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We carried out HartreeFock (HF) and density functional theory calculations for 61 compounds, the conjugated
bases of carboxylic acids, phenols, and alcohols, and analyzed theirbasid behavior using molecular
orbital (MO) energies and their dependence on solvent effects. Despite the well-known correlation between
highest-occupied MO (HOMO) energies and,pwe observed that HOMO energies are inadequate to describe
the acid-base behavior of these compounds. Therefore, we established a criterion to identify the best frontier
MO for describing K, values and also to understand why the HOMO approach fails. The MO that fits our
criterion provided very good correlations witKpvalues, much better than those obtained by HOMO energies.
Since they are the frontier molecular orbitals that drive the-ababse reactions in each compound, they were
called frontier effective-for-reaction MOs, or FERMOs. By use of the FERMO concept, the reactions that are
HOMO driven, and those that are not, can be better explained, independently from the calculation method
used, as both HF and KohiSham methodologies lead to the same FERMO.

1. Introduction and other quantum parameters, such as dipole moments, bond
orders, atomic charges on hydrogens, and bond lengths, had to
be included in a multiple linear regression analysis in order to
improve the correlatiof®2527.28This procedure weakens the
familiar idea that doneracceptor reactions are driven by frontier
orbital energies. Why are HOMO energies good atidse
descriptors for some compounds and not for others? Fujimoto
and his group’s worR3031 give some insight about this
question. They had introduced the concept of localized reactive
orbital (LRO), an orbital that is located on a reaction site and
has as starting point an appropriate atomic orbital. They have
) X shown that the delocalized nature of the HOMO fails to correctly
The calculation of gas-phase aeidase parameters has been a gy reactions for some compounds and the LROS give better
well-established methodolodyHowever, for solvated systems, descriptions of those reactioffsThe methodology developed
this is not true. In fact, the aqueous medium is the most common ¢, producing LROs was modified and improved by Hirao and
one in chemical and biochemical processes; therefore, theqpyada2 Their method also provides a reactive orbital well
calculation of acie-base parameters in aqueous solution has |4cajized around a reaction center and they called it as reactive
huge importance. Also, Ky is the most useful acidbase  pyprig orbital (RHO). They have showed that the RHO is much
parameter in aqueous solution, and many suggestions have beeE‘Uperior than HOMO to describe the eletrophilic attack of a
made in order to calculate accuraté,pralues?~*® _ proton on an aromatic systethThey also applied the RHO

Other works have shown how welKpvalues correlate with  35pr0ach to other systems, such as carbonyl compd@ingslic
quantum descriptors. The average local ionization potetftiél,  amines and Diels-Alder reactiongS In all cases, RHO has
atomic charges and interatomic distant®s, > and the highest-  gescribed the reactivity of those compounds better than HOMO.
occupied molecular orbital (H.OMO) energy=2-28 are the A careful study is necessary to understand when HOMO
most common q_uantum descriptors used._ energy works and when it does not. Moreover there is a lack of

_The relationships between HOMO energies aidare often  gydies concerning the most common and important organic
displayed for families of compounds, like phen&ignilines;® acids, the carboxylic acids, and the relationship of theiracid
and azines® However, for a number of other compounds, pase pehavior with their MO energies. For this reason, our
HOMO energies do not show good correlation wik.palues, primary goal in this work was to investigate which is the best
molecular orbital for describing the acid or base character for a
__*To whom correspondence should be addressed. E-mail: figueroa@ colection of 36 carboxylic acids, 19 phenols, and 6 alcohols.
ime.eb.br.

*Instituto Militar de Engenharia. We have also compared the use of HartrBeck (HF) and

* Universidade do Estado do Rio de Janeiro. Kohn—Sham (KS) orbitals in this type of calculation.

Computational Chemistry has attracted much attention in
recent years due to the large and increasing interest in employing
theoretical results for the analysis of recorded spectra as well
as for the investigation of structur@roperty relationships and
complementation of experimental datheoretical approaches
to compute structural and electronic parameters are now im-
plemented in very efficient program packages that can be used
in computing facilities with rapidly increasing performance.

The theoretical calculation of acithase parameters, espe-
cially in solution, is a great challenge for quantum chemists.
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2. Theoretical Background on Molecular Orbitals Nevertheless, those differences between HF and DFT ap-
proaches could be understotids® Baerends and Gritsenfb

mechanics in chemistry is the lack of exact solutions for atoms pomf[ed. out that KS orbitals are suitable fqr bemg used. n
or molecules that contain more than one electron. To solve thatqu""‘“t"’lt've MO theory and that th? p“’b'em with their energies
problem, there have been used approximations, such as the HEomes from the poor asymptotic behavior of the available

A . functionals.
one3¢ By use of the HF and Roothaahall equations in a self- . .
consistent field (SCF) routine, one is able to calculate the In fact, the KS orbitals can be related to a number of chemical

electronic structure of a molecutawhich is represented by a phenomena. Politzer and co-workers have shown the relation

group of wave functiongy, called molecular orbitals (MOs). %e;\rgvoe:ﬁbgilt:utaezdbeDr::z-lt-anaeV?jr:r?\?atli?/Zil \/Ivci)tr;:ztittlaonH;rrr:?rfgtlf io?lf-
The intensive development of the molecular orbital theory led

1 R .
to a greater understanding of chemistry and chemical reactionsStantSG' Solomon and co-workers have shown that KS 0rb|taI§
are related to the spectroscopic properties of inorganic

and, very recently, to a tomographic technique for imaging compound$?-6° The KS orbital eigenvalues, when obtained

molecular orbitals! from the accurate density and true exchange-correlation poten-

