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Abstract: Using ab initio MO theory, a series of isodesmic reactions was studied in which nitrogen-, oxygen-,
and fluorine-containing species acted as proton donors and acceptors. Comparison of protonation and
deprotonation energies suggests that approximately three-quarters of the enhanced acidity of acetic acid comes
from electrostatic stabilization, while the remaining quarter results fraesonance. Similar logic shows that

only one-third of the enhanced acidity of the nitrogen analogue acetamidine is electrostatic in nature, and that
the remaining two-thirds derives from resonance. The primary importance of electrostatics for oxygen and of
st resonance for nitrogen is further supported by the behavior of carbonic acid and guanidine. The contributions
of hydroxy, amino, and fluorine substituents to the acidity and basicity of a series of alcohols and amines are
well described by a simple electrostatic model with a single adjustable parameter. The model requires the
electrostatic contributions of polar bonds to be additive, to be of equal magnitude but opposite sign for anions
and cations, and to be strictly proportional to the electronegativity differences between the atoms comprising
the bonds. Application of this model to a series of reactions lackibhgnds results in a correlation coefficient

of 0.99, and indicates that on averageCbonds contribute 15 kcal/mol,-8D bonds 9 kcal/mol, and €N

bonds 4 kcal/mol to differential acidity and basicity. Further application of the model allows an estimation of

7t resonance contributions to the acidity and basicity of acetic acid and a series of related compounds. These
7 resonance contributions are found to be much greater for nitrogen than for oxygen, and significantly greater
for acidity (anions) than for basicity (cations).

Introduction tion of the key electrostatic interactions is shown in Figure 1.
- . . . Equivalently, one can look upon the additional positive charge
The greater acidity of carboxylic acids relative to alcohols at carbon as repelling the hydroxy proton in the neutral acid.

has generally been attributed to resonance in the carboxylate.; ; : o :
: " : Since only the difference in stability between the neutral species
anionl2 The traditional resonance hypothesis postulates that the y y P

A ; S . nd the anion affects th idity, the tw r tivi r
carboxylate anion is particularly stable because it is described? d the anion affects the acidity, the two perspectives are

. s essentially the same.
by two equivalent resonance structures, as shown in Figure 1. Many studies have addressed the question of which of these
Of course, a second resonance contributor can also be drawqw

for the correspondina carboxvlic adiddowever. the charge 0 explanations is more correct, or whether they are equally
. ponding C: XYIIC aciG-iowever, | charg s0471% One common approach involves examining the electronic
separation required in this zwitterionic species raises its energy,

- e ; ; (6) (a) Wiberg, K. B.; Laidig, K. EJ. Am. Chem. S0¢987, 109, 5935~
and so there is less stabilization than with the symmetrical gg;5' (b) Wiberg, K. B.; Laidig, K. EJ. Am. Chem. S0d988 110 1872

carboxylate anion. 1874. (c) Wiberg, K. Blnorg. Chem.1988 27, 3694-3697. (d) Wiberg,

During the last 15 years, however, this point of view has K.B.; Cheeseman, J. R.; Ochterski, J. W.; Frisch, M. JAm. Chlem- Soc.
increasingly been questioned, and alternative electrostaticégi’é’sg‘lo%,vl;*(i633’5r 2;43¢é2)mwg’§§ég'§ fih”?gfig%sﬁ""(f?ﬁZZQaP'CR"

explanations have been offered. The electrostatic hypothesisy.: Rablen, P. R.; Wiberg, K. BJ. Org. Chem1998 63, 8668-8681.
states that the primary role of the carbonyl oxygen is to increase _ (7) Thomas, T. D.; Siggel, M. R. F.; Streitwieser, A., JrMol. Struct.

the positive charge on carbdfi The positive charge stabilizes (TF('SE)OE%SMC);?Bgé‘S%Sg%‘l%%% 53 18101810

the increase in negative charge on the adjacent hydroxy oxygen (g) Thomas, T. D.; Carroll, T. X.; Siggel, M. R. B. Org. Chem198§
atom that occurs when a proton is lost. A schematic representa-53, 1812-1815.

(10) Siggel, M. R. F.; Streitwieser, A., Jr.; Thomas, T.JDAm. Chem.

(1) Wheland, G. WResonance in Organic Chemistkyiley: New York, Soc.1988 110, 8022-8028.

1955; p 345. (11) Taft, R. W.; Koppel, I. A.; Topsom, R. D.; Anvia, B. Am. Chem.
(2) Pauling, L.Nature of the Chemical Bon@nd ed.; Cornell University So0c.199Q 112 20472052.

Press: lIthaca, NY, 1960; p 276. (12) Dewar, M. J. S.; Krull, K. LJ. Chem. Soc., Chem. Comm@@9Q

(3) A charge-separated resonance contributor, withr bonds, can also 333-334.
be drawn (e.g., see refs 10 and 18). To a first approximation, however, this ~ (13) Martin, G.Tetrahedron Lett199Q 31, 5181-5184.
resonance structure is equally important for the neutral molecule and the (14) Ji, D.; Thomas, T. DJ. Phys. Chem1994 98, 4301-4303.
anion. For the purposes of the present discussion, the resonance contribution (15) Bordwell, F. G.; Satish, A. V. Am. Chem. S04994 116, 8885—
to acidity will be understood as referring to the interplay between the more 8889.

traditional resonance contributors shown in Figure 1. (16) Thomas, T. DJ. Chem. Soc., Perkin Trans.1®94 1945-1948.
(4) Siggel, M. R.; Thomas, T. 0I. Am. Chem. S0d.986 108 4360~ (17) Hiberty, P. C.; Byrman, C. B. Am. Chem. Sod995 117, 9875~
4363. 9880.
(5) (a) Wiberg, K. B.Acc. Chem. Red.999 32, 922-929. (b) Wiberg, (18) Wiberg, K. B.; Ochterski, J.; Streitwieser, A., JrAm. Chem. Soc.
K. B. J. Chem. Educl996 73, 1089-1095. 1996 118 8291-8299.
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Figure 1. Resonance and electrostatic contributions to the acidity of acetic acid.

structures and physical properties of carboxylic acids and their  The analysis presented here follows in the second tradition,
anions directly. For instance, Siggel and Thomas first challengedof drawing conclusions from comparisons between related
the traditional point of view, and supported the alternative structures. Energies and geometries calculated from ab initio
electrostatic explanation, based upon the behavior of the oxygenMO theory serve as the basis of argument. Both of these
core ionization potentials during deprotonation of the dcid. properties are experimentally verifiable, and are known to be
Later, a number of computational studies confirmed this finding accurately reproduced by modest levels of ab initio theory for
by demonstrating that the charge density at the carbonyl oxygentypical unstrained closed-shell organic structures such as acetic
atom of a carboxylic acid changes little upon deprotonation to acid and acetate iof!.Comparisons between acetic acid and a
form the corresponding aniéd’1%18These observations suggest series of related species reveal patterns that are not apparent
that resonance is of minor importance in stabilizing the negative from the isolated cases, and which offer insight into the factors
charge in the anion. that affect the acidity and basicity of hydroxy and amino groups
Others have attempted to calculate resonance energies oin organic compounds.
electronic reorganization energies directly. Ji and Thomas have
computed a small electronic reorganization energy for depro- Results
tonation of a carboxylic acid, consistent with a largely electro-
static explanatiof? Neto and Nascimento, in contrast, have used
generalized multistructural wave functions to conclude that the
majority of acidity enhancement results from resonddce.
Hiberty and Byrman, on the other hand, have arrived at an
intermediate position, based on resonance energies that indicat
electrostatics and resonance contribute equally to the acidity of

carboxylic acidg’” )
y . . developed by Petersson and Ochterski, and have been shown
Another approach is to use comparisons between related L S .
to reproduce proton affinities of neutral and anionic species,

structures to assess the relative importance of electrostatic (or

. X oo X among other properties, with high accurdéylhe latter two
inductive) and resonance contributions. Along these lines, Exner : N
has argued that the key factor leading to enhanced acidity is procedures are recommended for calculation of proton affinities

