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Abstract: The gas-phase acidities of a significant variety of alcohols, haloalcohols, phenol, carboxylic acids, and mineral acids 
are reproduced by an empirical theoretical treatment of substituent (X), polarizability (P), field/inductive (F), and ir electron 
derealization (R, resonance) effects in XOH. The substituent parameters for each of these effects are distinctly noncolinear. 
A standard deviation of 0.8 kcal/mol has been obtained for acidities covering a range of 50 powers of 10. All three kinds 
of substituent effects are indicated to be in general of major significance, IT Electron donor substituents require separate treatment. 
The 17.6 powers of 10 gas-phase acidity of phenol greater than that of cyclohexanol is estimated to be primarily due to its 
11.7 powers of 10 IT electron derealization effect. On the other hand, the 22.5 powers of 10 gas-phase acidity of acetic acid 
greater than that of ethanol is estimated to be primarily due to the stabilization of the acetate ion by the electrostatic interaction 
of the acetyl group dipole which contributes 14.0 powers of 10. The treatment supports the ideas that coiling of straight chain 
alkoxides in the gas phase increases the alcohol acidities by 0.8-3.4 powers of 10 and that negative C-H hyperconjugation 
in gaseous alkoxides increases acidities by ca. 0.1 kcal/mol/a-C-H. The results of similar analysis of acidities in dimethyl 
sulfoxide and in aqueous solutions is also presented. Comparisons of both gas phase and solution acidities of the XOH compounds 
with the correspondingly substituted phenols (p-XC6H4OH) strongly suggests that lone pair-lone pair electronic repulsions 
in XO" anions decrease the importance of the X substituent IT electron acceptor effects relative to the corresponding electrostatic 
field/inductive effects. 

The proton dissociation energies of OH acids are of long 
standing utility and theoretical interest.2"4 Absolute values of 
many of these energies in the gas phase are available from rela
tively recent studies of proton-transfer equilibria coupled with 
benchmark thermochemical values.5 These results provide in
trinsic structural effects, free of solvent and counterion influences. 
The relative gas-phase acidities within many diverse families of 
acids have been described satisfactorily by appropriate combi
nations of substituent dipolar field/inductive, T electron der
ealization, and polarizability (F, R, and P, respectively) effects 
obtained from linear regressions with the corresponding substituent 
parameters, <rF, <rR, and a0.

6,7 The directions and magnitudes 
of these effects within each family of acids are determined by how 
the substituent interactions change between the acid and conjugate 
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base forms. The treatment has been shown to hold generally for 
substitution at a fixed carbon position in either a saturated or an 
unsaturated chain or cycle. Acidity series in which the carbon 
position is tetrahedral, trigonal planar, or linear are included.6,7 
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In this paper we report the application of the above parameters 
to an empirical theoretical treatment to XOH acids in which 
substituents X (with some well-defined limitations) are attached 
directly to the oxygen atom from which proton dissociation occurs.8 

The available gas-phase data for the XOH family involve a sig
nificant variety of covalently bound tr electron acceptor (+R) 
substituents replacing the hydrogen atom of the water molecule. 
Solution acidities for the XOH family have also been similarly 
analyzed, and the results are compared with the corresponding 
gas-phase results. 

Acidity increases for XOH acids are due to much stronger 
substituent interactions (each of the above three kinds) with 0" 
of XO" than with OH of XOH. For all of the available data, 
dipolar substituents are oriented with their positive ends toward 
oxygen, stabilizing in particular XO" by a dipole-charge interaction 
(positive F effect). Similarly, XO" is stabilized by charge-induced 
dipole interactions with polarizable X substituents9 (positive P 
effect), w electron acceptor (+R) substituents interact to pref
erentially stabilize the more donor O" than the less donor OH. 
Therefore, according to the sign convention for the substituent 
parameters,7 as <rF

 ar>d ffR values become more positive and aa 

values become more negative, acidities are increased. There are 
equilibrium data available for only two w donor (-R) substituents. 
These data are treated separately since acid weakening repulsive 
lone pair-lone pair interactions21 occur between the substituent 
and the O" center. 

XOH Acidities in the Gas Phase. The absolute gas-phase 
acidities (AG°acid) values for the XOH acids have been taken from 
the Lias, Bartmess et al. table5b and (relatively small) statistical 
corrections applied. Generalized eq 1 gives the gas-phase proton 
dissociation reaction corresponding to AG0

acid: 

XOH(g) * X0"(g) + H+
(g) (1) 

The generalized proton-transfer reaction of eq 2 gives the acidity 
increasing effect (-5AG°(g)) of the substitution of X for an H atom 
of water: 

XOH(g) + 0H- ( g ) * X0"(g) + H20 ( g ) 

-aAG°(g) = AG°acid(H20) - AG°acid(X0H) (2) 

Table I lists AG°acid and -SAG°(g) values for 25 acids with 
widely varying +R substituents. The observed results are shown 
in Table I (by the comparison between observed and calculated 
values) to be described by eq (3) (or 3') to within the precision 
of the experimental results: 

AC°acid(XOH) = 384.5 ± 0.5 + aaPa + oFpF + aRpR = 
384.5 ± 0.5 + 

(23.4 ± 0 . 8 K - (73.4 ± 0.9)<rF - (72.8 ± 2.0)«xR (3) 

-5AC°(g) = (-23.4 ± 0 . 8 K + (73.4 ± 0.9)crF + 
(72.8 ± 2.0)<7R s -<5A//°(g) (3') 

n = 25, R2 = 0.999, sd = 0.8, 7MS° ( g ) = ±0.6 kcal/mol5b 

Values of the substituent parameters aa, <rF, and <rR are from ref 
7, except for values given in parentheses which are obtained from 
additive relationships given in this reference (and the <rR values 
for the alkyl and the phenyl substituents which have been obtained 
as described in a later section). The success of eqs 3 and 3' is 
remarkable because of the magnitudes of the substituent effects 
resulting from direct substitution at oxygen as well as the variety 
of sources of the data.5 Equations 3 and 3' are strongly supported 
because the absolute values of the reaction constants pa and pF 

(23.4 ± 0.9 and 73.4 ± 0.9, respectively) obtained from the linear 

(8) Somewhat less precise and general correlations of XOH acidities have 
been reported earlier by I. A. Koppel et al. in terms of F, R, and P effects 
evaluated by using a different substituent parameterization, cf.: Koppel, I. 
A.; Molder, U. H. Org. Read. 1983, 20, 3. Koppel, I. A.; Molder, U. H.; 
Palm, V. A. Org. React. 1985, 22, 3. Koppel, I. A. Org. React. 1987, 24, 263. 
Koppel, 1. A.; Koppel, J. B.; Pihl, V. O. Org. React. 1988, 25, 77. 

