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Two computational methodologies;a vinylogue extrapolation methodology and a block localized
wave function (BLW) methodology;were employed to determine the contributions by resonance
and inductive effects toward the gas-phase deprotonation enthalpies at the R carbons of acetone,
acetamide, acetic acid, and acetyl fluoride, which were taken to be model compounds for ketones,
amides, esters, and acid fluorides, respectively. Results from the vinylogue methodology suggest that
resonance serves to enhance the gas-phase deprotonation enthalpy of a ketone by 34.3 kcal/mol, an
amide by 26.2 kcal/mol, an ester by 30.5 kcal/mol, and an acid fluoride by 30.8 kcal/mol.
Comparably, the BLW methodology suggests those numbers to be 42.3, 31.2, 36.1, and
39.7 kcal/mol, respectively. Results from the vinylogue methodology suggest that inductive effects
serve to enhance the gas-phase deprotonation enthalpy of a ketone by 11.8 kcal/mol, an amide by
12.7 kcal/mol, an ester by 15.5 kcal/mol, and an acid fluoride by 26.0 kcal/mol, and in the same order,
those numbers suggested by the BLW methodology are 3.0, 6.2, 8.5, and 16.3 kcal/mol.

Introduction

Alkanes are among the weakest acids known, owing to the
relatively small size and low electronegativity of the carbon
atom. Ethane, for example, has a pKa value of about 50 in
solution, and its gas-phase acidity (ΔG0

acid) measures1

411.7 ( 2.1 kcal/mol (ΔH0
acid= 420.1 ( 2.0 kcal/mol). By

contrast, a carbon acid is much stronger when the carbon atom
is R to a carbonyl group. An example is acetone, whose pKa va-
lue is 19.32 andwhoseΔG0

acid is 361.9(2.0kcal/mol (ΔH0
acid=

369.1 ( 2.1 kcal/mol).3 This stronger acidity is extremely
important in organic chemistry because it allows R carbons to
be deprotonated rather easily, producing enolate anions;
enolate anions are strong carbon nucleophiles that are key

intermediates in a number of staple organic reactions, including
R halogenations, R alkylations, and aldol condensations. Thus,
it becomes important tounderstandpreciselywhyR carbons are
dramatically more acidic than alkane carbons.

The twomain factors that contribute to the enhancedacidity
of an R carbon are resonance effects and inductive effects.
Resonance allows the negative charge to be delocalized over
both the R carbon and the carbonyl oxygen (Figure 1a), which
decreases the concentration of negative charge that develops,
and therefore lowers the energy of the enolate anion. Inductive
effects, on the other hand, arise from the relatively high
electronegativity of the carbonyl oxygen. Thus, electron den-
sity is drawn away from the R carbon through the bonds that
connect the carbonyl oxygen to the R carbon (Figure 1b). This
decrease in charge concentration on the R carbon also con-
tributes to the stability of the enolate anion.

Although it is understood that resonance and inductive
effects both contribute to the enhancement of anR carbon, it
is intrinsically difficult to distinguish them at the ab initio

(1) DePuy, C. H.; Gronert, S.; Barlow, S. E.; Bierbaum, V. M. J. Am.
Chem. Soc. 1989, 111, 1968.

(2) Ionization Constants of Organic Acids in Solution; Serjeant, E. P.,
Dempsey, B., Eds.; Pergamon Press: Oxford, 1979; Vol. 23.

(3) Bartmess, J. E.; Scott, J. A.; McIver, R. T. Jr. J. Am. Chem. Soc. 1979,
101, 6047.
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level. The present study actually is very similar to the
controversy over the origin of the enhanced acidity of
carboxylic acids compared to aliphatic alcohols. While con-
ventionally π electron delocalization was claimed to be the
culprit,4 this explanation was challenged by Siggel et al.,5,6

who attributed the difference in acidity to electrostatic
interactions. The controversies continued7-9 due, in large
part, to the lack of absolute data to support either side.
A significant leap forward in our understanding of the issue,
however, camewith the study byHiberty andByrman,10 who
used ab initio valence bond (VB) calculations to directly
determine the stabilization energy due to π electron deloca-
lization in the carboxylate anion. Similarly, one of our main
goals of this paper is to quantify the contributions by both
resonance and inductive effects in the acidity of ketones.

A second goal of this paper is to determine how those
contributions are affected when a heteroatom is also at-
tached to the carbonyl carbon, as in amides, esters, and acid
fluorides. In such cases, the lone pair of electrons on the
heteroatom can participate in resonance with the carbonyl
group, and to the extent that it does, charge delocalization on
carbon will be diminished (Figure 2a). Thus, the anion will
not be as stable, and the result will be a weakening of the
carbon acidity relative to a ketone. On the other hand, the
electronegativity of the heteroatom is expected to increase
the inductive electron withdrawal, thus contributing to a
decrease in charge concentration on the R carbon and a
strengthening of the carbon acidity (Figure 2b).

Rablen and Bentrup11 have previously carried out a study on
the contributions by resonance and inductive effects toward the
gas-phase acidities of amides, esters, and acid fluorides, relative
toketones.Theiraim,however,was simply todeterminewhether
or not electrostatic effects (i.e., inductive effects) by the OR and
NR2 groups of esters and amides, respectively, contribute
toward enhancing carbon acidity. Using an empirical methodo-
logy, they determined that electrostatics do indeed contribute.

The methodology that Rablen and Bentrup implemented
further allowed them to quantify the resonance and inductive
effects that the heteroatoms impose on carbon acidity in
an amide, ester, and acid fluoride, relative to a ketone.
However, we believe that their results are inaccurate.

Namely, the inductive effects they proposed for all three
species are overestimated, most substantially by a factor of
about 2 for esters. Also, the resonance effects they put forth
for esters and acid fluorides are too high by a factor of about
2-3. Moreover, we believe that their results incorrectly
suggest that the resonance effect by the heteroatom in an
ester is greater than that by the nitrogen atom in an amide.

