Pergamon

Tetrahedron 57 (2001) 5923-5930

TETRAHEDRON

The acidity of carbon acids in aqueous solutions: correlations with
theoretical descriptors

Marcos Caroli Rezende

Facultad de Quimica y Biologia, Universidad de Santiago, Casilla 40, Correo 33, Santiago, Chile

Received 1 October 2000; accepted 14 May 2001

Abstract—The acidity of 32 carbon acids in water, with pK, values ranging from 25.6 to —6.2, was correlated with a two-parameter
equation, involving the theoretical descriptors AE and Y Agyx, calculated with the HF/3-21G//HF/3-21G and the B3LYP/6-31G(d)//HF/3-21G
methods, with regression coefficients » = 0.95. The acid deprotonation energy (AE) was associated with its intrinsic, or gas-phase acidity,
whereas the total charge variation at the hard centers (3’ Agx) was a measure of the contributions of aqueous solvation to its acid behavior in

water. © 2001 Elsevier Science Ltd. All rights reserved.

1. Introduction

The behavior of organic acids in the gas-phase often departs
considerably from their acidity in aqueous solution. As a
consequence, calculations in the gas-phase cannot be
expected to yield reliable predictions concerning the acidity
of organic compounds in water. In spite of this generally
accepted view, reports of good correlations between
theoretical gas-phase descriptors and the aqueous acidity
of series of compounds are found in the literature. Examples
include a series of substituted acetic acids,' of alkyl-
substituted alcohols,? of p-substituted phenols® and a study
on the hydroxyl acidity in zeolites. The good correlation
obtained between the pK, values of a wide range of organic
acids and their calculated deprotonation enthalpies has been
used to estimate the acidity of hydrofullerenes.> Reasonable
correlations between theoretical descriptors and the gas-
phase acid—base equilibria of organic compounds have
been reported for amines,G’7 for alcohols and thiols,8 and
for haloacetic acids.” The pK, values in water of fifteen
organic acids (alcohols, thiols and carboxylic acids) have
been calculated with variable success, employing the
polarizable continuum method to account for solvent
effects.'” A good correlation was obtained between the
acidity, calculated with the 3-21G(*) method, and the pK,
values of a series of 37 nitrogen bases, after incorporation of
solvent correction factors."'

Recently, various theoretical descriptors were investigated,

in the search of correlations with the gas-phase acidity of
compounds of the form CH,Z."* With the modest HF/3-21G
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method, a reasonable correlation (r = 0.961) between the
gas-phase acidity of the compounds and their calculated
deprotonation enthalpies was obtained. Interestingly, the
use of larger basis sets and polarization (6-31G(d)) or
diffuse functions (6-31+G(3df,2p)) did not improve the
correlations, in agreement with similar observations made
by other authors.”!!

In the present paper, this study is extended to include the
acid behavior in water of a larger set of compounds,
exhibiting greater structural variations. The pK, values in
water of 32 different carbon acids of the form CHWYZ,
where W, Y and/or Z are electron-withdrawing groups
were correlated with theoretical descriptors reflecting
charge and energy variations upon deprotonation. This
simple model was tested with a Hartree—Fock method
employing a modest basis set (3-21G) and a hybrid DFT
method employing a larger basis set (B3LYP/6-31G(d)).
Unlike most theoretical studies dealing with acid—base
equilibria in water, the model does not incorporate any
explicit corrections for solvent effects, yielding reasonable
correlations with readily obtained descriptors.

2. Experimental

Calculations were performed with a GAUSSIAN 94w pack-
age."® For each compound, the structures of the acid and of
its conjugate base were fully optimized at the HF/3-21G
level. The obtained heats of formation and atomic charges
were then used to calculate energy and charge variations
upon deprotonation. Single-point calculations were also
performed on the optimized structures employing the hybrid
DFT B3LYP method and the 6-31G(d) basis set.