(9) Braumann, J. I.; Blair, L. K. J. Am. Chem. Soc. 1986, 90, 5636, 6301. 

multiple regression analysis are precisely those predicted from 
relationships established by the earlier treatment7 for the more 
distant substituents in the XCH2OH acid family. The validity 
of these equations is also strongly supported by the following 
statistical requirements: (a) the independent variables (the three 
kinds of substituent parameters) show a high degree of nonlin-
earity: R2(aa vs o-F) = 0.025; R2(aa vs <rR) = 0.003; R2 (<rF vs 
<rR) = 0.316; (b) in contrast, the overall R2 = 0.999, and sd = 
0.8 kcal/mol; (c) when any term in eq 3' is dropped, marked 
decreases in R2 and increases in sd result. Thus, for example, with 
the aapa term removed, R2 = 0.957 and sd = 4.6 kcal, with the 
<rRpR term removed, R2 = 0.957 and sd = 6.0 kcal, and with both 
of these terms removed, ^?2 = 0.929 and sd = 7.5 kcal. 

For the individual substituents the estimated values of the three 
kinds of substituent effects (P = -TbAo1x, F = 73.4<rF, and R = 
72.8o-R) are also given in Table I. The following points are to be 
noted. The values of P, R, and F for the various substituents cover 
large ranges (0-20 kcal/mol for P and R and 0-48 kcal/mol for 
F) for the total range of-i5AG0

(g) values of 68.5 kcal/mol (or ~50 
p.KA units). Depending upon the substituent, any one of the three 
kinds of substituent effects may be predominant. For example, 
for aliphatic alcohols, 2-fluoroethanols, and phenol, the substituent 
P effect is predominant; for the polyfluoro alcohols and the 
carboxylic acids, F effects (not R for the carboxylic acids) are 
predominant. The much greater acidity of nitrous acid than that 
of hexafluoroisopropyl alcohol is indicated to be due predominantly 
to the greater R effect of the NO than the (CF3)2CH substituent. 

Robust Character of Eq 3. aR Parameters of Alky! and Phenyl 
Substituents. Several additional lines of evidence support the 
robust character of eq 3. For example, if all of the acids of Table 
I are excluded (including phenol) for which one or more substituent 
parameter values have been estimated (as indicated by the par
enthetic values in Table I), the following correlational results are 
obtained: 

AG°acid = 384.5 ± 0.6 + (23.5 ± 0 . 9 K - (73.3 ± 1.1)<TF -
(72.9 ± 2.6)<rR (4) 

n = 17,/?2 = 0.999 

Equation 4 differs in no significant way from eq 3. 
The negative <rR values for alkyl substituents given in ref 6 and 

7 apply only for hyperconjugative interactions with w electron-
deficient centers and clearly are not applicable for hyperconju
gative acceptor interactions with the ir donors OH and (partic
ularly) 0". Theoretical calculations and measured deuterium 
isotope effects on the gas-phase acidity OfCH3OH have indicated10 

that in the unsolvated, highly charge localized and strongly TT donor 
alkoxide ion there are small negative C-H hyperconjugative ef
fects. This conclusion has been further supported by a study of 
branching and straight chain effects in the gas-phase acidities." 
That is, <rR values should be small positive values for the alkyl 
substituents with a-C-H bonds. By consideration of the magnitude 
of the aR value of 0.07 for the CF3 substituent (due to negative 
C-F hyperconjugation) the small positive <rR values given in Table 
I (uR = 0.01/a-CH in the alkyl substituent) were assumed. If 
instead <rR = 0.00 is taken for all alkyl and substituted alkyl 
substituents, the following correlational results are obtained: 

AG°acid = 383.1 ± 0.7 + (22.9 ± 1.I)(Tn - (72.6 ± 1.3)erF -
(68.6 ± 2.6)(TR (5) 

n = 25, R2 = 0.998, sd = 1.0 

While eq 5 is of very slightly poorer precision than eq 3, the 
pa, pF, and pR reaction parameters of eq 3 and 5 are the same 
within the errors of the estimates. The same situation prevails 
when the correlation is run with the 17 acids used to obtain in 
eq 4. These results show not only the robust character of eq 3 
but also strongly support the aR value of 0.22 used for the phenyl 

(10) DeFrees, D. J.; Bartmess, J. E.; Kim, J. K.; Mclver, R. T., Jr.; Hehre, 
W. J. J. Am. Chem. Soc. 1977, 99, 646. 

(11) Boand, G.; Houriet, R.; Gaumann, T. J. Am. Chem. Soc. 1986, 108, 
1711. 
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Table I. Gas-Phase Acidities of X-OH Acids, Including Alcohols, Phenol, Carboxylic Acids, and Mineral Acids 

acid 

1. H2O 
2. CH3OH 
3. C2H5OH 
4. C3H7OH 
5. /-C3H7OH 
6. (-C4H9OH 
7. 5-C4H9OH 
8. CH30(CH2)2OH 
9. C-C6HnOH 

10. (-C4H9CH2OH 
11. F(CH2)2OH 
12. C6H5CH2OH 
13. F2CHCH2OH 
14. CF3CH2OH 
15. C6H5OH 
16. CH3CO2H 
17. HCO2H 
18. (CF3)2CHOH 
19./-C4H9CH2CO2H 
20. C6H5CO2H 
21. HNO2 

22. CF3CH2CO2H 
23. (CF3J3COH 
24. HNO3 

25. CF3CO2H 

X 

H 
CH3 

C2H5 

C3H7 

/-C3H7 

(-C4H9 

.S-C4H9 

CH3O(CHj)2 

C-C6Hn 

f-C^HgCr^ 
F(CH2), 
C6H5CH2 

F2CHCH2 

CF3CH2 

C6H5 

CH3CO 
HCO 
(CF3)2CH 
(-C4H9CH2CO 
C6H5CO 
NO 
CF3CH2CO 
(CF3)3C 
NO2 

CF3CO 

AG0JCi/-
(obs) 

