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Keto—enol tautomeric interconversions and variations ofsthelectron distribution were studied for 11
isolated monohydroxyarenes at the DFT(B3LYP)/6-83X5(2df,2p) level. For two monohydroxyarenes
(phenol and 9-anthrol), the PCM model of solvation (water) was also applied to the DFT geometries.
The geometry-based HOMA index was applied to estimagdectron delocalization in the keto and enol
tautomeric forms. Thermodynamic parameters of tautomeric interconverddis AGr, TASr, pKr)

were calculated to estimate relative stabilities of individual tautomers and their percentage contents in
the tautomeric mixtures. In almost all cases, the aromatic enol forms are strongly favored. An exception
is 9-anthrol, which prefers its keto form. The resonance stabilization of this form comes from the central
ring. Generally, aromaticity is the main factor that influences tautomeric equilibria in monohydroxyarenes.
Hydration effect is considerably smaller and it does not change the tautomeric preference.

Introduction OH 0]
H
It is well-known that monohydroxyarenes, classical examples H\& _— %
of aromatic systems containing omxoOH group, display H
keto—enol tautomerism similar to that observed in aliphatic
open-chain and cyclic keteenol systems:3 During tautomeric enol keto
interconversion, a proton is transferred from one conjugated site
to the other conjugated site (i.e., from t&eoOH group to the For the majority of cyclic and acyclic aliphatic derivatives,

ring carbon atom in the enol form or from the ring carbon to the keto forms are favored, whereas monohydroxyarenes
the exaO-carbonyl atom in the keto form), and the migration prefer the enol form32 Only in some substituted and condensed
of  electrons takes place in parallel. phenols may this behavior be different due to additional internal
effects, such as stabilities of functionalities, substituent effects,

oo — exceptionals-electron delocalization, and intramolecular H
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m-electron system, which is not aromatic as a whole but may systems (e.g., malonaldehyde and acetylacetone) able to form
contain an aromatic part. a quasi ring built of ther-electron chain wh a H bond
These differences in the tautomeric preferences for aliphatic involved?!214we also investigated the solvation (water) effect
and aromatic systems are usually discussed using energies oPn tautomeric equilibria for two monohydroxyarenes (phenol
tautomerization (or tautomeric equilibrium constants), which and 9-anthrol) for which some experimental data are available.
qualitatively describe the relative stabilities of individual A number of methods have been proposed in the literature
tautomers in tautomeric mixtures. High stability and preference for modeling solute-solvent interactions by computatiots.
of one tautomeric form in phenols are often explained by Generally, two principal strategies are used: classical ensemble
m-electron delocalization in the aromatic system. Katritzky and treatments and quantum chemical continuum models. The
co-workers showed that the aromatic stabilization energy (25 classical treatments are mainly represented by molecular
+ 5 kcal mol?) of unsubstituted phenol (enol form) is dynamics simulation¥ Monte Carlo statistical methodéfree
considerably higher than the energy of tautomeric interconver- energy perturbationi$,and Langevin dipole model8 Currently,
sion from the enol to the keto form (18 3.5 kcal mot?).6 these methods are standard tools for investigations of biomol-
The aim of this paper is to analyze the variatiomedlectron ~ ecules?® The quantum chemical approaches are based on the
distribution during the keteenol tautomerism in various  Onsanger reaction field theofyThey are incorporated into the
monohydroxyarenes, such as unsubstituted phenol, 1- andab initio schemes as self-consistent reaction field models.
2-naphthols, 1-, 2-, and 9-anthrols, and 1-, 2-, 3-, 4-, and Included among them are the simplest reaction field model,

O&miatowski et al.

9-phenanthrols. For our analysis, the HOMA index (Harmonic
Oscillator Model of Aromaticity) was selected and applied to
geometrical parameters calculated (Gaussia# fa)isolated
tautomers using the DFT(B3LYP) method and the 6-B1 G-
(2df,2p) basis sétThe DFT method with the B3LYP functional
has been successfully applied to study the ke&ftool tautom-

which uses a spherical cavity.The model is based on the
methodology developed by Rivail, Rinaldi, and co-workrs,
which uses an ellipsoidal cavity, the polarizable continuum
model (PCM) developed by Tomasi and co-workikd,24and

(12) Reichardt, CSobents and Sekent Effects in Organic Chemistry

erism in acyclic systems, and it has been shown recently that3rd ed.; Wiley-VCH: Weinheim, Germany, 2002 and references therein.

the computed energy of tautomerization is even in better

agreement with the experimental one than that estimated at th
G1 and G2 level$? The HOMA index is the geometry-based

measure ofr-electron delocalization recommended by Schley-
el as an upright measure of aromaticity. Among various

descriptors of aromaticity (geometric, energetic, and magnetic)

proposed in the literature, the HOMA index describes the
mr-electron delocalization in tautomeric systems (both cyclic and
acyclic) very well® Transition states of the tautomerization
processes were not considered here.

Because it is well-known that tautomeric equilibria are
strongly dependent on solvent polarity for cyclic hydroxypyri-
dine/pyridoné2.13as well as for acyclic keteenol tautomeric

(6) (a) Cook, M. J.; Katritzky, A. R.; Linda, P.; Tack, R. Detrahedron
Lett. 1972 49, 5019. (b) Katritzky, A. R.; Jug, K.; Oniciu, D. CChem.
Rev. 2001, 101, 1421. (c) Balaban, A. T.; Oniciu, D. C.; Katritzky, A. R.
Chem. Re. 2004 104, 2777.

(7) () Krygowski, T. M.J. Chem. Inf. Comput. Sc1993 33, 70. (b)
Krygowski, T. M.; Cyrdski, M. K. Tetrahedron1996 52, 1713. (c)
Krygowski, T. M.; Cyrdrski, M. K. Chem. Re. 2001, 101, 1385

(8) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin, K.
N.; Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone, V.;
Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A.;
Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.;
Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; Li,
X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Bakken, V.; Adamo, C.;
Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.;
Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.;
Voth, G. A.; Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich,
S.; Daniels, A. D.; Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A.
D.; Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A.
G.; Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A,;
Piskorz, P.; Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham,
M. A.; Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.;
Johnson, B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, Hdussian
03, revision B.05; Gaussian, Inc.: Pittsburgh, PA, 2003.

(9) (@) Parr, R.; Yang, WDensity Functional Theory of Atoms and
Molecules Oxford University Press: New York, 1989. (b) Hehre, W. J.;
Radom, L.; Schleyer, P. v. R.; Pople, J. Ab initio Molecular Orbital
Theory Wiley: New York, 1986.