Our above assertions stem from two fundamentally
different computational methodologies we have em-
ployed in this study;a vinylogue extrapolation methodol-
ogy and a block-localized wave function methodology (both
methodologies will be described below). These methodolo-
gies agree that resonance serves to strengthen ketones,
amides, esters, and acid fluorides as carbon acids by
34-42, 26-31, 31-36, and 31-40 kcal/mol, respectively,
relative to alkanes. Inductive effects also serve to strength-
en these compounds as carbon acids by 3-12, 6-13, 9-16,
and 16-26 kcal/mol, respectively, relative to alkanes. Re-
lative to ketones, resonance in amides, esters, and acid
fluorides serves to weaken the acids by 8-11, 4-6, and
3-4 kcal/mol, respectively, whereas inductive effects
serve to strengthen the acids by about 1-3, 4-6, and
13-14 kcal/mol, respectively. Overall, then, amides are
weaker acids than ketones, primarily due to resonance,
whereas acid fluorides are stronger acids than ketones,
primarily due to inductive effects. The two effects are similar
in esters, giving esters and ketones similar acid strengths.

Computational Methodologies

The vinylogue extrapolation12 and block localized wave func-
tion13-15 methodologies have been described in detail elsewhere.
Here we simply provide general aspects of these methodologies.

Vinylogue Extrapolation Methodology. For this study, ace-
tone (1) was chosen as a representative ketone. Its deprotona-
tion enthalpy (ΔH 0

acid) is the enthalpy change upon dissocia-
tion of a proton from an R carbon (eq 1), which we define as
ΔH 0

n=0(ketone). As models for an amide, ester, and acid
fluoride, we chose acetamide (2), acetic acid (3), and acetyl
fluoride (4), respectively. Although for acetamide and acetic
acid the most acidic proton is on the heteroatom, we computed
the gas-phase deprotonation enthalpies at the R carbon (eqs
12-14), whichwedefine asΔH0

n=0(amide),ΔH 0
n=0(ester), and

ΔH 0
n=0(acid fluoride), respectively.We chose 2 and 3 asmodels

for two reasons. First, these molecules, being very similar in size

FIGURE 1. (a) Resonance structures of the enolate anion of a
ketone are shown inside the square brackets. The resonance hybrid
is shown to the right of the brackets, illustrating that the negative
charge in the enolate anion is shared over both the R carbon and the
carbonyl oxygen. (b) Inductive effects in the enolate anion of a
ketone. The relatively high electronegativity of the oxygen atom
draws electron density away from the R carbon.

FIGURE 2. (a) In an amide (X = NR2), ester (X = OR), or acid
fluoride (X = F), the lone pair of electrons on the heteroatom can
participate in resonance with the carbonyl group. To the extent that
it does, charge delocalization on carbon will be diminished. (b) The
relatively high electronegativity of the heteroatom draws electron
density away from the R carbon, which helps decrease the concen-
tration of negative charge.

(4) Dewar, M. J. S.; Krull, K. L. Chem. Commun. 1990, 333–334.
(5) Siggel, M. R. F.; Streitwieser, A. J.; Thomas, T. D. J. Am. Chem. Soc.

1988, 110, 8022–8028.
(6) Siggel,M.R.F.; Thomas, T.D. J.Am.Chem. Soc. 1986, 108, 4360–4363.
(7) Burk, P.; Schleyer, P. v. R. THEOCHEM 2000, 505, 161–167.
(8) Exner, O. J. Org. Chem. 1988, 53, 1810–1812.
(9) Rablen, P. R. J. Am. Chem. Soc. 2000, 122, 357–368.
(10) Hiberty, P. C.; Byrman, C. P. J. Am. Chem. Soc. 1995, 117, 9875–9880.
(11) Rablen, P. R.; Bentrup, K. H. J. Am. Chem. Soc. 2003, 125, 2142.

(12) Holt, J.; Karty, J. M. J. Am. Chem. Soc. 2003, 125, 2797.
(13) Mo, Y.; Gao, J.; Peyerimhoff, S. D. J. Chem. Phys. 2000, 112, 5530–

5538.
(14) Mo, Y.; Peyerimhoff, S. D. J. Chem. Phys. 1998, 109, 1687–1697.
(15) Mo, Y.; Song, L.; Lin, Y. J. Phys. Chem. A 2007, 111, 8291–8301.
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to 1, have similar polarizabilities aswell. Polarizabilitymatching
is important in order to avoid large differences in the internal
solvation of an ion, which could otherwise have a significant
impact on the heat of a reaction in which it is involved.16 The
second reason for choosing these molecules as models was to
minimize the sizes of their corresponding vinylogues (described
below) and thus minimize computational time.

Our vinylogue methodology also requires a suitable reference
molecule, which, for this study, is methylpropane (5). Methyl-
propane is similar in size and shape to 1-4, but its gas-phase
deprotonation enthalpy, which we define as ΔH0

n=0(reference),
has essentially no contribution from resonance or inductive effects.
Thus, the strengthening of 1-4 as acids, relative to 5, corresponds
to the sum of the resonance and inductive contributions toward
ΔH0

acid(1), ΔH
0
acid(2), ΔH

0
acid(3), and ΔH0

acid(4), respectively.
Vinylogues of 1-5were constructed by inserting up to four vinyl

groups (i.e., -CHdCH-) between the acidic carbon and the
adjacent carbon. Due to the ensuing conjugation, the vinylogues
of 1-4 are most stable with the vinyl groups coplanar with the
carbonyl group (eqs 6-9). These are called “parallel” vinylogues,
and their gas-phase deprotonation enthalpies are denoted as
ΔH0

n=1-4,par(ketone),ΔH
0
n=1-4,par (amide),ΔH0

n=1-4,par(ester),
and ΔH0n=1-4,par(acid fluoride), respectively, where the value of n
refers to the number of vinyl groups inserted.

We also constructed “perpendicular” vinylogues of 1-4,
in which the vinyl chain is perpendicular to the carbonyl group
(eq 10-13). Their gas-phase deprotonation enthalpies are

denoted as ΔH 0
n=1-4,perp(ketone), ΔH 0

n=1-4,perp(amide),
ΔH 0

n=1-4,perp(ester), andΔH
0
n=1-4,perp(acid fluoride), respec-

tively.

Finally, “reference” vinylogues were constructed (eq 14).
Gas-phase deprotonation enthalpies of these species are
denoted ΔH 0

n=1-4(reference).