384.5 
374.0 
371.4 
369.4 
368.8 
368.0 
367.6 
366.8 

(366.1)* 
366.0 
363.5 
363.4 
359.2 
354.1 
342.3 
340.7 
338.0 
338.3 
337.7 
332.6 
330.1 
327.3 
324.0 
317.1 
316.0 

AG°acjd -
(calc) 

(384.5) 
374.1 
371.6 
370.4 
369.3 
367.0 
367.9 
365.8 
366.0 
367.4 
363.3 
363.0 
357.8 
355.4 
342.2 
340.2 
337.2 
338.4 
336.9 
333.3 
329.6 
327.3 
323.8 
317.6 
317.0 

°ac 

0.00 
-0.35 
-0.49 
-0.54 
-0.62 
-0.75 
-0.68 

(-0.52) 
-0.76 
-0.67 

(-0.47) 
-0.70 

(-0.45) 
(-0.46) 
-0.81 
-0.55 
-0.46 

(-0.57) 
(-0.69) 
-0.75 
-0.25 

(-0.60) 
(-0.68) 
-0.26 
-0.51 

°rc 

0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 

(0.07) 
0.00 
0.00 

(0.12) 
0.05 

(0.20) 
(0.23) 
0.10 
0.26 
0.31 

(0.44) 
(0.26) 
0.28 
0.41 

(0.39) 
0.61 
0.65 
0.50 

»RC 

0.00 
0.03 
0.02 
0.02 
0.01 
0.00 
0.01 
0.02 
0.01 
0.02 
0.02 
0.02 
0.02 
0.02 

(0.22) 
0.17 
0.19 
0.01 

(0.17) 
0.18 
0.26 
0.20) 
0.00 
0.18 
0.26 

pd 

(0.0) 
8.2 

11.5 
12.6 
14.5 
17.5 
15.9 
12.2 
17.8 
15.7 
11.0 
16.4 
10.5 
10.8 
19.0 
12.9 
10.8 
13.3 
16.1 
17.6 
5.9 

14.0 
15.9 
6.1 

11.9 

P 

(0.0) 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
5.1 
0.0 
0.0 
8.8 
3.7 

14.7 
16.9 
7.3 

19.1 
22.7 
32.3 
19.1 
20.5 
30.1 
28.6 
44.8 
47.7 
36.7 

Rf 

(0.0) 
2.1 
1.4 
1.5 
0.7 
0.0 
0.7 
1.4 
0.7 
1.4 
1.4 
1.4 
1.5 
1.4 

16.0 
12.3 
13.8 
0.7 

12.4 
13.1 
18.9 
14.6 
0.0 

13.1 
18.9 

-6AG0-
(calc)* 

0.0 
10.3 
12.9 
14.1 
15.2 
17.5 
16.6 
18.7 
18.5 
17.1 
21.2 
21.5 
26.7 
29.1 
42.3 
44.3 
47.3 
46.3 
47.6 
51.2 
54.9 
57.2 
60.7 
66.9 
67.5 

-5AG0-
(obs)« 

(0.0) 
10.5 
13.1 
15.1 
15.7 
16.5 
16.9 
17.7 
18.4 
18.5 
21.0 
21.1 
25.3 
30.4 
42.2 
43.8 
46.5 
46.2 
46.8 
51.9 
54.4 
57.2 
60.5 
67.4 
68.5 

" AG°acid(obs) values from ref 5b, with statistical corrections applied (in kcal/mol). b AG°acid(calc) = 384.5 ± 0.5 + (23.4 ± 0.9)<7„ - (73.4 ± 
0.9)<rF - (72.8 ± 2.O)(TR; r = 0.999 sd = 0.8; [r(aa vs a?) = 0.157; r(aa vs aR) = 0.050; r(af vs <rR) = 0.562]. 'Substituent constants in parentheses 
are estimated based upon well-established fall-off relationships (ref 6 and 7, o-F(c_x) =1/1.95aF ( x ) and a„(c_x) = 1/2.30 tr^x).7 For alkyl and phenyl 
(TR values see text. All other values are from refs 6 and 7. ''Substituent polarizability effect (-23.4 ± 0.9) aa. 'Substituent field/inductive effect = 
(73.4 + 0.9)iTF. •''Substituent ir electron delocalization effect = (72.8 ± 2.0)<rR. *For XOH + OH ==•- XO', H2O; -6AG0 = AG0

acid(H2O) -
AG°acid(XOH) = P + F + R. "Value for (C2Hj)2CHOH. 

substituent when it is fully conjugated with an unsolvated powerful 
donor reaction center, '2 such as O", N H - , or CH2". 

Theoretical calculations for the fully conjugated vinyl sub
stituent indicate that it is unique in having its ir donor and it 
acceptor ability vary linearly from one extreme to the other with 
7r-electron demand . I 3 H Calculations have not been made for the 
fully conjugated phenyl substituent, but it is reasonable to assume 
that it behaves in a similar fashion to the vinyl substituent. That 
is, since O-R = -0.22 for C6H5 fully conjugated with highly deficient 
TT electron centers,'5 it can be assumed with highly electron rich 
IT centers that CTR = +0.22 will be applicable (as has been used 
in Table I and eq 3). The value of <TR = 0.22 for the phenyl 
substituent also appears to apply satisfactorily in describing the 
gas-phase acidities of aniline relative to ammonia'2 and toluene 
relative to methane.'2 

Since the original draft of this paper, the measurements given 
in the Experimental Section have been carried out by the 
bracketing technique to obtain the AG°add value for CF3OH. The 
value found is 341 ± 2 kcal/mol. This acid provides an excellent 
test of eq 3 since the CF3 substituent parameters aa = -0.25, <rF 

= 0.44, and a~K = 0.07 have been well confirmed by numerous 
other gas-phase proton-transfer equilibria results.7 With these 
parameters eq 3 gives AG°acid = 340.5 kcal/mol. No revision is 
indicated for eq 3 based upon these experimental results for 
CF3OH. 

