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By using ab initio methods at the RHF and MP2 levels, as well as the PCM model utilizing the Gaussian
6-31++G** basis set, we calculated energies and Gibbs free energies of protonation and formation of
homocomplexed anions stabilized by-@---O bridges for 10 substituted phenol systems in the gas phase
and after consideration of solvation energies in solution. The calculated protonation en&gigs.and

Gibbs free energied\Gpro, have been found to correlate well with the acid dissociation constants in acetonitrile
(AN) solutions (expressed a&gN values). The energieAEana-, and Gibbs free energieAGana-, of anionic
homoconjugation do not correlate well with the experimental anionic homoconjugation constant values
determined in acetonitrile.

Introduction 3-nitrophenol (3N@), 3-chlorophenol (3Cl), 2-chlorophenol
(2Cl), 4-nitrophenol (4N@), 2,3-dinitrophenol [2,3(N§);], 2,4-
dinitrophenol [2,4(NGQ)2], and 2,5-dinitrophenol [2,5(N£)y].

interactions, which were carried out in our group, using In the next step, an attempt was done to correlate the calculated
experimentdi* and theoretical methods? A model of acid- ; P. P : .
energetic parameters with the experimental values of acid

base equilibria, which can be observed between phenol and itsd. ati tant N d anionic h gati
derivatives in organic solvents, is highly compi&hleverthe- Issociation cons i,? .S’KHA » ang anionic homoconjugation
less, this model can be predicted and limited, under experimentalconStants’ lodlana ™" in acetonitrile (AN), as a representative
conditions, to so-called fundamental equilibria only, those of of polar organic solvents.

protonation of anionic base (eq 1), as well as anionic homo-
conjugation (eq 2):

This work is a continuation of studies concerning adigse

Methods

All of the systems were optimized by the ab initio methods

A" +H =HA (1) at the RHF (restricted Hartred=ock) level using the GAMESS
3 3 program. The optimization was performed to a gradient of

HA +A = AHA (2 0.0001 au/bohr (approximately 0.1 kcal mblA=2). In the

where A~ denotes the anionic base, HA is an acid conjugated calculations, the 6-3t+G** basis set was used. .
with base A, and AHA™ denotes a symmetric homocomplexed Equations 3_and 4 define the protonatwi«E(_)rm) and anionic
anion. These equilibria (egs 1 and 2) have been the main objectd'0MocoNjugationAEaua’) energies, respectively:

of our interests in this work.

In our previous papets2some experimental studies of aeid
base properties of the phergdhenolate systems in acetonitrile
and dimethyl sulfoxide were carried out. It was found that the
phenol and its derivatives have a high tendency toward ] ] )
hydrogen-bonding systems formation. This is of high importance WhereEana- is the energy of a homocomplexed anidia is
because they can be used to model the side-chain of tyrosinethe energy of the proton donor, aifigh- is the energy of the
which is one of the amino acids found in living systems. The Proton acceptor. ) . o
hydrogen-bond formation in side-chains of biomolecules can After optimization, translational, rotational, and vibrational
potentially stabilize the protein structure. energy contributions were calculated. Their values enabled one

The above-mentioned interesting features of the family of 0 check whether the stationary point found was a true minimum
organic proton donors prompted us to undertake investigations@nd to compute zero-point energy contributions (egs 5 and 6).
into their acid-base properties. By using ab initio methods, ~ The Gibbs free energies of protonatiakGyro, and anionic
energetic parameters (energies and Gibbs free energies) oflomoconjugationAGana-, were calculated from egs 5 and 6,
protonation and formation of the homocomplexed anions in 10 'espectively:
acid—base systems formed by phenol and its substituted
derivatives were determined in the gaseous phase at both th - o _ )
restricted HartreeFock (RHF) and the MgllerPlesset (MP2) A Coror = ABpror T Al pro” + PAVpr Tl(s"b’HA ;_
levels, including solvation effects within the polarizable con- _ _ 9
tinuum model (PCM). The following phenol derivatives were Sora) ~ Siva T Sora) ZR] ©)
studied (their abbreviations are in parentheses): unsubstituted
phenol (Phe), 2-methylphenol (2Me), 4-methylphenol (4Me), AGppa- = AEpya- + AEjp ana® T PAVppa- —