. - S by Turecek, who has found that the average between these MP2
the stability of the carboxylate anion, not destabilization of the . - - .
; . . L - S and B3LYP energies gives excellent agreement with the highest
acid, although in fact this observation is consistent with either

the resonance or the electrostatic arguni&iggel, Streitweiser, levels of ab |n|t|i$ theory? The ﬁnerg|es .markfedh BSMPZ |
and Thomas have compared the acidities of related conjugateacorre.SpO'.1d htott IS a\./terage. T € ﬁ_n%rlglesslq tthesmd'v'd'{.'a

and nonconjugated species in a manner that suggests that 800;&%%?;“'; ariree unis, appear in fable in the supporting
of the acidity of acetic acid can be accounted for by electrostatic . .

effects!® Dewar and Krull, however, have shown that acidity It is readily apparent from Table 1 that the four levels of

increases with chain length in a series of vinylogous formic calcu_la_ltion agree very closely. T‘?‘b'.e 2 Iists_ the C‘?”e'a“"’.‘
acids, lending support to the resonance argurifeMore coefficients and slopes for the best fit lines relating the isodesmic

recently, Bordwell and Satish have used comparisons be,[Weenreaction energies calculated via the various methods, and again

benzoic acid, 1,3-cyclohexanedione, and tropolone to similarly the ﬁggreer_neon;éz _?_Iﬁar’ since evkt)an ﬂmwesht corre:)atlorll |
support the traditional resonance point of vigwin response  ¢O€fficientis 0.996. The agreement between the two best levels

to Dewar and Krull, Thomas has suggested that while resonanceOf theory, CBS-Q and B3MP2, is especially close, and is

is indeed important for the vinylogs, it is not necessarily so for rgpresented graphically by Figure S1 in th? Suppor‘[ing‘ Informa-
the parent carboxylic acid§.Taft and co-workers, on the other tion. The excellent accord between the various calculations lends

hand, have used a multiparameter fit to model the acidities of coggdence to the compéjtfatlogal approach. He_ncer:‘orth thef
a series of related compounds, and this description suggests that BS-Q energies are used for discussion except in the case o
two-thirds of the enhanced acidity of acetic acid results from (20) Hehre, W. J.; Radom, L.; Schleyer, P. v. R.; Pople, JAB\nitio

The primary data used in this study consist of calculated
energy changes for a series of isodesmic reactions. The reactions
themselves are listed in Schemesd] and the corresponding
energies are listed in Table 1. Four levels of theory were used
or these calculations: CBS-4, CBS-Q, B3LYP/6-3HtG-
%2df,p)//BSLYP/6-3]:FG**, and MP2/6-311+G(2df,p)//B3LYP/
6-31+G**. CBS-4 and CBS-Q are compound procedures

electrostatics, and the remaining third frondelocalization'! Molecular Orbital Theory Wiley: New York, 1986.
(21) Ochterski, J. W.; Petersson, G. A.; Montgomery, J. AJ.JEhem.
(19) Neto, J. D. d. M.; Nascimento, M. A. Q. Phys. Cheni996 100, Phys.1996 104, 2598-2619.

15105-15110. (22) Turecek, FJ. Phys. Chem. A998 102, 4703-4713.
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Table 1. Enthalpies of Isodesmic Reactions (kcal/mol) and since carbon atoms are closer in size to oxygen than are
reacton CBS-# CBS-G* B3LYP® MP2 B3/MPZ hydrogen atomsgrt-butyl alcohol is probably the single most

11 280 279 278 281 280 approprlate reference, in preference to, say, methanol or ethanol.
12 6.6 6.2 72 6.1 6.7 Reaction 1.1 thus describes an exchange-e€®onds for C-O
1.3 38.0 373 37.4 375 37.4 bonds, without any potential complication resulting from a
14 -10.7 -10.7 -11.9 —10.2 -11.1 change in the number of-€H bonds.
21 26.8 26.7 26.4 27.4 26.9 According to this definition, acetic acid is 2849 0.2 kcal/
gg Zg'i 288'211 288-21 289'70 28846 mol more acidic than “usual”, as shown in Table 1. The
o 127 117 120 123 122 calculated acidity difference corresponds to the gas phase, since
31 46.7 46.0 47.5 46.4 46.9 no account has been taken of a solution environment. For the
3.2 5.9 6.3 6.5 55 6.0 purposes of most experimental chemists, solution acidity is the
4.1 15.1 16.3 19.0 16.6 17.8 more relevant parameter. However, as here we are interested
4.2 29.8 30.6 33.3 317 32.5 in the fundamental principles governing the stability of mol-
3:2 —f27.'§ _1437.32 _12%2 _1;%'6 _13‘.“19'4 ecules and ions, the gas-phase values are in fact the most
45 —291 -206 -305 -281 -293 appropriate. The solvent quite likely complicates matters, and
4.6 —46.0 —46.9 —485 —44.9 —46.7 while solvation is clearly a topic of great interest and importance,
5.1 10.4 10.6 10.9 10.8 10.9 it is nonetheless conceptually a separate issue. The most coherent
5.2 19.5 20.4 20.9 21.2 21.1 approach is to consider first the gas-phase properties, and the
g'i 22.61 22'?? Zj;’ 2:"65 2:"44 structural principles governing these properties, and then in a
6.2 6.8 6.3 6.5 6.5 6.5 subsequent step to consider the effect of the solvent.
6.3 11.0 10.4 10.6 10.7 10.6 To understand the origin of the 28 kcal/mol of “extra” acidity
7.1 6.9 4.9 4.0 3.9 3.9 in acetic acid, it is desirable to decompose this quantity into a
;g g? gg ;-é gg ;-3 resonance contribution and an electrostatic contribution, as
81 210 296 23.0 250 pryd shown in eq 1. The coefficient of 2 appears in front of the
3% 125 11;?03 1§§ 1?2 AEacidity enhancement AEresonance+ 2AEelectrostatics (1)
9.3 18.5 24.9 24.1 24.5
9.4 -1.8 -2.8 -2.2 -2.5 electrostatic term to represent the separate contributions of the
9.5 -3.0 —5.7 —4.5 -5.1 two additional C-O bonds in acetic acid comparedtést-butyl
9.6 —6.6 —-9.0 —7.7 —8.4 alcohol, oneo and onex.23This separation is difficult to

aEnthalpy at 0 Kb Using the 6-313G(2df,p) basis set, at the  accomplish using only information about acetic acid, since there
B3LYP/6-314+G** optimized geometry, and with the B3LYP/6-  are two variables but only a single known quantity. However,
31+G** zero-point vibrational energy (scaled by 0.97) included. additional chemical equations can be devised that express similar
Average of B3LYP and MP2 values. contributing terms, but in different combinations.