0040-4020/01/$ - see front matter © 2001 Elsevier Science Ltd. All rights reserved.
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Table 1. pK, Values of carbon acids CHWYZ in water

Compound number w Y Z pK, Value® Ref.
1 H H CO,Et 25.6 25
2 H H CN 25)° 21
3 H H SO,Me  (23)° 21
4 H H COSEt 21 25
5 H H COMe 193 25
6 H H COPh 18.3 25
7 H Cl COMe 16.5 21
8 Cl Cl COMe 15 21
9 H SO,Me  SO,Me 14 21
10 H COEt  CO,Et 13.3 21
11 F F NO, 12.4¢ 14
12 H CN CN 11.2 21
13 Me COMe COMe 11 21
14 H COMe CO,Me 10724 14
15 H H NO, 10.24 14
16 Cl F NO, 10.14 14
17 H COMe  SO,Me 10.03* 14
18 H COMe COMe 9.03 14
19 H Me NO, 8.6 21
20 H Cl NO, 7.2 14
21 Cl Cl NO, 5.99 14
22 COMe COMe COMe 5.85 21
23 H CONH, NO, 5.18 14
24 H COMe NO, 5.1 21
25 Cl NO, NO, 3.8 14
26 H NO, NO, 3.63° 14
27 CH,CN NO, NO, 227 14
28 CONH, NO, NO, 130° 14
29 NO, NO, NO, 0.06 14
30 CO,Me CN CN -2.8 14
31 CN CN CN -5.1 14
32 CN NO, NO, —6.2 14

% At 25°C, unless stated otherwise.
® Value estimated by extrapolation.

¢ No temperature given.
¢ At 20.8°C.
¢ At 20°C.

3. Results and discussion

Table 1 lists the series of carbon acids CHWYZ studied in
this work, with their corresponding pK, values in water, in
order of increasing acidity. Whenever possible, values at
25°C were used. The W, Y and/or Z groups comprised, in
addition to alkyl and aryl groups, the following substituents:
CN, NO,, COCH;, CO,CH;, CO,Et, COSEt, CONH,,
SO,CHj;, F, CI and Br. Acidity values for aldehydes were

Table 2. Gas-phase acidities of carbon acids CH,ZY

not included, as they applied in general to the corresponding
hydrates14

3.1. Definition of model and descriptors

The following assumptions, based on a simple model,
guided the present search of theoretical descriptors for the
aqueous acidity of the studied compounds:

1. The intrinsic, or gas-phase acidity of a carbon acid
reflects the relative stability of its conjugate base vis-a-
vis its protonated form. Two factors contribute to the
stabilization of the conjugate base. The first is charge
delocalization through resonance, whereby the negative
charge is shared among the anionic carbon and the atoms
conjugated with it. The second source of stabilization is
due to field effects, whereby charge is shared with
polarizable groups in the molecule.

2. Solvation by water may alter significantly the intrinsic
acidity of the carbon acid. Anion solvation takes place
through hydrogen-bonding between water and negatively
charged atoms in the molecule. These comprise the
anionic carbon and all atoms conjugated with it. The
charge variations at these centers may thus be used as a
measure of the degree of solvation of the acid and its
conjugate base by water.

To describe the intrinsic, or gas-phase acidity of the CH
acids, the deprotonation energy AE was adopted as a
descriptor. This parameter is defined as the difference
between the heats of formation of the conjugate base R~
and the acid RH.

AE = AHR7 - AHRH (1)

The adoption of this descriptor was suggested by the good
correlation obtained in a previous study, between the gas-
phase AG® and AE values calculated for nine acids CH;Z."
In the present study, which included polysubstituted acids,
the choice of this descriptor was validated by equally good
correlations. Table 2 lists the gas-phase AG® values of 13
carbon acids,15 16 most of them included in Table 1, together
with the corresponding AE values calculated by the B3LYP/
6-31G(d)//HF/3-21G method. The good correlation
obtained (» = 0.985) is illustrated in Fig. 1. A similar plot,

Compound number Z Y AE, au*® AG®, kcal mol™'® Ref.
33 H SOMe 0.6466 366.4 15
2 H CN 0.6335 365.2 15
34 H CO,Me 0.6312 364.3 16
7 H COMe 0.6262 361.9 15
35 H COH 0.6231 359.7 16
3 H SO,Me 0.6142 358.2 15
6 H COPh 0.6138 354.5 15
15 H NO, 0.6103 352.0 16
36 CHj; NO, 0.6090 351.7 16
10 CO,Et CO,Et 0.5718 342.3 15
18 COMe COMe 0.5641 336.7 15
37 CN CO,Et 0.5661 333.6 15
12 CN CN 0.5552 329.5 15

