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Keto-enol tautomeric equilibrium in several B-triketones has been
investigated using NMR spectroscopy and theoretical methods.
The equilibrium involves two slow and two fast enolization proces-
ses in solution. In solvents of low polarity and at room tempera-
ture, the predominant tautomeric species is the dienol form. How-
ever, the equilibrium is significantly shifted to the more polar
triketo form on raising the temperature up to 140 °C and by using
solvents of higher polarity. Structures and stabilities of both long-
and short-lived tautomeric forms, as well as transition-state struc-
tures and barrier heights of enolization processes, were calculated
using semiempirical and density functional quantum chemical
methods.

Key words: pentane-1,3,5-triones, keto-enol equilibrium, nuclear
magnetic resonance spectroscopy, quantum chemical calculations.

INTRODUCTION

Keto-enol tautomerism has attracted much interest during the last few
decades.! The fact that the equilibrium involved is sufficiently slow to per-
mit keto and enol tautomeric forms to be detected by NMR spectroscopy has

* Author to whom correspondence should be addressed. (E-mail: pnovak@rudjer.irb.hr)

# Present address: PLIVA d.d. Research and Development, Prilaz baruna Filipoviéa 25,
10000 Zagreb, Croatia



1154 P. NOVAK ET AL.

allowed many investigations of these intramolecular processes. Much atten-
tion has been paid to p-diketones,! which are useful chelating agents for
transition metal ions. Such complexes include platinum, iridium, gold and
mercury.2? B-Triketones, which could also be referred to as B,5-triketones,
(Scheme 1) have more possibilities to form bonds to a transition metal. How-
ever, they have been studied less frequently.*® Hence, it is of practical and
theoretical importance to investigate keto-enol equilibria that exist in such
systems. Data so obtained would allow a better insight into the mechanism
of formation, structure and properties of metal-triketone complexes, which
are known to have pronounced catalytic!® and magnetic!! properties.
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Scheme 1

Intramolecular hydrogen bonding is the main factor that governs the ki-
netics and influences the structure of keto-enol tautomerism in solution. Pre-
vious investigations® demonstrated the existence of several tautomeric
forms: triketo (A), two monoenol (B; and B,), and two dienol (C;=C4 and C,)
forms (Scheme 2). The present article deals with the effects of substituents,
temperature and solvents on both the slow and fast keto-enol equilibria in-
volving symmetrically substituted pentane-1,3,5-triones (Scheme 1). NMR
spectroscopic methods and quantum chemical calculations have been com-
bined to explore the nature of hydrogen-bonding interactions and the shift of
established equilibria in different solvents and at different temperatures.
The energy barriers to enolization of keto forms (A Ei) have been calculated
for the pentane-1,3,5-trione (model system 1) as well.
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Scheme 2

Most theoretical studies of tautomeric reactions have been concerned
with those occurring in the gas phase.!? Only recently have some efforts been
made to simulate tautomeric processes in solution,® mostly in aqueous solu-
tion.* Much less has been done to investigate tautomeric equilibria in non-
aqueous solutions.!315 The self-consistent reaction field approach coupled
with the ab initio molecular orbital theory was successfully used to describe
solvent effects of relatively small molecules. Due to the size of the investi-
gated systems here, it was not feasible to perform calculations at the ab in-
itio level. Hence, semiempirical'® and IMOMO!7 (integrated molecular orbi-
tal + molecular orbital) approaches were used to study systems 1-5 (Scheme
1). Density functional theory (DFT) was used for a detailed investigation of
keto-enol equilibrium in the model system 1. Bulk solvent effects were con-
sidered by applying the self-consistent reaction field method (SCRF)!® to the
reaction systems.

EXPERIMENTAL

Materials

1,5-Diarylpenta-1,3,5-triones, 2-5, have been prepared by a modification of the
earlier published procedure,'® which included the treatment of the corresponding
2,6-diarylpyrones with KOH in methanol. The identity of the compounds was con-
firmed by IR and MS methods.2°
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NMR Measurements

'H NMR spectra in CDCl;, acetone-dg, N, N -dimethylformamide-d; (DMF-d;) and
dimethyl-dg sulfoxide (DMSO-dg) were recorded with a Varian Gemini 300 spectrom-
eter operating at 7.1 T. The typical spectral conditions were as follows: spectral
width 8000 Hz, acquisition time 1.9 s and 16—64 scans per spectrum. Digital resolu-
tion was 0.25 Hz per point. Deuterium from the solvent was used as the lock and
TMS as the internal standard. Sample concentration was 6-10 mg mL~1. Variable
temperature measurements were performed in the temperature range 20-140 °C.