Table 2. Comparison of Different Levels of Calculatior? (Values “Acetic Base”. For instance, why is C4CO;H called acetic
and Slopes) acid, and not “acetic base”? As shown in Figure 2, resonance
CBS-4 CBS-Q B3LYP MP2 B3MP2 argtljjrlner:jts suggelst hthat protonated acetic acid should be
stabilized in exactly the same manner as acetate anion. Just as
ggg:é 1.0044-0.38 0.99911 099%9862023 0%%%%35 o?é%%ig with deprotonation _of the hydro?<y group, protonqtion of the
B3LYP 1.036/~0.75 1.032+0.37 0.99808 0.99953 carbonyl oxygen yields a species that is described by two
MP2  1.001#0.15 0.99740.53 0.965+0.90 0.99950 equivalent resonance forms, where the charge is distributed
B3MP2 1.019+0.30 1.01540.08 0.98240.45 1.017+0.46 equa”y between the two oxygen atomS, and Whereﬂhﬁstem
aNumbers above the diagonal are correlation coefficients ( contains four electrons. From the simplest resonance perspective,
Numbers below the diagonal are slopes/intercepts. the anionic and cationic cases are indistinguishéble.

. o ) ) i However, from an electrostatic point of view, protonation of
silicon-containing species, for which CBS-Q calculations were acetic acid is clearly unfavorable (Figure 2). The nearby hydroxy
not feasible and for which B3MP2 energies are used instead. sypstituent increases the positive charge at carbon, making it
However, none of the conclusions that follow would change in - more difficult to add a positively charged proton to the carbonyl
any significant manner if the CBS-4, B3LYP, or MP2 energies oxygen than would otherwise be the case. In the case of
were used. The close correspondence between enthalpic propefyrotonationof acetic acid, then, one can write the following

ties calculated using these procedures and gas-phase experkimple equation to describe the change in basicity relative to a
mental values has been amply demonstrated elsevthiére. reference carbonyl compound:

Discussion (23) If the coefficient of two for the electrostatic terms in eq 1 is omitted,
. ) . ) ] ) the qualitative conclusions do not change substantially. However, inclusion
Acetic Acid. The isodesmic reaction 1.1 in Scheme 1 serves of this coefficient provides consistency with the more detailed electrostatic

as a convenient definition of the unusual acidity of acetic acid. model thatis developed and justified later in the text.
(24) The simple resonance picture, in which delocalization is identical

In th'$ reaction, acet'c_ ?C'd exchanges. a PrF)tO“ th.' in the anionic and cationic cases, of course represents quite a crude
butoxide, so that the acidity of the former is defined relative to approximation. It is well to bear in mind, however, that all models are
that of tert-butyl alcohol. Organic chemists generally regard simplifications, and in fact must be so to serve a useful purpose.

: P " Furthermore, this simple resonance picture, in which the energy of
saturated systems as the implicit “normal” reference state, anddelocalization depends only on the number of contributing structures and

so an alcohol seems the appropriate standard against which taneir energetic similarity to each other, corresponds to both the description
judge the acidity of hydroxy compounds. Furthermore, the given in most textbooks and to the thinking of many practicing organic
optimal reference alcohol should replace the oxygen atoms of chemists. It also represents the point of view espoused by Wheland in his
. . . . L . . classic monograph (ref 1). A more sophisticated MO picture of delocalization
acetic acid with nonpolar substituents of a similar size. Since youid allow for differences between the anion and the cation, but

C—C bonds are more unambiguously nonpolar tharH®onds, presumably would still predict substantial stabilization in both cases.
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Figure 2. Resonance should enhance the basicity of acetic acid, while electrostatic effects should decrease the basicity.

AE — AE ectostatics  (2) a CG=0 double bond) andE(resonancey 5.2 kcal/mol. Thus,

oo under the assumption that resonance stabilization is comparable
Equation 2 is written with reference to isodesmic reaction 1.2, in the anion and the catici,the enhanced acidity of acetic
which defines the proton affinity of acetic acid relative to acid derives 80% from electrostatics and 20% from resonance.
acetone. Acetone represents the most logical reference com-This outcome agrees closely with the results of Siggel, Streit-
pound, since protonation occurs at a carbonyl oxygen, and since wieser, and Thoma8,who concluded that resonance contributed
in analogy to reaction 1.1, methyl substitutes for hydroxy. The only 20% to the acidity, and with the conclusions of Taft and
coefficient of 2 that accompanies the electrostatic term in eq 1 co-workerst! who estimated the resonance contribution at 30%.
is absent in eq 2, because acetic acid has only one mo@ C The agreement with Hiberty and Byrman, who attributed 50%
bond than acetone. of the special acidity of acetic acid to resonance, isfair.

The same terms contribute as before for acidity, except now  Carhonic Acid. This simple model of acidity can be extended
in opposing directions rather than in concert. The assumptionsmore broadly. What, for instance, is the consequence of
here are that (a) the resonance contributions are of the sameep|acing the methyl group of acetic acid with another hydroxy
magnitude and sign for the positively and negatively charged 4rqyn? Reaction 1.3 provides the answer: the additional hydroxy
cases and that (b) the electrostatic cor_ltnbl_Jtlons are of the SaMeyroup increases the acidity by another 9.4 kcal/mol. This value
magnltude per e.o bond, bu.t of opposite S|gn..These assump- s 3 Jittle less than half of the 22.8 kcal/mol electrostatic
tions are not entirely defensible, particularly with regard to the enhancement caused by the=O bond in acetic acid. Such a

resonance con_tnb_utlons. A_Ith(_)ugh pure™ resonance theo_ry correspondence would be expected if each individusOdond
depicts the cationic and anionic cases as identical, a frontier . . N
makes an approximately equal electrostatic contribution.

MO view of r delocalization does néf.However, this zeroth- ) -
order approximation establishes a useful position from which ~ Furthermore, reaction 1.4 shows that the additional hydroxy

AEbasicity enhancement.

to begin. group furtherdecreaseghe proton affinity of carbonic acid
The calculations clearly indicate that acetic acid is not, in relative to acetic acid, despite the fact that protonated carbonic
fact, “acetic base”. Protonation is 6.2 kcal/messfavorable acid haghreeequivalent resonance contributors. The additional

than with acetone, and so the additional hydroxy group clearly hydroxy group thus provides not only one additional “unit” of

decreaseshe proton affinity of the carbonyl oxygen! This electrostatic destabilization to the cation, but one additional

finding implies that the electrostatic effect outweighs the “unit” of resonance stabilization as well. The 4.5 kcal/mol

resonance contribution. decrease in proton affinity thus represents the difference between
At this point, two equations accompany the two variables, the resonance and electrostatic contributi$riEhat acetic acid

and so solution is possible. Solving eqs 1 and 2 yields is the stronger base, and not carbonic acid, reflects the greater

AE(electrostaticy= 11.4 kcal/mol per bond (22.8 kcal/mol for  importance of electrostatics relative to resonance.
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To arrive at a final set of estimates, all the information in creased the basicity. With nitrogen, then, it seems abundantly
reactions 1.1, 1.2, 1.3, and 1.4 can be combined mathematicallyclear that resonance effects are dominant over electrostatic
If the contribution to acidity or basicity of an additional effects.
resonance interaction is designatedand the electrostatic The same mathematical manipulations that were used to
contribution of a C-O bond is designatey] then the following obtain averaged estimates for resonance and electrostatic
equations describe the chemical transformations in reactionscontributions to all four reactions in the oxygen series (eqs 3)
1.1-1.4: can be applied to the nitrogen series as well. This analysis yields

