these 
structural effects on solution acidities with those on 
intrinsic gas-phase acidities and discuss insights into 
solvation effects derived therefrom.36 

The MezSO acidity scale has proved useful in several 
ways. Jorgensen and his students have used the pK,’s 
as one of the parameters in an interactive computer 
program, CAMEO, that is being designed to predict 
products of organic reactions, given the starting mate- 
rials and  condition^.^^ By combining pKa values in 
Me2S0 for 21  delocalized carbanions and 5 phenoxide 
ions with calculated 1~ delocalization energies of 6 car- 
bocations, Arnett has developed a “master equation” 
to correlate data for 30 reactions ( r  = 0.9948). Equa- 
tions of this type are capable of providing a simple 
means of estimating heterolysis energies in solution for 
thousands of bonds that give resonance-stabilized an- 
ions and cations on cleavage.38 In our laboratory we 
have found that rates (log kobsd) of reactions between 
the conjugate bases of various families of acids and 
electrophiles can be correlated generally with pKHA 
values to give linear Brernsted pl0ts,3~ as will be brought 
out in the next section. 

Acid-Base Families and the Brernsted Relation- 
ship. For acids in Table I1 containing an aromatic 
nucleus, Hammett-type families can be prepared by 
placing substituents in remote positions. Taft-type 
families such as GCHzCONHz and GCH2COPh can also 
be prepared, and other types of families can be con- 
structed from various groups of acids, e.g., an azole 
family (pyrrole, pyrazole, imidazole, etc.). The p values 
in Table 111, when combined with literature B and a; 

(26) Bordwell, F. G.; Algrim, D.; Fried, H. E. J. Chem. SOC., Perkin 

(27) Bordwell, F. G.; McCollum, G. J. J. Org. Chem. 1976, 41, 

(28) Bordwell, F. G.; Cornforth, F. W. J.  Org. Chem. 1978, 43, 

(29) Bordwell, F. G.; Drucker, G. E. J.  Org. Chem. 1980,45,3325-3328. 
(30) Bordwell, F. G.; Drucker, G. E.; Fried, H. E. J. Org. Chem. 1981, 

(31) Bordwell, F. G.; Hughes, D. L. J. Org. Chem. 1982,47,3224-3232. 
(32) Bordwell, F. G.; Bausch, M. J. Am. Chem. SOC. 1983, 105, 

(33) Streitwieser, A., Jr. Acc. Chem. Res. 1984,I7, 353-357. 
(34) Arnett, E. M.; Harrelson, J. A., Jr. J. Am. Chem. SOC. 1987,109, 

809-812. 
(35) Terekhova, M. I.; Petrov, E. S.; Mikhaeleva, M. A,; Shkurko, 0. 

P.; Mamaev, V. P.; Shatenshtein, A. I. J. Org. Chem. USSR (Engl. 
Transl.) 1982, 18, 6-10. 

(36) Taft, R. W.; Bordwell, F. G. Acc. Chem. Res., accompanying paper 
in this issue. 

(37) Jorgensen, W. L.; Gushurst, A. J. J.  Org. Chem. 1986, 51, 
3513-3522. 

(38) (a) Amett, E. M.; Molter, K. E. Acc. Chem. Res. 1985,18,339-346. 
(b) Arnett, E. M.; Chawla, B.; Amarnath, K.; Whitaell, L. G., Jr. Energy 
Fuels 1987,1, 17-23. Amett, E. M.; Whitaell, L. G., Jr.; Amarnath, K.; 
Cheng, J.-P.; Marchot, E. J. Macromol. Chem., Macromol. Symp. 1988, 

(39) For a review, see: Bordwell, F. G.; Hughes, D. L.; Cripe, T. A. in 
Nucleophilicity; Harris, M. J., McManus, S. P., Eds.; Advances in 
Chemistry 215; American Chemical Society: Washington, DC, 1987; 
Chapter 9. 

Trans. 2 1979, 726-728. 

2391-2395. 

1763-1768. 

46, 632-635. 

6188-6189. 

13/14, 21-31. 