Molecular orbitals and their properties, such as energies andtial agree with the expe%mental excitationgenergies of Hg and
symmetries, are very useful for chemists. The physical inter- .
Y ' y phy Be atoms’® Stowasser and Hoffmafhmade another compari-

pretation of the orbital energies was given by Koopm#ns. X .
Fukui and co-workers in their studies on reactivity of aromatic > between HF and KS orbitals. They found that KS orbitals
are suitable for qualitative MO analyses, as described by

hydrocarbon® proposed the use of the frontier electron density . o .
for predicting the most reactive position on those systems. Their Baerends and GritsenRdbut that a quantitative interpretation

calculations were in excellent agreement with experimental data. is more difficult.
Later, they have established some postulates, based on th% Methods
frontier orbitals, for predicting the reactivity of-electron ’
systems in various types of reactidi{sAlso, Hoffmann and 3.1. Computational Details.All calculations were carried
Woodward have developed a set of orbital symmetry rules that out with the Gaussian 98 packa@é=ach conjugated base from
explained several types of reactions in conjugated systérfis. all 61 compounds was fully optimized using DFT with the
Later on, Salem also contributed for the development of the B3LYP functional®’4employing the 6-31G(d,p) basis set. No
MO theory of conjugated systerf&**The MO theory was also ~ symmetry constraint was imposed during the optimization
successfully employed to describe Dieislder reaction$%-52 process. No imaginary frequencies were found for the optimized
where the analysis of the HOM&@.UMO (lowest-unoccupied geometries. These optimized geometries were used in all
molecular orbital) interactions between the diene and the subsequent calculations. HF single-point energy calculations
dienophile can be used to predict the promptness of a pericyclicwere computed using the 6-31G(d,p) basis set.
reaction, as well as its stereo- and regioselectivity. To account for solvent effects from water, single-point energy
By exploration of Pearson’s hardoft acid-base (HSAB) calculations were obtained using the polarizable continuum
concept? Klopman proposed the concept of charge or frontier model (PCMJ>77 and the conductorlike screening model
controlled reaction8 When the difference in energy between (COSMOY87® at both DFT/B3LYP and HF level with the
the HOMO of the donor and the LUMO of the acceptor is large, 6-31G(d,p) and 6-3tG(d,p) basis sets. The orbital energies
the reaction is charge controlled, and this is the nature of-hard from these methods were fit to a linear model with experimental
hard interactions. On the other hand, if the difference is small, pKa values. The determination coefficients?)( and other

The major problem concerning the use of Schinger wave

we have a frontier-controlled reaction and a safoft interac- statistical parameters were analyzed and compared.

tion. Other relation between the HSAB concept and molecular The MOs figures were prepared using the Gaussian View
orbital$®is the following: the absolute hardnesg 6f a given 2.1 packag® using a contour value of 0.020.

molecule is 3.2. Orbital Choice Criteria. It is well known that Brgnsted-

Lowry acid—base reactions are localized phenomena, which take

E.umo — Enomo place between the proton and one atom (_or a group of atpms)
= 5 (1) in a molecule. Therefore, the MO which drives those reactions

must be centered in this atom or group of atoms and also be a

. frontier MO. We carried out the investigation of these orbitals
Thus, soft acids or bases have small energy gaps between

HOMOs and LUMOs, while hard ones have larger differences. n two d|ffer_ent ways: by looking at the or_b|ta| shaffeand .
The idea of MOs in the HFSCF procedure is quite natural, ggegﬂgﬂgmg the MOs composition using the expansion

once MOs are the solutions for the HF equations. However, ’

the concept of MOs in the density functional theory (D¥Fy

is not simple to handle. In the DFT method, the variable which

will determine all of the system properties is the total electron ~ 4.1. Carboxylic Acids.Table 1 shows the 36 carboxylic acids

density, p, and not a wave function as in the HF approach. used in this work and their experimentaKpvalues for the

Therefore, the DFT orbitals, named KS orbitals, and the HF reaction

orbitals are, sometimes, treated as different quantum descrip-

tors>8 Another reason for that difference arises from the poor RCOOH+ H,0=RCOO + H30+ (2)

results given by the eigenvalues of KS orbitals in the description

of the ionization potentials (IP) of molecules (the Koopmans’  4.1.1. The HOMO Problem.We started our analysis using

theorem). Politzer and Abu-Awwad have analyzed the behavior HOMO energies as a quantum descriptor for thg yalues as

of HF and KS orbitals energies in many molecules and compareddescribed for other compounéfs?325-28 However, the results

the results with the experimental #Pshowing that KS orbital at all levels of calculatiof? for carboxylate ions were disap-

energies differ significantly form experimental 1P, while HF pointing (Table 2). The statistical Fisher telst go= 7.56, 99%

energies are in good agreement with them. confidence leveff was used to evaluate the significance of the

