J Mol Model (2013) 19:631-646
DOI 10.1007/s00894-012-1585-y

ORIGINAL PAPER

Proton affinity of para-substituted acetophenones
in gas phase and in solution: a theoretical study

Abir Haloui - Ezzeddine Haloui

Received: 28 March 2012 / Accepted: 28 August 2012 /Published online: 21 September 2012

© Springer-Verlag 2012

Abstract The gas phase proton affinities PA and basic-
ities GB for a series of para-substituted acetophenones
weak bases (B) p.X—C¢H;CO*CH; with X=H, F, Cl,
Br, I, Me, CF;, CN, NO,, OCHjz, NH,, CH,OH, N
(CHj3)>, OH, NHj, have been calculated at
298.15 K at the density functional theory DFT/B3LYP
level with a 6-311++G (2d,2p) basis set. Conformational
results lead to only one stable planar conformer for both
unprotonated compounds and their O*-protonated forms.
Satisfactory accuracy and computational efficiency could
be reached if the computed PAs are scaled by a factor
0.983. Protonation at more than one site is discussed
and the carbonyl oxygen atom is found to be the pref-
erential protonated site rather than the substituent X.
The calculated gas phase PAs show a good agreement
with the experimental available data. The electron-
donating/electron-withdrawing nature of the substituents
has an enormous influence upon the thermochemical
and structural properties. The influence of environment
on the proton affinity has been studied by means of
SCRF solvent effect computations using PCM solvation
model for two solvents: water and SO,CI,. Confronta-
tion between computed and experimental pK(B) values
exhibits better agreement in aqueous solution than in
organic solvent.
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Introduction

Over the last three decades, protonation reactions have been
the subject of extensive investigations in physical organic
chemistry and biochemistry from both an experimental and
theoretical point of view [1-22]. Protonation consists of the
addition of a proton H' to an atom, molecule or ion. The
proton affinity (PA) and the gas-phase basicity (GB) are the
two most pivotal quantities used to understand the proton
transfer process and are directly related to the acid—base
approach [2—4, 22-25]. A great number of experimental
studies have measured the basicities of organic compounds
in both gas phase and solution-phase using modern mass
spectrometric techniques. Measurements were performed by
spectroscopic methods in acid media [9-14, 16], kinetic
method with a tandem mass spectrometer [17], Fourier
transform ion cyclotron resonance (FT-ICR) mass spectrom-
etry [17, 23, 26], etc. Despite these numerous experimental
studies, a detailed characterization of structural and thermo-
chemical parameters is still largely unknown, especially in
solution. In the last few years, several experimental studies
have been combined with theoretical approaches to provide
a full partnership with experiment. Ab initio (HF, MPn [4, 6,
27-34] and G3 [23, 26, 35-37]) as well as semi empirical
quantum methods [5] were used to get energetic data. Dea-
kyne summarized the performances for the most important
theoretical methods [25]. As for DFT methods, they have
been tested with various functionals by evaluating the pro-
ton affinities of bio-molecules and small molecular systems
[4, 20, 24, 30-33, 38—44]. It is now well established that
modern DFT functionals are good candidates to provide
reliable results of thermodynamic properties. Pokon et al.
[37] showed that hybrid DFT methods for small molecular
systems are much cheaper and competitive with G2 and G3
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theories. It should be interesting to confirm this advanta-
geous feature by investigating larger molecular systems.

Substituent effects on acid—base behavior have been a
matter of debate in the last years. They were largely consid-
ered in both experimental and theoretical studies as one of
the most important factors to determine molecular basicity
[15-17, 20, 25, 27, 34, 42—44]. Deakyne gathered in refer-
ence [25] the different models to probe substituent effects.
The presence of the substituent on the aromatic ring, not
necessarily a phenyl ring, was the subject of extensive
works [15-17, 27, 28, 41]. Kukol et al. summarized in their
introduction the essential of studies dealing with ortho-,
meta- and para- position effects on aromatic carbonyl com-
pounds [17]. Substituent effects were subdivided into polar
and steric effects. Other studies were concerned with the
additivity of substituent effects when two or more substitu-
ents are present on the aromatic cycle [15, 17, 27, 28]. In
general, polar effects were rather discussed in term of strong
resonance interaction with electron-donating/withdrawing
character of the substituent [15, 17].

Problems concerning phenomena occurring in solution
are of interest in many fields of chemistry and biochemistry.
Computational chemistry has known the move from the
study of isolated molecules to that of solutions which is
considered as one of the most important developments in
theoretical chemistry [45-47]. A number of papers have
been published dealing with the influence of solvent on
the thermochemical behavior [32, 34, 39, 40]. The self
consistent reaction field SCRF continuum solvation method
has been widely adopted in the description of solute-solvent
interactions [32, 39, 40]. The PCM method in particular has
achieved a considerable degree of success in the calculation
of thermochemical properties [40]. Among previous studies
concerning protonation in solution, solute-solvent interac-
tions were discussed and related essentially to the polarity of
the medium [39, 40].

The purpose of this work is to theoretically investigate
the gas-phase proton affinities of a series of para substituted
acetophenones p.X—CcH4CO*CH; containing electron-
withdrawing or electron-releasing substituents X (see
Fig. 1 for molecule schemes and numbering of atoms). As

-a- -b-
H H
Hg /H ; ///,,16 H /H s,
H17//C14—H 15 H//C_H
9 X C X C,
12\ ) \ N
/N o5 /A O—H,

Hy Hy H H

Fig. 1 Numbering of atoms in the considered compounds -a- unpro-
tonated form, -b- protonated form
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a matter of fact, the unity CcH,—CO always deserves atten-
tion owing to the fact that it is often incorporated in interesting
large molecular systems (bio-molecules, polymers, ...). Also,
this paper aims to demonstrate that obtaining accurate and
satisfactory values for proton affinities does not necessarily
need computationally very expensive models, which could
accommodate many users. Calculations were carried out
on the neutral and protonated compounds. Computed PAs
values were compared with available experimental refer-
ence values for the majority of compounds from NIST
Database [48]. A number of computed parameters such as
the net charge on the particular atoms, bond lengths of
both unprotonated and their O*-protonated counterparts
has been correlated with computed PAs. In this paper,
we also discuss the change in the proton affinities when
going from the electron-withdrawing to electron-releasing
substituents. In the last part of this work, we look into the
SCRF solvent effects using the PCM model and perform-
ing calculations for two solvents with quite different
dielectric constants (¢=9.15 and ¢=78.80).