Knowing the gas-phase deprotonation enthalpies of the
various parallel, perpendicular, and reference vinylogues, we
can calculate the contributions by resonance and inductive
effects toward each parallel vinylogue. For example, as shown
for the case of a ketone in eq 15, the resonance contribution by
the carbonyl group toward the deprotonation enthalpy of a
parallel vinylogue, Resn=1-4(ketone), is the difference in depro-
tonation enthalpy between corresponding parallel and perpen-
dicular vinylogues. This is because the perpendicularity excludes
the carbonyl group from participating in resonance with vinyl
chain, while inductive effects aremaintained. On the other hand,
as shown in eq 16, the carbonyl group’s inductive effect,
Indn=1-4(ketone), is the difference in deprotonation enthalpy
between corresponding perpendicular and reference vinylogues.
This is because the deprotonation enthalpy of a perpendicular
vinylogue includes inductive effects but not resonance effects,
whereas the reference vinylogue’s deprotonation enthalpy
includes neither resonance nor inductive effects.

Resn¼1-4ðketoneÞ ¼ ΔH0
n¼1-4, parðketoneÞ

-ΔH0
n¼1-4, perpðketoneÞ ð15Þ

Indn¼1-4ðketoneÞ ¼ ΔH0
n¼1-4, perpðketoneÞ-ΔH0

n¼1-4ðrefÞ
ð16Þ

The same relationships hold for the amide, ester, and acid
fluoride vinylogues as well. Once the contributions by resonance
and inductive effects are calculated for the n=1-4 vinylogues,
we arrive at the contributions in the parent molecule (i.e.,
molecules 1-4) by extrapolation of the observed trend back
to n=0.

Block-Localized Wave Function (BLW) Methodology. The
BLW method13-15 can be regarded as the simplest variant of(16) Brauman, J. I.; Blair, L. K. J. Am. Chem. Soc. 1970, 92, 5986.
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the ab initio VB theory,17-25 which defines individual electron-
localized resonance structures in terms of Heitler-London-
Pauling-Slater (HLPS) functions. For example, for resonance
structure L, where two electrons in orbitals ji and jj form a
chemical bond (here we assume closed-shell cases, makingN an
even number), its HLPS can be expressed as

ΦL ¼ NLÂfðj1j2j3 3 3 3jNÞP
ij
½RðiÞβðjÞ-βðiÞRðjÞ�g ð17Þ

whereNL is the normalization constant and Â is an antisymme-
trizer. While the overall wave functionΨ for the ground state is
a superposition of all independent resonance structures, the
delocalization energy can be generally “obtained by subtracting
the actual energy of the molecule in question from that of the
most stable contributing structure.”26-28 Realize that eq 17 can
be expanded into 2N/2 Slater determinants; thus, the electron
correlation is taken into account.

The BLW method reduces eq 17 into one Slater determinant
by adopting doubly occupied (i.e., ji=jj in eq 17) but block-
localized molecular orbitals (BL-MOs).

ΦL ¼ NLÂfΩ1Ω2
3 3 3Ω

Kg ð18Þ
Corresponding to the resonance structure L (eq 18), all

primitive orbitals and electrons are partitioned into K blocks
(or groups), and each MO is allowed to expand only in one
block. While BL-MOs in the same block are constrained to be
orthogonal, BL-MOs between different blocks are nonorthogo-
nal. Thus, both the advantages of VB theory (nonorthogonality
for chemical bonding) and MO theory (orthogonality for effi-
cient computations) have been taken in the BLW method. In
eq 18,ΩA is a successive product of nA occupied spin-orbitals in
subgroup A:

ΩA ¼ ψA
1 Rψ

A
1 β 3 3 3ψ

A
nA=2

β ð19Þ
If we allow all orbitals to expand in the whole space of

primitive orbitals, eq 18 will be equal to the much familiar
Hartree-Fock (or Kohn-Sham with the density functional
theory) wave function ΨDel, corresponding to a delocalized,
adiabatic state, which is implicitly a superposition of all elec-
tron-localized states. If we choose the resonance structure L as
the most stable resonance structure, the energy difference
between ΦL and ΨDel is generally defined as the delocalization
energy, DE (or resonance energy, RE).

DE ¼ EðΦLÞ-EðΨDelÞ ð20Þ

Computational Details

Vinylogue Extrapolation Methodology. All deprotonation
enthalpies reported here were calculated using the Gaussian 03

software package.29 Input geometries were constructed using
GaussView 430 and were optimized with density functional
theory (DFT) at the B3LYP level of theory31 using the
6-31þG* basis set. This is the same level of theory and basis
set we used in our previous vinylogue studies,12,32,33 which have
proven to be in excellent agreement with available reaction
thermodynamics as well as with other resonance studies.
Furthermore, we have shown that the enthalpy differences
calculated at that level are in excellent agreement with those
obtained at the G2 level of theory.12

The parallel and reference vinylogues were fully optimized,
whereas the perpendicular vinylogues were optimized with the
restriction that the carbonyl-containing group is perpendicular
to the conjugated chain. Frequency calculationswere performed
on the geometry-optimized structures in order to obtain en-
thalpies thermally corrected to 298 K, as well as to ensure that
the energy-minimized geometries were appropriate. Namely, all
perpendicular vinylogues were observed to have one imaginary
frequency, corresponding to the transition state for rotation
about the single bond connecting the carbonyl carbon to an
adjacent carbon. All other species were observed to have no
imaginary frequencies.

All double bonds in the vinylogues were constructed in the
E configuration, for two reasons. First, working with the all-E
configuration ensures that electrostatic and steric repulsions
were kept to a minimum. Second, it ensures that any errors
introduced in calculating deprotonation enthalpies will largely
cancel when taking enthalpy differences.

BLW Methodology. The BLW method is applied to the
evaluation of stabilization energies in neutral acetone, aceta-
mide, acetic acid, acetyl fluoride, and their corresponding
deprotonated anions due to π electron delocalization. All
BLW calculations were carried out at the B3LYP/6-31þG*
level using a modified version of GAMESS.15,34

Results

Table 1 contains the calculated gas-phase deprotonation
enthalpies of 1 and its n=1-4 vinylogues, along with the
calculated deprotonation enthalpies of 4 and its n=1-4
vinylogues. The resonance and inductive contributions
by the carbonyl group toward each parallel vinylogue,

(17) Valence Bond Theory; Cooper, D. L., Ed.; Elsevier: Amsterdam,
2002.