4., Results and Discussion
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TABLE 1: Substituted Carboxylic Acids and Their
Experimental pK, Values

carboxylic acids Ka ref

1 2,2-dimethyl-propionic acid 5.05 16
2 propionic acid 4.87 16
3 butyric acid 4.82 16
4 acetic acid 4.76 16
5 p-methyl-benzoic acid 4.37 24
6 vinyl-acetic acid 4.35 16 .
7 phenyl-acetic acid 4.31 16 Figure 1. Surface plots for the acetate HOMO. (A) HF method
8 m-methyl-benzoic acid 4.27 24 (p-type) and (B) DFT method (py-type).
9 succinic acid 4.21 81 4.1.2. Behavior of HF and KS Orbitals.When comparing
10 benzoic acid 4.19 24 d bitals. the fi hi h iced. for th
11 p-fluoro-benzoic acid 4.14 24 HF 'an KS orbitals, the first thing that was noticed, for t g
12 3-chloro-propionic acid 4.10 16 conjugated bases used, was that the shape of the HOMO orbitals
13 p-chloro-benzoic acid 3.98 24 given by the HF method were different from the ones obtained
14 p-bromo-benzoic acid 3.97 24 by the DFT method, as shown for acetate ion in Figure 1. By
15 mHluoro-benzoic acid 3.87 24 use of acetate as an example, it is observed that the main
16 m-chloro-benzoic acid 3.83 24 o -
17 glycolic acid 3.83 16 contribution for the HOMQ calc_ulated with the HF method
18 m-bromo-benzoic acid 3.81 24 comes from oxygen atomic orbitals. On the other hand, the
19 formic acid 3.75 16 HOMO calculated with DFT has a strong contribution from the
20 m-cyano-benzoic acid 3.60 24 oxygen R and g atomic orbitals. For this reason, we will refer
g% p'cﬁ”o'benzt‘?'c a‘.:(;d ggi i‘é these orbitals asftype (Figure 1A) and 4,-type (Figure 1B}

methoxy-acenc aci ; It must be noticed that theym-type MO is present in the HF
23 3-butynoic acid 3.32 16 . ) .
24 fumaric acid 3.05 81 set of orbitals for acetate, in the same way that theype is
25 bromo-acetic acid 2.86 16 present among the KS orbitals. That is, the and pp,-type
26 malonic acid 2.85 81 MOs are obtained by both HF and DFT methods, with roughly
27 chloro-aceticacid 2.81 16 the same shape, but with different energy orders. For example,
28 2-chloro-propionic acid 2.80 16 for acetate ion, the jgype orbital is the HF HOMO orbital,
29 fluoro-acetic acid 2.66 16 hile th bital is th h
30 cyano-acetic acid 244 16 while _t e ppy-type orbital is the DFT HOMO. T e same
31 nitro-acetic acid 1.32 16 behavior is observed for all of other 35 carboxylate ions. Figure
32 dichloro-acetic acid 1.30 16 2 shows p and pp,-type MOs for other carboxylic acid
33 oxalicacid 1.25 81 conjugated bases. Interestingly, this type of behavior between
34 difluoro-acetic acid 1.24 17 HF and KS orbitals has been observed for other molecdles.
35 trichloro-acetic acid 0.63 17 = | d h | t effect idered
36 trifluoro-acetic acid 0.23 17 or several compounds, when solvent effects are considered,

the MO energy positions relative to the one observed in a
linear model, and it was found that none of those regressionsvacuum are interchangé&é.This variation on MO energy
could be considered as a linear model. To be consideredpositions is also observed when different basis sets aresgsed.

statistically significant, a linear model must havefamalue at Independent from the orbital energy order changes, there is
least 10 times higher than the Fislevalue. Although we have  a constant feature for those orbitals. In HF calculatiopsyjpe
34 degrees of freedom, we are using the value for 30. MOs have always had higher energies thgi-fype ones, while

Some questions arose from these poor results. The first onein DFT calculations the opposite energy order is always found.
is: are the basis sets used adequately? Nowadays, the 6-31G(d,[§ince p and pp,-type MOs are observed for all the studied
and the 6-31+G(d,p) basis sets are relatively simple; however, compounds by all of the calculation methods, and considering
they have been used in other works to predi€t palues and that both types of orbitals are mainly located at the carboxylate
the results were satisfactof{:!116Also, Schiirmann and co-  moiety, they meet our orbital choice criterion for describing
workers have compared the performance of some basis sets tdhe acid-base character of a given molecule, as discussed
predict K, values. They have found that the 6-31G(d,p) and before. Accordingly, we have investigated if those MO energies
6-31+G(d,p) basis sets gave better values than more complexare better K, descriptors than HOMO energies.
ones® Accordingly, we believe that the basis set size alone  4.1.3. Correlation between p- and pxp,-Type MO Energies
cannot justify the poor correlation between HOMO energies of and pK, Values.We have carried out the same analysis for p
these carboxylate ions and theikKpvalues. This takes us to  and pp,-type MO energies correlation withKg, as it was done
the second question: is the HOMO the best orbital for describing for the HOMO energies, that is, using the statistical Fisher test.
the acid-base character of those compounds? To answer thatTable 3 shows the results for the different methodologies using
question, we had to go deeper into MO properties. p-type MO energies as a quantum descriptor fidg palues?

TABLE 2: Linear Regression Parameters for pK, Values vs HOMO Energy? Plots Calculated by Different Methods and Basis
Sets for Carboxylate lons

methodology r2 a be pKa error sp F
HF/6-31G(d,p) 0.468 52.7 (17.8) 13.2 (3.4) 1.75 0.924 29.9
HF/COSMO/6-31G(d,p) 0.448 28.5 (13.5) 13.7 (4.9) 2.38 0.941 27.6
HF/COSMO/6-33-G(d,p) 0.383 22.9 (13.3) 12.1 (5.1) 2.69 0.996 21.1
DFT/6-31G(d.p) 0.309 39.7 (19.6) 4.39 (0.62) 2.07 1.05 15.2
DFT/COSMO/6-31G(d,p) 0.542 92.7 (21.2) 23.9 (4.7) 1.29 0.857 40.3
DFT/COSMO/6-3%G(d,p) 0.638 103.2 (19.0) 29.7 (4.9) 1.13 0.762 60.0

aValues for orbitals energies in HartreésAngular coefficient. The number in parentheses is the standard &timear coefficient. The number
in parentheses is the standard erf®D = standard deviation or root-mean-square deviatian, = 7.56, 99% confidence level.
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TABLE 3: Linear Regression Parameters for pK, Values vs p-Type MO Energy? Plots
methodology r2 a& be pKa error s F