# Calculated by the B3LYP/6-31G(d)//HF/3-21G method.
b Conversion factors: 1 atomic unit=2625.5 kJ mol’l, 1 kcal mol ™ '=4.184 kJ mol .
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Figure 1. Correlation (r = 0.985, s.d. = 2.3 kcal mol ) between the gas-phase acidities of carbon acids CH,ZY and the calculated (B3LYP/HF/6-31G(d)//

HF/3-21G) deprotonation energies AE, according to the data of Table 2.

with AE values calculated by the HF/3-21G//HF/3-21G
method, yielded a poorer, though still significant correlation
(r = 0.946).

The fact that a good correlation was found between
theoretical enthalpies and experimental free-energies in
the gas phase suggests that, for the series under study, the
entropic term in the acid—base equilibrium should be nearly
constant. This was indeed found to be the case for the gas-
phase acidity of a set of 27 carbon acids,'® where the
entropic contribution (7AS°) to AG® at 298 K amounted to
a nearly constant value of 6—7 kcal mol ~'. Similar observa-
tions were made by other authors'”'® for a series of weak
acids in DMSO.

A second type of descriptors was adopted to account for
solvation effects by water. These descriptors were based
on local charge variations upon deprotonation, since
aqueous solvation arises from electrostatic attractions
between partially charged atoms and water molecules. All
carbon acids listed in Table 1 form resonance-stabilized
anions upon deprotonation. Charge is therefore shared
among the soft carbon and conjugated hard oxygen or
nitrogen atoms. By separating the charge variations at the
soft carbon center from the total variations at the hard
centers, the relative contribution of these sites to the anion
stabilization in solution may be estimated.

The charge descriptor at the soft carbon center was therefore
defined as

Age = q¢ — ¢! 2)

where ¢ is the charge at the ionizable carbon, and the super-
scripts R™ and RH refer to the anion CWYZ and the acid
HCWYZ, respectively.

In an analogous way, the charge descriptor at the conjugated
hard centers was defined as

D Agx =D Mgy — D Agx" 3)
where the sum extended over all hard centers X conjugated
with the ionizable carbon (two oxygen atoms in each NO,

group, one nitrogen atom in each —CN group, and one
oxygen atom in each carbonyl group of a ketone, an ester
or an amide). The two oxygen atoms of the sulfonyl group
were also included in this set, though a direct conjugation of
these centers with an adjacent anionic carbon should be
precluded by geometrical considerations. An analysis of
the optimized geometries of dimethylsulfone and its
anion showed that, in spite of non-coplanarity between the
p-orbital of the anionic carbon atom and the ™ S—O bonds,
some degree of conjugation existed in the molecule. This
was suggested by a shortening of the C—S bond and an
elongation of the S—O bonds in the anion ~CH,SO,CHj,
when compared with the dimethylsulfone molecule. A
similar conclusion had been reached by Bordwell et al.'’
when comparing the effect of the PhSO,— and other sub-
stituents upon the acidity of carbon acids in DMSO.

3.2. Comparison of methods

Since single-point calculations on the optimized structures
were performed with the HF/3-21G and the hybrid DFT
B3LYP/6-31G(d) methods, a comparison of the two sets
of results seemed of interest. The DFT method, which
takes into account correlation energy contributions and
utilizes a larger basis set, should be in principle superior
to the rather modest HF/3-21G method. As an illustration
of this point, for a set of 125 calculations involving thermo-
chemical data (atomization energies, ionization potentials,
proton and electron affinities), the B3LYP/6-31G(d)//HF/3-
21G(d) method fared much better than the HF/3-21G(d)//
HF/3-21G(d) method, with a smaller standard deviation
(94kcalmol™") than the latter (50.1 kcal mol™").”
Single-point calculations with the B3LYP functional on
geometries optimized at a lower level of theory seemed
validated by the fact that, for the above set, the computed
energies were surprisingly insensitive to the geometry opti-
mization level, yielding results which were just as good with
3-21G(d) as with the 6-31G(d) levels.’ Also, previous
experience™®”!'? had suggested that, for the particular case
of acid—base equilibria, methods involving small basis sets
(STO-3G, 3-21G, 3-21g(d)) are often reasonably accurate
and that the use of HF methods with larger basis sets might
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Table 3. Descriptor values and results of regression analysis, calculated with the HF/3-21G//HF/3-21G method