13.1 kcal/mol for the resonance contribution, and 5.9 kcal/mol
AE(L.1)=x+2y for the electrostatic contribution of each—@® bond, again
confirming the primary importance of resonance in this se-
AE(L2)=x—y ries?®27 It is also interesting to note that the electrostatic
3) increment, 5.9 kcal/mol, is 54% as great as with oxygen, where
the increment was 11.0 kcal/mol. This ratio closely resembles
AE(1.3)=x+ 3y that of the electronegativity differences between carbon and
nitrogen on one hand and carbon and oxygen on the other, (3.4
AE(1.4)=2x+2y — 2.6)/(3.0— 2.6) = 50%.
Triple Bonds. With nitrogen, it is possible to consider triple
Fitting the CBS-Q reaction energies to these four equations bonds. Scheme 3 lists two isodesmic reactions that explore the
yields x = 5.2 kcal/mol for the contribution of a resonance effect of a nitrile on the acidity of an amine, and the effect of
interaction ang/ = 11.0 kcal/mol for the electrostatic contribu- an amino group on the basicity of a nitrile. The cyano nitrogen
tion of each C-O bond?® of cyanamide is somewhat more basic than acetonitrile, as

What About Nitrogen? Reactions 2.£2.4 are the exact  shown by reaction 3.2. In this case, resonance and inductive
nitrogen analogues of reactions +1.4. Reaction 2.1 demon-  effects are in competition. Resonance, which favors the proto-
strates that acetamidine is fully 26.7 kcal/mol more acidic than nated structure, apparently exerts the stronger influence, by a
tert-butylamine. Thus, in a relative sense, acetamidine is very margin of 6.3 kcal/mol. This value agrees closely with the
nearly as acidic as acetic acid. At first glance, this new difference between resonance and electrostatic contributions,
information appears to contradict the importance of electrostatics 13.1 kcal/mol— 5.9 kcal/mol= 7.2 kcal/mol, expected on the
established above. Nitrogen is much less electronegative thanbasis of Scheme 2.
oxygen, and therefore typically bears much less negative charge. A cyano group dramatically increases acidity, however, as
Consequently, if electrostatic factors are dominant, one might illustrated by reaction 3.1. Here, electrostatics and resonance
expect acetamidine to have much less strongly enhanced acidityact in concert. Two orthogonal and therefore noncompeting
than acetic acid. However, there is no reason to believe, a priori,resonance interactions stabilize the anion. In addition, the
that resonance contributions should be the same for nitrogen aslectrostatic stabilization might reasonably be expected to be
for oxygen. similar to that for three individual €N single bonds. From

Reaction 2.2 shows that acetamidine is also a stronger basehis perspective, the 46 kcal/mol increase in acidity for
than acetone imine. Apparently, in the case of nitrogen, the cyanamide relative téert-butylamine seems reasonable.
resonance contribution outweighs the electrostatic contribution.  Fluorinated Alcohols. If each G-O bond makes a 11.0 kcal/
This conclusion is not entirely surprising. We would have mol electrostatic contribution to acidity and basicity, and each
expected a weaker electrostatic contribution from nitrogen than C—N bond contributes 5.9 kcal/mol, what is predicted for
from oxygen, since nitrogen is less electronegative. In fact, fresh fluorine? Linear extrapolation based on the electronegativity
application of egs 1 and 2 to reactions 2.1 and 2.2 yields, for differences suggests that each-EE bond should increase the
nitrogen,AE(electrostaticy 6.1 kcal/mol per €N bond (12.2 acidity and decrease the basicity by 20 kcal/mol. Reactions 4.1
kcal/mol total) andAE(resonancey 14.5 kcal/mol. The roles 4.6 show that this prediction is fairly accurate.
of resonance and electrostatics are reversed compared to oxygen, Electrostatic considerations can easily explain the enhance-
with resonance now contributing 60% of the effect, and ment of acidity brought about by fluorination of an alcohol,
electrostatics only 40%. but in principle hyperconjugation can do so as V&Pl As

Reactions 2.3 and 2.4 demonstrate the effect of replacing theshown in Figure 3, the lone pairs on oxygen are able to donate
methyl group of acetamidine with an additional amino group, into the adjacent* ¢ orbitals. While such interactions can occur
to form guanidine. Whereas the additional hydroxy group of

carbonic acid increased the acidity relative to acetic acid by (27) The estimates of resonance anq electrostatic pontributions derived
from eqs 3 and all four of the reactions in Scheme 2 differ somewhat from

9.4 kcal/mol, the additional amino group increases the acidity hgse obtained using egs 1 and 2 and only reactions 2.1 and 2.2. In particular,
of guanidine relative to acetamidine by only 1.7 kcal/mol. On including all four reactions reduces the resonance estimate from 14.5 kcal/
the other hand, the same amino group enhances the basicity bynol to 13.1 kcal/mol, although the electrostatic estimate remains essentially

. . S . constant at 6.6t 0.2 kcal/mol per &N bond. This difference probably
3.3 keal/mol. This result is qualitatively different from that for arises because multiple resonance contributions do not accumulate in a

carbonic acid, where the additional hydroxy substituent de- strictly linear fashion. As a result, consideration of the doubly resonance

stabilized guanidinium ion reduces the average stabilization attributed to a
(25) Reactions 1.1 and 1.2 yield estimates of the electrostatic and resonance contributor. The observation of nonadditivity is hardly surprising,

resonance contributions that differ by 11.4 kcal/mob.2 kcal/mol= 6.2 since a saturation effect is expected as additional resonance structures are

kcal/mol. The close numerical agreement of this value with the difference included, i.e., adding a third equivalent resonance structure when two are

in calculated proton affinity between acetic acid and carbonic acid, 4.5 kcal/ already present yields less of an advantage than adding a second when only

mol, is very encouraging, as it suggests internal consistency of the model. one structure was available before. Alternatively, from a molecular orbital
(26) This set of four equations in two unknowns is of course overde- point of view, the two nitrogen lone pairs compete to donate into the

termined, even though two of the equations are in fact not linearly protonated carbonyt* orbital, and neither can do so as effectively as it

independent of each other, and two others are nearly so. The values for could if it were the only lone pair present.

andy reported in the text represent averages obtained by graphical solution  (28) Allred—Rochow electronegativity values are used throughout this

of the system of equations. The graphical solutions are provided as Figurespaper: Allred, A. L.; Rochow, E. RI. Inorg. Nucl. Chem1958 5, 264~

S2 and S3 in the Supporting Information. 268.
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Scheme 2
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interaction interaction

Figure 3. Hyperconjugative and electrostatic explanations for the acidity of 2-fluoro-2-propanol.