Table I11 
Hammett p Values for Equilibrium Acidities in MezSO 

Solution at 25 O C  

acid familv DK-~ Db nf R2 ref 
ArCH(CN), 4.2 4.2 f 0.1 5 0.997 g 
ArSOzH 7.1 2.4 f 0.2 4 0.986 h 
ArSH 10.2 4.8 f 0.3 5 0.988 31 
ArCOzH 11.0 2.6 9 i 
ArCONHOH 13.65 2.6 4 0.989 i 
ArOH 18.0 5.3 f 0.1 8 0.991 i 3 b  
ArCH2COCH8 19.9 4.7 4 0.999 k 
ArNHCOCH, 21.45 4.1 6 k 
ArCHzCN 21.9 5.9 8 0.939 1 
ArCH(NC4H,0)CN 22.4 7.0 f 0.1 7 0.996 m 
fluorenes 22.6 7.5 f 0.53c 14 0.939 27 
fluorenes 22.6 5.7 f 0.3d 7 0.989 g 
phenothiazines 22.7 5.21 5 0.982 n 

ArCOCH, 24.7 3.55 f 0.05 14 0.998 28 
ArNHPh 24.95 5.4 3 0.997 n 
GCHZCONHZ 25.5 3.1 f 0.3 13 0.976 22b 
ArNH2 30.6 5.7 f 0.1 6 0.998 o 
ArCHPh, 30.6 5.7 f 0.3d 7 0.989 p 

ArCHzSOzPh 23.4 4.8 10 0.999 g 

9-methylanthracenes 36.1 >loe 9 E 

pK, of the parent acid. The Hammett plots are restricted for 
the most part to meta points; U,.OM. is 0.02 in Me2S0, however, 
rather than the value of 0.12 derived from benzoic acids in water.28 
The up- values for p-N02, p-RCO, and like substituents are made 
abnormally high, in part, by substituent solution-assisted reso- 
nance (SSAR) effects.% CFor 2- and 2,7-substituents; p is abnor- 
mally high because PhCO, CN, etc. groups are included and the 2- 
and 2,7-positions have some para character. For 3-substituents. 
e p is abnormally high; the correlation is poor since para substitu- 
ents are used and steric effects in the 10-position are severe. 
f Number of substituents. SBranca, J. C. Ph.D. Dissertation, 
Northwestern University, 1979. Hughes, D. L. Ph.D. Disserta- 
tion, Northwestern University, 1981. ’Ritchie, C. D.; Uschold, R. 
E. J. Am. Chem. SOC. 1968,90, 2821-2824. )Hughes, D. L.; Whang, 
Y., unpublished results. Chehel-Amiran, M., unpublished results. 
I Bares, J. E. Ph.D. Dissertation, Northwestern University, 1976. 
“Mueller, M. E., unpublished results. “Cheng, J.-P. P b D .  Dis- 
sertation, Northwestern University, 1987. Algrim, D. J. Ph.D. 
Dissertation, Northwestern University, 1981. PTwyman, C. L. un- 
published results. 

values,4O provide a means of estimating pK,‘s for hun- 
dreds of additional acids. 

Rates of reactions of electrophiles with the conjugate 
bases of acids within a family can be studied under 
conditions where steric, as well as solvent, effects are 
kept constant. Plots of log kobsd vs pKm values give 
linear Brernsted plots, which are similar to Hammett 
plots but are much more precise since they do not de- 
pend on an arbitrary model (the pKLs of benzoic acids 
in water). These Brernsted plots have been found to be 
linear for nearly all combinations of anions with elec- 
trophiles tried to date. The types of reactions include 

that for all of these reactions the nucleophilicities of the 
bases depend on only two factors, (a) their basicity, as 
measured by pKHA, and (b) the sensitivity of the reac- 

(40) See Exnerlb for an extensive list of u vs u- constants. The u- 
values for the NO2, RCO, CN, and RSOz groups are exalted in Me SO in 
part by substituted solvation-assisted resonance (SSAR) effects.% 

(41) Bordwell, F. G.; Hughes, D. L. J. Am. Chem. SOC, 1986, 108, 
7300-7309 and references cited therein. 

(42) Bordwell, F. G.; Cheng, J.-P.; Clemens, A. H. J. Am. Chem. SOC. 