A referee has pointed out that eq 3 should be applicable to 
AG°acid for CH2=CHOH, which is available from AG°add = 359.0 
for CH3CHO minus the free energy of tautomerization of ca. +9 
kcal/mol,5b i.e., AG°acid s 350.0 for CH 2 =CHOH. Unfortu
nately, tested (Tp and O-R values for the —CH=CH 2 substituent 
are not available, although aa = -0.50 has been obtained.7 With 
use of the last value and (probably as an upper limit) the uF and 

(12) Taft, R. W. Unpublished results. Also, cf.: Taft, R. W.; Bordwell, 
F. G. Ace. Chem. Res. 1988, 21, 463. 

(13) Reynolds, W. F.; Dais, P.; Maclntyre, D. W.; Topsom, R. D.; Mar
riott, S.; Von Nagy-Felsobuki, E.; Taft, R. W. J. Am. Chem. Soc. 1983, 105, 
378. 

(14) Marriott, S.; Silvestro, A.; Topsom, R. D. J. MoI. Struct. (Theochem) 
1989, 184, 23. 

(TR values of C 6 H 5 for C H = C H 2 , the rough estimated value of 
AG° 

acid obtained from eq 3 is >349.0 kcal/mol. 
Why Are Phenols and Carboxylic Acids More Acidic Than 

Corresponding Alcohols? The results obtained by eq 3 provide 
new evidence regarding the recent discussions on the question of 
why phenol is a stronger acid than cyclohexanol and acetic acid 
is stronger than ethanol.17""19 It will be seen in Table I that the 
values of P are nearly the same for each of these pairs of acids 
(P = 18-19 kcal for the former pair and /»= 12-13 kcal for the 
latter pair). Consequently, changes in the P effect are of little 
or no importance in these two pairs of relative acidities. The R 
value (16 kcal) for phenol indicates that w electron delocalization 
in phenoxide ion is the predominant cause of its greater inherent 
acidity, while the F value (7 kcal) is significant but of secondary 
importance. On the other hand, the R value of acetic acid (12 
kcal compared to 1 kcal for ethanol) is significant, but in this case 
R is clearly of secondary importance compared to the predominant 
electrostatic field/inductive effect (F = 19 kcal for acetic acid 
compared to 0 kcal for ethanol). These compelling results in part 
both agree and disagree with the conclusions recently put for-
ward.17-19 

Cyclization or Coiling Effects in Gaseous Alkoxide Ions. Table 
I does not include 23 available acidity data5b for aliphatic alcohols. 
Instead only a representative selection of such acids was made 
for Table I so as not to skew the correlational results. Table II 
gives the results of applying eq 3 to these 23 aliphatic alcohols 
and two other acids with heteroatoms for which the a parameters 

(15) This was demonstrated for H—C(=OH+)—X and C F 3 - C ( = 
OH+)—X family acidities in ref 7. The following a values used for X = C6H5 
were inadvertently omitted from this reference: o-R = -0.22, crF = 0.10, and 
(T„ = -0.81.16 Substitution of these values into the equation of Table II of this 
reference with the reaction constants given for acidity series 16a and 17a will 
confirm the -6AG°(calc) values for C6H5 that are given in Appendix Table 
A.l (p72) of ref 7. 

(16) Hehre, W. J.; Pau, C-F.; Headley, A. D.; Taft, R. W.; Topsom, R. 
D. J. Am. Chem. Soc. 1986, 108, 1711. 

(17) Siggel, M. R.; Thomas, T. D. J. Am. Chem. Soc. 1986, 108, 4360. 
(18) Exner, O. J. Org. Chem. 1988, 53, 1810. 
(19) Thomas, T. D.; Carroll, T. X.; Siggel, M. R. F. J. Org. Chem. 1988, 

53, 1812. 



2050 J. Am. Chem. Soc, Vol. 112, No. 6, 1990 

Table II. Comparison of Additional Observed and Calculated Values 
of AC°acid (in kcal/mol) 

X-OH ^} AC°acid»(obs) AG°aci/(calc) 

' From ref 7 or estimated as given in footnote (c) of Table I. b From 
ref 5b. cFrom eq 3. ''(TR and a? values taken to be the same as for 
CF3CH2OH (cf. Table I). eaK and <rF values taken to be the same as 
for CH3CO2H (cf. Table I). 

can be reliably estimated. For the 12 short chain branched al
cohols (first entries in Table II), the agreement between calculated 
and observed AGacid values is truly excellent (this is also true for 
alcohols nos. 2-7 and 10 of Table I). There are nine alcohols 
(entry nos. 13-21 of Table II) with straight chains capable of 
giving cyclization of the very polarizing alkoxide O" to form a 
five-membered (or larger) ring with an end polarizable CH3 (or 
higher alkyl) substituent. The observed values of AG°add for these 
are smaller (there is greater acidity) than that calculated from 
1.1-4.6 kcal/mol, as expected from cyclization or coiling effects." 
These alcohols are listed in Table II as R(CH2J3OH or R'-
(CH2)2OH. Thus, the only exceptional values are for (C2H5)2-
C(CH3)OH and (C2H5)3COH (entry nos. 22 and 23) which have 
reported values" that are 1.6 and 2.7 kcal/mol, respectively, less 
acidic than calculated. Entry nos. 24 and 25 are a fluoroalcohol 
and an aliphatic carboxylic acid for which the a values can be 
reliably estimated. Satisfactory agreement between observed and 
calculated AG°acid values has been obtained for these. There are 
about 10 other AG°acid values available5*1 for OH acids in the same 
functional categories as these last two compounds. However, 
reliable parameter estimates are not available, although crude 
estimates of these generally give calculated values that are in 
agreement with experimental results within a few kcal/mol. 

Gas-Phase Acidities Involving Effects of -R Substituents. The 
gas-phase acidity for HOOH is AG°acid = 369.0 (statistical 
correlation). Taking for the OH substituent R = 0,20 since there 
are no acceptor orbitals for either OH or O", and P = 
(-0.03)(-23.4) = 0.7 kcal and F = (0.30)(73.4) = 22.0 kcal, one 
obtains a AG°acid(calc) value of 361.8 kcal/mol for HOOH. This 
value is 7.2 kcal/mol less (more acidic) than the experimental 
value. This is the correct order of magnitude for the figure 
expected from the decreased acidity caused by increased lone 
pair-lone pair repulsion in HOO" compared to HOOH.21 The 
gas-phase acidity of (C2H5)2NOH is 364.0.5b By using <ra = -0.56 
and (7F = 0.10 for N(C2H5J2 and (again) R = O, the value cal
culated by eq 3 is 364.1 kcal/mol. 