Compound number pK, Value

AE, a.u? > Agx Agc Calculated” Experimental
1 0.6324 —0.206 0.026 21.8 25.6
2 0.6455 —0.259 —0.017 21.4 (25)
3 0.6186 —0.200 —0.005 20.6 (23)
4 0.5983 —0.154 0.075 20.1 21
5 0.6376 —0.266 0.059 20.3 19.3
6 0.6222 —0.240 0.071 19.7 18.3
7 0.6035 —0.257 0.111 17.3 16.5
8 0.5895 —0.225 0.070 16.9 15
9 0.5533 —0.279 —0.183 11.7 14
10 0.5721 —0.284 0.093 13.3 13.3
11 0.5776 —0411 0.179 9.8 124
12 0.5691 —0.428 0.111 8.4 11.2
13 0.5895 —0.306 0.154 14.3 11
14 0.5734 —0.320 0.122 12.3 10.72
15 0.5925 —0.400 0.166 11.6 10.24
16 0.5640 —0.381 0.220 9.4 10.14
17 0.5661 —0.330 —0.043 11.3 10.03
18 0.5748 —0.354 0.128 11.4 9.03
19 0.5922 —0.392 0.265 11.8 8.6
20 0.5559 —0.364 0.230 9.2 7.2
21 0.5515 —0.349 0.254 9.2 5.99
22 0.5386 —0.470 0.162 4.1 5.85
23 0.5403 —0.427 0.271 5.6 5.18
24 0.5465 —0.444 0.197 5.7 5.1
25 0.5120 —0.446 0.358 2.3 3.8
26 0.5145 —0.506 0.277 0.6 3.63
27 0.5066 —0.449 0.464 1.6 227
28 0.5035 —0.510 0.452 —0.6 1.30
29 0.4886 —0.563 0.471 —3.8 0.06
30 0.5164 —0.483 0.249 1.5 —2.8
31 0.5077 —0.576 0.316 —-23 =5.1
32 0.4771 —0.589 0.469 -5.8 —6.2

2 Conversion factor: 1 atomic unit=2625.5 kJ mol ..
° From Eq. (3).

not necessarily lead to improvements in the correlations

with the experimental data.

The calculated descriptors AE, Agc, and > Agx employing
the two methods are listed in Tables 3 and 4. The tables also
include the experimental and the calculated pK, values
obtained by a regression analysis of the theoretical
descriptors.

Although the individual calculated pK, values differed for
the two methods, the statistical trends were rather similar.
Of the three employed descriptors, only AE and > Agx
proved statistically significant. The regression equations,
with corresponding standard deviations and correlation
coefficients for each method, are given in Egs. (4) and (5).
Method HF/3-21G//HF/3-21G:

pK;"® = 94.84AE +29.91 > Agy — 3.05Agc — 32.09 (4)
s.d. = 2.5 pK, units
correlation coefficient » = 0.958

Method B3LYP/6-31G(d)//HF/3-21G:

K™ = 117.15AE +19.92 Y Agy — 5.02Aqc — 48.02
Q)

s.d. = 2.7 pK, units

correlation coefficient r = 0.951

The suppression of the Agc descriptor led to simpler Egs. (6)
and (7), which depended only on AE and Y Agx, with the
same correlation coefficients of the three-parameter equa-
tions and slightly better standard deviations. Eqs. (6) and (7)
were therefore employed for the calculation of the theore-
tical pK, values listed in Tables 2 and 3.