(10) Rodfguez-Santiago, L.; Vendrell, O.; Tejero, |.; Sodupe, M.;
Bertran, J.Chem. Phys. Let001, 334, 112.

(11) Schleyer, P. v. RChem. Re. 2001, 101, 1115.
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(13) (a) Elguero, J.; Marzin, C.; Katritzky, A. R.; Linda, P. The
Tautomerism of HeterocycleAdvances in Heterocyclic Chemistry, Supple-

Gment 1 Academic Press: New York, 1976 and references therein. (b)

Hatherley, L. D.; Brown, R. D.; Godfrey, P. D.; Pierlot, A. P.; Caminati,
W.; Damiani, D.; Melandri, S.; Favero, L. B. Phys. Cheml993 97, 46.
(c) Kwiatkowski, J. S.; Leszczynski, J. Mol. Struct.1994 312 201. (d)
Matsuda, Y.; Ebata, T.; Mikami, NJ. Chem. Phys200Q 113 573. (e)
Mduller, A.; Talbot, F.; Leutwyler, SJ. Chem. Phys2001, 115 5192. (f)
Abdulla, H. I.; EI-Bermani, M. FSpectrochim. Acta, Part 2001, 57, 2659.

(14) (a) Briegleb, G.; Strohmeier, WAngew. Cheml952 64, 409. (b)
Rogers, M. T.; Burdett, J. L1. Am. Chem. Sod964 86, 2105. (c) Rogers,
M. T.; Burdett, J. L.Can. J. Chem1965 43, 1516. (d) George, W. O.;
Mansel, V. G.J. Chem. Soc. B968 132. (e) Koltsov, A. |.; Kheifets, G.
M. Russ. Chem. Re (Engl. Transl.)1971, 40, 773. (f) Boyarchuk, Y.;
Yershov, B. A.; Koltsov, A. |.; Noy, R. SZh. Org. Khim.1975 11, 2621.
(g) Drexler, E. J.; Field, K. WJ. Chem. Educ1976 53, 392. (h) Rowe,
W. S, Jr.; Duerst, R. W.; Wilson, E. B. Am. Chem. Sod976 98, 4021.

(i) Turner, P.; Baughcum, S. L.; Coy, S. L.; Smith, Z.Am. Chem. Soc.
1984 106, 2265. (j) Firth, D. W.; Beyer, K.; Dvorak, M. A.; Reeve, S. W.;
Grushow, A.; Leopold, K. RJ. Chem. Physl992 96, 10659. (k) Chiavassa,
T.; Verlaque, P.; Pizzala, L.; Allouche, A.; Roubin,P Phys. Chenl993
97,5917. (I) Bauer, S. H.; Wilcox, C. Ehem. Phys. Letfl997, 279, 122.
(m) Sobczyk, L.; Grabowski, S. J.; Krygowski, T. KChem. Re. 2005
105 3513.

(15) (a) Cramer, C. J.; Truhlar, D. Gtructure and Reaetity in Aqueous
Solution American Chemical Society: Washington, DC, 1994; Vol. 568.
(b) Tomasi, J.; Persico, MChem. Re. 1994 94, 2027. (c) Simkin, B. Y.;
Sheikhet, I. I. InQuantum Chemical and Statistical Theory of Solutions: a
Computational ApproaciKemp, T. J., Ed.; Ellis Horwood, Ltd., 1995. (d)
Allen, M. P.; Tildesley, D. JComputer Simulation of Liquid<larendon
Press: Oxford, 1996. (e) Leech, A. Rolecular Modelling Principles and
Applications Addison-Wesley Longman, Ltd.: London, 1996. (f) Cramer,
C. J.; Truhlar, D. G. IrSobent Effects and Chemical Reagéty; Tapia, O.,
Bertran J., Eds.; Kluwer: Dordrecht, The Netherlands, 1996; p 1. (g) Cramer,
C. J.; Truhlar, D. GChem. Re. 1999 99, 2161. (h) Tomasi, J.; Mennucci,
B.; Cammi, R.Chem. Re. 2005 105, 2999.

(16) (a) McCammon, J. A.; Karplus, Minnu. Re. Phys. Chem198Q
31, 29. (b) Warshel, AProc. Natl. Acad. Sci. U.S.AL984 81, 58. (c)
Wong, C. F.; McCammon, J. Al. Am. Chem. S0d.986 108 3830. (d)
Haile, J. M. Molecular Dynamics Simulatiorwiley-Interscience: New
York, 1992.

(17) Jorgensen, W. L.; Ravimohan, &€.Chem. Phys1985 83, 3050.

(18) (a) Bash, P. A;; Singh, U. C.; Langridge, R.; Kollman, PS&ience
1987, 236, 564. (b) Beveridge, D. L.; DiCapua, F. Mnnu. Re. Biophys.
Biophys. Chenil989 18, 431. (c) Jorgensen, W. L.; Buckner, J.X Phys.
Chem.1987, 91, 6083.

(19) (a) Warshel, A.; Levitt, MJ. Mol. Biol. 1976 103 227. (b) Warshel,
A. J. Phys. Chem1979 83, 1640. (c) Russell, S. T.; Warshel, A. Mol.
Biol. 1985 185 389. (d) Warshel, A.; Russell, S. Q. Re. Biol. 1984
17, 283. (e) Floria, J.; Warshel, AJ. Phys. Chem. B997 101, 5583.
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its modified versions isodensity PCM and self-consistent revealed that the geometric index (HOMA) describes the
isodensity PCM? which use the solute cavity defined by a set z-electron delocalization in both acyclic and cyclic systems very
of overlapping spherical atoms having an approximate radii (e.g., well.> The magnetic parameter (NICS, nucleus-independent
20% greater than the standard van der Waals #®diThe chemical shift) can mostly be applied to cyclicelectron

surface potential can be calculated by numerical or analytical systems. In acyclic as well as in cyclic tautomeric systems closed

differentiation, and solutesolvent interactions take a mutual

by an intramolecular H bond, the NICS index seems not to

polarization of solute and solvent into account in a self- distinguishr-electron delocalization. Among various energetic
consistent way. All these methods model the solvent as acriteria, the energy of tautomerizationEr or AGr) and the
continuum of the dielectric constant. The quantum chemical tautomeric equilibrium constantg) give information not only
methods may be used for small molecules and for large apout tautomeric preferences in the tautomeric mixture but also
complexes. For our analysis of hydration effect on tautomeric gpout the differences in the stabilities of tautomeric forms. They
equilibria in monohydroxyarenes, we chose the PCM method, gre thus related to changes inelectron delocalization in

which has been successfully applied for tautomeric systéms.