The content of long-lived tautomeric forms was calculated from the integrated
peak intensities of the methine and methylene proton signals (Tables III and IV).

13C proton decoupled and gated decoupled spectra were recorded with the same
spectrometer from chloroform-d; solutions at 20 °C, using Waltz-16 modulation. The
spectral conditions were the following: spectral width 19000 Hz, acquisition times
1-2 s and 500—2000 scans per spectrum. The concentration was 30 mg mL™! and dig-
ital resolution was 0.5 Hz per point.

Complete assignment of the peaks was performed using two-dimensional homo-
and heteronuclear experiments. All 2D spectra were recorded with a Varian Unity
Inova 600 spectrometer operating at 14.1 T. Using gradients, DQF-COSY spectra
were obtained in chloroform-d;. 4096 points in the F2 dimension and 256 increments
in the F1 dimension were used. Each experiment was measured using 1 scan, a spec-
tral width of 5650 Hz and a relaxation delay of 1 s. The digital resolution was 2.7
and 5.5 Hz per point in the F2 and F1 dimensions, respectively. Sine-bell shifted
weighting functions were applied with zero filling to 1024 points in the F1 dimen-
sion.

Using gradients, heteronuclear HSQC and HMBC spectra were obtained in chlo-
roform-d; in the inverse mode (proton detection). In both types of 2D experiments,
4096 points in the F2 dimension and 256 increments in the F1 dimension were used.
For each experiment, 4 scans were acquired, relaxation delay was 1 s, and spectral
width was 5650 and 27580 Hz in the F2 and F1 dimensions, respectively. The digital
resolution was 2.7 and 53.9 Hz per point in the F2 and F1 dimensions, respectively.
For processing of the spectra, sine-bell and sine-bell shifted weighting functions
were applied with zero filling to 512 points in the F1 dimension. For proton decoup-
ling, the GARP sequence was used.

Methods of Calculations

The IMOMO method, recently proposed by Morokuma and co-workers,'” was
used to study B-triketones shown in Scheme 1. The method considers a small »model«
system within a large »real« system, and applies a »higher« level calculation for the
model system and a »lower« level calculation for the real system, and integrates
them to define the total energy of the real system (Figure 1). The central equation of
the IMOMO approach is the energy expression:

E(IMOMO) = Ehigh + (Elow,real - Elow,model) (D)



KETO-ENOL EQUILIBRIUM IN SYMMETRICAL PENTANE-1,3,5-TRIONES 1157

As shown in Figure 1, the real system consists of set 1, set 3 and set 4 atoms and
the model system 1 consists of set 1 atoms and set 2 atoms replacing set 3. »Real«
systems were calculated with the PM3 hamiltonian'® while the model system was
calculated at both, PM3 and B3LYP/6-31+G(d,p) levels.2! PM3 hamiltonian was
used because of its superiority over other semiempirical hamiltonians to calculate
hydrogen bonded systems.??

Set4 Set 3

Figure 1. Definition of setl to set4 atoms as used in the IMOMO method. Set2 atoms
in the model system are replaced by set3 atoms in the real system.

The potential energy surface for tautomeric equilibria in model system 1 has
been investigated within the framework of the density functional theory. Geometries
were fully optimized and force constants were calculated at the BSLYP/6-31+G(d,p)
level. Vibration frequencies were calculated in order to test the nature of stationary
points. Diffuse functions on heavy atoms were used since it was found that they
were important to predict properly the solvation effect of dipolar species.?3

Solvent effects on molecular properties were taken into account by using the
self-consistent reaction-field (SCRF)!® method, as implemented in Gaussian94 pro-
gram package?* for ab initio calculations, and the COSMO?> method as implemented
in Mopac93 (Ref. 26) for semiempirical calculations. The SCRF method is based on
Onsanger’s reaction field theory of the electrostatic solute-solvent interaction in
which the charge distribution of the solute is revealed by its dipole moment.?” The
SCREF calculations reported were carried out using the values of 4.8, 20.7, 36.7, 46.7
for the relative permittivity of CDCl;, and deuterated acetone, DMF, and DMSO, re-
spectively. The cavity radius (a,) was calculated from the electron density, individu-
ally for each solute molecule. Geometries were fully optimized and vibration frequen-
cies were calculated within the framework of the Onsager model. Because of the much
longer computational time required, the more sophisticated isodensity polarized con-
tinuum model (IPCM)?%2° was used only to test energetics calculated with the
Onsager model.
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RESULTS AND DISCUSSION
NMR Measurements