Computational procedures

Quantum mechanical calculations of all structural and ther-
modynamic properties were performed using the program
Gaussian03 package [49]. Density functional theory DFT
approach with the B3LYP functional and 6-311++G(2d,2p)
basis set was applied, except in the case of the iodine
derivative for which a limited number of basis sets is avail-
able in the standard Gaussian03 software; the corresponding
structure was optimized with the aug-cc-pVQZ-PP basis set
taken from reference [50]. The choice of this level of theory
is justified from our previous work [51] and reference [31].
All optimized structures were subjected to vibrational fre-
quency analysis to verify that the geometries were minima
on the potential energy surface. The electron densities were
calculated according to Mulliken and Breneman-Wiberg net
charge population analysis. We have additionally carried out
calculations in solution using the integral equation formal-
ism polarizable continuum model (IEF-PCM) in which the
solvent is represented by an infinite dielectric medium.
The gas-phase proton affinity PA and gas-phase basicity
GB of a compound B are defined as negative of the change
in molar enthalpy and molar free enthalpy at 298.15 K,
respectively associated with the gaseous reaction (1) :

Ao H= —PA
B i)~ B {76 ope ()

B and BH" denote the unprotonated (base) and the pro-
tonated (conjugated acid) forms, respectively.
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The gas-phase PA of a molecule A is determined accord-
ing to Eq. 2:

5
PA = —| AEy + AZPVE + AE —SRT |, (2)

where AE,, AZPVE and AE,;, correspond to the differ-
ences between total electronic energy, zero-point vibrational
energy and temperature-dependent portion of vibrational
energy of the reactants and products at 298.15 K, respec-
tively. The calculated gas-phase enthalpy of proton is 5/2
(RT)=1.481 kcalmol " at 298.15 K. It corresponds to the
translational proton energy (a loss of three degrees of free-
dom is 3/2(RT) plus the PV work-term (=RT for ideal gas).

Thermodynamically, GB is related to PA and the change

of entropy AS at constant temperature (298.15 K) by Eq. 3:

GB = PA+ TAS. (3)

For proton, only the translational entropy StranS(H+) is not
equal to zero and is determined to be 26.04 calmol 'K
[32].

In a solvent S, the reaction to be considered is identical to
the one used in gas phase (1) except all constituents are
solvated.

PA value is determined from PCM thermodynamic
results, obtained from harmonic frequencies analysis, using
Eq. 4.

PA = —ApuH = —[H(BH,,

solv

) — H(Byn) — H(H,}y,)]
(4)

Compared to calculations in the gas phase, the only
difference is for evaluation of proton enthalpy H(H"). The
latter, independent of the base, is determined from summing
the solvation enthalpy of the proton Ay, H(H") with proton

gas-phase enthalpy H (Hg+ ) (1.48 kcalmol ). In aqueous

solution, AaqH(H+) value (—275.14 kcalmol ') was deter-
mined experimentally by Tissander et al. using the cluster-
pair based approximations [52]. Mejias and Lago deter-
mined this term theoretically and obtained a value of
—275.12 kealmol ' [53], very close to Tissander experimen-
tal one.

Concerning the basicity in solution, the constant pKy(B)
for a base B is given by the well known thermodynamic
relation (5):

AprotG(s01)

PKs(B) = == pr ™ (5)

where R, T and A,,G(sol) (1 atm, standard state) are the
gas phase constant, the temperature (298.15 K) and the
standard free enthalpy of base-protonation reaction in sol-
ution, respectively. Ap,G(sol) is determined from the fol-
lowing thermodynamic cycle

A G

B + H( prot (9 BH* (g)

AsoIvG(B) AsoIvG(HJr) A30|\/G(B|'|+)
v l A G(sol l

B(sol) +  H'(sol) prot (0 BH* (sol)

and is calculated by adding a solvation contribution Ay, G
of each constituent to the gas phase basicity (Eq. 6):

to 1 M/gas, 1 M/solution standard state [54]. Thus A,,G
(H") in water became —266.13 kcalmol '

AprotG(g) can also be calculated directly as follows:
Aot G(sol =)Aot G(g) + AsonG(BH™T)

(6) Ayt G(sol) = G(BH (sol)) — G(B(sol)) — G(H* (sol))
(7)

- ASOIVG(B) - AsolvG(HJr)

In aqueous medium, the most reliable estimate of the
experimental value for hydration of a proton AaqG(H+) is
obtained from reference [52] and is equal to —264.23 kcal
mol . As developed in ref [54], this latter value concerns
standard states essentially equal to 1 atm for gas and 1 M for
solution. Thus, note that we must substract 1.9 kcal mol ! to
—264.23 kcalmol ' to convert the cited standard conditions

Note that in water, the aqueous free enthalpy G(H(aq)) is
determined by summing AaqG(H+)and G(H'(g)), the latter
being equal to —6.3 kcalmol ' [55].

As to SO,CI; solvent, no experimental data is available.

Thus, the evaluation of proton free enthalpy G (H ;02 CIZ) and
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proton enthalpy H (H;’Ozc,z) is performed from the differ-

ence between free enthalpies and enthalpies of SH'™ and S
solvated species, respectively [32, 39]. Calculations lead to

G(Hso,cn,) = —220.lkeal mol ™" and H (Hp,c;,) = —21
9.3 kcal mol™".

Gas phase results and discussion
Molecular geometry and conformational preference

A complete geometry optimization has been carried out on
the molecules both before and after carbonyl oxygen O*
protonation.

High level theoretical calculations on the majority of
unprotonated molecules in the gas phase have been per-
formed [51]. Verytight and Ultrafine convergence criteria
were adopted and no symmetry was imposed. For a few
molecules, we were satisfied with standard convergence
criteria. Whatever the substituent in para position may be,
only one conformation is found stable. The corresponding
conformer has a planar skeleton: the dihedral angle between
the aromatic moiety and the acetyl group is zero or very
close to zero, with two acetyl methyl protons staggered with
respect to ortho proton.

Regarding the protonated forms, it was found that their
ground state energies depend on the position of the hydroxyl
group relatively to the methyl one. Four configurations (I, II,
II1, TV, Fig. 2) differing in positions of hydrogen atoms H;
and H;g are possible. The structure of each configuration
was fully optimized in the gas phase. The absence of imag-
inary frequencies was checked in order to assess that the
minimum conformation energy was reached. The stable
minima forms are indicated for each compound in Table 1.
The most stable conformation (minimum energy level value,
in bold/Table 1) was used for the thermodynamical and
structural calculations. The most prominent geometrical
effects when going from neutral to protonated molecules
will be discussed later together with the change of PA. It
was found that, in general, protonated species with electron-
withdrawing substituents tend to adopt form I (see Fig. 2)
whereas form II is the conformational preference for

Fig. 2 Possible planar H_
conformations for protonated H \'

acetyl fragment / ~H;s
(REP,X7C6H4) R-C
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derivatives with electron-donating substituents. Therefore,
the phenyl ring and the oxygen lone pair are cis with respect
to the carbonyl bond for both forms I and II. Note that the
difference between energies of two stable forms for the
considered derivatives is about 1.5—2.5 kcal.mol ': such
energy difference cannot be ignored if accurate PAs are
aimed, which justifies consideration and analysis of the four
conformations.