We used the recent version of the PCM métie(with the

individual tautomers. For this reason, we chose the HOMA index
and the thermodynamic parameters of tautomeric interconversion

default values of the scaled van der Waals radii of the constituentto describe the relation between tautomeric equilibria and

atoms), implemented for a variety of the quantum-chemical

methods (including DFT) in the Gaussian 03 progfam.

Results and Discussion

Geometry-Based HOMA Index.To describe quantitatively
ther-electron delocalization in various-electron systems and

to define their aromatic nature, numerous theories were formu-

lated. Various numerical measuresoélectron delocalization

(classified as geometric, energetic, and magnetic indices of

aromaticity) were propose@27-26An analysis of the relations
between these descriptors afelectron delocalization and

tautomeric equilibria in selected acyclic and cyclic systems

(20) (a) Warshel, A.Computer Modelling of Chemical Reactions in
Enzymes and Solutiondohn Wiley & Sons: New York, 1991. (b) van
Gunsteren, W. F.; Berendsen, H. J.Ahgew. Chem., Int. Ed. Endl99Q
29, 992. (c) Boresch, S.; Karplus, M. Mol. Biol. 1995 254, 801. (d)
Tomasi, J.; Mennucci, B.; Cammi, R.; Cossi, M. Bomputational
Approaches to Biochemical Readty; Naray-SzaboG., Warshel, A., Eds.;

Kluwer Academic Publishers: Dordrecht, The Netherlands, 1997; p 1. (e)

Hansson, T.; Oostenbrink, C.; van Gunsteren, WCEtr. Opin. Struct.
Biol. 2002 12, 190.

(21) Onsager, LJ. Am. Chem. S0d.936 58, 1486.

(22) (a) Wong, M. W.; Wiberg, K. B.; Firsch, M. J. Chem. Physl991,
95, 8991. (b) Wong, M. W.; Firsch, M. J.; Wiberg, K. B. Am. Chem.
Soc.1991 113 4776. (c) Wong, M. W.; Wiberg, K. B.; Firsch, M. J.
Am. Chem. S0d.992 114, 523. (d) Wong, M. W.; Wiberg, K. B.; Firsch,
M. J.J. Am. Chem. S0d.992 114, 1645.

(23) (a) Rinaldi, DComput. Chen1982 6, 155. (b) Rivail, J.-L.; Terryn,
B. J. Chim. Phys. Phys.-Chim. Bidl982 79, 1. (c) Rinaldi, D.; Ruiz-
Lopez, M. F.; Rivail, J.-LJ. Chem. Phys1983 78, 834. (d) Chipot, C.;
Rinaldi, D.; Rivail, J.-L.Chem. Phys. Letl992 191, 287. (e) Rinaldi, D.;
Rivail, J.-L.; Rguini, N.J. Comput. Cheml992 13, 675.

(24) (a) Miertds S.; Scrocco, E.; Tomasi, Chem. Phys1981, 55, 117.
(b) Miertu§ S.; Tomasi, JChem. Phys1982 65, 239. (c) Tomasi, J.;
Bonaccorsi, R.; Cammi, R.; Valle, F. J. O.1d.Mol. Struct.: THEOCHEM
1991 234, 401. (d) Tomasi, J.; Bonaccorsi, Rroat. Chem. Acta 992
65, 29. () Cammi, R.; Tomasi, J. Comput. Chem1995 16, 1449. (f)
Cossi, M.; Barone, V.; Cammi, R.; Tomasi,Chem. Phys. Letf.996 255
327. (g) Pomelli, C. S.; Tomasi, Theor. Chem. Accl997 96, 39. (h)
Mineva, T.; Russo, N.; Sicilia, El. Comput. Chenm.998 19, 290. (i) Cossi,
M.; Scalmani, G.; Rega, N.; Barone, Y. Chem. Phys2002 117, 43.

(25) Foresman, J. B.; Keith, T. A.; Wiberg, K. B.; Snoonian, J.; Frisch,
M. J.J. Phys. Chem1996 100, 16098.

(26) (a) Szafran, M.; Karelson, M. M.; Katritzky, A. R.; Koput, J.; Zerner,
M. C. J. Comput. Cheml993 14, 371. (b) Szarecka, A.; Rychlewski, J.;
Rychlewska, UComput. Methods Sci. Technd99§ 4, 25. (c) Pomelli,
C. S.; Tomasi, 1. Mol. Struct.: THEOCHEM 998 433 151. (d) Podolyan,
Y.; Grob, L.; Blue, A.; Leszczynski, J. Mol. Struct.: THEOCHENM2001,
549 101. (e) Darowska, M.; Raczgka, E. D.Pol. J. Chem2002 76,
1027. (f) Buemi, G.Chem. Phys2002 277, 241. (g) Raczyska, E. D.;
Darowska, M.; Cyraski, M. K.; Makowski, M.; Rudka, T.; Gal, J.-F.; Maria,
P.-C.J. Phys. Org. ChenR003 16, 783. (h) Ebead, Y.; Widewska, A.;
Krzymihski, K.; Rak, J.; Btagjowski J.J. Phys. Org. Chen2005 18, 870.
(i) Alparone, A.; Millefiori, A.; Millefiori, S. Chem. Phys2005 312, 261.

(27) Cyrdrski, M. K. Chem. Re. 2005 105 3773 and references therein.

s-electron delocalization in various monohydroxyarenes.

The geometry-based HOMA indéwas defined using bond
lengths as shown by eq 1, wherés the number of bonds taken
into accountp is a normalization constarfR is the optimum
bond length assumed for a full electron delocalized system, and
R (i =1, 2, ...,n) are the real bond lengths; HOM#A 1 for
the system with all bonds equal to the optimal values (with
complete w-electron delocalization) and HOMA< O for
nonaromatic and anti-aromatic (nondelocalized) systems. In
tautomeric systems, where a proton is transferred from &n sp
to an s atom, the negative values of HOMA result most often
from the fact that in such cases double bonds are substantially
shorter and the single bonds are substantially longer than those
that were used for reference bonds in the procedure drghe
estimation’

HOMA =1 — a/nS(R, — R)? 1)

For all monohydroxyarenes, the total HOMA index for the
whole molecule was used in two ways. First, when all bonds
CC and CO were taken into account in the calculation,
irrespective of the hybridization state of the ring carbon atom
(that was bound to two hydrogen atoms ()}or of the oxygen
atom in theexaOH group. Second, when the bonds with atoms
in an sg state of hybridization are not taken into account (e.g.,
oxygen-sp in the OH group of the enol form and ring carbon-
sp? in the keto form). This was labeled as HOMA#spThe
total HOMA(s®) values are given in parentheses in all schemes.
The partial HOMA indices were also calculated for individual
rings of all tautomers.