This good agreement is not expected since lone pair-lone pair 
repulsion in Et2NO should cause an increase in AG°acid that is 
significantly above the estimated value. It may be inferred that 
there are low-energy conformations that place the ethyl substit
uents in close proximity to the 0", thus increasing the P effect 
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well beyond that estimated by the aa value of -0.56. Thus en
hanced anion stabilization perhaps coincidentally matches the 
anion lone pair-lone pair repulsion destabilization, giving 
agreement between calculated and observed values. Gas-phase 
acidities of FOH and ClOH have been calculated from bond 
dissociation energies and radical electron affinities. However, the 
combined experimental errors of these measurements appear to 
lead to uncertainties in AG°acid values of as much as 10 kcal/mol 
or more. These D-EA values are 357 for HOF and 352 for 
HOCl.5b Koppel8 (1985) has corrected proton affinities from 
structure optimized ab initio calculations at several levels of theory 
with corresponding experimental values available from gas-phase 
equilibrium studies. The correlation equations have been used 
to predict the gas-phase acidities of HOF and HOCl. The pre
dictions consistently indicate considerably larger difference in the 
acidities of these two acids than is given by the above D-EA values. 
By using eq 3 with R = 0 and aF = 0.44, 0.45; aa = 0.13, -0.43 
for F and Cl, respectively,7 AG°acid values have been calculated, 
and then 7.0 kcal/mol has been added to both as a rough estimate 
of the effects of lone pair-lone pair repulsions in the anions. This 
procedure gives estimated AG°acid values of 362.0 and 348.0 
kcal/mol for HOF and HOCl, respectively. The agreement ob
tained by these methods is as good as can be expected in view of 
the various uncertainties that are involved. 

XOH Acidities in Dimethyl Sulfoxide Solution. The following 
acidities of XOH relative to H2O have been measured in dimethyl 
sulfoxide,22 i.e., -5AG°(Me2SO) values (with statistical ion-pairing 
and homoconjugate formation corrections) for X are as follows: 
H, 0.0; CH3, 3.7; C2H5, 2.6; /-C3H7, 1.9; CF3CH2, 12.2; C6H5, 
19.5; CH3CO, 27.4; (CF3)3C, 28.6; C6H5CO, 28.6; SOPh, 34.0; 
NO, 33.5; CF3CO, 38.9; SO2Ph, 41.8. The correlation of these 
13 values by an equation of the form of eq 3' gives eq 6. Compared 
to eq 3' for the gas-phase acidity, there is a decrease in R2 from 
0.999 to 0.978 and an increase in sd from 0.8 to 2.6 kcal/mol (even 
though -5AG0M62SO values are generally significantly smaller than 
corresponding values of -5AG°(g)). Since neither effects due to 
OH, X, nor O" solvation by Me2SO are specifically treated, the 
poorer fit is expected. However, reaction constants in eq 6, even 
when the large errors of the estimates, are reasonable in the sense 
that the signs remain the same as in eq 3', and all p's are decreased 
in magnitude—with the largest decrease for paP 

-5AG°(Me2SO) = -1.5 ± 1.8 - (7.5 ± 3 . 3 K + 
(45.4 ± 3.7)<rF + (59.3 ± 7.9)<rR (6) 

n = 13, R2 = 0.9781, sd = 2.6 kcal 

More significant correlations of the -AG° (Me2S0) values are 
obtained by separation of the acids into two groups. The first set 
involves anions having little or no resonance stabilization but with 
relatively strong solvation due to charge localization at 0". The 
second set involves anions with relatively strong resonance sta
bilized anions but with poorer solvation energies.24 

The results for the first set are given by eq 7 and for the second 
one by eq 8: 

-5AG5V2SO) = 0.8 ± 1.1 - (3.5 ± 2.7)<ra + (41.8 ± 2.6)<rF 

(7) 

n = 6, R2 = 0.992, sd = 1.2 kcal 

<rR has been taken as zero for all members since the range of aR 

is only 0.00-0.03, too small to define a reliable pR value. For this 
set X = H, CH3, C2H5, /-Pr, CF3CH2, and (CF3)3C. 

-5AG°(Me2SO) = 15.3 ± 0.5 + (45.7 ± 1.4)<rF (8) 

n = l,R2 = 0.996, sd = 0.5 kcal 

(20) Cf.: ref 13. 
(21) Taft, R. W.; Anvia, F.: Taagepera, M.; Catalan, J.; Elguero, J. J. Am. 

Chem. Soc. 1986, 108, 3237. 
(22) Cf.: Bordwell, F. G. Ace. Chem. Res. 1988, 21, 456. 
(23) Koppel's treatment, cf. ref 8 for 1983 and 1988, gives essentially the 

same ratio(s) of corresponding coefficients. 
(24) Taft, R. W.; Bordwell, F. G. Ace. Chem. Res. 1988, 21, 463. 

1./-BuOH 0.61 368.8 368.1 
2. C-C6H11CH2OH 0.68 367.1 367.1 
3. (-C5H11OH 0.82 366.4 365.3 
4. /-Pr(Me)CHOH 0.76 366.4 366.0 
5. Et2CHOH 0.75 366.1 366.2 
6. Pr(Me)2COH 0.85 365.5 364.6 
7. /-Pr(Et)CHOH 0.82 364.9 364.7 
8. /-Bu(Me)CHOH 0.82 364.5 364.7 
9./-PrCHOH 0.88 364.1 363.2 