Gas phase proton affinities and basicities

Before discussing the computational results, let us point out
that some of the studied molecules should exhibit a second
site of protonation, different from the carbonyl oxygen
atom. All derivatives with X being or including a heteroa-
tom with an electron lone pair (nitrogen, oxygen, sulfur)
acting as an electron donor could be X-protonated. Proton
affinities of these sites are inevitably different from those of
the carbonyl oxygen. Table 2 shows that in all cases the
carbonyl oxygen site has the highest affinity in gas phase.
This conclusion corroborates low temperature NMR meas-
urements in SO,FCI solvent on p.X- acetophenones with
X=0CH;, CH,OH [56].

Computed gas phase proton affinities PA and gas phase
basicities GB for compounds under study are summarized in
Table 1 together with experimental values. In this table, the
molecules are arranged in decreasing order of their exper-
imental PAs taken from NIST Standard Reference Database
[48]. As indicated in the up to date tables of Hunter et al.
[21], the uncertainty assigned to these experimental values
is considered to be about 2 kcal mol™'. Figure 3 depicts the
plots of computed PAs versus the experimental ones. On
inspection of these results, one observes that the computed
thermodynamical values agree well with experiment with a
mean absolute deviation equal to 3.5 kcal mol ' and a mean
relative deviation equal to 1.6 %. If one excludes PAs of N
(CH3),, NH, and SCH; compounds which are obviously
overestimated by the method used, these deviations are
lowered to 2.9 kcal mol ' and 1.4 % respectively.

The proton affinity of unsubstituted acetophenone (X=H)
has been calculated by Taskinen et al. using various methods
[33]. In their investigations, they showed that CCSD/6-
311CG(d,p)//B3LYP/TZVP, G2(MP2) and G3(MP2)//
B3LYP composite models gave PAs with the lowest absolute

Hjs H_ His
ST a G ARG
C ~c C
T / TTHys ~ 4
-C\ R—C\ —C\
A\
O ——Hjg >OO \OO
(1) 18 (o) 18 c1v)
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Table 1 Proton affinities (PA)

and gas basicities (GB) of para- Substituent X

PA (kcalmol )

GB (kcalmol ) Stable forms *

substituted acetophenones

p.X—Ce¢H4CO*CHj calculated Calc. Exp. Cale. Exp.

(unscaled values) at B3LYP/

6-311++G(2d,2p) level of N(CH;), 228.3 222.8 220.8 216.6 (1)

theory, 7=298.15 K NH, 223.7 217.1 216.2 209.6 (I, 111)
OCH; 218.0 214.0 210.8 206.4 (11, 110)
SCH; 218.1 212.2 210.7 204.7 (I
OH 215.1 211.1 207.8 203.6 (I, I, 1I0)
C(CHs3)s3 214.6 210.8 207.7 203.3 (I, I, TI0)
CH,OH 213.7 - 207.2 - (I, 1ID)
CH; 213.1 209.2 206.4 201.6 (I, I, 1I0)
H 208.9 205.7 202.3 198.2 @
Br 207.9 - 201.4 - (1, 11, TI0)
F 207.4 205.1 200.1 197.6 (I, 1)
CI 207.6 204.6 201.4 197.1 (11, TIT)
I** 209.1 - 201.8 - (1, TI)
COCH; 205.6 203.3 199.0 196.2 @
CF; 201.5 199.9 193.5 192.4 @D
CN 199.8 197.5 192.8 190.0 1))
NO, 197.4 196.9 190.5 189.4 1))
(CH3), NH" 141.6 - 134.1 - 1))
CH;SH™ 137.8 - 130.3 - 1))
CH;0H" 137.2 - 129.9 - 1))

* most stable form in bold CH,OH," 136.9 — 126.2 - (LIIT)

** PA ang GB calculated at NH;* 136.5 - 128.9 - 1)

B3LYP/aug-cc-pVQZ-PP OH," 104.1 _ 96.7 _ )

for iodine

deviation from experimental ones and concluded, as many
other researchers [25, 31], that these models are computation-
ally very expensive and therefore, not practical for molecules
with more than about 12 heavy atoms. For larger systems, it
may be necessary to sacrifice accuracy for computational
efficiency. As sufficiently accurate methods which could be
computationally much less demanding and applicable to
larger molecules, they propose to use the combination method
1/2(DFT+MP2) consisting in evaluating the average of the
proton affinities at the B3LYP/TZVP//B3LYP/TZVP and
MP2/6-311+G(d,p)//B3LYP/TZVP levels. The resulting PA
is very close to the experimental one.

When applying this combined approach to a series of
several large molecules containing second and third-row
atoms and considered in different conformations and in differ-
ent states (gas phase, more or less polar solution-phase),
calculations become rather expensive. In order to avoid such
difficulties, using our computational procedures with an
adequate scaling factor matching calculated with experimental
data appears to be interesting. Application of a scaling factor
equal to 0.983 balances the observed overestimation, leading
to computed PAs values very close to experimental ones. As a
matter of fact, a “chemical” accuracy of~1 kcal mol ' is often
considered as satisfactory when treating large systems. Note

Table 2 Computed proton

affinities PA (298.15 K, in kcal € (solvent) Protonation site N(CHs3), NH, OH CH,OH

mol ) for different sites of

protonation, other than carbonyl gas O* 2282 223.7 215.1 213.7

oxygen atom, in gas phase X* @ 218.4 204.3 173.5 194.2

and in solution (£=9.15) O* 3 42.8 37.0 34.6
X* _ 36.9 10.3 _

(e=78.8) o* -17.6 -72 - 122 - 15.0

X* -6.1 - 11.0 —234

@ site of protonation in bold
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Fig. 3 Calculated proton affinities (in kcal mol ') versus experimental
values in gas phase (298.15 K); (- - -): diagonal line, (—): fitted line

that scaling only the zero-point vibrational energy (AZPVE)
rather the whole PA would be another alternative as was
proposed in references [57, 58].