Unsubstituted Phenol.For unsubstituted phenol {R three
intramolecular proton transfers corresponding to the ketwl
interconversions are possible (Scheme 1), two 1,3- and one 1,5-
proton shifts. They lead to two identical 2,4-cyclohexadienones
(P, and R) and one 2,5-cyclohexadienones)Prespectively.
Katritzky and co-worker§2 considering 2,4-cyclohexadienone
for the keto form and using the tautomeric equilibrium constants
for the enolization process in this form and additionally in
cyclohexanone in aqueous solutioiK{p= —9.5+ 2.5 and 5.4
+ 0.4, respectively), estimated the aromatic resonance energy
difference between tautomeric forms of phenol. The value

(28) (a) Schleyer, P. v. R.; Maerker, C.; Dransfeld, A.; Jiao, H.; Hommes,
N. J. R. v. EJ. Am. Chem. S0d.996 118 6317. (b) Chen, Z.; Wannere,
C. S.; Corminboeuf, C.; Puchta, R.; Schleyer, P. vORem. Re. 2005
105, 3842 and references therein.
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SCHEME 1. Tautomeric Equilibria in Unsubstituted
Phenol and HOMA Indices Estimated at the
DFT(B3LYP)6-311++G(2df,2p) Level for the Whole Keto
and Enol Forms?

OH

0.768
0.997)

s .

%+=-
AN | 0 F
e
Py

aThe estimates include C-5@and O-sp atoms for the keto and enol
forms, respectively, and for the corresponding fragments without*@sp
the keto and O-spin the enol form (HOMA(sP) given in parenthesis).

(2

N

TABLE 1. Thermodynamic Parameters AEr, AGr, TASy, and
pKr) for the P, == P; Tautomeric Interconversions in Unsubstituted
Phenol (Scheme 1) and Percentage Contents of the Keto Forms (%
P)?2

equilibria  phase AEf™¢ AGrP¢ TASPC  pKr % R
Pi=P; gas 18.26 17.46 0.80 12.80 X101
Pr=P; 17.14 16.88 0.26 1237 #4101
P1=P, water  20.21 19.45 0.77 14.26 510713
P1=P;3 18.21 17.88 0.33 13.11 81012

O&miatowski et al.

Application of the PCM modét of solvation (water) to
geometries of the keto and enol forms of phenol optimized at
the DFT(B3LYP)/6-311+G(2df,2p) level confirmed the fact
that the keto forms (P-P,) have higher energies than the enol
form (Py) by 18-20 kcal mof! (Table 1). The PCM model
does not change the relative stabilities of the keto forms; 2,5-
cyclohexadienone @pis slightly more stable than 2,4-cyclo-
hexadienones ¢Rand R). The tautomeric equilibrium constant
estimated for 2,4-cyclohexadienore phenol enolization in
aqueous solution ¢r = —14) is almost the same as thak{p

= —13) found in the gas phase. Our PCM//DFT(B3LYP) results
are consistent with earlier estimations of Katritzky and co-
worker$?2as well as with the experiment of Capponi and &ut,
who generated 2,4-cyclohexadienone by flash photolysis and,
investigating the kinetics of the 2,4-cyclohexadienenphenol
enolization process in acidic and neutral aqueous solutions, they
found the equilibrium constantiy = —13 & 1) as being only
slightly greater than that estimated by Katritzky and co-workers.
All these observations indicate that from a physicochemical
point of view the keto forms of phenol could be neglected in
the tautomeric mixture. However, they are frequently invoked
as reactive intermediates in many reactions, such as the Reimer
Tiemann and Kolbe Schmitt reactions and electrophilic sub-
stitution?

Analysis of the total HOMA indices estimated for the DFT
geometries of the whole keto and enol tautomeric conjugated
systems, built of seven heavy atoms, six carbons, and one
oxygen, clearly shows that the transfer of the proton from the
exa-OH group to theende(ring)-carbon atom destroys aroma-
ticity of the ring and strongly destabilizes the keto form in

2 Calculated in the gas phase and in aqueous solution at the DFT(B3LYP)/ comparison to the enol one. The total HOMA indices are

6-311++G(2df,2p) and PCM//DFT(B3LYP)/6-31+G(2df,2p) levels,
respectively, at 298.15 K In kcal mot. ¢ Zero-point vibrational energy
is included. Scaled by the empirical factor of 0.9464.

obtained (254 5 kcal mol?) was close to that estimated for
simple aromatic hydrocarbons (360 kcal mot1).60.c.7¢27.29

this way, they confirmed quantitatively higher stability of phenol

(enol form) than its keto tautomers.

Our DFT calculations performed for isolated molecules

showed that the keto forms {PP,) have higher energies than
phenol (R) by 17—18 kcal mof! (Table 1), and among the
keto forms, 2,5-cyclohexadienones)Rs slightly more stable

than 2,4-cyclohexadienonesy(@nd R) in the gas phase. The

negative for the keto forms<(—0.5), whereas the total HOMA
index is positive for the enol form (0.768). lonization of the
system does not change this behaviomhe ionized system
(deprived of one electron) prefers the enol form (phenol)
similarly as the neutral one. As shown by Bouchoux and co-
workers33the energies of the ionized keto forms (radical cations
of 2,4- and 2,5-cyclohexadienones) are considerably larger than
that of the ionized enol form (radical cation of phenol) by more
than 30 kcal mot! at the B3LYP/6-31%+G(d,p) level. There

is also no particular change in the total HOMA indices estimated
for the B3LYP/6-31%+G(d,p) geometrie3 The total HOMA
indices are negative for the ionized keto forms, and they are
highly positive for the ionized enol form (0.703). This observa-

contributions of cyclohexadienones in the gaseous tautomeriction indicates how important aromaticity is in the system that

mixture are exceptionally smalk(L0~1%%). This observation

even ionization does not change significantly thelectron

is consistent with earlier literature HF, MP2, and B3LYP delocalization. It is important also to say that excluding bonds
results3® However, Shiner et af on the basis of measurements with sp® hybridized atoms raise up the HOMA®pindex
of the gas-phase acidities and the heats of formation of both significantly for all cases (the data in parentheses). Interestingly,
keto forms, suggested that the 2,4-cyclohexadienone is moreif the chain of conjugateet electrons is not branched {Bnd
stable than 2,5-cyclohexadienone by a few kilocalories per mole. P,), the HOMA(sp) index is significantly greater than that for

A similar situation was found in aqueous solution. Hydration another case ¢p. The NICS index calculated according to
effect on energies of tautomerization is considerably smaller Schleyer proceduf&for phenol (-10.79) is strongly negative,
(ca. -2 kcal mofl) than the aromatic resonance energy typically as that for other aromatic systems, whereas this index

difference between tautomeric forms (2% kcal moi),62and

is positive for the keto forms gRand R, +5.14 and B, +3.19),

thus, the tautomeric preference does not change in phenol.indicating only their loss of aromaticity.