10. /-Bu(Et)CHOH 0.88 363.4 363.2 
11./-Bu(Z-Pr)CHOH 0.94 362.2 361.8 
12./-Bu2CHOH 1.00 361.0 360.4 
13. Me(CHj)3OH 0.57 368.6 369.7 
14. Et(CH2J3OH 0.58 367.3 369.5 
15. /-Pr(CH2J3OH 0.58 366.5 369.5 
16. Pr(CH2)3OH 0.58 366.5 369.5 
17. Bu(CH2J3OH 0.59 365.9 369.2 
18. Pe(CH2J3OH 0.59 365.2 369.2 
19. Hex(CH2)3OH 0.59 364.6 369.2 
20. /-Pr(CH2J2OH 0.61 366.9 368.8 
21./-Bu(CH2J2OH 0.63 365.9 368.3 
22. Et2(Me)COH 0.89 365.3 363.7 
23. Et3COH 0.98 364.3 361.6 
24. CF3CH(Me)OH'' 0.60 353.7 353.5 
25. EtCO2H' 0.60 340.3 339.0 
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Table III. Summary of Reaction Constant Parameters for XOH and P-XC6H4OH Acidity Series (Conjugated +R Substituents) 

acidity series 

XOH(g) 

p-XC6H4OH(g) 

XOH(MejSO) 

P-XC 6 H 4 OH(MJ 2 S 0 ) " 

X0H(acl) 
p-XC6H40H(aq)» 

Pa 

-23.4 ± 0.9 
0.0 

-7.5 ± 3.3 
0.0 
0.0 
0.0 

PF 

73.4 ± 0.9 
18.6 ± 0 . 5 
45.0 ± 3.7 

7.0 ± 0 . 3 
25.0 ± 2.3 

3.1 ± 0 . 3 

PR 

72.8 ± 2.0 
49.0 ± 1.5 
59.0 ± 7.9 
12.9 ± 1.6 
39.0 ± 4.3 

5.4 ± 1.7 

^R/PF 

0.99 ± 0.03 
2.63 ± 0.11 
1.31 ± 0.21 
1.84 ±0.24 
1.56 ±0.22 
1.74 ±0.57 

n 

25 
12 
13 
13 
16 
13 

R2 

0.999 
0.998 
0.978 
0.998 
0.964 
0.984 

sd 

0.8 
0.3 
2.6 
0.2 
1.6 
0.2 

'Values from eq 11, taken from ref 7. 'Values from eq 12, taken from ref 7. 

For this set X = CH3CO, PhCO, PhSO, NO, CF3CO, PhSO2, 
and Ph. 

For the first acid series with charge localized anions, the sub-
stituent polarizability effects are indicated by eq 7 to be nearly 
completely attenuated by the anion solvation. The value of pa 
in eq 7 is hardly statistically significant at the 95% confidence 
level,23 and in eq 8 neither pa nor pR have statistically significant 
values. The Me2SO solvent attenuation factor for pF is given by 
eq 3 and 8 as 73.4 ± 0.9/45.7 ± 1.4 = 1.6 ± O.2.23 This is similar 
but smaller (as expected24) than the value previously obtained for 
para-substituted phenols7 of 18.6 ± 0.5/7.0 ± 0.3 = 2.7 ± 0.3. 

As the trR value of X increases, gas-phase acidity is increased 
by the inherent R effect, but in Me2SO solution there is a reduction 
in acidities caused by decreasing anion solvation as more charge 
is delocalized away from the O" center. For the stronger IT ac
ceptor substituents (with o-R greater than ~0.15), new oxyanionic 
solvation sites in X are created (the SSAR effect),7'25 and this 
solvation tends to restore the total anion solvation energy. The 
consequence of all of the above factors appears to be the large 
near constant value of 15.3 ± 0.5 kcal/mol in eq 8. That is, the 
substituent resonance effects in Me2SO with their accompanying 
effects on anion solvation energy are large but (in contrast to the 
corresponding gas-phase R values) are now nearly constant for 
all of the strong T acceptor substituents. It is interesting to note 
in Table I that for the gas-phase acidities, R = 12-19 kcal/mol 
for such acids; i.e., the gas-phase R values center for moderate-
to-strong w acceptors at ca. the 15 kcal/mol value found in Me2SO 
acidities. The F effect values for the Me2SO acidities of these 
XOH acids all exceed 12 kcal/mol, except for C6H5, for which 
it is 4.6 kcal/mol. Thus, the R effect remains the dominant effect 
for phenol acidity in Me2SO, and the F effect remains the dom
inant effect for CF3CO2H. However, both the F and R effects 
for the Me2SO acidity of CH3CO2H appear to be quite similar. 

XOH Acidities in Aqueous Solution. Sixteen substituents for 
which parameters and corresponding -§AG°(aq) acidities relative 
to water are available in aqueous solution3'2" give equation 9:27 

-6AC°(aq) = -0.4 ± 0.7 + (25.2 ± 23)<rF + (39.2 ± 4.3)<rR 

(9) 

n = 16, R2 = 0.964, sd = 1.6 

There is no term in aa in eq 9 (the error of the estimated pa 
is found to be more than 3 times greater than the value of pa). 
With even greater dispersion of the anion charge into water than 
Me2SO, substituent polarizability effects for oxyanions are com
pletely attenuated.7 Values of both pF and pR, however, remain 
significant although decreased, so that both acidities increase in 
the following order: aqueous < Me2SO < gas phase.23 This result 
has also been found earlier7 for the distant substituents of the 
para-substituted phenol family of acids. 

It is to be noted by comparing eq 3' with eq 9 for aqueous 
acidities (as well as with eq 6 for Me2SO acidities) that anion 
solvation is indicated to lead to particularly large uncertainties 
in the values of the reaction constant pR. The consideration of 
only acids for which X is a relatively strong w acceptor gives eq 
10, in which values of both the approximately constant R term 

(25) Mishima, M.; Mclver, R. T., Jr.; Taft, R. W.; Bordwell, F. G.; Olm-
stead, W. N. / . Am. Chem. Soc. 1981, 106, 2717. 

(26) Brown, H. C; McDaniel, D. H.; Haflinger, O. Determination of 
Organic Structures by Physical Methods; Academic Press: 1955; p 567. 

and the pF reaction parameter are reduced in water to ca. one-half 
those of the corresponding terms in Me2SO23 (i.e., in eq 8). 

-5AG°(aq) = 6.6 ± 1.1 + (28.4 ± 2.9)<rF (10) 

n = 9, R2 = 0.937, sd = 1.3 

These were obtained by using X = Ph, CH3CO, HCO, ClCH2CO, 
C6H5CO, NO, CO2H, CF3CO, and NO2. 