HF/6-31G(d,p) 0.459 55.3 (18.5) 13.8 (3.5) 1.72 0.932 28.8
HF/COSMO/6-31G(d,p) 0.812 145.0 (15.3) 61.3 (6.1) 0.74 0.550 146.4
HF/COSMO/6-3%#G(d,p) 0.862 179.7 (14.4) 79.5 (6.1) 0.58 0.471 212.6
DFT/6-31G(d,p) 0.285 40.7 (20.6) 4.99 (0.90) 2.04 1.07 13.6
DFT/COSMO/6-31G(d,p) 0.809 137.3 (15.0) 36.4 (3.6) 0.76 0.554 143.9
DFT/COSMO/6-3%G(d,p) 0.851 184.0 (15.2) 55.0 (4.3) 0.60 0.489 194.7

aValues for orbitals energies in HartreésAngular coefficient. The number in parentheses is the standard &timear coefficient. The number
in parentheses is the standard erf®D = standard deviation or root meansquare deviatiar, = 7.56, 99% confidence level.

TABLE 4: Linear Regression Parameters for pK, Values vs ppy-Type MO Energy? Plots

methodology r2 & b° pKa error sp F
HF/6-31G(d,p) 0.523 54.6 (16.7) 14.8 (3.5) 1.68 0.875 37.3
HF/COSMO/6-31G(d,p) 0.920 126.0 (9.0) 55.5 (3.7) 0.53 0.358 391.0
HF/COSMO/6-33G(d,p) 0.814 130.1 (14.4) 60.2 (6.3) 0.77 0.547 148.8
DFT/6-31G(d,p) 0.309 39.7 (19.6) 4.4 (0.6) 2.07 1.05 15.2
DFT/COSMO/6-31G(d,p) 0.871 127.6 (11.7) 32.3(2.7) 0.66 0.455 230.3
DFT/COSMO/6-3%-G(d,p) 0.928 147.4 (9.2) 422 (2.4) 0.47 0.340 4385

aValues for orbitals energies in HartreésAngular coefficient. The number in parentheses is the standard &timear coefficient. The number
in parentheses is the standard erfdD = standard deviation or root-mean-square deviati@@ompound35 is an outlier, see text; 3 = 7.56,

99% confidence level.

Figure 2. Surface plots for p and ppy-type MOs for some other
carboxylic acid conjugated bases at HF level: fluoro-acetat@)p
and pp,-type (B) MOs; benzoate,§C) and ppy-type (D) MOs; vinyl-
acetate p(E) and pp,-type (F) MOs.

Although the results usingAtype MO energies show a
significant improvement when compared to HOMO energies,
they still have large deviations from the ideal linear model. It
is important to notice that the methodologies that did not
consider solvent effects provided very Idvwalues and could

The results from gp,-type MOs are shown in Table 4. The
same behavior displayed by thetppe MOs case was observed
for the ppy-type MOs, that is, the methodologies without solvent
effects yielded pooF values and showed no statistical signifi-
cance. Again, the methodologies HF/COSMO/6-31G(d,p) and
DFT/COSMO/6-31+G(d,p) provided the best linear regression
parameters. From the results, it is clear that solvent effects have
a central role in acigtbase behavior and that orbital energies
are sensitive to them. Thekp values are related to th&G°
for the proton-transfer reaction in aqueous solutidiG{(ag)).
AG°(aq)is a function of enthalpyAH®aq) and entropy AS’(ag),
and in solution the entropy term is usually determinant for the
pK, values®® Since this is the case for carboxylic acfisa
solvation model is necessary to correctly describe thg p
variation along the collection of carboxylate ions. However, for
other works that correlate MO energies witkpsalued>2326
the solvent effects were neglected. That approximation was valid
as all of the systems studied before (anilifephenols?® and
azined® have an aromatic ring in their structure, and as a
consequence, their sizes and their geometries do not vary
strongly. For these reasons, the entropy term may be roughly
the same along each of these families of compounds and the
solvent effects will also be leveled.

As it can be observed from the results shown in Tables 3
and 4, only for one methodology (HF/COSMO/6-8&(d,p))
the correlation parameters were better for theype MOs than
for the ppy-type MOs. However, in the,p,-type MOs linear
regression, compoungb (trichloroacetate ion) is an outliéf.
Without this point, the? value increases from 0.814 to 0.898
for the pp,-type MOs correlation, which is a better determi-
nation coefficient value than the one obtained for th¢ype
MOs.