(29) (a) Wheland, GResonance in Organic ChemistiWiley: New
York, 1955. (b) Schleyer, P. v. R.;"Rinofer, F.Org. Lett 2002 4, 2873.

(30) (a) Gadosy, T. A.; McClelland, R. A. Mol. Struct.: THEOCHEM
1996 369 1. (b) Santoro, D.; Louw, RJ. Chem. Soc., Perkin Trans. 2
2001, 645. (c) Zhu, L.; Bozzelli, J. WJ. Phys. Chem. 2003 107, 3696.

(31) Shiner, C. S.; Vorndam, P. E.; Kass, SJRAmM. Chem. S04986
108 5699.
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Naphthols. Naphthols (Scheme 2) containing two condensed
phenyl rings display intramolecular proton transfers (kegool

(32) Capponi, M.; Gut, I. WAngew. Chem., Int. Ed. Engl986 25,
344.

(33) Le, H. T.; Flammang, R.; Gerbaux, P.; Bouchoux, G.; Nguyen, M.
T. J. Phys. Chem. 2001, 105 11582.
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SCHEME 2. Tautomeric Equilibria in 1- (a) and 2-Naphthol (b) and HOMA Indices Estimated at the
DFT(B3LYP)6-311++G(2df,2p) Level for the Individual Rings and for the Whole Molecule of the Keto and Enol Form$
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aThe estimates include C-5pnd O-sp atoms for the keto and enol forms, respectively, and for the corresponding fragments withdlinGhgpketo
and O-sp in the enol form (HOMA(sP) given in parenthesis).

interconversions) similar to those in unsubstituted phenol In 2-naphthol (2N), the situation is analogous. Two 1,3- and
(Scheme 1). One difference is that teeoOH group may be one 1,5-proton shifts leading to three keto forms,22Ns, and
bonded to two different positions (1 and 2), and the proton of 2Ns, respectively, are similar to those in unsubstituted phenol.
this group may be shifted not only to the carbon atoms of the The proton of theexaOH group is transferred to the carbons
phenyl ring possessing the OH group but also to the carbon of the phenyl ring with this group. However, two other proton

atoms of the other condensed ring. transfers, 1,5- and 1,7-proton shifts leading to two additional
In 1-naphthol (1N), two 1,3- and one 1,5-proton shifts keto forms 2N and 2N, respectively, are typical for condensed
leading to three keto forms LN1Ns, and 1N, respectively, monohydroxyarenes. The proton of thexocOH group is

are similar to those in unsubstituted phenol. The proton of the transferred to the carbons of the condensed ring.
exaOH group is transferred to the carbons of the phenyl ring  Although the proton shifts are different in 1- and 2-naphthols,
containing this group. However, two other 1,5-proton shifts six tautomeric forms, one enol form, and five keto forms are

leading to two additional keto forms, ZMind 1N, are typical possible for both monohydroxyarenes. Among them, the enol
for condensed monohydroxyarenes. The proton ofetteOH forms (1IN and 2N) are favored (Table 2). However, both

group is transferred to the carbons of the condensed ring naphthols have slightly lower aromatic character (total HOMA
(without the OH group). 0.710 and 0.715, respectively, estimated for the whole tauto-

J. Org. ChemVol. 71, No. 10, 2006 3731
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TABLE 2. Thermodynamic Parameters AEr, AGr, TASy, and Anthrols. Anthrols contain three condensed phenyl rings and

pKTr)] for the Nld# N; Tautomeric Intercofnvr(‘ersmns in Naphtohols oneexcOH group. This group may be bonded to the ring carbon

(Se e_”_]e _2) and Percentage Contents of the Keto Forms (%N atom at three different positions: 1, 2, and 9. As derivatives of
equilibia  AEP®  AG"¢  TASPC  pKr % N monohydroxyarenes, anthrols display ketmnol interconver-
1INy = 1N, 8.93 8.23 0.71 6.03 910° sions similar to those in unsubstituted phenol and naphthols.
IN; = 1Ns 9.10 8.66 0.43 635 4 1022 The proton of theexoOH group may be shifted to the carbon
1N1: N, 33.04 31.98 1.06 2343 A 1020 atoms of the phenyl ring possessing this group or to those of
IN;=1Ns  29.97 29.46 0.51 2159 810" . .
IN;—=1Ns 37.00  36.67 0.33 26.88 & 1025 the other condensed rings. As shown earlier for naphthols, the
2N; = 2N, 9.11 7.98 1.13 585 %104 proton transfers from the OH group to the carbon atoms of the
2N;==2N;  29.36 28.27 1.08 2072 2 1012 condensed rings lead to nonaromatic and less-important keto
2N, ==2N,  28.22  27.80 043 2038 A10° forms. These forms may be neglected in tautomeric naphthols.
2N;==2Ns  30.26 29.34 0.92 2151 810 Taking this ob tion int " idered f throl
ONy=2Ne  41.40 40.95 0.46 3002 41072 aking this observation into account, we considered for anthrols

) only the proton transfers from the OH group to the carbons of
aCalculated in the gas phase at the DFT(B3LYP}/6-83#1G(2df,2p)

at 298.15 K. 2 In kcal molL. ¢ Zero-point vibrational energy is included. the phenyl rm_g containing this group, _that is, one 1,3- and one
Scaled by the empirical factor of 0.9464. 1,5-proton shift for 1-anthrol (14 leading to two keto forms

(1A2 and 1A, respectively), two 1,3-proton shifts for 2-anthrol

. . . (2A1) leading to two keto forms (2Aand 24A), and one 1,5-
meric conjugated system, built of 11 heavy atoms: 10 carbons, proton shift for 9-anthrol (94) leading to one keto form (9A.