Results Revealed by Comparison of Reaction Parameters. Table 
III compared the values of the reaction constants, pa, pF, and pR, 
obtained previously7 for /J-XC6H4OH acidities with the corre
sponding values reported herein for the XOH family. The sub
stituents in each family are limited to n electron acceptor sub
stituents. 

The strong attenuation in substituent polarizability effects with 
distance and with solvation of oxide center is shown by the fact 
that the pQ values of Table III are statistically significant only 
for the XOH family in Me2SO and (particularly) in the gas phase. 

However, the important new finding shown in Table III for 
conjugated substituents is that although both pF and pR values 
increase as the substituent is brought to the point of direct at
tachment to OH (by eliding C6H4 of/T-XC6H4OH to give X-OH), 
the ratio, PR/P^, is actually decreased quite significantly. Since 
the substituent electrostatic F effect is relatively long range in 
character, the greater increase of F than corresponding R effects 
with the decreasing distance is at first surprising. However, an 
analogous result has been previously observed. 

For the gas-phase acidities of 4-substituted pyridinium ions 
compared to corresponding 2-substituted pyridinium ions, the 
pR/pF ratios are (25.7 ± 0.6)/(21.8 ± 0.6) = 1.18 ± 0.04 and 
(13.3 ± 0.5)/(27.5 ± 0.5) = 0.48 ± 0.02, respectively. A similar 
decrease in the pR/pF ratio takes place with the corresponding 
aqueous acidities.7 The results have been interpreted28 in terms 
of electrostatic repulsions associated with ir electron delocalization 
between the -R substituent and the NH+ reaction center. The 
-R substituent becomes positively charged, and a repulsion is 
developed between the positive force fields of the substituent and 
the reaction center. The repulsion plays a minor role from the 
4-position, but it is quite significant at the 2-position. 

An analogous explanation accounts for the results in Table III. 
There is less effect of electrostatic repulsion between the O" force 
field and the negative force field developed by the w electron 
acceptor (+R) substituent at the distant ring para position than 
when it is at the directly attached (XOH) position. Consequently, 
PR/pr is greater for /7-XC6H4OH than for XOH as a result of 
this kind of lone pair-lone pair electronic repulsion. 

The important SSAR effects involved in the proton-transfer 
acidities of the /7-XC6H4OH family have been treated by replacing 
the aapa term by a Ao-Rps term.7 The following eqs 11 and 12 
give very much more precise descriptions of Me2SO and aqueous 
acidities of the /J-XC6H4OH family7 than are given by eqs 6 and 
9, 

(27) The - i A C ° M values used to obtain eq 9 are as follows: X = H, 0.0; 
CH3, 0.0; C6H5CH2, 0.8; C1(CH2)2, 2.3; CF3CH2, 4.9; (CF3)2CH, 9.1; (C-
F3J3C, 14.5; C6H5, 8.2; CH3CO, 15.4; HCO, 16.8; C6H5CO, 16.1; NO, 17.3; 
CO2H, 16.5; CF3CO, 22.2; NO2, 23.7; ClCH2CO, 17.9. The ^values used 
are those given in Table I; the estimated aa values used for (CH2J2Cl, CO2H, 
and ClCH2CO are -0.58, -0.41, and -0.67, respectively. The ffp(aq) values7 

used were as follows: C6H5, 0.12; CH3CO, 0.30; HCO, 0.32; C6H5CO, 0.30; 
CO2H, 0.32; ClCH2CO, 0.19; all other <rf values are those given in Table I. 
For the first seven of the 16 substituents, CTR is taken to be 0. For CO2H and 
ClCH2CO, the values used were 0.18 and 0.19, respectively, and all other aR 
values are those given in Table 1. 

(28) Reference 7, pp 38, 39, 43, 62, and 65. 
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-6AG0^2SO = 0.0 ± 0.2 + (7.0 ± 0.3)<rF + (12.9± 1.6)CTR + 
(17.5 ± 1.2)ACTR (U) 

n = 13, R2 = 0.998, sd = 0.2 

-<5AG°(aq) = 0.01 ± 0.20 + (3.1 ± 0.3)<rF + (5.4 ± 1.7)CTR + 

(6.5 ± 1.2)A(7R (12) 

n= \3, R2 = 0.984, sd = 0.2 

Values of pR /pF from eqs U and 12, 1.84 ±0.24 and 1.74 ± 
0.57, respectively, are both larger than that (0.99 ± 0.03) for the 
XOH gas-phase acidities. These results also support the above 
idea of lone pair-lone pair repulsions reducing the pR value for 
XOH acidities. An equation in the form of eqs 11 and 12 fails 
to apply to XOH family acidities in solution. This is in accord 
with the earlier discussion of eq 8 and 10. In simply indicates 
that ACTR (SSAR effect) parameters apply well only for solvated 
IT electron acceptor substituents acting at relatively remote dis
tances. In XO" anions, the substituent oxygen atoms (e.g., for 
NO2) become an integral part of the principal solvation center 
of the anion. In contrast, in ambient anions (e.g., />-XC6H40") 
there are with the SSAR substituents two quite distinct solvation 
sites, both p-X and 0". 

Some Possible Limitations. The present treatment of XOH 
gas-phase acidities does not apply to X-NH2 and X-CH3 family 
acidities.12 Strongly electron-withdrawing substituents increase 
acidity less than is predicted. The discrepancies are more severe 
for the X-CH3 than the X-NH2 family. This is a resonable 
expectation since R effects increase with increasing is donating 
ability of the anion center, i.e., in the order -O" < NH2" < CH3". 
Strong T electron acceptor substituents will therefore increasingly 
reduce the anionic center charge, with increasing reductions in 
the X-NH2 and X-CH3 family pF and pa reaction constants. This 
corresponds to reduced acidities. The large electronegativity of 
oxygen is evidently responsible for maintaining the necessary 
integrity of the XO" anion center that is required for eq 3 to be 
a useful approximation (that is, with pa, pF, and pR remaining 
reasonably constant through the entire XOH family). 