(18) Cooper, D. L.; Gerratt, J.; Raimondi, M. Chem. Rev. 1991, 91, 929.
(19) Dijkstra, F.; van Lenthe, J. H. J. Chem. Phys. 2000, 113, 2100–2108.
(20) Gallup, G. A. Valence Bond Methods: Theory and Applications;

Cambridge University Press: New York, 2002.
(21) Karadakov, P. B. Annu. Rep. Prog. Chem., Sect. C: Phys. Chem.

1998, 94, 3–48.
(22) Mcweeny, R. Int. J. Quantum Chem. 1999, 74, 87–96.
(23) Shaik, S. S.; Hiberty, P. C. A Chemist’s Guide to Valence Bond

Theory; Wiley-Interscience: New York, 2007.
(24) Song, L.; Mo, Y.; Zhang, Q.; Wu, W. J. Comput. Chem. 2005, 26,

514–521.
(25) Wu, W.; Wu, A.; Mo, Y.; Lin, M.; Zhang, Q. Int. J. Quantum Chem.

1998, 67, 287–297.
(26) Pauling, L. C. The Nature of the Chemical Bond, 3rd ed.; Cornell

University Press: Ithaca, NY, 1960.
(27) Wheland, G. W. The Theory of Resonance; John Wiley & Sons:

New York, 1944.
(28) Wheland, G.W.Resonance in Organic Chemistry; Wiley: NewYork,

1955.

(29) Gaussian 03, Revision C.02. Frisch, M. J.; Trucks, G. W.; Schlegel,
H. B.; Scuseria, G. E.; Robb,M.A.; Cheeseman, J. R.;Montgomery, J. J. A.;
Vreven, T.; Kudin, K. N.; Burant, J. C.; Millam, J. M.; Iyengar, S. S.;
Tomasi, J.; Barone, V.; Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.;
Petersson, G. A.; Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda,
R.;Hasegawa, J.; Ishida,M.;Nakajima, T.;Honda,Y.;Kitao,O.;Nakai,H.;
Klene, M.; Li, X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Bakken, V.;
Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.;
Austin, A. J.; Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.;
Morokuma, K.; Voth, G. A.; Salvador, P.; Dannenberg, J. J.; Zakrzewski,
V. G.; Dapprich, S.; Daniels, A.D.; Strain,M. C.; Farkas, O.;Malick, D.K.;
Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.;
Babout, A. G.; Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.;
Liashenko, A.; Piskorz, P.; Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith,
T.; Al-Laham,M.A.; Peng, C. Y.; Nanayakkara, A.; Challacombe,M.; Gill,
P. M. W.; Johnson, B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, J. A.
Gaussian, Inc.: Wallingford, CT, 2004.

(30) GaussView, Version 4.1.2.Dennington, R., II; Keith, T.; Millam, J.
Semichem, Inc.: Shawnee Mission, KS, 2007.

(31) (a) Becke, A. D. J. Chem. Phys. 1993, 98, 5648–5652. (b) Lee, C.;
Yang, W.; Parr, R. G. Phys. Rev. B 1988, 37, 785–789. Miehlich, B.; Savin,
A.; Stoll, H.; Preuss, H. Chem. Phys. Lett. 1989, 157, 200–206.

(32) Barbour, J.; Karty, J. Abstracts, 55th Southeast RegionalMeeting of
the American Chemical Society; Atlanta, GA, Nov 16-19, 2003; p 1095.

(33) Dworkin, A.; Naumann, R.; Seigfred, C.; Karty, J. M.; Mo, Y.
J. Org. Chem. 2005, 70, 7605.

(34) Schmidt, M. W.; Baldridge, K. K.; Boatz, J. A.; Elbert, S. T.;
Gordon, M. S.; Jensen, J. J.; Koseki, S.; Matsunaga, N.; Nguyen, K. A.;
Su, S.; Windus, T. L.; Dupuis, M.; Montgomery, J. A. J. J. Comput. Chem.
1993, 14, 1347–1363.
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calculated according to eqs 15 and 16, are also included. The
extrapolated resonance and inductive contributions to the
parent molecule (see below) appear in parentheses. Analo-
gous results for 2-4 and their corresponding vinylogues are
provided in Tables 2-4, respectively.

Figures 3 and 4 are plots constructed in order to extra-
polate the resonance and inductive effects in the respective
n=1-4 vinylogues back to n=0. In Figure 3, the DFT-
calculated resonance contributions are plotted against the
corresponding H€uckel resonance parameters, described be-
low. In Figure 4, the natural logarithms of the inductive
contributions are plotted against n.

In order to extrapolate contributions for the n = 1-4
vinylogues back to n=0, we employed H€uckel molecular
orbital theory. H€uckel theory is ideally suited to aid
in carrying out such an extrapolation because it pro-
duces molecular orbitals of π symmetry only, excluding
the σ framework. Therefore, H€uckel energies derive from
the delocalization of π electrons and exclude inductive
effects.

Specifically, we used H€uckel theory to compute what we
call H€uckel resonance parameters. The H€uckel resonance
parameter for a given nth vinylogue was calculated35 as the
change in total H€uckel energy (in units of β) of the deproto-
nated nþ1st vinylogue when the vinyl chain is isolated from
the carbonyl group-i.e., when the matrix elements that
couple the carbonyl carbon to the R carbon are set to zero.
In essence, then, the H€uckel resonance parameter is the
resonance contribution by the carbonyl group of the depro-
tonated nþ1st vinylogue toward the total H€uckel energy.
The reason we use the energy difference of the nþ1st
vinylogue instead of the nth vinylogue is described else-
where.33 Briefly, however, it is because simple H€uckel theory
does not take into account charge repulsion and, therefore,
increasingly overestimates relative resonance contribution as
the conjugated chain becomes shorter.

We note that even though simple H€uckel theory is not
reliable for absolute energies,36,37 it is reliable for relative
energies in a homologous series. For example, in UV-vis
spectroscopy, the λmax of linear conjugated polyalkenes,
H2C=CH-(CHdCH)n-CHdCH2, tracks very well with
that predicted by simple H€uckel MO theory; the value of R2

is greater than 0.99 for n=0-4. Moreover, notice that in
Figure 3 the lowest R2 value is 0.996.

The reason Figure 4 plots the natural logarithm of the
calculated inductive contribution against n is that inductive
effects are generally believed to fall off exponentially with
distance.12,38-44 Thus, the logarithm of an inductive effect is
expected to fall off linearly with distance. Indeed, the lowest
R2 value in Figure 4 is 0.995.