'H and '3C NMR chemical shifts of the relevant H and C atoms of com-
pounds 2-5 are listed in Tables I-II, respectively. In all the studied B-trike-
tones, proton NMR signals of the monoenol forms B are slightly broadened,
which is due to intramolecular proton shifts (Scheme 2). In compounds 2-5,
only the signals of long-lived tautomeric forms can be observed on the NMR
time scale. Therefore, one cannot differentiate between the signals of B and
C forms, (Scheme 2). Instead, NMR averaged signals were detected for all B
and C forms in the spectra of compounds 2-5. This means that, for example,
in the CDCl; solution of compound 2, the two olefinic (methine) protons po-
sitioned at 6.318 ppm and 6.028 ppm (Table I) belong to the averaged mo-
noenol forms B and C, respectively, and not to the two dienol forms C, as
previously suggested.®

TABLE I

1H chemical shifts (§/ppm) of hydroxyl, methylene and methine protons
in compounds 2-52

tautomer A B C
S/ppm
e CH, OH CH CH, OH CH
2 4.338 15.841  6.318 4128 14.768  6.028
3 - 15919  6.271 4062 14792  5.969
4 4.288 15762  6.265 4079 14714 5.972
5 4.262 15582 6.200 3.958 14.671 5.858

aSolvent = CDCl3, ¢ = 20 °C, SD = 0.005 ppm.

Chemical shifts of hydroxyl protons of forms C and B up to approxima-
tely 15 and 16 ppm, respectively, in compounds 2-5 suggest strong intramo-
lecular hydrogen bonding. This is the main factor which stabilizes the enolic
forms B and C, found to be the most abundant species (Table III).

At room temperature (20 °C), triketones 2—4 exist primarily in the die-
nol form C, while the most abundant tautomeric form for compound 5 is the
monoenol form B. This is accounted for by the action of the polar thiophene
ring, which shifts the equilibria towards the more polar triketo form A (Ta-
ble III). In the less polar CDCl; solution, the effects of a CH; group and a
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TABLE II

13C chemical shifts (§/ppm) of relevant carbon

atoms in compounds 2-5.2

(Atom numbering is depicted in Scheme 1)

form
molecule C-atom B C
S/ppm S/ppm
2 C-1 182.135 173.764
C-2 97.048 96.761
C-3 191.016 194.141
C—4 50.611 96.761
C-5 193.928 173.764
3 C-1 173.734
Cc-2 96.122
C-3 193.878
Cc4 96.122
C-5 173.764
4 C-1 180.928 172.687
C-2 96.829 96.781
C-3 190.739 193.990
C-4 50.634 96.781
C-5 192.571 172.687
5 C-1 180.531 168.505
CcC-2 97.045 95.784
C-3 183.914 192.890
C-4 49.251 95.748
C-5 186.251 168.505

aSolvent = CDCls, ¢ = 20 °C, SD = 0.005 ppm.

1159

chlorine atom attached at the para-position of the two phenyl rings in 3 and
4 (Scheme 1) are opposite to each other. The electron-releasing CH; group
favours the dienol form C (98.7%), whereas the electron-attracting Cl atom
shifts the equilibrium toward more polar tautomeric forms B and A (Table
III). However, the opposite trend is observed for compounds 3 and 4 in polar
DMSO solution. This implies that the electron-releasing or electron-attract-
ing character of the substituent alone cannot account for the observed per-
centage of tautomeric forms in solution and that solvent effects should also

be taken into account.
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TABLE III

Keto-enol content and solvent effects in 2-52

tautomer A B C
solvent Diel. const (D) molecule %
CDCl, 4.8
2 1.7 10.5 87.8
3 0.0 1.3 98.7
4 1.2 16.5 82.3
5 4.1 77.9 18.0
acetone-d 20.7
2 1.8 17.5 80.7
DMF-d, 36.7
2 3.5 23.6 72.9
DMSO-d, 46.7
2 9.1 30.0 60.9
3 8.7 33.4 57.9
4 7.9 28.7 63.4
5 37.4 50.8 11.8

aTemp = 20 °C, ¢ = 6 mg/mL, SD = better than 0.6%.