(43) Bordwell, F. G.; Mrozack, S. R. J. Org. Chem. 1982,47,4813-4815. 
(44) Bordwell, F. G.; Hughes, D. L. J. Am. Chem. SOC. 1986, 108, 

(45) Bordwell, F. G.; Hughes, D. L. J. Am. Chem. SOC. 1985, 107, 

(46) Bordwell, F. G.; Bausch, M. J. J. Am. Chem. SOC. 1986, 108, 

S~2,4l s~2’,4’ E2,@ s ~ h , ~  HT+,& and %-.& This means 

1987, 109, 1773-1782. 

5993-5996. 

4734-4744. 

1985-1988. 
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tion to changes in basicity, as measured by the slope 
of the Brernsted plot, ONu. @Nu values usually fall in the 
range 0.2-0.5 for SN2,  sN2', and E2 reactions and in the 
range 0.5-1.0 for SNAr, HT+, and eT- reactions. 

Reactions of PhCH2Cl with families of delocalized 
anions bearing various types of donor atoms have been 
found to have similar ONu values. This has allowed the 
rate constant order for anions of the same basicity, but 
with different donor atoms, reacting with electrophiles 
such as PhCH2Cl to be approximated: S- (lo3) > C- 
(l.0j > 0- (0.3) > N- (0.1).47 For reactions having PNu 
values of 0.3 the total rate span is about lo9 for delo- 
calized anions derived from the acids in Table 11, but 
the rate span increases exponentially as PNu increases. 
Thus, for some proton- or single-electron-transfer re- 
actions, where PNu can approach unity, the rate span 
will be of the order of 1030. 

Acidities, Basicities, Reactivities, and Redox 
Potentials in Me2S0. A plot of the oxidation poten- 
tials, Eox(A-), of 2- and 2,7-substituted fluorenide ions 
vs the pKm values of their conjugate acids is linear with 
a slope near unity, indicating that substituents in the 
2- and 2,7-positions do not stabilize (or destabilize) 
9-fluorenyl radicals.48 This explains the linearity of 
Brernsted plots, with slopes near unity, observed for 
2-G- and 2,7-G2F1H- ions reacting by single-electron 
transfer (SET) with acceptors such as 1,l-dinitro- 
cy~lohexane.~~ On the other hand, 9-G substituents 
have strong stabilizing (or destabilizing) effects on 9- 
G-F1' radicals, the size of which can be measured, rel- 
ative to 9-H-F1', by eq 2.48 

AE, = 1 . 3 7 A p K ~ ~  23.06AEOx(A-) (2) 

In eq 2, AE, provides an estimate of the effect of the 
9-G substituent on the energy of the 9-G-F1' radical, 
relative to that of the 9-H-F1' radical. The AE, values 
range from a stabilizing effect of as much as -10 
kcal/mol for G = R2N to a destabilizing effect of +2 
kcal/mol for G = RS02.48 These AE, values can be 
equated with the relative homolytic bond dissociation 
energies (ABDEs) of 9-C-H bonds in the corresponding 
fluorenes, 9-G-Fl-H. 

Absolute BDEs for acidic C-H bonds in hydrocarbons 
or their derivatives can be estimated from eq 3, which 

BDE = 1 . 3 7 p K ~ ~  + 23.06EOx(A-) 4- 55.9 (3) 

is based on a thermodynamic cycle derived by Nicholas 
and (Equation 3 was derived earlier in a 
different way by Friedrich and used to estimate BDEs 
in water for hydroquinone and phenol.50) The BDEs 
in Me2S0 solution for the acidic C-H bonds in fluorene, 
indene, cyclopentadiene, 9-methylanthracene, di- 
phenylmethane, triphenylmethane, xanthene, phenol, 
thiophenol, and aniline estimated in this way agree 
satisfactorily with gas-phase B D E s . ~ ~  

The pK, values for a few hydrocarbons, including 
cyclopentadiene (CpH,), toluene, propene, and iso- 

(47) Bordwell, F. G.; Hughes, D. L. J. Am. Chem. SOC. 1984, 106, 

(48) Bordwell, F. G.; Bausch, M. J. J. Am. Chem. SOC. 1986, 108, 

(49) Nicholas, A. M. P.; Arnold, D. R. Can. J. Chem. 1982, 60, 

(50) Friedrich, L. E. J. Org. Chem. 1983,48, 3851-3852. 
(51) Bordwell, F. G.; Cheng, J.-P.; Harrelson, J. A., Jr. J. Am. Chem. 