The better K, description given by Jm,-type MO energies
in relation to p-type MO and HOMO energies is shown in
Figure 3. The plot#A andD in Figure 3 are g, and HOMO
energies correlations for HF and DFT methods, respectively.

not be considered as linear models. On the other hand, thePlotsC andF are [, correlations using,py-type MO energies

methodologies HF/COSMO/6-31G(d,p) and DFT/COSMO/

for HF (C) and DFT ) methods. PloB shows the correlation

6-31+G(d,p) yielded the best linear regression parameters, thusbetween g, and p-type MO energies for HF and pl& shows

reinforcing the importance of solvent effects on this type of
calculation.

the same correlation for the DFT method. The improvement
on the correlations when other MO energies are used instead
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Figure 3. Plots for the correlation between the carboxylic aciéls palues and carboxylate ions MO energies (in hartree). (A) HF HOMO; (B)

HF p-type MO; (C) HF pp,-type MO; (D) DFT HOMO; (E) DFT ptype MO; (F) DFT pp,-type MO. MO energies for plots A, B, and C were
calculated at HF/COSMO/6-31G(d,p) level and for plots D, E, and F were calculated at DFT/COSMBEeBp) level.

of HOMO energies is clearly shown by the plots. It is also ¢ s
interesting to notice that HF and KS MOs behave in a very RJ\"@— — R/&o = R)\‘o
similar way. a b c

The results shown in Tables 3 and 4 and Figure 3 take us to Figure 4. Resonance structures of a carboxylate ion.
a key question: why arep,-type MO energies better quantum
descriptors for K, values than ptype MO ones? The answer carboxylate moiety (Figure 4%, which explains its planar
to this question resides in the shape of those MOs. It is well geometry. Thus, many important factors concerning the proton
known that the carboxylic acid moiety from these acids has a transfer in those compounds are related to the carboxylate plane.
planar geometry213.248This is a restriction for proton-transfer We can now make a statement about the question related with
reactions within those species, since the proton must lie on thethe p- and pp,-type MO correlation with .. It is clear that
plane of the carboxylate moiety, otherwise the sigma{bond ptype MOs have a horizontal nodal plane that coincides with
cannot be formed. Moreover, when a carboxylic acid loses its the carboxylate plane while theyp-type MOs have only
acidic proton, the electrons from the broker-B bond will be perpendicular nodal planes (see Figures 1 and 2).¢Thend
on the same plane of the former sigma bond, i.e., the carboxylatebetween the hydrogen unoccupied 1s orbital and the electron-
moiety plane. Another important factor regarding the basicity donor carboxylate MO cannot be formed at the position in which
of carboxylate ions is the resonance that exists within their this carboxylate MO has a nodal plane. Because of that, the
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TABLE 5: Phenols and Aliphatic Alcohols and Their here is quite different. Again, the statistical Fisher t€st,g =
Experimental pK, Values 7.88, 99% confidence level) was employed to evaluate the
compound Ka ref significance of the linear model for the correlation of the HOMO
37 t-butanol 18.0 14 energy with_ Ko Phenoxide and alkoxide ions togethe_r provided
38 isopropanol 17.1 8 very poor linear models (Table &}.The only exception was
39 n-propanol 16.1 8 the methodology DFT/6-31G(d,p), which gave acceptable
40 ethanol 15.9 8 determination coefficients arfélvalues, but also high standard
41 methanol 155 8 deviations and K, errors. Therefore, the results obtained for
42 2,2,2-trifluoro-ethanol 12.5 55 . .
43 p-amino-phenol 10.30 23 some regression parameters Wlth the DFT/6-3llG(d,p) methodol-
44 p-methoxy-phenol 10.21 23 ogy are much more of a coincidence than a reliable linear model
45 p-methyl-phenol 10.14 23 behavior. On the other hand, if we consider them as two separate
46 m-methyl-phenol 10.08 23 classes of compounds, phenoxide ions (Tabféard alkoxide
jg pT]erc"?(')X henol g-gg %ﬁ, ions, the correlations between HOMO energies akgi@alues
49 B—flzoro-gh?anol 9,95 23 are satisfactory. Although t_he correlation. between alkc_)xide
50 m-amino-phenol 987 23 HOMO energies and K yielded good linear regression
51 m-methoxy-phenol 9.65 23 parameters (with solvent effects, ttfevalues ranged from 0.859
52 m-hydroxy-phenol 9.44 23 to 0.979), the number of compounds is too small to build a
53 p-chloro-phenol 9.38 23 solid statistical linear model. Therefore, the correlation param-
gg ﬁ;?{ﬁé?g_’gﬁ:ﬁgll 3"235 225’ eters are not shown here.
56 m-bromo-phenol 9.03 23 The correlation between phenoxide ions HF HOMO energies
57 m-chloro-phenol 9.02 23 and [K, values has been reported by Gross and Seydidf
58 m-cyano-phenol 8.61 23 the authors found a poor correlation at the DFT level. We, on
28 menitro-phenol 8.40 23 the contrary, have found that the correlations between HOMO
p-cyano-phenol 7.95 23 .
61 p-nitro-phenol 715 23 energies at the DFT level an&pvalues were as good as those

found at HF level. The optimization methodology adopted here

p-type MOs cannot form @ bond in the carboxylate plane.  does not differ significantly from the one adopted by Gross and
Therefore, goy-type MOs will be the ones related with the Seybold. Therefore, the differences between our and their results
electron-donor properties of those carboxylate ions, that is, they do not come from the equilibrium geometry. However, the basis
must be the MOs that drive acithase reactions in the system set they used to calculate the MO energies, 6-311G(d,p), was
carboxylic acids/carboxylate ions. different from the basis set we used. Since this is the main

4.2. Phenols and AlcoholsTo test the previous idea with  methodological difference between both works, we believe that
other acids, we decided to try a set of compounds with a group their poor results at the DFT level may be due to the dependence
different from the carboxylate, the hydroxyl one. To make the between the MO energy positions and the basis sets (see
test even more comprehensive, several phenols and alcoholgliscussion above, on topic 4.1.2).
were included in the new set of compounds, which are listed, Interestingly, the correlation parameters for phenoxide ions
together with their {5 values, in Table 5. The studied aeid  are slightly better without the inclusion of solvent effects. As

base reaction is previously discussed, we believe that since the size and geometry
of these molecules do not vary significantly, the solvent effects
ROH+ H,0=RO + H30+ 3) would be roughly the same for all compounds, except for those

with very polar groups such as OH and piHFor that reason,
4.2.1. HOMO Problem. As it was observed previously for  for phenoxide ions, the solvent effects could be suppressed,
the carboxylic acids, there is a problem with the correlation of keeping the correlation between HOMO energies afgvplues
HOMO with pKj for those compounds. However, the problem still satisfactory.