Solvent Effects

Data from Table III clearly demonstrate that an increase in the solvent
polarity increases the proportions of more polar triketo (A) and monoenol
(B) forms.

Thus, in nonpolar chloroform, the content of triketo form A in 2 is only
1.7%, whereas it is 9.1% in polar DMSO. Consequently, the percentage of
the dienol form is reduced from 88.9% in chloroform to 60.9% in DMSO.
This result is in agreement with that observed for heptane-2,4,6-triones re-
ported by Dudley et al.,* but contrary to findings for some B-diketones for
which no special influence of solvent polarity was observed.?? Although it
was frequently reported that the percentage of polar keto forms in B-dike-
tones and B-triketones depends on the solvent polarity, the shift of the equi-
librium could also be related to specific interactions involving solvent mole-
cules.

As pointed out previously, the solvents used in this investigation change

the position of keto-enol equilibrium appreciably, but have only a minor in-
fluence on both 'H and !3C chemical shifts.



KETO-ENOL EQUILIBRIUM IN SYMMETRICAL PENTANE-1,3,5-TRIONES 1161

Temperature Effects

In order to study the effects of temperature on keto-enol tautomerism,
'H NMR spectra of compounds 2-5 have been recorded in the temperature
range 20-140 °C. The dependence of the percentage of tautomeric forms A,
B and C on the temperature is depicted in Figure 2. It is apparent that an
increase in temperature from 20 to 140 °C dramatically affects the balance
at equilibrium and shifts it toward the triketo-form A. In all cases, the die-
nol form percentage rapidly decreases when raising the temperature from
20 to 140 °C. The opposite trend is observed for the content of the triketo
form. Only in the case of compound 5 does the percentage of the triketo form
exceed 50% at 140 °C. The content of the dienol form C is decreased and is
as low as 3.6% in a DMSO solution of 5 (Figure 2). It is worth noting that in
polar DMSO the equilibrium is already shifted toward polar A and B forms
even at ambient temperature (20 °C). This experimental finding will be dis-
cussed in the following section.

a) 100
80
60 o= A
% -8B
40 ——C
20
0 :
20 50 80 110 140
ti°c
b) 100
80
——A
60 -o-8
% ——C
40
20
o4 : ; ‘ ‘
20 50 80 110 140
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Figure 2. Temperature effects on the percentage (%) of tautomeric forms A, B and C
in compound a) 2 and b) 5 in DMSO-d solution, as determined by 'H NMR.

Calculations

The geometries of the B-triketones were optimized with PM3 hamilto-
nian in order to investigate the stability of keto and enol forms in the gas
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phase, and in four different solvents: CDCl;, deuterated acetone, DMF and
DMSO. It was found that semiempirical methods do not reproduce the tau-
tomeric stability trend observed experimentally. The PM3 method predicts
the tautomeric form A (Scheme 2) to be the most stable one. Inclusion of sol-
vent effects does not change this trend. Due to the size of the system, den-
sity functional and ab initio methods were not applicable here. Therefore,
the IMOMO approach was used as described in the Experimental section.
Correcting the energies for the model system obtained at B3LYP/6-31+
G(d,p) level changed the stability of the conformers in agreement with ex-
perimental findings.

Stability of the keto-enol forms is not affected significantly by the action
of different solvents, except for compound 5, where small solvent effects
were predicted. For compound 5, the energy difference between tautomers B
and C decreases significantly from the gas phase to the polar solvent, but
the calculations show that C is still the most stable form. This is contrary to
the experimental findings, which pointed toward tautomeric form B as the
most abundant molecular species. Modelling of the specific interactions with
solvent molecules might be needed to account for this stability trend.

In all cases, enolization of the terminal carbonyl groups is preferable to
that of the central carbonyl group, except again for compound 5, for which
the fast equilibrium is shifted toward B, and C, tautomers (Table IV).
These findings were further proved with single point second-order Moller-
Plesset perturbation theory?! calculations. The largest discrepancy between
the calculated and experimental results observed for compound 5 seems to
be due to the deficiency of PM3 hamiltonian, used for geometry optimiza-
tion, to describe hypervalent atoms like sulphur.