and 1 oxygen) than unsubstituted phenol (total HOMA 0.768, T4,omeric equilibria selected in this way are given in Scheme
estimated in the analogous way). Similar behavior has been

observed for hydrocarbons. The HOMA index of naphthalene
(0.827) is lower than that of benzene (0.974)nterestingly,
excluding the CO bond (to OH group) increases the HOMA-
(sp) values for both 1N (0.831) and 2N (0.833) to the value

of HOMA for naphthalene itself. This follows the rule found
for monosubstituted benzenes that substituent effect on the
aromaticity of the ring is very wea¥.Again, in all these cases,
HOMA(sp?) values are higher than those for the calculation
carried out including sphybridized atoms (total HOMA).
Important to say is that HOMA(Zpvalues for whole molecules

DFT calculations show evidence that the enol forms (1A
and 2A) are favored only for the 1- and 2-anthrols (Table 3).
Both anthrols have slightly lower aromatic character than that
of unsubstituted phenol similar to what has been found for
naphthols. The total HOMA indices (0.677 and 0.665, respec-
tively) estimated for the whole tautomeric conjugated systems,
built of 15 heavy atoms: 14 carbons, and 1 oxygen, are smaller
than that of unsubstituted phenol (total HOMA, 0.768, estimated
in the analogous way). Similar behavior has been observed for
are the highest for cases in which one ring is of Kekule structure gyg;c‘)l():;’alcrbons. anthracene (HOMA, 0.710) and benzene (HOMA,
for benzene: 1B 1Nz and 2N, or the chain conjugated with o
carbonyl group is long as in JIN2Na. Similar to the case of naphthalene, the I_—IOMA?;[smlues

The difference in the aromatic character of the condensed fOr the systems with exclusion of ¥ybridized atoms are.
rings in naphthols and of the single ring in phenol may partially significantly _Iarger t_han those for the other ones. Again, in
explain why some nonaromatic keto forms, ;1ahd 1N of tautomers with a unit of naphthalene 4AAs, 2A;, 2As, and
1-naphthol and 2hof 2-naphthol, are more important in the ~With two benzene rings as in 9Athe HOMA(s) values are
tautomeric mixtures than the keto forms#P,, in tautomeric relatively high (HOMA(sg) > 0.4).

phenol. The percentage contents of,18IN;, and 2N (with It is also interesting to mention here that the percentage
total HOMA indices of—0.048, 0.010, and 0.001, respectively, contents of one keto form (2}is very small (1x 102%%).
estimated for the whole molecules) are higher than 10-5% This form may be neglected in tautomeric 2-anthrol. Negligible
(Table 2), whereas those of the keto forms;-Ps, of phenol percentage contents of 2Anay be explained by a strong
are smaller than k 10-1%% (Table 1). Interestingly, for these  decrease of the partial HOMA indices of each phenyl ring in
important keto forms of naphthols (2N1Ns, and 2N), the 2A; (partial HOMA close to zero or negative) in comparison

partial HOMA indices of the condensed phenyl rings (without to those in 2A (partial HOMA of 0.5-0.8). As described above,
the OH group) increase almost to unity (0.969, 0.980, and 0.980, similar behavior is observed for the keto forms of unsubstituted
respectively) in comparison to those in the enol forms (0.820 phenol (B—P4) and the less-important keto forms of naphthols
in 1N; and 0.827 in 2N). The high aromatic character of these (1Ns—1Ng and 2N,—2Ng). For other keto forms of 1- (1Aand
condensed rings seems to be sufficient to strongly increase thelAs) and 2-anthrol (24), only the phenyl rings with the O atom
percentage contents of iN1Ns;, and 2N in tautomeric lose their aromaticity (partial HOMA negative). The other
naphthols in comparison to those of-HP, in tautomeric phenol. condensed rings in 1LA1Asz, and 2A are highly aromatic. Their
The partial HOMA indices of the less-important keto forms partial HOMA indices increase to about 0.8 in comparison to
(IN;—1Ns and 2N—2Ng) estimated for the individual rings as ~ those of the enol forms 1Aand 2A. This increase of
well as for the whole naphthol molecules are negative or close aromaticity of the condensed rings in the keto forms,148,,
to zero, indicating high localization of electrons (Scheme 2).  and 2A may explain their particularly high percentage contents
Their percentage contents (ranging fromx110728% to 5 x (>1 x 107%%) in the tautomeric mixtures. However, this is
10-1%%) are even smaller than those of the keto forms of phenol insufficient to change the tautomeric preferences in 1- and
P,—P, (ca. -3 x 10-11%). This means that from the physi- 2-anthrols from the enol to the keto forms.
cochemical point of view the nonaromatic less-important keto  Quite a different situation takes place in 9-anthrol. Although
forms of naphthols (1-1Ns and 2N—2Ne) can be neglected its enol form (94) has aromatic character (total HOMA of

in the tautomeric mixtures. 0.674, estimated for the whole molecule) similar to those of
the other anthrols, the less aromatic keto form @étal HOMA
(34) Krygowski, T. M.; Steien, B. T. Pol. J. Chem2004 68, 2213. of 0.262, estimated in similar way) predominates in the
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SCHEME 3. Tautomeric Equilibria in 1- (a), 2- (b), and
9-Anthrol (c), Limited to the Phenyl Ring Containing the
exo-OH Group, and HOMA Indices Estimated at the
DFT(B3LYP)6-311++G(2df,2p) Level for the Individual
Rings and for the Whole Molecule of the Keto and Enol
Forms?
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aThe estimates include C-5@and O-sp atoms for the keto and enol
forms, respectively, and for the corresponding fragments without3@sp
the keto and O-spin the enol form (HOMA(sP) given in parenthesis).
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TABLE 3. Thermodynamic Parameters AEt, AGr, TASr, and
pKr) for the A1 == A; Tautomeric Interconversions in Anthrols
(Scheme 3) and Percentage Contents of the Keto Forms (%A

equilibria  phase AEfP¢ AGP¢ TASHPC  pKr % A

1A;=1A; gas 5.19 4.49 0.71 3.29 %1072
1A =1A3 6.22 5.72 0.50 419 &10°3
2A1=2A; 5.42 4.58 0.85 3.36 41072
2A; = 2A3 3433 32.73 1.60 2399 %102
9A1 = 9A; —3.88 —4.23 035 —3.10 99.9

9A;=9A; water —2.17 -2.61 045 —-191 9838

aCalculated at 298.15 K in the gas phase at the DFT(B3LYP)/6-
311++G(2df,2p) level and also in aqueous solution for 9-anthrol at the
PCM//DFT(B3LYP)/6-31#+G(2df,2p) level ? In kcal mol. ¢ Zero-point
vibrational energy is included. Scaled by the empirical factor 0.9464.