TABLE 6: Linear Regression Parameters for pK, Values vs HOMO Energy? Plots for Phenoxide and the Alkoxide lons

methodology r2 a be pK, error sp F
HF/6-31G(d,p) 0.001 5.82 (60.1) 11.4 (5.0) 5.17 3.11 0.02
HF/COSMO/6-31G(d,p) 0.637 —69.5 (25.1) —7.84(6.82) 4.40 1.87 40.3
HF/COSMO/6-33G(d,p) 0.679 —65.1 (22.4) ~7.87 (6.53) 433 1.76 48.6
DFT/6-31G(d,p) 0.828 92.6 (18.6) 9.14 (0.65) 2.81 1.29 110.8
DFT/COSMO/6-31G(d,p) 0.016 38.4 (76.5) 17.2 (12.6) 411 3.09 0.386
DFT/COSMO/6-3%#G(d,p) 0.230 —110.6 (59.4) —10.5 (11.5) 4.08 2.73 6.87

aValues for orbitals energies in HartreésAngular coefficient. The number in parentheses is the standard etrioear coefficient. The number
in parentheses is the standard erfdD = standard deviation or root-mean-square deviatians = 7.88, 99% confidence level.

TABLE 7: Linear Regression Parameters for pK, Values vs HOMO Energy? Plots for Phenoxide lons

methodology r2 & be pKa error sp F
HF/6-31G(d,p) 0.953 48.7 (3.7) 13.2 (0.3) 0.29 0.188 345.6
HF/COSMO/6-31G(d,p) 0.880 77.9 (7.6) 28.9 (1.9) 0.37 0.300 125.0
HF/COSMO/6-33G(d,p) 0.858 82.1 (8.6) 31.4 (2.3) 0.40 0.326 102.8
DFT/6-31G(d,p) 0.949 45.4 (3.8) 9.10 (0.07) 0.31 0.196 315.0
DFT/COSMO/6-31G(d,p) 0.929 75.1 (5.7) 21.6 (0.9) 0.29 0.230 223.4
DFT/COSMO/6-3%G(d,p) 0.949 145.6 (6.6) 44.3 (1.6) 0.20 0.195 319.0

aValues for orbitals energies in HartreésAngular coefficient. The number in parentheses is the standard &timear coefficient. The number
in parentheses is the standard erf®D = standard deviation or root-mean-square deviatian; = 8.40, 99% confidence level.
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Figure 6. Surface plots for g,-type MO at the DFT level for the
Figure 5. Surface plots for the HOMO at DFT level for the phenoxide phenoxide ion (A) and the isopropoxide ion (B) anions.

ione (A) and the isopropoxide ion (B) anions.

for those two MOs in phenoxide ions is clearly due to the

Despite the reasonable results obtained for phenols andaromaticz-electron influence in the HOMO (Figure 5A), which
alcohols conjugated bases as independent groups, they shouli not present in the,p,-type MO (Figure 6A).
be considered as only one group, as they have the same acid/ The HOMO problem arises from the influence of the aromatic
base group, the OH/O Having the same acid/base group m-electrons, and the solution would be finding a MO that does
implies that acie-base reactions will be driven by a MO not have this influence. Thus, thgpptype MOs became a
common to both alkoxide and phenoxide ions. We have just natural choice to solve this problem. Moreover, they also fit
shown that the HOMO is not this common orbital, since its our orbital choice criterion, because they are common to all of
energy cannot describe the aeidlase behavior of alcohols and  the studied compounds and are mainly located where the
phenols as a single group. The question now is which MO reaction takes place, at the oxygen atom. Are tipe-type MO
should be used to unify them into a single group? the frontier MO that drives the protonation reaction for both

4.2.2. Behavior of HF and KS Orbitals. Once again, by alkoxide and phenoxide ions?
looking at the MO shapes, the HOMO problem can be better 4.2.3. Correlation of pp,-Type MO Energies and K,
understood. In fact, we can see that phenols and alcohols arevalues of Phenols and AlcoholsLinear regression parameters
part of the same group. Differently from carboxylate ions, for for the correlation betweenym-type MO energies andiy
phenoxide and alkoxide ions the HOMO shape from HF and values are shown in Table®8TheF value used for the Fisher

DFT calculations is the same, with the methoxide ghdtoxide Test was 7.88 for 23 degrees of freedom and a 99% confidence
ions being the only exceptions, where the HF HOMO are DFT level.
second highest occupied molecular orbital and vice versa. The results with go,-type MO energies are much better than