Table 5 contains results from the BLW methodology.
Resonance contributions are calculated as the difference in
deprotonation enthalpy between corresponding localized
and delocalized structures. Inductive contributions are
calculated by subtracting the resonance contribution from
the difference in deprotonation enthalpy between the
delocalized structure and that of methylpropane, the refe-
rence acid.

TABLE 1. Contributions by Resonance and Inductive Effects toward

the Gas-Phase Deprotonation Enthalpies of 1 and Its Vinylogues, Calcu-

lated at the B3LYP/6-31þG* Level of Theory

n

ΔH0
n,par

(ketone)
(kcal/mol)

ΔH0
n,perp

(ketone)
(kcal/mol)

ΔH0
n (reference)

(kcal/mol)

Resn
(ketone)a

(kcal/mol)

Indn
(ketone)b

(kcal/mol)

0 367.1 413.5 (34.3)c (11.8)c

1 354.7 377.9 388.1 23.2 10.2
2 346.3 363.7 372.8 17.4 9.1
3 340.5 354.3 362.1 13.8 7.8
4 336.0 347.7 354.4 11.7 6.7

aCalculated from eq 15. bCalculated from eq 16. cExtrapolated from
the n = 1-4 vinylogues.

TABLE 2. Contributions by Resonance and Inductive Effects toward

the Gas-Phase Deprotonation Enthalpies of 2 and Its Vinylogues, Calcu-

lated at the B3LYP/6-31þG* Level of Theory

n

ΔH0
n,par

(amide)
(kcal/mol)

ΔH0
n,perp

(amide)
(kcal/mol)

ΔH0
n (reference)

(kcal/mol)

Resn
(amide)a

(kcal/mol)

Indn
(amide)b

(kcal/mol)

0 375.4 413.5 (26.2)c (12.7)c

1 359.1 377.2 388.1 18.1 10.9
2 349.7 363.2 372.8 13.5 9.6
3 343.3 354.0 362.1 10.7 8.1
4 338.5 347.4 354.4 8.9 7.0

aCalculated from eq 15. bCalculated from eq 16. cExtrapolated from
the n = 1-4 vinylogues.

TABLE 3. Contributions by Resonance and Inductive Effects Toward

the Gas-Phase Deprotonation Enthalpies of 3 and its Vinylogues, Calcu-

lated at the B3LYP/6-31þG* Level of Theory

n

ΔH0
n,par

(ester)
(kcal/mol)

ΔH0
n,perp

(ester)
(kcal/mol)

ΔH0
n (reference)

(kcal/mol)

Resn
(ester)a

(kcal/mol)

Indn
(ester)b

(kcal/mol)

0 368.2 413.5 (30.5)c (15.5)c

1 354.3 374.8 388.1 20.5 13.3
2 345.9 361.2 372.8 15.3 11.6
3 340.1 352.3 362.1 12.2 9.8
4 335.1 345.9 354.4 10.8 8.5

aCalculated from eq 15. bCalculated from eq 16. cExtrapolated from
the n = 1-4 vinylogues.

TABLE 4. Contributions by Resonance and Inductive Effects toward

the Gas-Phase Deprotonation Enthalpies of 4 and Its Vinylogues, Calcu-

lated at the B3LYP/6-31þG* Level of Theory

n

ΔH0
n,par

(acid
fluoride)
(kcal/mol)

ΔH0
n,perp

(acid
fluoride)
(kcal/mol)

ΔH0
n

(reference)
(kcal/mol)

Resn
(acid

fluoride)a

(kcal/mol)

Indn
(acid

fluoride)b

(kcal/mol)

0 356.7 413.5 (30.8)c (26.0)c

1 345.3 366.1 388.1 20.8 22.0
2 338.4 354.3 372.8 15.9 18.5
3 333.5 346.5 362.1 13.0 15.6
4 329.8 340.9 354.4 11.1 13.5

aCalculated from eq 15. bCalculated from eq 16. cExtrapolated from
the n = 1-4 vinylogues.

(35) Rauk, A.; Cannings, R. J. SHMO available at http://www.chem.
ucalgary.ca/research/groups/rauk/.

(36) Hess, B. A. J.; Schaad, L. J. J. Am. Chem. Soc. 1983, 105, 7500.
(37) Schaad, L. J.; Hess, B. A. J. J. Am. Chem. Soc. 1972, 94, 3068.

(38) Barbour, J. B.; Karty, J. M. J. Org. Chem. 2004, 69, 648.
(39) Barbour, J. B.; Karty, J. M. J. Phys. Org. Chem. 2005, 18, 210.
(40) Bianchi, G.; Howarth, O. W.; Samuel, C. J.; Vlahov, G. J. Chem.

Soc.,Perkin Trans. 2 1995, 7, 1427–32.
(41) Peterson, P. E.; Casey, C. Tetrahedron Lett. 1963, 1569–1572.
(42) Stock, L. M. J. Chem. Educ. 1972, 49, 400–404.
(43) Branch, G. E. K.; Calvin, M. The Theory of Organic Chemistry;

Prentice Hall: New York, 1941.
(44) McGowan, J. C. Nature 1947, 159, 644.
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Discussion

The calculated deprotonation enthalpies of 1-5 can be
compared to experimental gas-phase deprotonation enthal-
pies and are in very good agreement. The experimental gas-
phase deprotonation enthalpy of 1 is 369.1 ( 2.1 kcal/mol,3

and its calculated deprotonation enthalpy is 367.1 kcal/mol
using Gaussian and 367.2 kcal/mol using GAMESS. Those
numbers for 2 are 373( 3,45 375.4, and 375.1 kcal/mol; those
for 3 are 368.3 ( 3,46 368.2, and 368.0 kcal/mol; those for 4

are 355.9( 3.8,47 356.7, and 356.5 kcal/mol; and those for 5
are 412.9 ( 2,1 413.5, and 412.5 kcal/mol.