0.689 and 0.664 in 94to 0.979 in 9A. This means that higher
aromaticity of these phenyl rings in 9Ahan in 9A as well as
higher stability of the carbonyl than the OH group may decide
about the tautomeric preference in 9-anthrol. General behavior
derived on the basis of the NICS index is the same. The NICS
index estimated for the central ring in 94 also more negative
(—13.94) than those for the side rings&.33 and—8.14). In

9A,, this index is positive £4.64) for the cental ring due to
loss of its aromaticity, and it is negative 9.39) for the aromatic
side rings.

The tautomeric equilibrium constant calculated at the PCM//
DFT(B3LYP)/6-31H1+G(2df,2p) level for the keteenol in-
terconversion 9A— 9A; in aqueous solution (or = 1.91) is
close to that (Kr = 2.10) measured by More O’Ferrall and
co-workers® It is also not very much larger than thatkp=
3.10) estimated at the DFT(B3LYP)/6-3t+G(2df,2p) level
for the isolated tautomeric mixture in the gas phase. Not very
different Kt values found in aqueous solution and in the gas
phase show additionally that hydration has a small effect on
the contribution of the keto form in the tautomeric mixture (99%
in aqueous solution and almost 100% in the gas phase). This
may be explained by the fact that polar water has amphiprotic
properties. Interacting as a weak base with the acidic enol form
and as a weak acid with the basic keto form, it slightly changes
their relative stabilities. This behavior may be completely
different for solvents of potential basic properties that can
stabilize the enol form and for solvents of potential acidic
properties that can stabilize the keto foFfrlLow pKr values
observed in both phasesKp < 3) indicate additionally that
both forms (anthrone and anthrol) may be observed experimen-
tally.37

Phenanthrols. Phenanthrols (Scheme 4) contain also three
phenyl rings and onexaOH group similarly as anthrols, but
the rings are differently condensed and, thus, the OH group may
take five different positions: 1, 2, 3, 4, and 9. These differences
lead to changes in-electron distribution and in percentage of

tautomeric mixture (99.9%). This is consistent with the earlier the contents of tautomeric mixtures.

results of Kresg® and separately of More O’Ferrall and co-

Taking into account the observation that transfers of the

workers3® who suggested that resonance stabilization of the keto proton from the OH group to the carbon atoms of the condensed

form comes from the central ring. Indeed, our ab initio

phenyl rings lead to nonaromatic and less-important keto forms,

calculations indicate that the partial HOMA index of the central e selected for phenanthrols only the proton transfers from the
ring (when six carbons and one oxygen were taken into account) o group to the carbon atoms of the phenyl ring containing

decreases from the positive value of 0.749 in 8A\the negative

value of —1.004 in 9A (Scheme 3c). On the other hand, the
partial HOMA indices of both side phenyl rings increase from

(35) Kresge, A. JChemtracts: Org. Chen2002 15, 212.
(36) McCann, G. M.; McDonnell, C. M.; Magris, L.; More O’Ferrall,
R. A.J. Chem. Soc., Perkin Trans.2D02 784.

this group, that is, one 1,3- and one 1,5-proton shift for 1- @PA

(37) (a) Mills, S. G.; Beak, R1. Org. Chem1985 50, 1216. (b) Powell,
M. F. J. Org. Chem1987, 52, 56. (c) Freiermuth, B.; Hellrung, B.; Perterli,
S.; Schultz, M. F.; Wintgens, D.; Wirz, Blelv. Chim. Acta2001, 84, 3796.
(d) Abraham, R. J.; Mobli, M.; Smith R. 8Magn. Reson. Cher2003 41,
26.
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SCHEME 4. Tautomeric Equilibria in 1- (a), 2- (b), 3- (c), 4- (d), and 9-Phenanthrol (e), Limited to the Phenyl Ring
Containing the exo-OH Group, and HOMA Indices Estimated at the DFT(B3LYP)6-311++G(2df,2p) Level for the Individual

Rings and for the Whole Molecule of the Keto and Enol Form3
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aThe estimates include C-5pnd O-sp atoms for the keto and enol forms, respectively, and for the corresponding fragments withdlin@agpketo

and O-sp in the enol form (HOMA(sP) given in parenthesis).

and 4-phenanthrols (4RA leading to the corresponding pairs
of their keto forms (1P4 1PAs and 4PA, 4PAg), two 1,3-
proton shifts for 2- (2PA) and 3- phenanthrols (3RA leading
to the corresponding pairs of their keto forms (2P2PAg and
3PA,, 3PAg), and one 1,5-proton shift for 9-phenanthrol (3PA

leading to one keto form (9RA

than those of the corresponding keto forny(25). Similarly

as in the case of anthols, the keto tautomers exhibit high HOMA-

(sp2) values if a naphthalene unit formed in the tautomer,1PA

1PAg, 2PA;, 3PAg, 4PA;, and 4PA or in two benzene rings

separated by the ring with COGHnit in the keto form 9PA
Some general analogy as well as some differences between

Our DFT calculations performed for phenanthrols indicate phenanthrols and anthrols when going from the enol to the keto

that the enol forms (1PA 2PA;, 3PA;, 4PA;, and 9PA) are

forms is also observed in variations of the partial HOMA indices

favored independently on the position of the OH group (Table of individual rings and in changes of the percentage contents
4). All enol forms have similar aromatic character as those of of the keto forms in tautomeric mixtures. In phenanthrols,

anthrols. The total HOMA indices for phenanthrols 1P2PA,,

3PA;, 4PA;, and 9PA (0.65-0.70), estimated for the whole

aromatic character of two condensed phenyl rings strongly
increases the percentage contents of the keto forms (&&- 10

tautomeric conjugated enol forms, are almost the same as thosel0'° times) in comparison to the keto forms possessing only

of anthrols 1A, 2A;, and 9A (0.67-0.68). They are also higher

3734 J. Org. Chem.Vol. 71, No. 10, 2006
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TABLE 4. Thermodynamic Parameters AEt, AGr, TASr, and
pKr) for the PA; = PA; Tautomeric Interconversions in
Phenanthrols (Scheme 4) and Percentage Contents of the Keto
Forms (% PA)?

equilibria AE®C  AG™¢  TASPe pKt % PA

1PA = 1PA 11.53 10.68 0.85 783 %106
1PA = 1PAg 10.65 10.48 0.17 7.68 210°
2PA = 2PA 12.12 10.74 1.38 787 %10°
2PA; = 2PAs 24.69 23.60 1.10 17.30 51071
3PA; = 3PA 24.61 23.59 1.02 17.29 510716
3PA; = 3PAs 10.98 10.45 0.53 766 210°
4PA = 4PA; 10.20 8.92 1.28 6.54 210°
4PA = 4PAs 10.43 9.85 0.57 722 §10°
9PA; = 9PA 4.23 3.79 0.44 278 0.2

aCalculated in the gas phase at the DFT(B3LYP)/6-815(2df,2p)
at 298.15 K. 2 In kcal molL. ¢ Zero-point vibrational energy is included.
Scaled by the empirical factor 0.9464.