AE Eia — Ea 3)

prot =

ABEpin- = Eppa- — (Bya T En) (4)
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TABLE 1: Selected Geometric Parameters of Phenol and Its Derivative3,Their Anionic Bases, and Homoconjugated Anions
(Bond Lengths in A, Angles in deg] Calculated in the 6-3%+G** Basis Set

base acid homoconjugated anion
system d(C-0) d(C-0) d(O—-H) 0O(C—-0O—-H) d(O-0) d(C-0O) d(C-0) d(O—H)* O(C—O—-H) O(C—~QO>—0°-C°)
Phe 1.252 1.353 0.943 111.44 2.857 1.273 1.324 0.987 113.07 180.00
2Me 1.256 1.356 0.943 111.31 2.623 1.275 1.337 0.980 114.97 —153.20
4Me 1.254 1.355 0.943 111.35 2.585 1.276 1.326 0.987 112.83 —142.52
3NO, 1.247 1.348 0.943 111.98 2.550 1.272 1.320 0.990 113.14 —145.28
3Cl 1.247 1.349 0.943 111.61 2.570 1.270 1.320 0.988 113.19 —148.17
2CI 1.242 1.344 0.943 111.31 2.592 1.264 1.318 0.983 112.32 169.32
4ANG, 1.230 1.341 0.944 112.10 2.579 1.256 1.311 0.985 11341 —144.28
2,3(NG), 1.222 1.331 0.944 110.52 2.566 1.259 1.313 0.985 112.33 —153.95
25(NG), 1.222 1.329 0.944 111.36 2.612 1.242 1.316 0.975 111.64 —104.19
2,4(NGy), 1.215 1.322 0.945 111.46 2.609 1.235 1.305 0.976 113.58 —131.48

aPhenol derivative abbreviations: Phe, phenol; 2Me, 2-methylphenol; 4Me, 4-methylphenal; 3i@rophenol; 3Cl, 3-chlorophenol; 2Cl,
2-chlorophenol; 4NQ 4-nitrophenol; 2,3(Ng)., 2,3-dinitrophenol; 2,5(Ng)., 2,5-dinitrophenol; 2,4(Ng)., 2,4-dinitrophenol® Proton acceptor.
¢ Proton donor.

where AEipprot” and AE,in ana® are the differences between  correction, AEcompiex IS the interaction energy value without
the zero-point vibrational energies of the products and those of consideration of BSSE (calculated as the difference between
the substrates, respectivebis the pressure, andis the volume the energy of the complex and the sum of energies of the isolated
of a system under the assumption that it satisfies the ideal gassubunits A and B)Ecompie{A) and EcompieXB) are the energy
equation-of-state§o: andS;, are the rotational and vibrational values of complexes on the assumption that the orbitals of
entropies, respectively, and the tethR refers to translational molecules A and B are the so-called “ghost” orbif&landEa
degrees of freedom of the system. A temperature of 298 K andand Eg are the energy values of the A and B monomers,
a pressure of 1 atm were assumed in all calculations. respectively.

Subsequently, the perturbation theory was applied to further
improve the calculated electronic energies of protonation and Results and Discussion