Even though our calculations are in good agreement with
experimental numbers, our vinylogue extrapolation metho-
dology is not terribly concernedwith absolute deprotonation
enthalpies. Rather, it is concerned essentially exclusively
with relative gas-phase deprotonation enthalpies;recall
that the calculated resonance and inductive contributions
are differences in deprotonation enthalpy of like species.
Therefore, the numbers that we extrapolate are expected to
be even more precise than the above discrepancies because

FIGURE 3. Contributions by resonance effects toward the gas-phase deprotonation enthalpies of the n=1-4 vinylogues of 1-4. Diamonds
(() correspond to the ketone vinylogues; squares (9) correspond to the amide vinylogues; triangles (2) correspond to the ester vinylogues;
circles (b) correspond to the acid fluoride vinylogues. For each data series, n increases from right to left.

FIGURE 4. Contributions by inductive effects toward the gas-phase deprotonation enthalpies of the n= 1-4 vinylogues of 1-4. Diamonds
(() correspond to the ketone vinylogues; squares (9) correspond to the amide vinylogues; triangles (2) correspond to the ester vinylogues;
circles (b) correspond to the acid fluoride vinylogues.

TABLE 5. Calculated (B3LYP/6-31þG*) Gas-Phase Deprotonation Enthalpies of Delocalized and Localized Forms of 1-4 and the Derived

Contributions by Resonance and Inductive Effects

species
deprotonation enthalpy of delocalized

structurea (kcal/mol)
deprotonation enthalpy of localized

structure (kcal/mol)
resonance contribution

(kcal/mol)
inductive contributionb

(kcal/mol)

1 367.2 409.5 42.3 3.0
2 375.1 406.3 31.2 6.2
3 368.0 404.1 36.1 8.5
4 356.5 396.2 39.7 16.3
aThe enthalpies computed with GAMESS are slightly different (<0.3 kcal/mol) from those in Tables 1-4 computed with Gaussian. bComputed as the

difference between the deprotonation enthalpies of the localized structure and the reference (5), whose calculated deprotonation enthalpy is 412.5 kcal/mol.

(45) Hare, M. C.; Marimanikkuppam, S. S.; Kass, S. R. Int. J. Mass.
Spectrom. 2001, 210/211, 153–163.

(46) Grabowski, J. J.; Cheng, X. J. Am. Chem. Soc. 1989, 111, 3107. (47) McMahon, T. B.; Farid, R. Can. J. Chem. 1980, 58, 2307.
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any errors that would appear in the calculated deprotonation
enthalpy of one species would largely cancel in computing
deprotonation enthalpy differences.

The results in Tables 1-4 exhibit a number of trends. One
trend is that the vinylogues are stronger acids with increasing
n, which is explained by the increasing resonance stabiliza-
tion of the negatively charged conjugate base. Second, each
perpendicular vinylogue is a weaker acid than its corre-
sponding parallel vinylogue. This is because the resonance
stabilization in the negatively charged conjugate base is
decreased when the vinyl chain is perpendicular to the
carbonyl group. Third, each perpendicular vinylogue is a
stronger acid than the corresponding reference vinylogue,
confirming that inductive effects by the carbonyl-containing
group serve to strengthen the acid.

Also, notice that both the resonance and inductive contribu-
tions in theparallel vinylogues decreasewith increasing valueof
n. With increasing n, the resonance contribution by the carbo-
nyl-containing groupaccounts for a smaller fractionof the total
resonance. In other words, with sufficiently long conjugated
vinyl chains, a saturation of the resonance effect is observed.
Inductive effects, on the other hand, decrease with increasing n
due to the increasingdistancebetween theacidic carbonand the
electron-withdrawing carbonyl group.

From the data in Tables 1-4, the resonance and inductive
contributions toward the gas-phase deprotonation enthal-
pies of 1-4 are obtained by extrapolating the plots in
Figures 3 and 4 back to n=0. The resulting extrapolated
values were previously shown separately in parentheses in
Tables 1-4 and are shown together in Table 6. Also included
in Table 6 are the corresponding resonance and inductive
contributions obtained from the BLW methodology.

Notice from Table 6 that the results from the vinylogue
extrapolation methodology are internally consistent. For
each molecule 1-4, the resonance and inductive contribu-
tions were derived independently. In each case, the “sum” of
those effects is very close to the deprotonation enthalpy
enhancement relative to 5, listed as the “total effect” in
Table 6. The largest discrepancy is only 0.8 kcal/mol (for
2), where the total effect is 38.1 kcal/mol and the sum
of the extrapolated resonance and inductive effects is
38.9 kcal/mol. This internal consistency throughout provides
validation to the extrapolation methodology.

Moreover, our results for 1 are comparable to those
obtained by Silva,48 who performed a similar vinylogue
study on the gas-phase acidity of acetaldehyde. He deter-
mined that the inductive contribution is 12.8 kcal/mol, which
differs by only 1.0 kcal/mol from the inductive contribution
we obtained for 1. However, the resonance contribution he

obtained for acetaldehyde is 41.9 kcal/mol, which is 7.6 kcal/
mol greater than the resonance contribution we obtained
for 1. This large difference might be due to geometrical
constraints imposed on the perpendicular vinylogue struc-
tures. The numbers we report for the perpendicular struc-
tures are of their optimized geometries, consistent with
notion that acidities are equilibrium processes. It is not clear
that Silva carried out the same optimizations. If he did not,
then the resonance contribution he reports will be artificially
high.

Table 6 also shows that the results from the vinylogue
methodology and the BLWmethodology are in good agree-
ment quantitatively. Discrepancies among the derived
resonance and inductive contributions are all less than
10 kcal/mol, even though the magnitude of the effects reach
roughly 40 kcal/mol. Significantly, the relative resonance
and inductive contributions are in perfect agreement quali-
tatively. Both methodologies suggest that the resonance
contribution increases in the order 2< 3< 4< 1, and both
methodologies suggest that the inductive contribution in-
creases in the order 1 < 2 < 3 < 4.