>1070 times), because less-important keto forms have solely
nonaromatic rings. However, an increase of aromaticity of the
marginal phenyl rings in 9PA(partial HOMA almost close to

JOC Article

9-phenanthrol, the enol form (9An Scheme 4) predominates.
The contribution of its keto form (9PA in the tautomeric
mixture is considerably smaller (0.2%). The greater stability of
the keto form of 9-anthrol (94 than its enol form (94) is
consistent with the Clar rule (higher number of full aromatic
sextets in the molecule and a more stable strucfiirl).the
case of 9A, one can assign two full aromatic sextets, whereas
only one in 9A.

Generally, the enol forms possess aromatic character (HOMA
> 0.5 for the total system as well as for the individual rings).
Electron delocalization in the keto forms, in particular aromatic
character of the condensed rings, strongly depends on the
position of theexoOH group. If the keto form represents a
situation in which the resulting €C double bond is a point
bond with another fused ring (e.g., in NLN3, 2N, 1A, 1As,
2A;, 1PAs, 1PAg, 2PA;, 3PAs, 4PAy, 4PAs, and 9PA), then
the fused ring represents high aromatic character (HOMA(sp2)
> 0.6). If the resulting double bond(s) is directed to the
individual carbon(s) in a fused ring (e.g., in 2NAz, 2PA;,
and 3PA), then the fused ring exhibits low aromatic properties

unity) seems to be insufficient to change the tautomeric (HOMA close to zero or negative).

preference in 9-phenanthrol as it takes place in the case of

9-anthrol. The contribution of the keto form 9R£0.2%) in
the tautomeric mixture is considerably smaller than that of 9A
(99.9%).

As shown for phenol and 9-anthrol, hydration has only a small
effect on the tautomeric equilibria in monohydroxyarenes. When
going from the gas phase to aqueous solution, the Gibbs free
energies of tautomerization vary by less than 2 kcalthdihis

The high aromatic character of the condensed phenyl rings 5 ot sufficient to change the tautomeric preference, even for

without the OH group in the other important keto forms LPA
1PAg, 2P/, 3PAg, 4P/, and 4PA (partial HOMA 0.66-0.83)
has a smaller effect on their contribution in the tautomeric
mixtures (1x 1076to 3 x 10750%) than that in the corresponding
anthrones 14 1A; and 2A (>1 x 1073%). This may be
explained by the fact that the partial HOMA indices of the
central rings of these phenanthrols (LPRPA;, 3PA;, and
4PA,) strongly increase when going from the enol to the keto
forms, whereas the partial HOMA indices of the marginal
aromatic rings slightly decrease. In the case of anthrolg (1A
and 2A), aromaticity of both condensed rings without the OH
group increase in the keto forms 1ALAz, and 2A. Only the
phenyl rings with the O atom lose their aromaticity (partial
HOMA negative) in phenanthrones in a similar way as that in

an exceptional case of monohydroxyarene, 9-anthrol, for which
AGr is very low [-4.23 kcal mot?! in the gas phase at the
DFT(B3LYP)/6-31H+(2df,2p) level and-2.61 kcal moftin
aqueous solution at the PCM//DFT(B3LYP)/6-31-1(2df,2p)
level]. The contribution of anthrone (keto form) in the tautomeric
mixture is almost 100% in the gas phase and 99% in aqueous
solution. In the case of phenol, the contribution of the more
stable enol form is 100% in both phases, and the keto form can
be neglected. Aromaticity of the enol form plays here the
principal role.

Computational Details

The geometries of the ket@nol tautomers of unsubstituted

anthrones. On the other hand, the percentage contents of thehenol (Scheme 1), 1- and 2-naphthols (Scheme 2), 1-, 2-, and

less-important keto forms 2RAnd 3PA (6—7 x 1071%%) is
higher than those of 2A(1 x 10-2%%). This may be explained
by the fact that although the partial HOMA indices of the central
ring as well as the marginal ring with the O atom decrease in
2PAg and 3PA to negative values, the other marginal ring gains
its aromaticity (partial HOMA> 0.95), whereas all rings in
2A3 lose their aromaticity (partial HOMA negative or close to
zero).

Conclusions

Although aromaticity, with its higkr-electron delocalization
on the whole tautomeric system in the enol forms, plays an

important role and decides about tautomeric preferences in a
majority of monohydroxyarenes, other internal effects such as

stability of functionalities and highr-electron delocalization

9-anthrols (Scheme 3), and 1-, 2-, 3-, 4-, and 9-phenanthrols
(Scheme 4) were optimized at the DFT(B3LYP)/6-3HG(2df,2p)
level? and vibrational frequencies were calculated using the
Gaussian 03 prografit the same level of theory, thermodynamic
parameters, such as electronic energ¥+), Gibbs free energy
(AGy), entropy term TASy), and tautomeric equilibrium constants
(pK7t), were calculated for each tautomeric interconversion, and the
percentage contents of individual tautomers in the tautomeric
mixtures were estimated. The PCM mddedf solvation, imple-
mented in the Gaussian 03 progfaby default, was applied to
geometries of the keto and enol forms of phenol and 9-anthrol
optimized at the DFT(B3LYP)/6-31+G(2df,2p) level. To obtain

the molecular cavity, the simple united atom topological model
applied on atomic radii of the UHF force field was used. Only one
value of the dielectric constant € 78.39) corresponding to water
(polar solvent) was considered. To estimated the thermodymanic
parametersAEr, TAS, AGr, and K1) and the percentage contents
of the keto forms in water, the same thermal corrections as those

in individual rings of condensed systems also influence tauto- f5nq for isolated molecules were used. The zero-point vibrational
meric equilibria in the gas phase, particularly in the case when energy and thermal corrections to the Gibbs free energy were scaled
tautomeric equilibrium constants are not very different from using the empirical factor 0.9464 (vacuum). This factor was derived
unity. This behavior is strongly marked in 9-anthrol and

9-phenanthrol. The keto form of 9-anthrol (94 Scheme 3) (38) (a) Clar, E.Polycyclic HydrocarbonsAcademic Press: London,

is favored in the tautomeric mixture (99.9%), whereas in 1964; Vol 1 & 2. (b) Clar, E.The Aromatic SexteWiley: London, 1972.
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