As has already been noticed, the adopted level of theory
tends to weakly overestimate the thermochemical proper-
ties. Table 1 confirms this trend and shows that computed
gas basicities agree with measured ones, with mean absolute
and relative deviations of the same order of magnitude of
those indicated for PAs. On the other hand, plot of GB_,.
vs. GBeyp. (Fig. 4) exhibits a quasi perfect linear correlation
(R=0.993). Application of the same scaling factor (0.983) as
proposed to match the calculated proton affinities with
experimental ones leads to predicted GBs values very close
to experimental ones.

220
S 2104
£
-
(]
<
m® 200
5}
rd _
7 CF, R=0.993
1901, Do,
T T T T T . :
190 200 210 220

GB,, (kcal mol”)

Fig. 4 Calculated GB basicities (in kcal mol ') versus experimental
values in gas phase (298.15 K); (- - -): diagonal line, ( ): fitted line
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Substituent effects

Usually, substituent effects are analyzed with regard to Taft
approach in which these effects are subdivided into three
contributions [59]:

— the resonance (or mesomeric) effect measures the ability
of the substituent to delocalize the 7t electrons to or
from the rest of the molecule;

— the inductive and the field effects describe the electrostatic
interactions between charges and multipoles (mainly the
dipole) in the molecule; the first is transmitted by polar-
ization of bonding electrons from one atom to the next one
and the second is directly transmitted through space;

— the polarizability effect takes into account the electro-
static interaction between charges and induced multi-
poles (mainly the dipole) in the molecule.

Although separation of these contributions is quasi
impossible, different strategies are adopted to achieve it
[59]. When the considered system is aromatic and substitu-
ent X is a heteroatom, these strategies are very often appli-
cable. Substituents considered in the series of compounds
under study can be divided into different groups:

— N(CHs),, NH; are highly electro-donating due to their
heteroatom lone pair (SCH; and OCHj; behavior is
similar but less pronounced);

— F, Cl, Br, I are electron-withdrawing due to their polar
effect one hand and electron-donating due to their res-
onance effect on the other hand, which leads to partial
cancellation. The resulting effect on the electron circu-
lation is modest and often comparable to the hydrogen
one (taken as reference);

— CN, NO, are electron-withdrawing due to both induc-
tive and mesomeric effects;

—  cationic substituents -
NH;

able electron lone pair deficit at the same time.

. show charge and avail-

Being in para position, the considered substituents cannot
exhibit any steric effect on the PAs and the other parameters.
Their electronic characteristics only influence the electron
organization in the molecular system. The substituent effects
on the geometrical parameters of the unprotonated species
have been investigated in an earlier paper [51]. The pre-
ferred conformation of the isolated molecule undergoes
important changes on protonation. In the following, we
would like to discuss possible correlation between X char-
acteristics and computed properties: proton affinities, struc-
tural features and atomic charges.

1) Substituent effect on the molecular structure
The most noticeable geometrical changes during pro-
tonation would concern C;—C;, and C;,—O%* bonds.
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Effectively, Table 3 in which are collected the correspond-
ing bond lengths for both neutral and O*-protonated spe-
cies together with O*—H;g one, shows that these
parameters display large variations when substituent X is
changed. Note that results of only some substituents are
reported in Table 3 in order to reduce the volume of the
text; however, the whole series is taken into account in the
related plots. From these data and those of Table 1, some
identifiable trends could be pointed out. One can summa-
rize them as follows:

— for a given substituent, protonation substantially
shortens phenyl-acetyl bond length and increases
carbonyl one. This fact can be explained with the
aid of basic principles concerning electronic effects
in the conjugated chemical systems. Here, whatever
X may be, electron circulation is always toward the
acetyl group, even if X is cationic. So, when the
carbonyl oxygen atom is protonated, it acquires a
more electron-accepting character than in the neutral
form, which decreases the 7t character of the C;,—O*
bond and increases the C;—C, one, leading to
lengthening of the former and contraction of the latter.
These variations seem somewhat more pronounced
when X is a strong electron-donating substituent.

— in the protonated forms, the more the X substituent is
electron-withdrawing, the longer the C;—C;, bond
length. As for the C;,—O%* one, it varies in the oppo-
site direction. As previously, these variations are due
to conjugative interactions through the 7t-electron
system between the aromatic moiety and the acetyl
group. In the same way, the dominating influence of
the mesomeric effect on electron migration toward
the acetyl group allows to understand the weak short-
ening of the hydroxyl O*—H;g bond when the

electron-donating character of substituent X progres-
sively increases.

it) Correlation of substituent effect with atomic net charges

Effect of protonation manifests itself in the variation
in electronic charge distribution in the protonated form
relatively to neutral one. In the same way, for a given
form, each substituent X affects the conjugative inter-
actions and induces its own change in electron circula-
tion. So, we can attempt to rationalize the effects of
substituent X on the electron reorganization in terms of
individual atomic properties as partial net charges. As
there is no universally agreed upon best procedure for
computing partial atomic charges, we prefer to discuss
substituent effects according to two different schemes
of population analysis: the Mulliken charge model
whose population analysis is based on AO basis func-
tions contributions to the overall wave function on the
one hand and the Breneman-Wiberg charge model
where atomic charges (called CHELPG charges) are
computed based on analysis of the molecular electro-
static potential that is calculated from the wave function
on the other hand [60].

As above, the most remarkable modifications
concern O* and H;g atoms and, in lesser degree,
the other atoms like C;,, . . . In Table 4, we have
reported Mulliken and CHELPG net charges on
these atoms for both gas phase unprotonated and
O*-protonated forms and for only some representa-
tive substituents. Inspection of these results allows
the following comments, whatever the considered
charge scheme may be:

— local charge densities on all atoms, excepted H;g
and in lesser degree O*, do not perfectly correlate

Table 3 Geometrical parame-

ters of the neutral and Substituent X d(Cy Cyp) d(C,—0%) d(O*—Hs)
O*-protonated forms in gas
phase (length in A) at the Neutral Protonated Neutral Protonated Protonated
equilibrium ground state
N(CH3), 1.483 1.391 1.220 1.327 0.966
NH, 1.486 1.395 1.219 1.322 0.966
OCH; 1.491 1.401 1.218 1.317 0.967
CH; 1.496 1.412 1.217 1.310 0.968
H 1.499 1.420 1.216 1.302 0.969
CF; 1.504 1.425 1.214 1.299 0.970
NO, 1.506 1.429 1.213 1.297 0.970
IE\?H(CH3)2 1.518 1.449 1.209 1.286 0.974
IG\?H3 1.521 1.455 1.209 1.284 0.974
GCBHZOHZ 1.529 1.452 1.208 1.285 0.974
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Table 4 Computed CHELPG and Mulliken net charges (in a.u.) on C;,, O3 and H g atoms for neutral and O*-protonated forms in gas phase, T=
298.15 K. Aqosnr = q(013) — 1 + q(H;s) measures the electron migration toward the hydroxyl group