Figure 5 shows the HOMO shapes for the phenoxide and those obtained with HOMO energies (Table 6). In fact, HOMO
isopropoxide ions. As it can be noticed, in the phenoxide ion energies are not adequate for describing the-doése character
(Figure 5A), the HOMO orbital is under strong influence from of alcohols and phenols as a single family. Instead, we need to
the aromaticr-electrons. This influence is present in the HOMO use the p,-type MO energies for this correlation, as it can be
of all of the phenoxide ions used in this study. On the other seen in Figure 7. Plots A and B show the correlations between
hand, the alkoxide ion HOMOs do not have this influence pK,and HOMO (A) or ppy-type MO (B) energies at the HF
(Figure 5B). This is why the HOMO energy cannot describe level. Plot C shows the correlation betweek,@and HOMO
both alcohols and phenols as a single acid/base group. Interestenergies, and plot D shows the correlation & palues with
ingly, the alcohols anions have another MO whose energy is p\py-type MO energies. Both plots C and D are for calculations
very close to their HOMO energy. These almost degenerate MOsat the DFT level. It is clear from plots A and C that the alkoxide
(actually degenerate for the methoxide andtthetoxide ions) and phenoxide ions do not behave as a coherent group, they
can also be labeled as-fype for the HOMO and ypy-type for rather behave as two different groups. However, when fhe p
the second HOMO. More interestingly, the phenoxide ions also type MO energies are used, their aclihse behavior is united.
possess the,p,-type MOs as observed for alkoxide ions. Figure Moreover, the correlation results for thgoptype MOs confirms
6 shows the g,-type MO for phenoxide ion (A) and isopro-  our hypothesis that the problem in using the HOMO to describe
poxide ion (B). However, for phenoxide ions, the energy the acid-base behavior for phenol and alcohol anions is related
difference between the HOMO £ype MO) and the g,-type to the influence of the aromatic-electrons on the HOMO for
MO (third HOMO at HF level and often the second HOMO at phenoxide ions.
the DFT) are quite large when compared with those differences We have seen that solvent effects are extremely important in
observed for alkoxide iorf8. The energy difference observed order to correctly describe the aeilase behavior of carbox-

TABLE 8: Linear Regression Parameters for g, Values vs ppy-Type MO Energy? Plots for Phenoxide and the Alkoxide lons

methodology r2 a be pKa error sp F
HF/6-31G(d,p) 0.953 65.1 (7.9) 21.6 (1.3) 1.80 0.676 464.7
HF/COSMO/6-31G(d,p) 0.981 138.8 (7.3) 61.7 (2.7) 0.81 0.431 1173.9
HF/COSMO/6-33-G(d,p) 0.971 154.7 (9.6) 71.0 3.7) 0.95 0.532 762.5
DFT/6-31G(d,p) 0.918 75.1 (11.3) 11.1 (0.4) 2.20 0.893 256.3
DFT/COSMO/6-31G(d,p) 0.979 165.5 (8.4) 43.7 (1.7) 0.79 0.456 1049.2
DFT/COSMO/6-3%G(d,p) 0.959 222.8 (13.6) 62.9 (3.2) 0.95 0.631 537.0

a2 Values for orbitals energies in HartreésAngular coefficient. The number in parentheses is the standard &timear coefficient. The number
in parentheses is the standard erf®D = standard deviation or root-mean-square deviatians = 7.88, 99% confidence level.
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Figure 7. Plots for the correlation between phenols and alcohBlsvalues and their anions MO energies (in hartree). (A) HF HOMO; (B) HF
p«py-type MO; (C) DFT HOMO; (D) DFT gp,-type MO. MO energies for plots A and B were calculated at the HF/COSMO/6-31G(d,p) level and
for plots C and D were calculated at the DFT/COSMO/6-31G(d,p) level.

ylate ions. For phenoxide and alkoxide ions, the solvent effects  For carboxylate ions, the frontier MO with the largest COO
have a smaller, but still important role. By analysis of the data, contribution are alwayspor pp,-type ones. Moreover, if one
we can observe that the methodologies that do not include of them has the largest COQrontribution, the other has the
solvent effects, HF/6-31G(d,p) and DFT/6-31G(d,p), provided second largest COOcontribution, and only some exceptions
goodr? values but poor standard deviations amd, prrors. As to this rule were observed,(6, 8, 13, 17, 21, and 24). We
we have noticed for phenoxide ions, solvent effects could be already know that ypy-type MOs are the best frontier MO to
neglected (see Table 7), and since they form the majority of describe the acidbase behavior of carboxylic acids and its
the compounds of this class, the lack of solvent effects on conjugated bases. One could also expect that these orbitals
phenoxide ions is observed for the whole collection of com- should have the largest COQontribution. Although gpy-type
pounds. On the other hand, all of the alkoxide ions studied MOs were not always the frontier MO with largest COO
showed a strong dependence on solvent effects, and ancomposition, we have seen that their spatial position, at the same
improvement in their correlation parameters leads to an im- plane of the COQ, is decisive in this case.
provement for the collection. This amelioration of the correlation =~ Compared to carboxylic acids, phenols and alcohols are
parameters is relatively small only because the number of simpler systems. Consequently, the MO composition works well
alkoxide ions in the whole collection is small. for them. In this case, them-type MO has the largest oxygen
4.3. MO Composition.As previously stated, the frontier MO contribution for all phenoxide ions. For alkoxide ions, the
that drives the aciébase reaction must be mainly located at HOMO (p-type) and pp,-type MOs are very close to the
the atom or group of atoms where the reaction takes place. Inpercentage of oxygen orbital contribution, the largest difference
other words, the main contribution to this frontier MO must being 5.9096? The energy difference between them is also
come from the reactive atom or group of atoms. Therefore, for small. Hence, for the studied alkoxide ions, the HOMO and
carboxylate ions, the MO whose aeitlase behavior we are  p.p,-type MOs have extremely little differences for all purposes,
trying to describe is mainly formed by orbitals from the meaning that any of these two MOs can be the one used to
carboxylate group (COQ. Similarly, for phenoxide and  describe their aci¢base behavior.
alkoxide ions, the MO must be mainly composed of orbitals ~ The MO composition itself cannot predict the correct reactive
originated from the oxygen atom of the OH group. We have MO, as it is the case for carboxylic acids, but this is a practical
calculated, using the procedure described by Solomon and co-tool that helps one to find the probable reactive MO. We can
workers83the MO composition for the methodologies that gave conclude that the MO composition in combination with the MO
the best correlation parameters. For carboxylate ions, the MO shape is the criterion to determine the MO that drives a reaction.
composition was calculated by the DFT/COSMO/6+&(d,p) In his Nobel lecture, Fukui stated that the HOMOUMO
methodology and for phenoxide and alkoxide ions by the HF/ approach could, sometimes, féfilFor those cases, he suggested
COSMO/6-31G(d,p) methodology. that “any occupied orbitals which are very close to HOMO
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= HOMO for DFT calculations (66.1%) and in the third HOMO
@) for HF calculations (74.2%). Thus, the FERMO for the Diels
~ Alder reaction is the HOMO and the FERMO for the reaction
between the amine and the carbonyl groups is another frontier
molecular orbital.
NH2 Therefore, there are clear limitations on the HOMQJMO
Figure 8. Furfurylamine molecule. approach, and other concepts are needed to complement
HOMO-LUMO arguments. The RHO procedure, developed
should properly be taken in account”. Thus, when the HOMO by Hirao, Owhada, and co-worke¥s;3593 and the FERMO
fails, another frontier MO would be responsible for the concept, developed in this work, can be used to solve these
phenomenon. Therefore, an important point here is to define limitations and better explain the chemical behavior of mol-
what a frontier MO is. We carried out the calculation of the ecules.
MO composition for the five last HOMOs. However, it does
not imply that these five MOs are frontier MO ones. For 5. Conclusion
example, the methoxide ion has only nine occupied MOs.
Therefore, five occupied MOs are more than 50% of all
occupied MOs. On the other hangkbromobenzoate ion has
49 occupied MOs, where five occupied MOs are only 10.2%
of all occupied MOs. Clearly, there are no rules to establish
the number of frontier MOs of a molecule. However, anyone
shall agree that five frontier MOs for a small molecule as the
methoxide ion seems an exaggerated number. On the other han
larger molecules, with larger number of electrons, could have
more than five frontier MOs. Thus, it is difficult to build a rule
to identify how many frontier MOs a molecule has.
How can we find the orbital that is “very close to the