Stronger x electron acceptor substituents than those appearing 
in Table I, therefore, may lead to weaker acidities than are 
predicted by eq 3. Two possible candidates are HOC(CN)= 
C(CN)2 and HOSO2CN, for which the relevant estimated val
ues29'30 of <ra, (TF, and aR for the former are -0.88, 0.72, and 0.27 
and for the latter -0.67, 0.99, and 0.27, respectively, leading by 
eq 3 to predicted A(Jacid values of 291.5 and 276.5, respectively. 

An additional matter will be noted from consideration of the 
structures for the strong 7r acceptor substituents of Table I. All 
of these substituents involve C, N, and O as acceptor sites. There 
are no data available for the second long row of periodic elements, 
that is for substituents, e.g., SO2CH3, SO2CF3, or SO2CN. We 
have attempted preliminary measurements on the first of these 
but do not as yet have adequate standards developed to obtain 
a quantitative AGacid value. For CH3SO2OH and CF3SO2OH 

(29) Values of <rf and crR for substituents such as SO3H, SO2F, SO2CF3, 
SO2CN, C(CN)=C(CN)2, C(CF3)3, C(CN)3, and others are available from 
F NMR chemical shifts of meta- and para-substituted fluorobenzenes.3" A 
table giving values of these parameters for nearly 300 substituents is given 
by the following: Hansch, C; Leo, A.; Taft, R. W. To be submitted for 
publication. 

(30) (a) Taft, R. W.; Price, E.; Fox, I. R.; Lewis, I. C; Andersen, K. H.; 
Davis, G, T. J. Am. Chem. Soc. 1963, 35, 709, 1346. Equations are as follows: 
crF = 0.16 ± (0.137) /H"~X; <TR = (0.0295) Sn-TtT* for +R substituted 
fluorobenzenes, and oR = (0.0357) = Sm-yT for -R substituted fluoro
benzenes (cf. above references). 

the predicted A(7acid values from eq 3 and the a values of ref 7 
are 318.0 and 293.9 kcal/mol, respectively. These predictions 
are in qualitative agreement with acidity orders obtained by 
Viggiano, Paulson, and Henchman.31 However, our preliminary 
results indicate that methanesulfonic acid probably has ca. 3 
kcal/mol greater acidity than the value (318.0) obtained by eq 
3. a bond resonance such as 

C H 3 - S - O " 
I l 
O 

C ° 
CH, 

may act to stabilize anions like those above and increased their 
acidity beyond that predicted by eq 3. There is one data in ref 
5b for a weak TT acceptor from the second long row of the periodic 
table, i.e., X = Si(C2H5)3 with AG°acid = 353.6 kcal/mol. By 
using7 crQ= 1.18, CTF = -0.02, and eq 3, one calculates CTR = 0.08 
for Si(C2H5)3. This value appears larger than expected,7 but 
neither CTR for this nor for the Si(CH3)3 substituent have been well 
tested by gas-phase proton-transfer equilibria. Clearly, it is highly 
desirable to obtain quantitative results for acids of this kind. 

Experimental Section 
Details of the gas-phase acidities of HC(CF3)2OH and (CF3)3COH 

given in Table I and ref 5b have not been reported previously. By using 
the method described previously,32 the latter compound was found to be 
1.1 ± 0.2 kcal/mol stronger than 4-CNC6H4OH (having AG°acid = 
325.3)5b and 0.1 ±0.1 stronger than difluoroacetic acid (having AG°acid 
= 323.8),5b giving AG°acid = 324.0 ± 0.2. The former compound was 
determined to be 0.3 ± 0.2 kcal/mol greater than 2-FC6H4OH (having 
AG°acicl = 339.0)5b and 1.5 ± 0.2 kcal/mol stronger than (CH3CO)2CH2 
(having AG°acid = 336.7),5b giving AG°acid = 338.4 ± 0.3 kcal/mol. 

Indications from unpublished previous work (cf. ref 8) supported the 
unreliability of the AG°acid value for CF3OH estimated from D-EA 
values that have relatively large uncertainties.511 Since this acid was of 
particular interest, its AG°acid value has been determined by the brack
eting method. The "OCF3 anions were generated by electron impact from 
(CF3)202 by using low-energy (1-2 eV) electrons and reacted with the 
following series of acids having AG°aCjd values between 343 and 328 
kcal/mol: P-CH3C6H4OH (AG°acid = 343.4), CH2(C02C2H5)2 (AG°acjd 
= 342.3), CH3CO2H (AG°acid = 341.5), NC-C2H(AG°add = 341.1), 
3,5-(CF3)AH4NH2 (AG°acid = 340.6), 2-FC6H4OH (AG°acld = 339.0), 
(CH3CO)2CH2 (AG°add = 336.7), 3-CF3C6H4OH (AG°acid = 332.4), 
CH2(CN)2 (AG°acid = 328.5). Two reaction channels were observed: 

CF3O" + HA-* (1) CF3OH + A" 

CF3O" + HA — (2) F2CO + FHA" 

with (2) being the major channel for all of the above acids. However, 
the minor channel showed an excellent correlation with the AG°acjd values 
for all of the above HA's. Namely, for the AG acids above 342.0, no A" 
was observable, and for those below 341.0, A" was observed in each case. 
For CH3CO2H and NCC2H with AG°a(:id values between 341.1 and 
341.5, observation of A" was difficult and uncertain, both because of the 
interference from the major channel but also from the formation of 
homodimers A--HA of the OH acid. Ejection of A" revealed the pres
ence of no A-HF only for HA = P-CH3C6H4OH and CH2(CO2C2Hj)2; 
some was observed for all of the other stronger acids. All of these 
observations are satisfactorily consistent with a value of AG°acid for 
CF3OH of 340.7 ± 1.5 kcal/mol. 

(31) (a) Viggiano, A. A.; Paulson, J. F.; Henchman, M. J. Private com
munication, (b) The estimated AG°acid = 293.3 kcal/mol for CF3SO3H is in 
good agreement with that calculated using 0(A-HJ = '02. kcal/mol and 
EA(CF3S0J.)

 = 5.4 eV given by the following: Herd, R.; Smith, D.; Adams, 
N. G. Int. J. Mass Spectr. Ion Processes 1989, 91, 177. 

(32) Fujio, M.; Mclver, R. T., Jr.; Taft, R. W. J. Am. Chem. Soc. 1981, 
103, 4017. 