formation of the homocomplexed anions at the MP2 (Mgatler .
Plesset) level? The effect of dynamic correlation was calculated In Table 1 are collec.ted selectgd g'eometrlc'para.me.ters of the
within a single iteration procedure for the structure optimized phe_no! and its substituted derlva_ltlves, theiranionic fo_rr_ns
at the RHF level®> Such a procedure was used due to the E)anlﬁnlgb;a_'ses%, g‘?d“”a' E‘ﬁrms (aC|d|s), agd s_yste)m_ls_hst%mhzed
: . y the O--H---O bridges (homocomplexed anions). The
;cr)]rc:ﬁ!se)xny of the systems considered (large molecules and bond lengths of the anionic bases range from 1.215 to 1.256 A,
To estimate the solvation contributions to the protonation and ?ngdzfzo:c}hf ;ggjxg?;e?hgcégzén;utt;ael rswgfncéiz)rr:hﬁei(ra?jngﬁigr?sm
homoconjugation energies, the polarizable continuum model : ’ Ap ’
(PCM) was applied. The PCM modekmploys a van der Waals the lengths of the €0 bonds are longer by 0.02 A as compared
" : L . to those in the corresponding anionic bases and are shorter by
surface type cavity and parametrizes the cavity/dispersion 0.02 A with respect to corresponding acids. The experimental

contributions on the basis of the surface area. In this model, 0 o . ;
the free energy of a solvated system is described by two termsValuez of the C-O bond for phenol in the gas phase is 1.375

where the first term represents the solute Hamiltonian, which * ™
is modified by the electric field of the solvent. The second term
includes both the solventolute stabilization energy and the
reversible work needed to polarize the solvent. The second term
is evaluated from the induced charges on the reaction field cavity
surface. In this model, the dielectric constant of acetonitrile was
assigned a valdé of 35.94. Calculations were carried out for S ; ;

sp® hybridization of the oxygen atom in this group. The

fixed geometries corresponding to the structures optimized in ) . .
9 P g P experimental vali@ of this angle for phenol is 108.80bserved

vacuo. ) o .
In systems consisting of at least two monomers (dimer or slight deviations of the calculated distances and angles from
higher complex), the calculated interaction energy is decreasedthobsi_tChatragtetr;?t'c_ for phenol are due to the presence of
due to the fact that the basis set of the complex formed is substituents in the ring. . .
The lengths of the ©-O hydrogen bridges in the complexed

artificially enlarged with respect to basis sets of the monomers. | b 2 42623 A thus indicati
This causes an error called the basis set superposition erro20NS vary etween 2.550 and 2.623 A, thus indicating strong

(BSSE). BSSE is estimated as the difference between thehydrogen bonding in the homoconjugated anions. These values

monomer energy values calculated in their basis sets and thedre similar to those pr_e\_/iously_ calgulat_ed in the 6-31G* basis
energy values of monomers calculated in the basis set of theSet for substituted pyridindl-oxides; which range from 2.51

complex!® The calculations were performed by using the t0 2.55 A. This ShO,WS .that in'th.e homocomplexed aniopg of
following general scheme (eqs 7) (they are analogous Whenphen_ol and its _derlvatlves, similar to the case of pyrldme
calculating Gibbs free energies): N-oxides, there is a strong symmetric hydrogen bonding. The
lengths of the hydrogen bridges depend on the type of
_ . substituents in the phenol ring. They are longer for 2Me, 2Cl,
ABgsse = ABcomprex ™ [EcompielA) + Ecompiel B)] + 2,5(NQy)2, and 2,4(NQ), derivatives than for unsubstituted
(Ex T Eg) (7) phenol. This phenomenon can be explained in terms of the so-
called ortho effect. In all cases, the—© bonds in the

where AEgsse denotes the interaction energy including BSSE homocomplexed anions are longer in proton acceptors by ca.

The lengths of the ©H bonds in neutral substituted phenols
calculated in the 6-3t+G** basis set are in the range 0.943
0.945 A. The experiment®l value obtained in the gas phase
for the O—H distance in phenol is 0.957 A, which is close to
those collected in Table 1. The angles between th€dEH
atoms in the acids range from 110.52 to 112, 18us revealing
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TABLE 2: Calculated Energies, AEyo(RHF), and Gibbs
Free Energies,AG,:(RHF), of Protonation at the RHF
Level, as well as MP2 AEo:(MP2), and PCM,
AGpi(PCM), Protonation Energies and Gibbs Free
Energies, Respectively, for Phenol Derivatives (kcal/mdl)

henol
de[;ivativeg AEpio RHF) AGpro RHF) AEpio{ MP2) AGpio PCM) SpKAN
Phe —354.15 —354.45 —356.07 —-56.53 25.74
2Me —355.16 —356.29 —356.90 —-59.77 26.25
4Me —356.16 —356.28 —357.26 —58.46 26.35
3NG; —339.30 —339.36 —340.27 —52.49 23.93
3Cl —346.06 —346.39 —348.33 —53.91 23.99
2Cl —345.36 —345.64 —348.13 —-51.71 23.08
4ANG;, —329.61 —329.99 —333.69 —-45.60 21.39