both in the neutral alcohol and in the corresponding anion, they tion.3233The hyperconjugative argument predicts that theFC
would certainly be stronger in the anion, and could thus account bonds should lengthen in the anion compared to the neutral
for the enhanced acidity of the alcohol. Furthermore, protonation alcohol, as the result of increased donation into theFC
of the alcohol would be expected to inhibit hyperconjugation, antibonding orbitals, and that the-© bond should correspond-
and so the decreased basicity of fluorinated alcohols can alsoingly shorten. Table 3 shows that these changes do indeed take
be explained by hyperconjugation. place, and are in fact quite pronounced. These geometric effects
There is in fact some geometric and spectroscopic, as well have been observed and studied previously, both by experi-
as theoretical, evidence to support the role of hyperconjuga- mental and by computational means, including X-ray crystal-
55 R T B Webh R L VeENT E A A e S lography3? Interestingly, the most dramatic lengthening of a
I . D . L., I . B, . . . — i i
1géq )7(2?)40&31? ) étre?twiéser, A”er.: ity Zieglgr, G'Og'; C—F bond occurs in the monofluoro species, and the effect
Stoffer, J. O.; Brokaw, M. L.; GuihéF. J. Am. Chem. So&976 98, 5229~ (32) (a) Francisco, J. S.; Williams, |. Ehem. Phys1985 98, 105—
5234. (c) Sleigh, J. H.; Stephens, R.; Tatlow, JJCChem. Soc., Chem. 114. (b) Grein, F.; Lawlor, L. JTheor. Chim. Actd 983 63, 161-175. (c)

Commun.1979 921-922. (d) Schleyer, P. v. R.; Kos, A. Jetrahedron Francisco, J. S.; Williams, I. HMol. Phys.1984 52, 743-748. (d) Dewar,
1983 39, 1141-1150. (e) Friedman, D. S.; Francl, M. M.; Allen, L. C. M. J. S.; Rzepa, H. SI. Am. Chem. S0d978 100, 784-790. (e) Ault, B.

Tetrahedron1985 41, 499-506. S.J. Phys. Chenl98Q 84, 3448-3450. Oberhammer, however, favors an
(30) (a) Schlosser, MAngew. Chem., Int. Ed. Engl998 37, 1497 electrostatic argument in the related fluorinated methane series of com-
1513. (b) Schneider, W. F.; Nance, B. I.; Wallington, TJJAm. Chem. pounds: (f) Oberhammer, H. Mol. Struct.1975 28, 349-357. (g) Typke,
So0c.1995 117, 478-485. V.; Dakkouri, M.; Oberhammer, Hl. Mol. Struct.1978 44, 85—96.
(31) (a) Holtz, D.Chem. Re. 1971, 71, 139-145. (b) Holtz, D.Prog. (33) Farnham, W. B.; Smart, B. E.; Middleton, W. J.; Calabrese, J. C.;

Phys. Org. Cheml971, 8, 1-74. Dixon, D. A. J. Am. Chem. Sod.985 107, 4565-4567.
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Table 3. Calculated Bond Lengths (A)

J. Am. Chem. Soc., Vol. 122, No. 2,

C—0 bond C-X bond(s}y¢ C—C bond(s)
specie anion neutral cation anion neutral cation neutral cation
C(CHg)3s0H 1.3444 1.4443 1.7145 1.5304 N 1.5095 Y
1.5362Y 1.5084 N
1.5362 Y 1.5084 N
C(CHg),FOH 1.2584 1.3939 1.6651 1.7467 1.4276 Y 1.3450Y 1.5422 1.5170N 1.4972 N
1.5231N 1.4972 N
C(CHg)F,OH 1.2349 1.3620 1.6456 1.5211 1.3871Y 1.3167Y 1.5326 1.5059 N 1.4863 N
1.3871Y 1.3148 N
CROH 1.2225 1.3474 1.5682 1.4426 1.3347 N 1.2951 N
1.3578 Y 1.2951 N
1.3578Y 1.3013Y
C(CHg)2(SiH3)OH 1.3436 1.4467 1.6898 1.9652 1.9236 N 1.9517 N 1.5599 1.5357Y 1.5117Y
1.5357Y 1.5107 N
C(CH)(SiH3).0H 1.3558 1.4592 1.6495 1.9343 1.9189Y 1.9455 N 1.5564 1.5386 Y 1.5190Y
1.9157 N 1.9455 N
C(SiHs)sOH 1.3734 1.4724 1.6368 1.9103 1.9096 N 1.9358 Y
1.9114Y 1.9384 N
1.9114Y 1.9380 N

aFrom B3LYP/6-3%-G** geometry optimization? Parent species; bond lengths are shown for the alcohol and for its protonated (cationic) and
deprotonated (anionic) form&X refers to F or Si, as appropriateY after a bond length indicates that the baisdn conjugation with (i.e.,
oriented anti to) a lone pair on oxygen; N indicates that the bomdign conjugation with any lone pair on oxygen. Notations are not made for
the anions, since all the-€X bonds are equivalent and all the-C bonds are equivalent (alre in conjugation with lone pairs).

decreases markedly as the degree of fluorine substitutionan electronegative element, would certainly be repulsive for
increases. The €F bond length increases by 0.32 A in 2-fluoro-  formation of a cation (basicity) and attractive for formation of
2-propanol, but by only 0.09 A, on average, in trifluoromethanol. an anion (acidity). Second, the linear dependence on the
To a lesser extent, the same observation holds true fortf@ C  electronegativity difference between C and X is exactly what
bond, which shortens upon deprotonation by 0.14 A in 2-fluoro- an electrostatic model would predict.
2-propanol but by only 0.12 A in trifluoromethanol. The predicted additivity of electrostatic contributions to the
However, an electrostatic argum#&ncan also be given for  acidity and basicity of fluorinated alcohols depends on a
why the C-F bonds should lengthen and the-O bonds corresponding linearity in the atomic charge at carbon. If the
shorten in the anions: the increased negative charge on oxygemtomic charge on fluorine were to remain essentially the same
repels the negatively charged fluorine atoms and attracts thein the mono-, di-, and trifluorinated alcohols, then the corre-
positively charged carbon atom. Furthermore, one can evensponding charge on carbon would linearly depend on the number
rationalize the variation in the degree of lengthening efFC of attached fluorine atoms. Since the electrostatic effect scales
bonds along the series. As the number of attached fluorine atomswith the charge at carbon, this constancy of atomic charge at
increases, so does the positive charge on carbon, so that théluorine would imply additivity in the electrostatic contributions
repulsive effect of the negatively charged oxygen is increasingly of the C—F bonds. It has in fact been shown that the charge on
counteracted. fluorine remains essentially constant in the related series of
Furthermore, Table 3 shows that the-O bond oftert-butyl compounds fluoromethane, difluoromethane, trifluoromethane,
alcohol shortens by 0.10 A upon deprotonation, only slightly and tetrafluorometharié Thus good evidence exists to support
less than it does in the fluorinated species. TheQCbonds the hypothesis that electrostatic contributions fromFCbonds
lengthen, too, although only by about 0.03 A. Consequently, should be additive.
the relationship between bond lengths and stabilization is not  Atomic charges are subject to a great deal of debate, as no
entirely clear. single, unambiguously correct definition of atomic charge exists.
Further complicating matters, the difference in length between Furthermore, the magnitudes of calculated atomic charges often
C—F bonds that are and are not in conjugation with (oriented vary a great deal depending on which of several popular
anti to) oxygen lone pairs in the neutral alcohols is only 8:00  definitions is used. However, the constancy of fluorine atomic
0.02 A. This variation is far less than the changes of 8.05 charges in the fluoromethane series holds true for a variety of