A small substituent effect is predicted within the IMOMO model for
compounds 2, 3 and 4. In order to include the substituent effect at the den-
sity functional level and to test the stability of tautomeric forms for mole-
cule 5, energies were recalculated at the BSLYP/6-31+G(d,p) level, but re-
sults comparable with IMOMO values were obtained.

TABLE IV

Energy differences, AE (kJ mol™1), between three tautomeric forms calculated for
2-5 at the B3LYP/6-31(d,p) level using geometries optimized at the PM3 level

molecule 2 3 4 5
AE 39.3 40.6 41.4 24.3 (33.9)"
AEg, 20.9 21.3 21.3 37.2 (5.4)
AE, 60.2 61.9 62.8 61.5 (39.3)

2Values in parentheses are calculated for tautomers By and Cy or Cj.
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To get a deeper insight into keto-enol equilibria of substituted p-trike-
tones and to explain temperature and solvent effects on the stability of the
tautomeric forms, the model system, pentane-1,3,5-trione, was investigated
at the density functional level. Both slow and fast equilibria were studied
taking into account the possibility of various local minima. Geometries of
the most stable conformers for the five keto-enol forms of 1, fully optimized
at B3LYP/6-31+G(d,p), are shown in Figure 3.

The geometry of the tautomer form A is stabilized with two intramole-
cular hydrogen bonds between terminal carbonyl groups and hydrogen at-
oms from the CH2 groups. Two different tautomers were found for both the
monoenol and dienol forms. Tautomer B, is planar in the gas phase but the
interactions with the solvent cause bending of the terminal carbonyl group.
Tautomer B, is neither planar in the gas phase nor in the CDCl; and
DMSO. Dihedral angles between C=0 and CO(H) bonds in the gas phase
and in solution are given in Figure 3. Tautomers B, and B, are stabilized by
a strong hydrogen bond between one carbonyl group and the hydrogen atom
from the enol group. The lengths of this bonds for B; and B, are 1.657 A and
1.625 A, respectively. Tautomer C; has C,, symmetry with two hydrogen

a) Tautomer A

b} Tautomer B

¢ (occo) 4 I,
Y _\_-*js.n L HOCCOo)
o ‘Gas

cociy | 287 2%

DMSO | 198 195

¢} Tautomer C

'
0990 Lo Bl 14925 logg 1832, Ogg,
T gt Fmmp T TN,

Figure 3. Selected geometrical parameters for tautomeric forms of model system 1,
calculated in the gas phase at the B3LYP/6-31+G(d,p) level of theory.
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bonds of 1.796 A. In tautomer C,, the symmetry is broken and two hydrogen
bonds of different length are formed. The gas phase length of the shorter hy-
drogen bond is 1.493 A, and that of the longer bond is 1.832 A. When solvent
effects are included, a shortening of H-bonds is observed, resulting in an in-
crease in the tautomer stability. Due to the higher stabilization achieved
through two hydrogen bonds, tautomers C are more stable than tautomers
B. The length of the carbonyl C=0 bond participating in hydrogen bonding
changes correspondingly (Figure 3). Relative energies are defined in Figure
4 and given in Table V.

Because the gas phase results are in disagreement with experimental
data (see Tables III and IV) the geometries of all tautomers were optimized
including the solvent effects through the Onsanger model. Two different sol-
vents, CDCI3 and DMSO, that cover a wide range of dielectric constants were
used. Only the geometry of the tautomeric form B, changed significantly. The

A

I (keal mol -1)

A AE
v BC

Figure 4. Energy diagram for keto-enol tautomerization of 1.

TABLE V

Energies, AE (kJ mol™), of the model system 1, optimized at the
B3LYP/6-31(d,p) level in the gas phase, CDCl3 and DMSO-dg

AE? gas-phase CDCl, DMSO-d
AE -1.7 -28.5 -33.9
AEg -55.6 -33.1 -35.1
AE,. -57.3 -61.5 -69.0
AR} 313.0 252.7 311.3
AR, 279.1 243.9 345.6

aValues are calculated for tautomers By and Cy, with the terminal carbonyl
group enolyzed.
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most stable conformer in solution was found to be nonplanar and the dihed-
ral angles between two carbonyl bonds, calculated in different solvents, are
shown in Figure 5.

gas  CDCly DMSO

TS1
dl 1.267 1.267 1.272
d2 1518 1520 1512

d3 2653 2683 2,607
T52

d1 1288 1.288  1.286
d2 | 1504 1511 1507 TS2
b)
gas  DMSO
T51
di 1202 1.186
dz |1216 1231
T2
dl 1.215 1141
42 |1.180 1284

TS1 Ts2

Figure 5. Selected geometrical parameters for transition-state structures determin-
ed for a) slow and b) fast keto-enol equilibria for model system 1, calculated at the
B3LYP/6-31+G(d,p) level of theory.