2,3(NO)2 —318.97 —321.02 —325.29 —39.35 17.87
2,5(NO)2 —321.78 —319.83 —328.09 —42.42 18.73

Figure 1. An example structure of the anionic homocomplex formed 2.4(NOy)> -311.28 -311.45 -317.81 —3486 16.33
by the 4-methylphenol (4Me) and stabilized by hydrogen bonding. The
dashed line denotes hydrogen bonding. a All calculations were carried out using the 6-8+G** basis set.

Experimental A" values in acetonitrile included for comparison [ref
0.02 A relative to those in the molecules of the corresponding 11]. ® Phenol derivative abbreviations: Phe, phenol; 2Me, 2-meth-
phenol derivatives. This is indicative of a strong affinity of the ylphenol; 4Me, 4-methylphenol; 3NO 3-nitrophenol; 3Cl, 3-chlo-
proton toward the oxygen of the-@ group. In the proton  rophenol; 2ClI, 2-chlorophenol; 4NO4-nitrophenol; 2,3(Ng),, 2,3-
donors, the lengths of the-@ bonds are only slightly shorter dinitrophenol; 2,5(N©)., 2,5-dinitrophenol; 2,4(Ng), 2,4-dinitrophenol.

- A . ¢ Data from ref 119 Experimental BN value for phenol in acetonitrile
(by approximately 0.02 A). Again, in the case of homoconju- s calculated from the following equationKgN = 1.55K W +

gated anions, the ©H bonds are significantly longer than those  10.27, which was taken from ref 11, whery was taken as 9.98
in the corresponding molecular acids conjugated with anionic from ref 19.

bases. In each system, the difference oscillates around 0.04 A.
On this basis, it can be anticipated that there is a possibility of methyl and chloro derivatives are about 10 units of magnitude
free proton transfer (or through a very low-energy barrier) from higher than those for nitro derivatives. The protonation energies
the proton donor to proton acceptor as it was observed in theof the nitro derivatives obtained by the MP2 method range
case of the homocomplexed pyridiNeoxide catior? Moreover, between—317.81 and-340.27 kcal mot!, whereas those for
the angle between the-@—H atoms in the molecules of the  the methyl and chloro derivatives range from848.13 to
proton donors undergoes deformation. In the homocomplexed —357.26 kcal mot?, thus being 8 39 kcal mot* higher (taking
anions, it changes between 111.64 and 11%.9hereas the  into account their absolute values). Thiéf)' values show a
experimental valu# of that angle in phenol is 108.8Examina-  similar tendency. For the 2-methyl and 4-methyl phenol
tion of dihedral angles between the-O—0O—C atoms, where derivatives, the experimentaKp values determined in aceto-
the first C-O atoms belong to proton acceptors and the next hitrile are 26.25 and 26.35 for 2-methyl and 4-methyl, respec-
two belong to proton donors, shows that the homocomplexed tively, whereas for the dinitro compounds they are abouk9 p
anions are not coplanar; that is, the proton donor and proton units lower.
acceptor do not lie in one plane (Figure 1). These angles range Further, a closer look at Table 2 shows that both the calculated
from 104.19 to 180.00 It can also be seen that the more the and the experimental values change in the same direction. On
angle deviates from linearity (180 deg), the longer is the@ this basis, an attempt was made to establish linear correlations
bridge and the weaker is the hydrogen bonding. The deviation between the K" values and the calculatedEpoRHF),
from the linearity depends on the type of substituent in the AGpro RHF), andAEy(MP2) values in the gas phase, on one
phenol ring. The ideal planar position can be observed for the hand, and theAGp(PCM) values accounting for solvation
homocomplexed system formed by unsubstituted phenol. Ac- effects, on the other hand. The correlations can be represented
cordingly, the formation energies of the homocomplexed cations as the following linear functions (wher@ is the correlation
formed by the substituted 4-nitropyridiné-oxides are likely ~ coefficient):
to decline in the same directidn.