Method HF/3-21G//HF/3-21G:
pKM = 98.09AE + 32.11 > Agx — 33.65 (6)

s.d. = 2.4 pK, units
r=0.958
correlation between pK;* and AE = 0.931

correlation between pK;? and Z Agyx = 0.920
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Table 4. Descriptor values and results of regression analysis, calculated with the B3LYP/6-31G(d)//HF/3-21G method

Compound number pK, Value

AE, a.u. > Agx Agc Calculated® Experimental
1 0.6291 —0.216 —0.016 21.7 25.6
2 0.6335 —0.223 —0.128 22.1 (25)
3 0.6142 —0.220 —0.018 19.7 (23)
4 0.6091 —0.135 0.025 21.0 21
5 0.6262 —0.285 0.028 19.8 19.3
6 0.6138 —0.249 0.011 19.0 18.3
7 0.5988 —0.273 0.012 16.6 16.5
8 0.5859 —0.238 0.011 15.8 15
9 0.5510 —0.316 —0.023 9.7 14
10 0.5718 —0.294 —0.111 12.8 133
11 0.6232 —0.561 0.009 13.3 12.4
12 0.5552 —0.356 —0.025 9.3 11.2
13 0.5790 —0.292 0.226 13.7 11
14 0.5678 —0.335 0.130 11.4 10.72
15 0.6103 —0.525 0.074 12,5 10.24
16 0.5981 —0.526 0.111 10.9 10.14
17 0.5652 —0.341 0.032 10.9 10.03
18 0.5641 —0.373 0.140 10.1 9.03
19 0.6090 —0.521 0.152 12.4 8.6
20 0.5862 —0.491 0.101 10.2 7.2
21 0.5731 —0.476 0.148 8.9 5.99
22 0.5376 —0.434 0.273 54 5.85
23 0.5575 —0.537 0.187 5.6 5.18
24 0.5507 —0.529 0.153 5.0 5.1
25 0.5318 —0.598 0.273 1.1 3.8
26 0.5309 —0.670 0.189 —0.6 3.63
27 0.5212 —0.608 0.362 -0.5 2.27
28 0.5269 —0.623 0.372 —0.1 1.30
29 0.5110 —0.678 0.384 32 0.06
30 0.5111 —0.408 0.232 2.7 2.8
31 0.4939 —0.462 0.175 —-0.7 =5.1
32 0.4946 —0.708 0.396 —6.0 —6.2
* From Eq. (4).
Method B3LYP/6-31G(d)//HF/3-21G: correlation between pK;*? and AE = 0.887
pKiM = 124.96AE +22.11 > Agx — 52.16 (7

s.d. = 2.6 pK, units

r=0.950

PKa exp

304
254

20

correlation between pK; ™ and Z Agx = 0.809

Plots of the calculated vs experimental pK, values for the
two methods are shown in Figs. 2 and 3.

Before analyzing the results, it must be born in mind that
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a

Figure 2. Correlation (r = 0.958) between the experimental vs calculated (HF/3-21G//HF/3-21G) pK, values of acids (1)—(32).
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Figure 3. Correlation (r = 0.950) between the experimental vs. calculated (B3LYP/HF/6-31G(d)//HF/3-21G) pK, values of acids (1)—(32).

some of the pK,’s of Table 1 are estimated values and that,
for quite a few compounds, the quoted experimental value
refers to the gross acid constant, uncorrected for enol
content.”’ As shown by Kresge and Meng®* in a comparative
study of an aceto- and a thionoaceto-phenone, the acidity of
the keto and enol forms of CH acids may be very different,
with variable contributions to the gross pK, value in water.
In addition, significant discrepancies in pK, values are found
in literature for some compounds. For example, Bell*
reports a value of 19.2 for the pK, of acetophenone. Another
kinetic approach®* places this pK, about three units lower
(ca. 16). The value of 18.3, adopted in the present work, was
taken from Richard and Amyes,” quoting data from Keefe
and Kresge.*

Another example is the acidity of ethyl acetate in water.
Pearson and Dillon®' estimated a pK, value of 24.5 for
this compound. This value had been adopted without discus-
sion in the literature for nearly 30 years, until it was recently
shown that the correct value should be about one pK, unit
higher (25.6).” The same authors®! reported a PK“ value of
14 for CH,(SO,CHj),, while Taft and Bordwell'® found it to
be more acidic (pK,=12.7) by about one pK, unit. A
substantial difference is found between the value reported
for tricyanomethane by Pearson and Dillon®! (estimated
pK,=0) and by Boyd*’ (ca. —5).

These examples show that the average deviations obtained
in the above regressions are quite reasonable, in view of the
uncertainty of some of the data from the literature. This
uncertainty may also explain the relative lack of sensitivity
of the obtained correlations to the level of theory employed
in the calculations.