We stated a criterion to identify if the HOMO, or another
frontier MO, is the effective MO for a given reaction, introduc-
ing the FERMO concept. In this work we used the FERMO in
order to obtain a good correlation between the acidity and
molecular orbital energies for a collection of carboxylic acids,
phenols, and alcohols conjugated bases. The use of the FERMO
d:oncept made the unification of the acid character of phenols
and alcohols possible, thus showing that this is a general
concept. In principle, the FERMO can be used to understand
reactions that the HOMOGLUMO approach did and did not
explain, thus making stronger the role of MO theory in

» o o . chemistry. Moreover, the HF and DFT results point toward the
- ,
HOMO™? This information is crucial to better understand the same MO as being the FERMO. This result, along with other

role of MOs in chemistry. Reactions involving donation and " 666071 :

acceptance of electrons are related to MO energies, Since:mdlle:?mathehn?;'ﬁczr?;vor; gi]r?ct:eKieorbcl)tf‘::lésn ?;ii Eor?h;hzgrge
electrons are occupying and will occupy a MO and a frontier behgvior from that observed for HF o)r/bitals Itis glsg important
one, as stated by Fukui. What we have done in this study was ) P

to build a criterion to determine the frontier effective-for-reaction toblstres_z tha_t, w;ldependent Of. their re"”?“".e enerr?_|ehs,_ V\ée w%re
molecular orbital, which we will abbreviate as FERMO. a ehto ;\Aentn;]yt N 'I:ERMO USII‘(;g our C”“?F"’”’ which s base
The FERMO concept is a simple but also a necessary tool. on the MO shape, _ocatlon, and composition. N .
With the FERMO concept, reactions that were not driven by Although calgulatlon of the i was not an objective of this .
HOMO—LUMO properties are no longer exceptions. We have work, the bg;t Ilnear.models qbtalned here can.be used for.t.hls
seen, for two groups of compounds, the conjugated bases ofPurpose. It is interesting to notice that MO energies are sensitive

: . . to solvent effects and these effects play an important role in
carboxylic acids and phenols/alcohols, that HOMO energies . i
cannot describe their acibase behavior. However, those acid—base chemistry. We also found that the COSMO model

compounds are not exceptions: their HOMOs simply do not gave better results than the PCM model and that there is a clear

have the adequate shape and composition to correlate with theirdePemk':‘nCe between the basis set and the calculation method.

In our calculations, we used the approximation that the vacuum
pKa as the po,-type MOs have. Therefore, thepgp-type MOs ’ ; . X
are the FERMOs for the acitbase reaction. Without our and the solvated geometries are the same, thus making possible

crierion, t would be very it to nd those FERMO e JHPIELemen o tne corlatons i sonent efe are
because their relative energy varies with the calculation method . gtheg yop :
used. now under investigation.
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reactions’! The reactions involving the Lewis base will have & e yesults for linear correlations using other methodologies
FERMO and the reactions with the unsaturated bond will have (PCM results) and the MO composition for carboxylate ions

anqther FERMO. An 'example ?s the re'action petween furfuryl- (DFT/COSMO/6-3%-G(d,p)) and for phenoxide and alkoxide
amines and citraconic anhydriffeIn this reaction, the furan ions (HF/COSMO/6-31G(d,p)) are provided. This material is
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