0.08 A observed on going from the neutral alcohols to the definitions of atomic charge, and so would seem to reflect an
protonated forms. These observations suggest that the majorityunderlying reality3s

of the geometric changes are the result of electrostatic factors, a Simple Model for the Electrostatic Contributions of
which do not depend on orientation, rather than hyperconjuga- pojar Bonds to Acidity and Basicity. As described above, the
tion. constancy of atomic charge on fluorine leads to additivity of
The acidity and basicity of fluorinated alcohols can thus be the expected electrostatic contributions of theFbonds. The
rationalized either by electrostatic or by hyperconjugative actual observation of a highly linear relationship is thus highly
arguments. However, the reactions in Scheme$ih aggregate  consistent with an electrostatic origin. Ab initio calculations
demonstrate that, in the absencerafelocalization, polar bonds suggest that oxygen behaves similarly, even to the extent that

very generally make contributions to acidity and basicity that 3 c=0 bond withdraws the same amount of charge density from
are additive, that are proportional to the electronegativity
differences between the atoms, and that are positive or negative62é34) Wiberg, K. B.; Rablen, P. Rl. Am. Chem. S0d.993 115 614~
depending on whether an anion or a cation is formed. This % \vier o« B Rablen, P. B. Comput. Chent.993 14, 1504-
behavior is highly consistent with an electrostatic model. First, 1518 (n)'salzner, U.; Schieyer, P. v.Ghem. Phys. Letf.992 190, 401

an electrostatic contribution by a polar-& bond, where X is 406.
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Scheme 4
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4.1 /( + % —_— + /< +16.3
OH ° ° OH
% EF % £ F
42 /( + 7, — *, + /( +30.6
OH ° P OH
2 £ F % 25
43 /( + L 5 — L o+ /( +47.2
OH 7 o o) F~ oH
3 2 F 2 % F
4.4 /( + /( — Lo + /( 133
OH OH, OH, OH
2, 25 % £y
45 /( v Lo — /"(@ 4 296
OH OH, OH, OH
% P F %, %y
4.6 /( + /(@ —_— /(e + /( -46.9
OH F~ OH, OH, F~ OH
Scheme 5
CBS-Q
Z 2 OH Z 2z OH
5.1 /( + /( — % + /( +10.6
OH ® © OH
i( H04 OH % HO, OH
52 “ + /"( — “ + 2, +20.4
OH o© P OH
2 HO, OH 2 HO, OH
53 /( + ;( o — L o+ X +24.0
OH HO” O o) HO” “OH
Scheme 6
CBS-Q
%, 7, e %, 7 e
6.1 /( + * E—— L o + * +4.3
OH 0 o) OH
% H2N/ NH, % HzN, NH,
6.2 /( + /"( o — L o + /”( +6.3
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carbon as do two €0 bonds. For instance, a carbonyl oxygen of C—0 and C-N ¢ bonds on acidity and basicity, in a manner
typically bears a charge quite similar to that of an ether or analogous to that used for fluorine in Scheme 4. If the
alcohol oxygen. Similarly, the charge on the carbon of an understanding of electrostatic contributions given above holds
aldehyde or ketone generally is very similar to that in the merit, then the acidity enhancements should be described
corresponding hydraf®.0One might reasonably expect nitrogen quantitatively by the mathematical expression in eq 4, in which
to behave in a similar fashion as well. a summation is performed over the adjacent polar bonds. The

Thus there is good reason to suspect that the electrostaticcontribution of each bond depends only on a sighat reflects
contributions of polar bonds to acidity and basicity should quite whether a cation or an anion is being generated; the polarity of
generally be additive in nature, as well as proportional to the the bond, as defined by the difference in electronegaf¥ity
polarity of the bonds. This hypothesis suggests the reactions inbetween the atoms involved; and a const&nt,
Schemes 57. These reactions systematically explore the effect

- Y yexp AEeIectrostaticz SkC z (Xi - Xj) (4)
(36) Morgan, K. M. Thermochemistry of Carbonyl Compounds: Hydrate, bonds

Hemiacetal and Acetal Formation Reactions. Ph.D. Thesis, Department of ) . ) )
Chemistry, Yale University, 1994; pp 5%6. Equation 4 thus describes mathematically the observation that
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Scheme 7
CBS-Q
2 2 NH, 2 2 NH;
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Table 4. Comparison of Reaction Energies to Estimates from the

polar bonds tend to make contributions to acidity and basicity Electrostatic Model (kcal/mol)

that are additive and that are proportional to bond polarity. The

implied linear additivity of substituent effects bears some _reaction electrd. reson totaF predictio? CBS-G diff."
resemblance to the classic linear free energy relationships 1.1  +2a  +x 2a+x +17.6  +27.9 +10.3
pioneered by Hammett and othéfs. 12 -—a > x-a -88  -62 426
Table 4 provides the results of applying this equation to the 1431 tga > 3air X J:26'4 i'37'3 +10.9
. . oo . . a  +2x 2x—2a 17.6 107  +6.9
isodesmic reactions in Schemesd The constan€ is the only 21 420 4y  2b+y +88 4267 +17.9
adjustable parameter in the modelQfs set to 1, plotting the 22 —b +y y—b —4.4 +8.4 +12.8
energies of the isodesmic reactions against the right-hand side 2.3 +3b  +y 3b+y +13.2  +284 +15.2
of eq 4 yields the linear relationship appearing in Figufg 4. 24 -2 42y 2y—2b -88 +11.7 +205
The best-fit line, characterized by a correlation coefficient of 31 +3 4+ 3b+2y +132 4460 +328
2— 099 is d h h the filled circles. These d : 32 b +y y—b —4.4 +6.3 +10.7
r2=0.99, is drawn through the filled circles. These data points 71 ¢ 0 c +154 4163 +09
correspond to the reactions in Schemed 4which contain only 42  4+2c 0 2 +30.8 4306 —-0.2
o bonds. The slope of the best fit line, 11.0 kcal/mol, represents 4.3  +3c 0 3k +46.2 +47.2 +1.0
the optimal value for the consta@tin eq 4. The simple-minded 44  —c 0 —C —-154  -133 +21
approach to electrostatic contributions represented by eq 4 thus 42 ~2° O x s s A2
yields remarkably accurate predictions for systems comprised ;.2 0 a 188 4106 +18
only _ofo bonds! The unfilleq circles in Figure 4 do not faI_I on 52 +2a 0 %a +17.6 4204 +2.8
the line, but these data points correspond to the reactionsin 53 +3a 0 3a +26.4 +240 24
Schemes 43 and 8, which contain bonds as well as bonds. 61 +b 0 b +4.4 +43 01
As discussed earlier in connection with the acidity of gg igg 8 g +‘;§2 :ig-i :g-g
fluorinated alcohols, the contributions of potabonds to acidity 71 +b 0 b Taa 149 405
and basicity can be accounted for either by electrostaticsorby 72 420 0 % +88 +72  —16
hyperconjugation, or by a combination of the two. However, 73 43 0 b +13.2 +8.2 —5.0
for the hyperconjugative explanation, a series of coincidences 81 0 +z z 00 +226 +226
would seem necessary to account for the all of the observed 9-1 +dd 0 dd —7.7  (+9.8) (+17.5)
linearity, whereas this behavior naturally falls out of the 92 12 0 2 —154 (r17.4) (+32.8)
| . del h King the | 93 +3d O 3 —23.1 ({#24.5) (+47.6)
electrostatic model, perhaps making the latter argument more g, g 0 —d +77 25) (-10.2)
succinct. For instance, that a single const@nsf 11.0 kcal/ 95 -2d O -2d +15.4 5.1) (-20.5)
mol should describe so well the effects of all three elements 9.6  —3d 0 —3d +23.1 (8.4) (-31.5)

nlt.rolgen, oxygen, anq fluorllne, and also the effects on both a Predicted electrostatic contribution from eq 4. Electronegativity
acidity and basicity, is precisely what one would expect for gifferences:a = y0 — yc; b= yn — 20 € = yF — xc; d = xsi — zc
electrostatic contributions. It is not obvious that hyperconjuga- (ysi = 1.9; yc = 2.6; yn = 3.0; yo = 3.4; = = 4.0)." Resonance
tion should so exactly yield the same behavior. contribution: x, O/O;y, N/N; z, C/C. ¢ Total prediction for isodesmic