3234-3239. 

1979-1985. 

2165-2179. 

SOC. 1988, 110, 1229-1231. 

butane, relative to triphenylmethane have been esti- 
mated from the algebraic sum of the differences in their 
BDEs and the differences in the oxidation potentials 
of their conjugate bases.52 For example, the Eo,(A-) 
value for the CpH- ion was found to be less negative 
than that of the Ph3C- ion by 18 kcal/mol. When the 
6 kcal/mol difference in the BDEs of CpH2 (81 kcal/ 
mol) and Ph3CH (75 kcal/mol) was taken into account, 
an estimated difference in acidities of 8.8 pK, units was 
arrived at. If we use the pK, of 30.6 for Ph3CH in 
Me2S0 as a reference, the estimated relative pKa for 
CpH2 is then 22. But, as Breslow points out, the pKa 
of 22 rests in part on the BDE of 75 for Ph3CH, which 
has not been checked by modern methods.52 Indeed, 
if the BDE of 81 f 3 estimated by eq 3 is used,51 the 
pK, calculated for CpH2 becomes 17.6, which is in good 
agreement with the value of 18.0 determined in Me2S0 
(Table 11). 

By combining pKHA values with Eox(A-) and Eox(HA) 
values, according to eq 4, it is possible to  estimate 

(4) 

acidities of radical cations of the type HA", where A 
may be S, 0, N, C, and the like.53 Direct experimental 
determination of pKHA'+ values presents a formidable 
problem since establishment of the equilibrium HA" 
e H+ + A', which involves two radical species, is dif- 
ficult, as is the measurement of the radical concentra- 
tions. The method is of particular value for estimating 
acidities of radical cation C-H acids, which generally 
have pKHA'+ values of 0 to -30.54 A similar method, 
which is also based on a thermodynamic cycle, has been 
used to estimate the acidities of the conjugate acids of 
radical anions.55 

For single-electron-transfer (SET) reactions from 
fluorenide carbanions to an acceptor of the type 1,l- 
(N02)2-c-CGHlo or 1-N02-1-Ts-c-C6Hlo, Marcus-type 
plots of log koM vs Eo,(A-) have been found to be linear 
in several  instance^.^^.^^ Recently, a family of seven 
9-R2N-fluorenide ions having basicities that vary over 
a relatively small range (pKHA's = 20.4 f 2.2) but have 
Eox(A-) values varying over a substantial range (0.427 
V; 9.8 kcal/mol) has proved useful for testing for the 
presence of an SET component in SN2-type substitution 
reactions.58 This family gave a linear Marcus-type plot 
for reactions with F3CCH21, a known SET 
and the log ksET values calculated with the Marcus 
equation, with X and AGO values derived according to 
the method of Eberson,GO were found to correspond well 

PKHA" = PKHA + 23.06[EOx(A-) - Eox(HA)]/1.37 

(52) Jaun, B.; Schwarz, J.; Breslow, R. J. Am. Chem. Soc. 1980,102, 
5741-5748. 

(53) Bordwell, F. G.; Bausch, M. J. J. Am. Chem. Soc. 1986, 108, 
2473-2474. The thermodynamic cycle on which this method was based 
was derived by Nicholas and Arnold.'@ 

(54) Cheng, J.-P. Ph.D. Dissertation, Northwestern University, 1987. 
(55) (a) Parker, v. D.; Tilset, M.; Hammerich, 0. J. Am. Chem. SOC. 

1987,109, 7905-7906. (b) Bausch, M. J., unpublished results privately 
communicated. 