Charge Nature N(CHs), OCH; H CF; NO, (CH;5),NH" NH;"
Neutral form
q(C12) Mulliken 0.495 0.511 0.478 0.464 0.505 0.477 0.488
CHELPG 0.251 0.285 0.200 0.219 0.259 0.249 0.185
q(013) Mulliken —0.527 —0.521 —0.499 —0.482 —0.488 —0.447 —0.444
CHELPG —0.481 —0.463 —0.451 —0.448 —0.431 —0.405 —0.397
O*-protonated form
q(C12) Mulliken 0.330 0.400 0.320 0.354 0.392 0.440 0.426
CHELPG 0.670 —0.138 0.092 0.565 0.491 0.371 0.293
q(013) Mulliken —0.466 —0.452 —0.392 -0.392 —0.394 —-0.379 —0.366
CHELPG —-0.302 —-0.283 -0.277 —0.226 —-0.220 —0.188 —-0.193
q(Hg) Mulliken 0.444 0.445 0.448 0.453 0.454 0.473 0.473
CHELPG 0.274 0.283 0.290 0.291 0.297 0.311 0.316
Charge variations (Ag)
Aq(O*H) Mulliken -1.022 —-1.007 —0.944 —0.939 —0.940 —0.906 —0.893
CHELPG —1.028 —1.000 —0.987 -0.935 -0.923 —0.877 —0.877
Aq(Cyp) Mulliken —0.165 -0.111 —0.158 —-0.110 -0.113 —0.037 —0.062
CHELPG 0.419 —0.423 —0.108 0.346 0.232 0.122 0.108
Aq(Oy3) Mulliken 0.061 0.069 0.107 0.090 0.094 0.068 0.078
CHELPG 0.179 0.180 0.174 0.228 0.211 0.217 0.204

with the electronic characteristics (electron-
donating/electron-withdrawing) of the substitu-
ents X. For Hyg atom, although the change in
net charge is small enough, an identifiable trend
could be pointed out: the more the character of
the substituent is electro-donating, the more
important the migration of electrons toward carbonyl
oxygen atom is and the weaker the positive
charge on Hg;

— change in electron density on the oxygen atom
(Aq(O*)) accompanying the protonation does
not seem very affected by the nature of the
substituent, in opposition to (Aq(C;;)) which
is widely affected and the resulting effect is
not clearly related to electronic characteristics
of the substituent X;

— by another way, electron migration toward the
hydroxyl group in the protonated form, given
by the sum Ago.y = [q(0x) — 1+ q(Hys)|, is
nearly not influenced by the nature of the sub-
stituent and is nearly twice the one toward oxy-
gen atom in neutral form (=-0.89, —1.02
a.u.against~—0.44, —0.53 a.u.). So, CO* proto-
nation substantially increases the electron deficit
of the rest of the molecule.

@ Springer

iii) correlation of substituent effect with proton affinity
The proton affinities of molecules similar to those
under study are determined by different factors. How-
ever, two are essential:

— the charge density on the proton acceptor site,

— the conjugative interactions in the molecule and the
protonated species.

For the considered molecules, the electron delocalization
without doubt plays the most important role by enhancing/
diminishing the electron density in the system.

From the data in Table 1, one can observe that the gas
phase proton affinity displays very large variations with
substitution in para position. The trend is clear: the more
the character of the substituent is electro-donating, the
higher the proton affinity. N(CHs), being the strongest
electron-donating, its effects are quantitatively transmitted
to the protonation site, which explains the high value of the
corresponding PA value. On the contrary, NO, and CN
substituents lead to weaker values. The most remarkable
fact in Table 1 is the drastic decrease of the proton affinity
when the substituent X is positively charged (PA values

corresponding to @ is lower than the half of N(CHs),).

OH,
Onecan explain this dramatic diminution by inspecting
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change of electron densities on the proton acceptor sites in
the Born-Haber cycle of cationic X substituent derivatives.

"
B) <0 _ qo(BH")<0
go(B) < B + H+ PA(CO) R BH+ .
ay(B) < (a) qy(BH")~0 or>0
+ H+
+
+H @) (b)
—PA(Y) -PA(CO,Y)
<0 '
Y% u's . + (b") > ntent 0o <0
gy >0 —-PA(Y,CO) gy >0

The different symbols have the following significance :

— B refers to neutral molecule p.Y—-C¢H4CO*CH;,

— Y is the X conjugate base :X=YH"

— BH' (H" on the right hand-side of B) is the O*-proto-
nated form (cation),

— H'B (H on the left-hand-side of B) is the Y-protonated
form (cation),

— H'BH' is the dication form.

The protonation site is indicated in parentheses. When
two sites are concerned, the first to be protonated is placed
in the first position. Hess’ law allows to write:

PA(Y,COx) = PA(COx) — PA(Y) + PA(COx,Y)  (8)

Table 2 shows that the proton affinities PA(CO*) and PA
(Y) are both high (=200 kcal mol ') due to the important
negative charges on both carbonyl oxygen and X atoms (more
precisely on heteroatom bonded to the phenyl ring) and the
corresponding steps (a) and (a’) are not highly energetic,
contrary to step (b) for which a high energetic price has to
be paid. As a matter of fact, step (a) substantially weakens the
charge qy(BH") on the heteroatom. For instance, this remain-
ing charge is positive for Y=N(CHj3), and~—0.15 a.u. for Y=
NH,. Consequently, step (b) proton affinity PA (CO*, Y) is
expected to be low compared to those cited above, and this is
confirmed by computations: for example, the calculated PA
(CO*, NH,) is only 117.1 kcal mol "

Fig. 5 Calculated proton
affinities (in kcal mol ') versus
CIQ*O* and O**ng bond
lengths (in A) in gas phase
protonated forms

Distance (A)
3

W
o
L

o oP

1,28 -

All the preceding results indicate that electronic character-
istics of the substituent correlate with the change in most
properties of the system. We can now attempt to rationalize
the substituent effects by plotting computed PA versus struc-
tural parameters and atomic charges. Figure 5 shows that
whatever the substituent X, PA is in very good linear relation-
ship with oxygen-hydrogen bond length in the protonated
form whereas a similar correlation with carbon-oxygen bond
length can be observed only if cationic substituents are ex-
cluded. In the same way, Fig. 6 shows that plots of PA versus
Mulliken and CHELPG net charges on oxygen atom before
and after protonation from one hand and those on hydrogen
H; g on the other hand could display some correlation. If only
Mulliken charges in neutral substituents X derivatives are
taken into account, correlation tends to be linear (R=0.97
and 0.92 before and after protonation, respectively) (Fig. 6).