Table 2 lists protonation energieSEpo, determined at the pK /N = —0.22(0.01ME,, (RHF) — 51.47(4.47)
RHF and MP2 levels and Gibbs free energia§;.;, deter- R=—0.986 (8)
mined at the RHF level, as well as within the PCM model
accounting for interactions with the solvent. For the sake of pKaAN = —0.22(0.0ING,,,(RHF) — 50.70(4.82)
comparison, KN constants determined by potentiometric P R= —0.983
mpart o . =—0.983 (9)
titration in acetonitrilé! representing polar nonaqueous solvents
are also included in this table. The phenol and its methyl and
chloro derivatives display higher absolute values of the proto- pKaAN = —0.25(0.020E prot(MPz) — 61.91(6.66)
nation energies than the nitro derivatives. This means that the R=-0.976 (10)
anions of phenol and its methyl derivatives are stronger bases
than the mono and dinitro and, consequently, the conjugate pK,"\ = —0.42(0.02MG,,,(PCM) + 1.57(0.89)
phenols should have higheKpvalues. Their increased basicity R=-0.994 (11)
can be explained by the fact that the methyl group has electron-
donor tendency, which increases electron density on the oxygenAn example plot is shown in Figure 2, wher&HN is plotted
atom in OH group. Consequently, the probability of proton againstAGy{PCM). The relatively highR-values reveal a
dissociation from the OH group is lower. Comparison of the strong correlation between the acidities of the phenol and its
calculated and experimentakgN values seems to support this  derivatives studied in vacuo and those determined in solution.
hypothesis. The experimentaKgN values for phenol and its  Similar correlations were established previously for monosub-
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TABLE 3: Calculated Energies, AEaqa-(RHF), and Gibbs
284 Free Energies,AGapa- (RHF), of Protonation at the RHF
! Level, as well as MP2 AEaua-(MP2), and PCM, AGapa-
26 (PCM), Homoconjugation Energies and Gibbs Free Energies,
Respectively, for Phenol and Its Derivatives (kcal/mof)
24 phenol AEAHA'(RHF) AGAHA'(RHF) AEAHA' AGAHA' C|Og
derivative8 (BSSE) (BSSE) (MP2) (PCM) Kapa®N
224 Phe —22.10 —11.48 —28.79 —6.80 4.80
Z. (—=21.77) 11.11)
A 2Me —18.27 -7.37 —26.94 -391 3.42
20 (—18.27) 6.44)
= 4Me —22.07 —10.07 —28.71 —6.63 3.02
184 25(NO), (—21.46) 9.39)
| 23(NO), 3NO, —25.39 —13.60 —32.57 —7.58 4.33
2ANO,), (—24.88) ¢13.17)
16 3Cl —23.65 —10.24 —30.56 —6.58 3.27
(—23.11) (10.18)
14 — 2cl —23.28 -13.94 —30.87 —-6.32 2.88
-65 -60 -55 -50 -45 -40 35 (—23.14) 13.80)
AG, (PCM) [keal/mol] 4ANO, —24.77 -1294 —3135 -7.02 361
e (—24.77) 12.93)
Figure 2. Plot of pKAV againstAGpo{PCM) for phenol and its 2,3(NOy)2 —23.09 -9.76 —390.36 —12.84 4.12
derivatives studied. The abbreviations for the systems are given in the (—19.61) 7.57)
graph. 2,5(NOy)2 —27.60 —13.96 —37.01 —10.20 2.65
(—23.97) 10.31)
;: R _Avi 7 D ot 2,4(NOy)2 —22.57 —11.47 —32.99 —4.47 2.26
stituted pyridineN-oxide$” and pyridine derivative$lt should (—22.5) C11.42)

be noted that the quality of these correlations does not increase
significantly upon going from the RHF to the MP2 level. This 2 All calculations were carried out using the 6-3+G** basis set.