(56) Bordwell, F. G.; Bausch, M. J.; Wilson, C. A. J. Am. Chem. SOC. 
1987. 109, 5465-5470. Over large ranges of AGO the Marcus equation 
predicts curvature, but over rekively small ranges in the endergonic 
region the curve is flat and essentially linear.67 

(57) Klinger, R. J.; Kochi, J. J. Am. Chem. SOC. 1982,104,4186-41969 
(58) Bordwell, F. G.; Harrelson, J. A., Jr. J. Am. Chem. SOC. 1987,109, 

8112-8113; 1988, 110, in press. 
(59) Bordwell, F. G.; Wilson, C. A. J. Am. Chem. SOC. 1987, 109, 

547cb5474. 
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with the experimental log kobsd values. Application of 
the test to reactions with Ph2CHCl, which gives S N ~  
kinetics and products with no evidence of radical-type 
products, gave linear Marcus-type plots and log ksET 
values corresponding to the experimental log kobsd 
values. It was concluded that the “SN2 reactions” of 
9-R2N-Fl- ions with Ph2CHCl are occurring by a radical 
pair mechanism. This approach promises to be of 
general use for elucidating the role of SET in reactions 
of families of anions with electrophiles. 

Concluding Remarks. The Me2S0 acidity scale, for 
which about 300 representative values are given in 
Table 11, furnishes (a) quantitative acidity data that can 

(60) Eberson, L. Acta Chem. Scand. Ser. B 1982, B36,533-546; 1984, 
B38, 439-459. Eberson, L. Electron Transfer Reactions in Organic 
Chemistry; Springer-Verlag: New York, 1978. 

(61) Lund, H.; Kristensen, L. H. Acta Chem. Scand. Ser. B 1979, B33, 
495-498. Lund, T.; Lund, H. Acta Chem. Scand., Ser. B 1986, B40, 
470-485. 
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be related to intrinsic gas-phase data to provide infor- 
mation on solvation effects and (b) quantitative basicity 
data that can be related to reactivity data by means of 
Brernsted, Hammett, and Marcus equations. Combi- 
nation of the pKa data with electrochemical data can 
provide estimates of (a) relative radical stabilities, (b) 
homolytic bond dissociation energies of H-A acids, (c) 
radical cation acidities, and (d) the acidities of radicals. 

The experimental results presented and referred to  in this 
paper were obtained during the past  15 years by the students 
whose names appear in  the references. Special thanks goes to  
W .  S. Matthews, who modified the Steiner method, reducing the 
time necessary for each titration and at  the same time making 
it more precise. The author wishes to  express his sincere ap -  
preciation to these research associates and wishes to  thank the 
National Science Foundation and Petroleum Research Fund for 
financial support during this period. Discussions with Prof. R. 
W .  Taft  were most helpful in preparing the manuscript. W e  
are grateful to Crown Zellerbach Corp. and more recently to 
Gaylord Chemical Corp. for generous gifts of dimethyl sulfoxide. 
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The preceding paper gives extensive data for equi- 
librium acidities in dimethyl sulfoxide (Me2SO) and 
makes comparisons with corresponding results in other 
condensed-phase media.2 In the present paper the 
results of 76 selected gas-phase acidities3 are compared 
with corresponding results in Me2S0 as a means of 
separating inherent effects of molecular structure on 
acidities from solvent effects. Simplified concepts are 
presented on relationships between solvent effects and 
structure. Broad applicability of the results and con- 
cepts is shown. 

Table I gives comparisons of gas-phase and Me2S0 
acidities, expressed by 1.364ApKa = -AGO values in 
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kcal/mol (hereafter abbreviated as kcal) for the pro- 
ton-transfer equilibria (eq 1) of 76 typical acids HA with 

9-phenylfluorenide ion (g-PhFl-). The acids have been 
selected to illustrate important kinds of structural and 
solvent effects. Positive values of -AGO indicate greater 
acidity (lower pKa) for HA than for 9-phenylfluorene 
(9-PhFlH) and vice versa. The acidities from NH4+ to 
CH4 cover a range of 211 kcal in the gas phase and 74 
kcal in MezSO solution. The values in the table are 
arranged in order of increasing Me2S0 medium effects, 
as defined by AGO,,, - AGO,,, = &AGO (where s = 
Me2SO), which cover a range of 160 kcal or 117 pKa 
units. 
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scale, which is anchored to the most reliable absolute thermodynamic 
acidities. The gas-phase acidities for the three positively charged acids 
in Table I are from ref 4 with correction to a proton affinity of NH, of 
204.0 kcal/mol. All -AGog) values are from pK,‘s cited in ref 2. 
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