All things considered, it seems that explanation of cati-
onic substituent effects with the aid of only conjugative
interactions and charge density on the proton acceptor site
is insufficient.

Solvent effects
The above calculated properties refer to the gas phase. Para-

substituted acetophenones have not been abundantly investi-
gated in various solvents. Among the few papers concerning
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Fig. 6 Calculated PAs (in kcal
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protonation of these compounds, the following include the
most important results:

— the first protonation pK(B) measurements concern the
protonation equilibria of unsubstituted acetophenone
and are in the range 3.9— 8 [10-13];

— more recently, pK(B) of p.X-substituted acetophenones
with X=H, F, Br, CH;, OCH;, CF3, CN, NO, in aque-
ous sulfuric acid at 298 K were measured [14]. The
corresponding pK(B) values are reported in Table 5.

To discuss theoretically the influence of the environment
on PAs, pK(B) and others properties of p.substituted aceto-
phenones, calculations have been carried out for two media:
in aqueous solution (water is high dielectric solvent with =
78.8 and for which thermodynamic parameters are available
as indicated above) and in SO,CI, solution. The latter has
been chosen because it is a low permittivity medium on the

@ Springer

PA__ (kcal mol™)

calc

one hand and on the other hand because a low temperature
(253 K) carbon-13 NMR study, aiming to determine the
barrier of internal rotation around the phenyl-acetyl group
[56], has shown that superacids could protonate weak bases
like carbonyl compounds under study to form stable salts in
non aqueous solution. Actually, in the corresponding exper-
imental study, SO,CIF (and not SO,CI,) was used as sol-
vent and the protonating agent was the 1:1 magic acid
(equimolecular mixture of fluorosulfonic acid FSOszH and
antimony pentafluoride SbFs). Nevertheless, as the dielec-
tric constant of liquid SO,CIF has not been reported in
literature and is presumably low and probably of the same
order as the SO,CI, one (¢=9.15), so, in the following, the
computations relative to weak dielectric solvent effects refer
to temperature 253 K and €=9.15.

There are several possibilities of how to theoretically
investigate solvation effects. As the self consistent reaction
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Fig. 7 pK(B)cae vs. pK(B)exp for experimentally studied acetophe-
nones (ref [14]) in high ¢ medium ¢=78.80

field (SCRF) continuum solvation method using IEF-PCM
model has been reported to be more reliable in calculating
proton affinities [40] on the one hand, and is the less problem-
atic in parametrization and convergence on the other hand, we
have chosen to discuss solvent effects on protonation with
respect to the cited approach at DFT/6-311++G(2d,2p) level
of theory. It was effectively demonstrated that this method,

which is not expensive, leads to reliable barriers of internal
rotation in both unprotonated and protonated p.substituted
acetophenones [51, 61]. All the gas phase structures were
reoptimized. In general, performing calculations with default
cavity parameters (UAO radii model, electrostatic scaling fac-
tor equal to 1.2) linked to Gaussian03, we have encountered
no serious convergence problem, except in some cases. By
successive modifications of the initial geometrical parameters,
we have been able to characterize the stationary points what-
ever the solvent. Let us comment briefly on the most impor-
tant aspects of the computed solvent effects.

Preferred protonation site

As shown previously, the presence of heteroatom (X) suggests
a second site of protonation besides carbonyl oxygen atom
(CO*). Relative probabilities of CO* and X protonation reac-
tions are not a priori the same as in the gas phase. Computed
PAs of the most probable sites are listed in Table 2 for the two
considered mediums. These values indicate that carbonyl oxy-
gen still remains the most basic site in solution as in gas phase
except for N(CH3), substituent in high dielectric medium
where nitrogen seems to be a little easier to protonate. However
this result cannot be verified because of lack of experimental
data, for the other substituents in SO,CIF and in presence of
superacid it was shown that the oxygen atom is the easiest to

Table 5 Proton affinities

(PA, keal mol ") and basicities Substituant H,0O(aqueous solution) SO,ClL, Exp(pK(B))
(pK(B)) of para-substituted ace-
tophenones p.X—CsH4CO*CHj; PA AprolG pK(B) PA AprolG pK(B) * o
calculated at B3LYP/6-311++G
(2d,2p) level of theory. NH, -72 5.5 4.0 42.8 —424 -364
(solvents: H,O, SO,Cly; N(CH3), -76 6.1 4.5 3 _ _ -18
temperature: 298 K) OH 122 106 7.7 370 —366  —314
SCH3; - 133 11.2 8.2 B B B
CH; - 14.8 12.9 9.4 B _ _ 3.7
CH,OH -15.0 13.3 9.7 34.6 -34.1 -293
H - 162 14.5 10.6 32.8 -322 -27.6 4.1® - 1.1
F -16.5 15.1 11.0 322 -31.6 -27.1 42
CI - 17.0 15.6 11.4 31.7 =311 —26.7 -0.9
Br -17.2 15.8 11.5 315 -31.0 —26.6 4.6
® - 187 16.8 12.2 30.0 -29.9 -25.6
CF; -19.4 18.2 13.3 28.7 —28.8 —24.7 4.8
CN -20.0 18.7 13.6 27.9 -27.2 —233 4.6
NO, -21.1 19.8 14.4 26.6 -259 -222 5.0
?HQOHZ - 199 18.2 133 _ _ _ _
* in aqueous sulfuric medium @
[14]; ** in CCI, medium [1] NH; —20.6 18.8 13.7 224 —22.1 —18.9
(@) .
T ey, N0 e ws
;Ziﬁé]], 6.5 ref [12]; pK(B)=8.0 ?HCH; B B B 20.9 “a16 185
® calculated at B3LYP/aug-cc- E)BHZ B B B 21.9 ~20.6 ~177

pVQZ-PP for iodine
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protonate [56]. In high dielectric solvent, the highly negative
PA value corresponding to CH,OH substituent predicts that
this derivative would not be capable of protonation on its
hydroxyl oxygen atom. All these calculations allow us to
conclude that in low dielectric solvent, X-protonation is pos-
sible but less favorable than O*-one whereas in high dielectric
medium, it is more energy demanding than O*-protonation
and very dependent on the nature of X.