: - P reaction energy (sum of preceding two columndjlectrostatic predic-
Furthermore, the electrostatic contributions to acidity and tion derived from eq 4, using = 11.0 keal/mol ¢ CBS-Q isodesmic

basicity estimated using two quite different approaches agree eaction energy (repeated from Table 1); numbers in parentheses are
closely. Analysis of Schemes, which contain onlyr bonds, B3/MP2 values instead of CBS-®ODifference between observed

led to eq 4 and Figure 4, and thereby to predicted electrostaticreaction energy and electrostatic prediction, which can perhaps be
contributions of 8.8 and 4.4 kcal/mol for each-O and C-N attributed to resonance. Numbers in parentheses are derived from the

. . . . . B3/MP2 calculated reaction energies instead of the CBS-Q reaction
bond, respectively. Earlier, however, quite different comparisons energies. Values in italics correspond to cases wheresonance is

were made between the unsaturated species in Schemes 1 anghsent and the value of the difference is expected to be close to zero.
2. Whereas the substitution patterns in Scheme® &ffected
acidity and basicity in the same manner, except for sign, the could reasonably be predicted to act in concert with respect to
substitutions in Schemes 1 and 2 affected acidity and basicity some structural perturbations, but in competition with respect
very differently. The electrostatic and resonance contributions tg others. Consequently, the differences between how acidity
(37) () Hammett, L. PJ. Am. Chem. Sodl937, 59, 96-103. (b) and basmrgy were affected by. structural changes fapllltgted
Topsom, R. DProg. Phys. Org. Cheni976 12, 1-20. (c) Wells, P. R. deconvolution of the electrostatic and resonance contributions.
Linear Free Energy Relationshipscademic Press: New York, 1968. This different line of reasoning led to estimates of 11.0 and 5.9
(38) The plot in Figure 4 was generated using eq 4 with the valu@ of kcal/mol for G-O and G-N bonds, respectively. These figures
already set to 11.0 kcal/mol. However, the plot would of course look the . . ] .
are in fairly close agreement with the corresponding values 8.8

same withC set to 1, except that the slope would be approximately 11.0 ! ]
kcal/mol instead of very close to 1.0 kcal/mol. and 4.4 kcal/mol derived from eq 4. Furthermore, it makes sense
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o
o

e LI e s e ey between systems with and withamtbonds graphically. Reac-
| Best Fit Line: | tions with only o bonds (filled circles) fall on the line, while
L Y = 0.989 X - 0.26 © ] reactions withr systems (open circles) fall well above the line.
| R? =099 000 ] According to Table 4, electrostatic factors are responsible
for roughly two-thirds (17.6 kcal/mol) of the enhanced acidity
of acetic acid, while resonance accounts for the remaining third
] (10.3 kcal/mol). On the other hand, consideratioroofy the
- reactions in Scheme 1, via eqs 3, earlier yielded a ratio of 4:1.
1 The more broadly defined electrostatic model represented in
Table 4 thus suggests a more even balance between electrostatic
and resonance contributions than does Scheme 1 in isolation.
However, both approaches clearly identify electrostatics as the
predominant cause of the acidity of acetic acid.
] Closer examination of the contributions for the reactions
sl in Schemes +3 reveals some interesting trends. First,
-50 25 0 25 50 resonance interactions are clearly much weaker for oxygen
substituents than for nitrogen substituents. Averaging the values
Predicted Electrostatic Contribution (keal/mol) in Table 4 corresponding to the reactions in Scheme 1 yields
Figure 4. Comparison between the CBS-Q calculated energies of the 6.1 kcal/mol as the average contribution of a single oxygen
isodt_asmic reactions_in SchemesZand the electrostatic contribu_tions resonance interaction. For the nitrogen-containing molecules in
predlcted by eq 4 with the_cons_ta@tset to 11.0 kpal/mol. '_I'he filled Schemes 2 and 3, on the other hand, the averagssonance
circles represent the reactions in Schemeg Avhich contain onlys contribution is 13.7 kcal/mol. The much greater importance of

bonds. The unfilled circles represent the reactions in Schem&s 1 h it is th bstit t h Its f
and 8, which contain botlr and o bonds. The best fit line is drawn resonance when nitrogen IS the substituent pernaps results irom

through the filled circles, and has the following equatid®(CBS-Q) the higher energy and correspondingly greater donor ability of
= 0.989x E(eq 4)— 0.26 kcal/mol;r2 = 0.99. a nitrogen lone pair compared to an oxygen lone pair. The trend

observed here suggests that carbon substituents should yield the

that the electrostatic contributions are slightly greater in the Strongest resonance interactions of all. Indeed, the energy of

unsaturated systems, where the bond distances are slightly22.6 kcal/mol_calculated for the isodesmic reaction in Scheme

shorter and the bond angles are somewhat wider (approximatelyd supports this hypothesis.

120 instead of approximately 1096 Furthermore, these averages hide a substantial difference in
Nonetheless, there is quite likely no way to make a definitive the behavior of anions and cations. For the oxygen-containing

breakdown between electrostatic antlyperconjugative effects. ~ SPecies in Scheme 1, the averageesonance contribution to

All one can say with certainty is that the contributions of polar acidity is 10.6 kcal/mol, while the average contribution to

bonds, excluding 7z resonance contributionsare additive, ~ basicity is only 3.2 kcal/mol. Some part of the difference

proportional to the electronegativity difference between the Undoubtedly results from the fact that the cationic average

atoms, and have a sign that is determined by whether an anionincludes a molecule where two interactions compete (protonated
or a cation is being formed. carbonic acid), whereas the anionic average does not. Even so,