3.3. The interpretation of shifts in acidity

The two descriptors may be used in the interpretation of the
shifts in acidity of a series of acids, when transferred from
the gas phase to the aqueous solution.

The deprotonation energy AFE is a measure of the gas-phase
acidity of the compound. In general, acidity should increase
with a decrease of the deprotonation energy, as illustrated in
Fig. 1.

The Y Agx charge descriptor measures the total increase in
negative charge at the conjugated hard centers of the
conjugate base, and may be related with the ease of
solvation of this species by hydrogen-bonds with the
water molecules. In general, the larger the absolute value
of this descriptor, the stronger is the base stabilization
by solvation, and the stronger the acid in aqueous
solution. These trends are apparent in Tables 3 and 4. The
behavior of the other charge descriptor, Agc, is noteworthy.
In most cases, there is a decrease of negative charge at
the anionic carbon atom upon deprotonation. This is
equivalent to saying that, in aqueous solution, this soft
center tends to be desolvated with the acid dissociation.
This contrasting behavior with the conjugated hard centers
of the molecule indicates that hydrogen-bonding with
the latter dominates all aspects of stability of the anion in
water.

The energy AE and the charge parameter > Agx are not
entirely independent. A correlation r = 0.87 was obtained
when the former values from Table 3 were plotted against
the > Agx values. This follows from the fact that, since the
descriptor AE measures the ease of charge delocalization
upon deprotonation, the greater this delocalization, the
greater should be the amount of charge allocated to the
conjugated hard centers. However, an important factor,
besides resonance, in delocalizing charge in the gas-phase,
is the polarizability of adjacent groups. In many cases, a
more polarizable group may render a molecule more acidic
in the gas-phase (smaller AE value), reducing, at the same
time, charge delocalization at the conjugated hard centers.
The result is a decrease of the > Agx value, and a poorer
anion solvation in aqueous solution. These opposing effects
tend to cancel out, at least partially, in solution, with the
result that two analogous acids with rather different acidities
in the gas-phase, may exhibit similar acid behavior in
aqueous solution. An example of this behavior is the pair
acetophenone/acetone (6/5). The former is more acidic than
the latter in the gas-phase by ca. 5 pK, units, estimated by
the corresponding AG® values."”” This result reflects the
greater polarizability of the phenyl group, compared with
the methyl substituent, and is in agreement with the corre-
sponding calculated AE values, as mentioned above. In
solution, however, the conjugate base of acetone (5)
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(S Agx=—0.266 [—0.285])" is better solvated than that of
acetophenone (6) (3 Agx=—0.240 [—0.249]) and this
reduces the acidity gap between the two to about 1 pK, unit.

The same trend is observed for the series of ketones
CHX,COCHj3;, and the series of nitroalkanes CHX,NO,
where X=H or Cl. Replacement of a hydrogen atom by a
more polarizable, electronegative chlorine atom reduces the
AF values and increases the intrinsic acidity of the members
of the two series.

For the ketones, AE values decrease as follows: 0.6376
[0.6262] a.u. (acetone, 5)>0.6035 [0.5988] a.u. (chloro-
acetone, 7)>0.5895 [0.5859] a.u. (dichloroacetone, 8). For
the nitroalkanes, AE values are: 0.5925 [0.6103] a.u. (nitro-
methane, 15)>0.5559 [0.5862] a.u. (chloronitromethane,
20)>0.5515 [0.5731] a.u. (dichloronitromethane, 21). In
solution, however, the opposite trend is observed, as the
absolute value of > Agyx decreases (less solvation of the
conjugate base) with the increased replacement of H by Cl
atoms. For the ketone series, > Agx decreases as follows:
0.266 [0.285] (acetone, 5)>0.257 [0.273] (chloroacetone,
7)>0.225 [0.238] (dichloroacetone, 8). For the nitroalkane
series, > Agx values are: 0.400 [0.525] (nitromethane,
15)>0.364 [0.491] (chloronitromethane, 20)>0.349
[0.476] (dichloronitromethane, 21). From the good linear
correlation between AG®° and AE values of Fig. 1, and
with the AE values of Table 3, a difference of 16.5 kcal
mol ' may be estimated between the AG® values of acetone
and dichloroacetone. At 298 K, this corresponds to a
difference of ca. 12 pK, units in the gas-phase acidity of
the two compounds. In water, this difference is reduced to
4.3 pK, units, in agreement with the opposing effects
discussed above, which lead to a reduction of the acidity
gap between the two compounds in aqueous solution.