Note that NO, group can be a proton acceptor in strong
superacids. By measuring the different NMR chemical shifts
of paranitroacetophenone dissolved in pure FSO3y acid and
correlating them with Brown’s o constants, it was demon-
strated that in this medium, this compound is monoproto-
nated on the carbonyl oxygen atom [56].

Solvent effects on proton affinity

Proton affinities and basicities of compounds under study,
calculated according to procedure section, are gathered in
Table 5. The large basicity range exhibited in this table is
evidently the result of cooperation of both induced solvent
effects (solvation) and substituent effects. However, inspec-
tion of these results reveals that solvation is enormous in
influencing these thermodynamic properties in solution
whereas substituent effect is much less large.

The most remarkable result is certainly the drastic change
of PA and GB when going from the gas phase to solvent.
Whatever the substituent, protonation of the considered
compounds in solution is much more difficult than in gas
phase. The reason of this drastic diminution must be
searched for in expression (4) used to calculate the proton
affinity in solution. As a matter of fact, in this equation the
enthalpy difference H(BH,, ) — H(By) is of the same
order of magnitude as its homolog in gas phase: the former
is in the range [-266 ——253] kcal.mol ' and the latter in the
range [-227——196] kcal mol™'; so proton affinities are
about 200 kcal mol™'. On the contrary, the proton enthalpy
in solution H (H:’Olv) is equal to —219.3 kcal mol™" for
SO,CI, and —273.66 kcal mol ! for H,0 (see Computational
procedures section) whereas its homolog in gas phase (5/2
(RT))is only=~1.5 kcal mol . This difference in proton enthal-
pies on going from gas to solution explain the dramatic
decrease of PA accompanying solvation.

Table 5 shows that proton affinity increases and pK(B)
decreases when the permittivity of the medium is reduced,
which means that studied carbonyl compounds are more
difficult to protonate in aqueous solution than in organic
solvents. This conclusion is in qualitative agreement with
other experimental observations: in their work on sub-
stituted phenols, Klein et al. have calculated PAs in
both water and benzene [39] and found the same PA
arrangement: PA, >> PAc, > PAm,o.
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The effect of substituent on proton affinity shows the
same trend as in gas phase. In both solvents, electro-
releasing substituent effect algebraically raises PAs and low-
ers pK(B)s. In water, the considered series of carbonyl
compounds experiences a basicity increase of about 10 pK
(B) units on going from the nitro to the amino derivative and
of 14 units in SO,CL, medium. Although these values are
probably excessive, they show that the magnitudes of sub-
stituent effects are not comparable and exhibits some corre-
lation with electro-donor/electro-acceptor properties of X
substituents. For a given substituent whose electronic prop-
erties are known, it should even be possible to predict the
probable pK(B) value of corresponding derivative.

Confrontation of computed pK(B) values with experi-
ment allows us to form the following comments.

— On inspection of Table 5, one can realize that quantita-
tive agreement between theory and experiment is poor
for both solvents. Let us take an interest in the more
recent pK(B) measurements due to Chimichi et al. [14].
These values, determined in same conditions (298 K, in
aqueous sulfuric acid solution by U.V. spectroscopy)
are to be compared with computed pK(B)caic.aq- Plot
of pPK(B)caic,aq V8. PK(B)exp (Fig. 7) exhibits qualitative
agreement. If one assumes linear behavior, the fitted
equation should be given by the following expression:

pK(B)..,.. = 3.668pK(B),. — 4.316(R = 0.937) (9)

cale exp

This value of the correlation coefficient R is not repre-
sentative of a true linear relation (for which R>0.99). Never-
theless, it is indicative of a quasi linear correlation.

— Among all carbonyl compounds unter study, unsubsti-
tuted acetophenone is the most investigated derivative
[10-14]. Noting the large differences between pK(B)eyp,
aq values known in the literature (3.9—8.0), our calcu-
lated value (10.6) is close to the highest extremity (8.0)
[13].

— In the literature, there is no available value of pK(B)
corresponding to SO,CI, medium. On the other hand,
there are some pK(B) data measured in CCI, solution
[1]. These two solvents are not chemically similar (po-
larities are different, . . .); nevertheless, their permittiv-
ities are of the same order. So, confrontation of calculated
PK(B)cate, SOClL, can take place with pK(B)ey, CCly.
Results listed in Table 5 exhibit excessively large discrep-
ancies between theory and experiment. These differences
are very much larger than those observed for aqueous
solution. In our opinion, these anomalies are due to the

fact that theoretical proton free enthalpy G(H ;_OZC’z) is

badly evaluated (—220.1 kcal mol ') by the difference of
free enthalpies G(SO,CLH ™) g0, ¢;, — G(SO2CDL) 50, ¢, -
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Furthermore, if G(H ;]) has been calculated in a similar

manner, one would find a value of nearly (—244 kcal
mol ' whereas the best value is (—272.43 kcal mol '
(Computational procedures section): such a difference,
equal to~28 kcal mol ™', is indeed very large. So, it
appears that used computational method underesti-
mates the absolute value of proton free enthalpy in
SO,CL. If a similar quantity (=28 kcal mol™") is
added to A,,Gso,c1, values of Table S, calculated
pK(B) values for acetophenone and p.chloro-aceto-
phenone become equal to —3.7 and —2.7, respev-
tively (against experimental values in CCl;: —1.1
and —0.9 [1]). Finally, one can conclude that the
computation of the proton free enthalpy in solution
with high accuracy is fundamental in solvation
study if reliable experimental data are not available.

Computed properties vs. solvent effects

It is worthwhile to discuss some details concerning
changes in other computed parameters when going from
unprotonated to protonated compounds in solution. Once
more, the whole results were not listed in the tables;
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however, they were taken into account in the related
plots.

Structural properties

The structural features at or around the carbonyl group in
solution are considered to be compared to those in gas phase.
Values of C;—Cj,, C;,—O* and O*—H,g bond lengths dis-
play variations with substituent electronic properties compa-
rable to those in the isolated state for both unprotonated and
protonated forms. Thus interpretation, previously given to
explain the gas phase results, still works. Nevertheless, a point
could be at least mentioned: for the same substituent, increas-
ing the dielectric constant of the medium shortens C;,—O*
and lengthens C;—C;, and O*—H;s.

Partial net charges

The Mulliken and CHELPG net charges q(O*) on the car-
bonyl oxygen atom both before and after protonation as well
as on acidic hydrogen q(H;g) are partially summarized in
Table 6. Some trends are worth pointing out.