Estimates of:z Resonance ContributionsHaving developed it is clear that the resonance contributions to k_Jasicity are _Iess
a model for the electrostatic contributions to acidity and basicity han half as strong as the resonance contributions to acidity.
differences, it is now possible to estimate theresonance The dlscrepancy- between anionic and cationic stablllzat!on
contributions by subtracting the predicted electrostatic compo- 1S Not as great for nitrogen as for oxygen, but is still substantial.
nent from the total. Graphically, theseresonance contributions ~ Averaging the reactions in Schemes 2 and 3 yieldesonance
are the vertical distances separating the data points in Figure 4contributions of 16.5 and 11.0 kcal/mol for acidity and basicity,
from the line. This subtraction has been carried out in the respectively.
rightmost column of Table 4. A sharp distinction exists between ~ Carbor-nitrogen triple bonds in general behave somewhat
those species that havesystems and those that do not. The differently from the corresponding double bonds. The reactions
resonance contributions for reactions involving only species with in Scheme 3 indicate that the resonance contributions to acidity
no z bonds are written in italics, and with the exception of the (i.€., for anions) are greater fo=&N bonds than for &N bonds,
silicon-containing cases in Scheme 9 (discussed below), all arewhile the contributions to basicity are smaller than forig
close to zero. This behavior is expected if eq 4 properly accountsbonds.
for the electrostatics contributions it was parametrized to The Anomalous Case of SiliconScheme 9 shows reactions
describe. The greatest deviation occurs for reaction 7.3 in analogous to those in Schemes6} but with silyl substituents.
Scheme 7, where tetraaminomethane acts as an acid. The larg®n the basis of electrostatic reasoning, it was expected that
number of intramolecular hydrogen bonds possible in this silicon would enhance the basicity and decrease the acidity,
species and in its conjugate base perhaps lead to this discrepepposite to the effect of nitrogen, oxygen, and fluorine.
ancy. In all other cases, the total reaction energy lies within However, the calculated reaction energies contradict this predic-
3.0 kcal/mol of the electrostatic prediction. tion. In fact, much the opposite occurs: silicon strongly enhances

For those reactions wheresystems are present, on the other the acidity of an alcohol, and moderately decreases the basicity.
hand, the residual energies are universally positive, and generally Silicon thus does not follow the model developed for
quite large. The smallest value, 2.6 kcal/mol, occurs for acetic electrostatic contributions of first-row atoms. One possible
acid acting as a base. The next smallest value, 6.9 kcal/mol,explanation for the observed enhancement of acidity is that the
corresponds to carbonic acid acting as a base. For everylone pairs of the anionic oxygens are able to donate hypercon-
remaining reaction with a system, the apparentcontribution jugatively into the C-Si bonds. Although the polarity of €Si
is greater than 10 kcal/mol. Figure 4 illustrates the distinction bonds is not in the direction that would be optimal for such

N
o

CBS-Q Isodesmic Reaction Energy (kcal/mol)
o
(8] o
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donation, the relatively low-lying™* orbital of the C-Si bond that the remaining quarter results franresonance stabilization.
makes the suggestion plausible. However, as shown in TableOn the other hand, only about one-third of the enhanced acidity
3, the changes in the-€Si bond lengths upon going from the  of acetamidine is electrostatic, while the remaining two-thirds
neutral alcohols to the corresponding anions are very small, in results from resonanc8.

fact no larger than the changes observed for th&€®onds of The contributions of hydroxy, amino, and fluorine substituents
the reference compourtdrt-butyl alcohol on going to theert- to the acidity and basicity of alcohols and amines are very well
butoxide anion. Since the hyperconjugative argument would gegcribed by a simple electrostatic model with a single adjustable

clearly predict greater bond lengthening than is observed, parameter. The model treats the electrostatic contributions of
hyperconjugation seems an unlikely explanation for the en- polar bonds as additive, and requires that they be of equal

hanced acidity. The observation that oxygen lone pairs appar-maqnityde but opposite sign for anions and cations. The model
e.rlltlly (Ido rr:olt pfre]?re]r onentall('uons "’,mt'ttt?] the-Si bondsflp thet tfurther requires that each polar bond contributes in a manner
sllyl alconols Turther Speaks against e présence ot importanty, o g strictly proportional to the electronegativity difference

hyperconjugative donation into the-Gi bonds. h . h Aoplicat f thi
A second possibility is that the carbesilicon bonds stabilize bme(;[\év;e?ot ae setzgwss g}?rpn%':gﬁe; (Tagﬁirr% boF;\F:jlsca;iglr:jso ; IS

the negative charge by virtue of their high polarizability, similar correlation coefficient? of 0.99 and a slope of 11.0 kcalimol.

to the way In Wh'Ch cgrb0ﬂsu!fur bonds _stab|||ze the n_egatlve The value of the slope indicates that-€ bonds contribute 15.4
charge in dithiane anions. This explanation seems quite reason-

) - kcal/mol, C-O bonds 8.8 kcal/mol, and-€N bonds 4.4 kcal/
able, except that one would probably expect polarizability to mol to differential acidity and basicit
stabilize positive charge as well as negative charge. However, o y . Y. ) o
reactions 9.4-9.6 show that silyl substituents in fact modestly ~ Application of the electrostatic model permits the estimation

decrease the basicity of an alcohol. of resonance effects by subtraction. This approach suggests that
resonance interactions are much weaker for oxygen substituents
Summary than for nitrogen substituents, the former averaging 6.1 kcal/

mol, compared to 13.7 kcal/mol for the latter. Resonance

The fact th ic acid is not an unusually stron L .
e fact that acefic acid is not an unusually strong base contributions for carbon are estimated at 22.6 kcal/mol, and thus

suggests that the majority of its acidity derives from electrostatic . . o
stabilization of the acetate anion by the polar@ bond. The follow the same trend of increasing as electronegativity de-
fact that carbonic acid is more acidic, but less basic, than aceticr¢2S€S:

acid further supports this conclusion. On the other hand, that Furthermore, resonance contributions are ConSiStently smaller
acetamidine exhibits enhanced basicity as well as enhanced:or cationic stabilization than for anionic stabilization. In the
acidity suggests that resonance provides the majority of the case of oxygen, resonance interactions contribute 10.6 kcal/mol
special stabilization of its conjugate acid and conjugate base.on average to acidity, but only 3.2 kcal/mol on average to
In agreement with this premise, the additional amino group of basicity. The divergence for nitrogen is smaller but still
guanidine further enhances both acidity and basicity with respect
to acetamidine. Quantitative application of the above logic leads _ (39) These rough estimates were obtained by averaging wo sets of
to the conclusion that approximately three-quarters of the results: those obtained from the analyses of Schemes 1 and 2, using egs 3,

e 3 AL Rk and those obtained from Table 4, using the electrostatic model represented
enhanced acidity of acetic acid is electrostatic in nature, and by eq 4 and Figure 4.
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significant, with resonance contributing 16.5 kcal/mol to acidity
but only 11.0 kcal/mol to basicity.

Rablen

minima via HF/6-31G* frequency calculations (i.e., no imagi-
nary frequencies). CBS-4 and CBS-Q calculations were carried

The reaction energies also indicate that resonance contribu-out using the corresponding keywords. B3LYP/G+&a**
tions are not at all additive when two different lone pairs donate geometry optimizations and frequency calculations were also
into the same acceptor orbital. Instead, the second interactionperformed, followed by B3LYP/6-3HG(2df,p) and MP2/6-

contributes much less than the first. With=8l bonds, the
resonance contributions to acidity are stronger than f&NC

311+G(2df,p) single-point calculations. Table S1 in the Sup-
porting Information tabulates the CBSUCBS-Q21 B3LYP*3

bonds, while the contributions to basicity are weaker than for and MP24 energies. The CBS-4 and CBS-Q values include

C=N bonds.

zero-point energy (ZPE) corrections by definition. The B3LYP,

Finally, silyl-substituted alcohols behave in a manner almost MP2, and B3MP2 energies in Schemesalinclude ZPE’s
opposite to that predicted by the electrostatic model. The strongcalculated at B3LYP/6-3tG** and scaled by 0.97°
enhancement of acidity, and weak inhibition of basicity, caused Acknowledgment. Financial support for this work was
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