; i ; Experimental logKana®N values in acetonitrile were included for
means that even the relatively cheap ab initio calculations comparison [refs 11 and 21]. In parentheses were included BSSE

accomplished at the RHF level enable prediction of the SequenceenergiesP Phenol derivative abbreviations: Phe, phenol; 2Me, 2-me-

of acidity constants of the phenol derivatives in polar organic hyinhenol; 4Me, 4-methylphenol; 3NQ3-nitrophenol; 3CI, 3-chlo-
solvents. The best correlation coefficient was determined after rophenol; 2CI, 2-chlorophenol; 4NQ4-nitrophenol; 2,3(Ng),, 2,3-
consideration of the solvation effects within the PCM model. dinitrophenol; 2,5(NG),, 2,5-dinitrophenol; 2,4(Ng),, 2,4-dinitrophenol.
The correlation coefficient waR = 0.994 (eq 11). ¢ Data from ref 11.<Experimental IogKAHA-f\N value for phenol in
The energies and Gibbs free energies of formation of the acetonltrlleA\’gvas calculatgd from the following equation: %A,AN
homocomplexed anions calculated at both levels, as well as aftert_algéﬁ%g;? Ta_blié& which was taken from ref 11, wher 8" was
considering solvation effects within the PCM model in aceto- '
nitrile, are collected in Table 3. In the t.ablt.a, there are also value§ protonation energies\Eyro, and Gibbs free energieAGoro
gglr(]:ugfdeztotre(gggéfvﬁhaeﬂesrtrcg:gs;d;ninn?;gitbg?e;gggpgﬁ'bf the ;u_bstituted phenqls studieq gorrelatg well with the acid
. . X . dissociation constants in acetonitrile solutions (expressed as
energetic parameters is seen for the disubstituted compounds, KN values)
For the sake of comparison, also included are logarithms of the Pra '

.. . . . The introduction of solvation effects in the PCM model
anionic homoconjugation constant values of phenol and its improves the correlation between the calculated protonation
derivatives (logkapa#N) determined in acetonitrité2! solu- P P

tions. Similarly to the case of the protonation reactions, an energies (Gibbs free engrgles) anq Fhe experimekiipvalues
. of substituted phenols in acetonitrile.
attempt was made to correlate energetic parameters of the The variation of the anionic homoconiugation constants on
anionic homoconjugation with experimental anionic homocon- " mv flrr’ln d by oh nII Ind its d rivJutgi]v : nd coniugated
jugation constants in acetonitrile. After consideration of all of Eys N iﬁ OI ren ny phenol a v ni € tiitr(ials a n ;0 Jru%?f d
the derivatives, the correlation coefficients were very low, ases In poiar nonagueous solvent aceto € can be predicte
on the basis of energies and Gibbs free energies calculated by

ranging between 0.1 and 0.4. Rejection of three or more points o . .
from the correlation improved the coefficients significantly, but }23) Zt::ér&tjlgtmethods, assuming that the BSSE effect is taken

from the statistical point of view it is forbidden and such results
are doubtful. It can thus be concluded that there are not even Acknowledgment. The Polish Scientific Research Counci

weak linear correlations for the phenol and substituted phenol ) )
derivatives between the calculated energetic parameters of the/nder grants 7 T09A 160 21 and DS/8231-4-0097-4 financially

anionic homoconjugation calculated in the gas phase, or af,[ersupporteo.l this work. All calculations were carried out using the
the inclusion solvent effect and experimentally derived constants computatlon resources of the Informat|or] Center of the Met-
of this equilibrium determined in acetonitrile ropollt_an_ A_cademlc Netwqu (Cl TASK) in (_Bdah and the
’ Interdisciplinary Mathematical Center (ICM) in Warsaw.
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