— Whatever the environment, oxygen atom still remains
negatively charged for all compounds after protonation

| High ¢ medium (= 78.8) |

-0,52 ]

-0.54 4

-0,56 4

-0,58 4
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Fig. 8 Calculated PAs (kcal mol ') vs. net charge on carbonyl oxygen atom in solution (for two dielectric constants :¢=9.15, ¢=78.80) before O*-
protonation. (7op) vs. Mulliken net charge. (Bottom) vs. CHELPG net charge
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Table 6 Computed CHELPG and Mulliken (in parentheses) net charges (in a.u.) on Cy,, O3 and H;g atoms for neutral and O*-protonated forms in
solution, T=298.15 K

Charge Nature NH, CH,OH H CF; NO, NH;" OH,"
High dielectric medium (e=78,8)
Neutral form
q(C12) Mulliken 0.283 0.296 0.268 0.275 0.319 0.241 @
CHELPG 0.491 0.496 0.473 0.484 0.490 0.497 _
q(013) Mulliken —0.599 —0.569 —0.554 —0.543 —0.521 —0.531 B
CHELPG —0.530 - 0.516 —0.501 —0.490 —0.488 —0.454 B
O*-protonated form
q(Cqp) Mulliken 0.544 0.627 0.145 0.420 0.533 0.344 0.272
CHELPG 0.400 0.390 0.376 0.411 0.425 0.452 0.422
q(013) Mulliken —0.346 -0.272 -0.253 —0.242 -0.233 —0.243 —0.231
CHELPG - 0473 —0.408 —0.398 -0.397 —0.396 -0.374 —0.363
q(Hig) Mulliken 0.336 0.358 0.362 0.370 0.373 0.371 0.370
CHELPG 0.450 0.447 0.454 0.459 0.461 0.477 0.477
Low dielectric medium (£=9.15)
Neutral form
q(C12) Mulliken 0.268 0.295 0.256 0.265 0.309 0.229 0.240
CHELPG 0.493 0.496 0.476 0.493 0.496 0.494 0.494
q(013) Mulliken -0.577 —0.549 —0.536 - 0.527 —0.506 - 0.507 —0.503
CHELPG —0.529 —0.509 —0.502 —0.493 —0.488 —0.450 —0.450
O*-protonated form
q(Cqp) Mulliken 0.543 0.617 0.137 0.604 0.527 0.337 0.271
CHELPG 0.380 0.388 0.340 0.403 0.420 0.449 0.431
q(013) Mulliken -0.337 —0.266 —0.247 -0.239 —0.229 -0.232 -0.220
CHELPG - 0.469 - 0.409 —-0.391 -0.396 —0.396 -0.373 —0.367
q(Hg) Mulliken 0.324 0.343 0.347 0.352 0.358 0.359 0.358
CHELPG 0.451 0.446 0.452 0.458 0.460 0.476 0.477

@ Convergence has not been obtained

reaction. Net charge results show a decrease for q(O*)
values before as well as after protonation when going
from electron-donor to electron-withdrawing substitu-
ents. The reverse is observed for q(H;g).

— For a given substituent, the CHELPG pre- and post-
protonation electron densities q(O*) are nearly indepen-
dent of the dielectric constant whereas Mulliken ones
weakly increase with €. For proton Hg, its CHELPG
charge remains constant and its Mulliken one is more
positive when ¢ increases.

to 0.98. On the contrary, the behavior of CHELPG
oxygen net charges does not exhibit a clear linear rela-
tion to proton affinities.

Possible amelioration of the computational method

The computational method adopted in these investigations
nearly works well in evaluating gas phase proton affinities
and basicities. So, one should think that the disagreement
between theory and experiment in calculating pK(B) is not
due to the method itself, but rather to parametrization of the

As in gas phase, we conclude this solvent effect
study by plotting computed PAs versus net charges q
(O*) in the different mediums, before protonation. Fig-
ure 8 exhibits clear linear correlation between PAs and
Mulliken q(O*) charges in the unprotonated forms, even
if values associated with the cationic substituents are
not excluded. Correlation coefficients are nearly equal
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molecular cavity and, why not, to the choice of the PCM
model (IEF-PCM, C-PCM, D-PCM, . . .). Results of Table 5
were obtained using the united atom topological model UAO
where the atomic radii arise from FFF force field. Barone et
al. have shown that this model does not allow to reproduce
experimental results even if Bondi or Pauling radii are used
[62]. They proposed to define the cavity according to UAHF
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(as implemented in Gaussian03 code). Other authors used
the C-PCM and D-PCM solvation models with UAHF or
UAKS cavities [63—-65]. All these methods led to better
results than the standard PCM model.

Concerning the present solvent effect study on proton
affinity and basicity of p.substituted acetophenones, we
have tested the above cited formalisms only on unsubsti-
tuted acetophenone. With the Gaussian03 code, we have
encountered serious difficulties in convergence.

Finally, the DFT(B3LYP)/6-311++G(2d,2p) method used
in these investigations is distinguishable from others by the
fact that it is not at all onerous and, consequently, can be
used to study series of too large molecular systems in a
systematic manner for a comparison of their properties.
Without no doubt, the true improvement in calculating
accurate proton affinities and basicities consists in use of
more elaborated computational methods (CCSD(T), . . .) or
other solvation formalisms (SMD, . . .) [66]. Unfortunately,
such levels of theory are expensive.

Conclusions

The present investigations on proton affinity and structural
properties of a series of para-substituted acetophenones in
the gas phase and in solution allowed to draw the following
conclusions:

— accurate PA values could be achieved using computa-
tional methods which are much less demanding than
more sophisticated ones. DFT(B3LYP) method with 6-
311++G(2d,2p) basis was shown to yield satisfactory
results on condition of some scaling factors and could
be successfully applied to a wide series of large con-
taining carbonyl molecules;

— in all studied molecules, whatever the substituent in
para position, the carbonyl oxygen atom is the prefer-
ential protonation site. A second protonation on X sub-
stituent heteroatom is also possible;

— proton affinities are directly influenced by the
electron-donating/withdrawing character of the sub-
stituent. Protonation induces migration of electrons
from all over the molecular system leading to pro-
nounced charge redistributions compared to pre-
protonation one;

— in gas phase, generally proton affinity is nearly in
linear relationship with structural and electronic
charge properties of the carbonyl group before and
after protonation.

— in solution, the most remarkable result is certainly the
drastic change of proton affinity on going from gas to
solution phase. This indicates that protonation is not
energetically favorable in liquid phase.

— computed pK(B)values in aqueous solution are in good
qualitative agreement with experiment. Nevertheless,
they exhibit discrepancies with regard to measured ones.

— in organic solvent, knowledge of the proton free
enthalpy with high accuracy is fundamental in solvation
study if reliable experimental data are not available.
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