Obviously, differences in these effects arise from the fact that
in 1-4 different groups are attached to the carbonyl carbon on
the side opposite the acidic carbon. That group attached in 1 is
CH3, the one attached in 2 is NH2, the one attached in 3 is OH,
and the one attached in 4 is F. From Table 6, we can see that
both the vinylogue extrapolation methodology and the BLW
methodology suggest that relative to CH3, theNH2, OH, and F
groups serve to weaken the acid via resonance but strengthen it
via inductive effects. According to the vinylogue methodology,
the NH2 group weakens the acid via resonance by 8.1 kcal/mol
and strengthens it via inductive effects by 0.9 kcal/mol. TheOH
group weakens the acid via resonance by 3.8 kcal/mol and
strengthens it via inductive effects by 3.7 kcal/mol. The F atom
weakens the acid via resonance by 3.5 kcal/mol and strengthens
it via inductive effects by 14.2 kcal/mol. According to the BLW
methodology, theNH2groupweakens the acidvia resonanceby
11.1 kcal/mol and strengthens the acid via inductive effects
by 3.2 kcal/mol, the OH group weakens the acid via resonance
by 6.2 kcal/mol and strengthens it via inductive effects by
5.5 kcal/mol, and the F atom weakens the acid via resonance
by 2.6 kcal/mol and strengthens it via inductive effects by
13.3 kcal/mol. These results are summarized in Table 7.

The relative resonance and inductive effects in an amide,
ester, and acid fluoride can be understood straightforwardly
by the electronegativities of N, O, and F. The resonance
structurewith the positive charge onX inFigure 2a decreases
in stability in the orderNH2>OH>F. This is because with
X=OH, that positive charge is on O, whereas with X=NH2,
that positive charge is on N. Therefore, N, being less
electronegative than O, can accommodate the positive

TABLE 6. Contributions by Resonance and Inductive Effects toward the Gas-Phase Deprotonation Enthalpies of Molecules 1-4

vinylogue methodology BLW methodology

species
total effecta

(kcal/mol)
Resn=0

(kcal/mol)
Indn=0

(kcal/mol)
sumb

(kcal/mol)
total effectc

(kcal/mol)
Resn=0

(kcal/mol)
Indn=0

(kcal/mol)

1 46.4 34.3 11.8 46.1 45.3 42.3 3.0
2 38.1 26.2 12.7 38.9 37.4 31.2 6.2
3 45.4 30.5 15.5 46.0 44.6 36.1 8.5
4 56.8 30.8 26.0 56.8 56.0 39.7 16.3
aDeprotonation enthalpy enhancement relative tomethylpropane,Gaussian. bSumof the extrapolated values of Resn=0 and Indn=0.

cDeprotonation
enthalpy enhancement relative to methylpropane, using GAMESS.

(48) Silva, P. J. J. Org. Chem. 2009, 74, 914–916.
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charge better. Consequently, the carbonyl group in 3, being
less tied up in resonance with X, is more available for
resonance with the enolate carbon. For similar reasons, the
carbonyl group in 4 is less tied up in resonance with X than it
is in 3, giving 4 the more stable enolate anion.

By contrast, the greater electronegativity ofO thanNgives
the opposite result for inductive effects. With the greater
electronegativity of the heteroatom, the OH group is more
electron-withdrawing inductively. As illustrated previously
in Figure 2b, this inductive electron withdrawal stabilizes the
enolate anion. Therefore, the enolate anion of 3 is more
stabilized by inductive effects than is the enolate anion of 2,
making the inductive contribution toward deprotonation
enthalpy greater in 3 than in 2. For the same reason, the
inductive contribution toward the deprotonation enthalpy
of 4 is greater than it is for 3.

For comparison, we also calculated the relative resonance
and inductive contributions toward the deprotonation en-
thalpies of 2-4 using the empirical relationship proposed by
Swain and Lupton as shown in eq 21.49

logðK=K0Þ ¼ Fð fFþrRÞ ð21Þ
Here, F and R are the field/inductive and resonance

parameters, which are characteristic of a particular substi-
tuent. The products Ff and Fr can be viewed as the reaction’s
sensitivity to field/inductive and resonance effects, respec-
tively. We evaluated these products by obtaining a least-
squares fit of the Swain-Lupton equation to calculated
(B3LYP/6-31þG*) relative gas-phase deprotonation enthal-
pies of several acids of the form CH3C(O)-X, where X=
CH3,NH2,OH,F, Cl, CF3, CN, andNO2.Relative toX=H,
the respective calculated deprotonation enthalpies are 3.25,
11.55, 4.35, -7.15, -18.95, -17.53, -23.23, and -28.28
kcal/mol.

From the fit of these data, we determined that
Ff= -20.7 ( 4.0 kcal/mol and Fr=-7.5 ( 2.1 kcal/mol.
Substituting in the values of F and R for the various substi-
tuents, we determined that the NH2, OH, and F groups
strengthen the acids via inductive effects by 7.6, 9.3, and
15.1 kcal/mol, respectively. Their resonance contributions
weaken the acids by 15.1, 10.6, and 1.4 kcal/mol. These
numbers are included in Table 7. As can be seen, results from
the Swain-Lupton equation are in perfect qualitative agree-
mentwith those from the vinylogue andBLWmethodologies.
However, they are not in verygoodquantitative agreement for
the NH2 and OH groups. Namely, the resonance contribu-
tions predicted by the Swain-Lupton equation for NH2 and
OH are each greater than the values predicted in this work by
4-7 kcal/mol. Moreover, the inductive contributions of these
two groups are predicted by the Swain-Lupton equation to

be greater than the values predicted in this work by 4-7 and
4-6 kcal/mol, respectively.

The quantitative discrepancies between the predictions
from the Swain-Lupton equation and the results from this
work are not surprising. The Swain-Lupton substituent
parameters are derived from systems inwhich the substituent
and the reaction center are relatively far apart. For the
reaction considered in this work, the substituents are only
two bond lengths away from the reaction center, so effects
other than simply resonance and inductive effects, such as
steric effects, can play significant roles. In addition, esta-
blishing the Swain-Lupton substituent parameters required
certain assumptions to bemade andwasmet with scrutiny by
a number of authors.50-52 For instance, they assumed that
the resonance contribution by the trimethylammonium sub-
stituent, (CH3)3N

þ-, is zero. The validity of such an as-
sumption is to be questioned, however, especially given the
fact that the magnitude of the resonance parameter for the
isoelectronic tert-butyl group, (CH3)3C-, is 28% of the
magnitude of the resonance parameter for a methoxy group,
CH3O-.