When compounds of the form CH,,Z, are compared, a
saturation effect is observed in their acidities, as the number
of electron-withdrawing substituents Z increases. This
effect has long been noticed.”’ In terms of resonance
between group Z and the anionic carbon of the conjugate
base ~CZj, it has been described”® as “the extent to which
depletion of the negative charge at a given site in a carb-
anion by resonance causes an attenuation in the stabilizing
(or destabilizing) effect of a group when substituted into that
ion.” This attenuation is especially apparent for two series of
acids of Tables 3 and 4, with Z=NQO, and COMe. Values for
the intrinsic acidity (AE) of these compounds decrease, in an
attenuated form, with the increasing substitution by Z. For
Z=NO,, AE values are: CH3;NO, (15), 0.5925 [0.6103] >
CH,(NO,), (26), 0.5145 [0.5309]>CH(NO,); (29), 0.4886
[0.5110]. For Z=COMe, the following series is obtained:
CH;COMe (5), 0.6376[0.6262] >> CH,(COMe), (18),
0.5748 [0.5641]>CH(COMe); (22), 0.5386 [0.5376]. For
Z=CN, however, this attenuation is less evident: CH;CN
(2), 0.6455 [0.6335] > CH,(CN), (12), 0.5691 [0.5552] >
CH(CN); (31), 0.5077 [0.4939]. This difference in behavior
reflects the increasing repulsion, in polysubstituted systems,

" Here, and in the following discussion, numbers quoted first refer to the
values obtained by the 3-21G method of Table 3, numbers between square
brackets refer to calculated values by the B3LYP/6-31G(d) method of
Table 4.

of the NO, and COMe groups, when stabilizing the anionic
conjugate bases. This repulsion, which is not observed with
the much smaller CN substituent, prevents full coplanarity
and conjugation of the former groups in crowded systems
with the anionic carbon atom. Thus, in polysubstituted
acids, the nitro group is increasingly less effective than
the cyano substituent in stabilizing the corresponding
conjugate bases. This theoretical prediction is born out by
experiment: nitromethane (pK,=10.2) is much more acidic
than acetonitrile (estimated pK, 25), whereas trinitro-
methane (pK,=0.1) is a weaker acid than tricyanomethane
(pK,=—5.1).

In conclusion, the acidity of mono- and poly-substituted
carbon acids in aqueous solution may be described with
the aid of two readily available theoretical descriptors, AE
and Y Ag,, without the need of explicit corrections arising
from solvent effects.

The deprotonation energy AE is associated with the
intrinsic, or gas-phase acidity of the compound, and is
defined as the difference between the heats of formation of
the acid anion and its protonated form. A good correlation
(r = 0.985) between experimental AG® values of thirteen
carbon acids'™'® and AE values calculated with the
B3LYP/6-31G(d)//3-21G was obtained.

The charge descriptor > Ag, is defined as the total differ-
ence, between the anion and the neutral acid, of the charges
at the hard centers conjugated with the ionizable carbon.
This descriptor provides a measure of the contributions of
aqueous solvation to the acid behavior in water.

A plot of the experimental vs calculated pK, values obtained
by regression analysis of the data for thirty-two acids based
on this model yielded a correlation coefficient r = 0.958
with a standard deviation of 2.4 pK, units, when a 3-21G//
3-21G method was employed. When the hybrid DFT
method B3LYP/6-31G(d)//3-21G was used, the correlation
coefficient was r = 0.950 with a standard deviation of 2.6
pK, units. Thus, the use of a higher level of calculation did
not lead to any improvement in the correlations with the
experimental data in solution. This might be due to the
uncertainties in the experimental data, which are often
gross values that overlook keto—enol equilibria.

The two descriptors may be used to interpret various trends
in acidity, observed upon transfer of the studied compounds
from the gas-phase to aqueous solutions.
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