In the introduction to this paper, we mentioned that the
motivation for our study stems from the fact that results by
Rablen and Bentrup11 are in error both quantitatively and
qualitatively. They report that, relative to a ketone, the
inductive contribution by the NR2 group in an amide
strengthens the acid by 4.4 kcal/mol, the inductive contribu-
tion by the OR group in an ester strengthens the acid by
8.8 kcal/mol, and the inductive contribution by F in an acid
fluoride strengthens the acid by 15.4 kcal/mol. These num-
bers are presented in Table 7, alongside results from our
current work. Notice that the inductive contributions ob-
tained by Rablen and Bentrup are all greater than the
numbers we have obtained. Notably, for an ester, the
inductive contribution they obtained exceeds our numbers
by roughly a factor of 2. Their numbers are, however, in
qualitative agreement with ours, insofar as F strengthens the
acid via inductive effects more than does the OH/OR group,
which, in turn, strengthens the acid via inductive effectsmore
than does the NH2/NR2 group.

Similarly, the resonance contributions obtained byRablen
and Bentrup for the OR and F groups are not in very good
quantitative agreement with our numbers. Specifically, their
numbers for these substituents are a factor of about 2-3
greater than ours. More problematic is the fact that their
resonance numbers are in qualitative disagreement with
ours. Their results suggest that the OR group in an ester
has a greater contribution via resonance than does the NR2

TABLE 7. Resonance and Inductive Contributions toward Gas-Phase Deprotonation Enthalpies Relative to Acetone

resonance contribution (kcal/mol) inductive contribution (kcal/mol)

functional group vinyloguea BLWb RBc SLd vinyloguea BLWb RBc SLd

amide -8.1 -11.1 -11.5 -15.1 0.9 3.2 4.4 7.6
ester -3.8 -6.2 -12.8 -10.6 3.7 5.5 8.8 9.3
acid fluoride -3.5 -2.6 -7.5 -1.4 14.2 13.3 15.4 15.1

aDerived from the vinylogue methodology, this work. bDerived from the block-localized wave function methodology, this work. cRablen and
Bentrup, ref 11. dDerived from the Swain-Lupton parameters.

(49) Swain, C. G.; Lupton, E. C. J. Am. Chem. Soc. 1968, 90, 4328.

(50) Charton, M. J. Org. Chem. 1984, 49, 1997.
(51) Hoefnagel, A. J.; Oosterbeek, W.; Wepster, B. M. J. Org. Chem.

1984, 49, 1993.
(52) Reynolds, W. F.; Topsom, R. D. J. Org. Chem. 1984, 49.
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group in an amide. Not only is this contrary to our results,
but furthermore is counterintuitive, given our previous
argument;that oxygen cannot accommodate a positive
charge as well as a nitrogen atom can.

The reason for the discrepancies between our results and
those byRablen andBentrup are not entirely clear, but could
stem from two flaws in the empirical relationship they
applied in order to derive their numbers. That empirical
relationship is shown in eq 22.

ΔEelectrostatic ¼ ð11 kcal=molÞΣðχi -χjÞ ð22Þ
Here, χi and χj are the electronegativities of the atoms R

and β to the acidic site.
One flaw of this equation is that it is derived from the

enthalpies of isodesmic reactions involving σ bonds only.9

The reactions in question in this study, however, involve π
bonds connecting atoms R and β to the acidic carbon;
namely, the C-O π bond of the carbonyl group. Therefore,
to apply eq 22 toward the acidities of ketones, esters, and
amides, one must assume that inductive effects are trans-
mitted through π bonds no differently than they are through
σ bonds. This, however, is not an appropriate assumption.
As Bowden53 showed, the transmission factor through a
carbonyl carbon is 0.43, whereas that through an sp3-hybri-
dized carbon is 0.48. This is consistent with the fact that an
ether oxygen (with only σ bonds) is estimated to be about
12%more polarizable than is a carbonyl oxygen (with one σ
bond and one π bond).54 Thus, Rablen and Bentrup’s model
would overestimate the contribution by inductive effects.

The second flawof eq 22 is that the only data used to derive
it were reactions taking place at O and N atoms. The
molecules in this study, however, involve reactions at a C
atom.

Conclusions

Contributions by resonance and inductive effects toward
deprotonation enthalpy were determined for compounds
1-4 at the R carbon, employing both a vinylogue extrapola-
tion methodology and a block-localized wave function
(BLW) methodology. With the vinylogue methodology,
gas-phase deprotonation enthalpies were calculated for the
n = 1-4 vinylogues of 1-4, both in their parallel and
perpendicular conformations, as well as for the n= 1-4
vinylogues of 5. Comparisons of these acidities were made

among corresponding (i.e., same n) vinylogues to obtain the
resonance and inductive contribution in each parallel viny-
logue. Those contributionswere extrapolated back to n=0 to
obtain resonance and inductive contributions for the parent
molecules 1-4. With the BLWmethodology, resonance and
inductive contributions were obtained in a more direct
fashion by comparing calculated deprotonation enthalpies
involving delocalized structures to calculated deprotonation
enthalpies involving specific resonance structures.

The two methodologies were in good agreement both quali-
tatively and quantitatively. Using the vinylogue methodology,
the resonance contribution by the carbonyl-containing groupof
1 was determined to be 34.3 kcal/mol, and using the BLW
methodology, it was determined to be 42.3 kcal/mol. For 2,
those numbers are 26.2 and 31.2 kcal/mol, respectively; for 3,
those numbers are 30.5 and 36.1 kcal/mol, respectively; and for
4, those numbers are 30.8 and 39.7 kcal/mol. Using the vinylo-
gue methodology, the inductive contribution by the carbonyl-
containing group of 1 was determined to be 11.8 kcal/mol,
and using the BLW methodology, it was determined to be
3.0 kcal/mol. For 2, those numbers are 12.7 and 6.2 kcal/mol,
respectively; for 3, those numbers are 15.5 and 8.5 kcal/mol,
respectively, and for 4, those numbers are 26.0 and 16.3
kcal/mol, respectively.

By comparison to the effects in 1, the NH2 group in 2

serves to weaken the acid via resonance by 8.1-11.1
kcal/mol, but serves to strengthen the acid via inductive
effects by 0.9-3.2 kcal/mol. The OH group in 3 serves to
weaken the acid via resonance by 3.8-6.2 kcal/mol but
serves to strengthen the acid via inductive effects by
3.7-5.5 kcal/mol. The F atom in 4 serves to weaken the acid
via resonance by 2.6-3.5 kcal/mol but strengthens the acid
via inductive effects by 13.3-14.2 kcal/mol.
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