The described changes in geometries lead to a change in the relative sta-
bilities in the same manner as experimentally observed by NMR. Energy
differences between tautomers in fast equilibrium show that enolization of
the terminal carbonyl groups is preferable to that of the central carbonyl
group (Table VI).

Two transition-state structures (T'S) were determined for slow and two
for fast enolization processes. In the case of slow equilibria, the first transi-
tion-state structure was determined for enolization of one keto group in tau-
tomer A that leads to tautomer B,, and the other for enolization of keto
group in tautomer B, that leads to tautomer C,. Geometries were fully opti-
mized at the BSLYP/6-31+G(d,p) level in the gas phase, CDCl;, and DMSO
(Figure 5). The solvent effect on the molecular geometry is again found to be
small. Both transition-state structures are reactant-like in the unimolecular
rearrangement of keto to enol form, with the CH bonds being shorter than
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TABLE VI

Energy differences, (kJ mol™1), between tautomers in fast equilib-
rium for model system 1, optimized at the B3LYP/6-31+G(d,p)
level in the gasphase

AE gasphase CDCl, DMSO-d,
AEy 5, -18.8 0.0 6.3
AEG ¢, 15.9 15.5 14.2
AEy o -9292.2 -19.7 -17.6
AE 10.0 12.6
AE, 16.3 15.9

a Barrier height between B; and By tautomers.
b Barrier height between tautomers C; and Cy or Cs.

the OH bonds. Vibrational frequencies for both transition-states were calcu-
lated and one imaginary frequency was obtained for each. Structures are
characterized by a four-center H-bridge with, significantly large barrier (Fi-
gure 4, Table V). Solvent effects raise the barrier but do not change the ge-
ometry to a greater extent. The barrier to enolization of the first carbonyl
group is 252.7 and 311.3 kJ mol! in the CDCI3 and DMSO, respectively (Ta-
ble V). The barrier to enolization of the second carbonyl group is 243.9 kdJ
mol~! in CDCI; and 845.6 kJ mol~! in DMSO. An increase in the barrier on
going from CDCl; to DMSO is a consequense of the higher tautomer stabili-
zation in a solvent of higher polarity, since species with larger dipole mo-
ments are expected to be more stabilized as the polarity of the solvent in-
creases. Differences between barrier heights in the gas-phase and CDCl,
stem from different conformations of tautomers B. All transition-state struc-
tures were characterized by only one negative force constant with a normal
mode corresponding to the translation of hydrogen from carbon to oxygen
atom.The calculated imaginary vibrational frequencies equal 1975i cm™! for
TS and 2000i cm™! for TS{"".

Geometries of transition-state structures calculated for the fast equilib-
rium between B, and B,, as well as between C tautomers, are shown in Fig-
ure 5. In the gas phase, the distance between the hydrogen atom and two
oxygens is almost equal, while in DMSO position of the hydrogen atom it is
less symmetrical. Barrier heights for the fast equilibrium are given in Table
VI. The calculated barriers of only few kJ mol! are in agreement with ex-
perimental findings, which pointed to the fact that hydrogen exchange is
very fast in comparison with the enolization process.
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Since the barriers obtained for enolization processes are fairly high, eno-
lization of keto forms by direct hydrogen transfer is a very slow process. Al-
though it was already found that keto-enol tautomerizations can be cata-
lyzed by solvent molecules,'*¢ such specific interactions of 1 with solvent
molecules were not found at the level of theory used here.

Finally, we want to comment on the experimentally observed tempera-
ture dependence of keto-enol equilibria. As previously pointed out, each tau-
tomer form is stabilized by an intramolecular hydrogen bond. Increase in
the temperature weakens the hydrogen bond, affecting the overall geometry.
Since weaker hydrogen bonds have been formed in tautomer forms C, a
larger temperature dependence of forms C than forms B was measured ex-
perimentally. Accordingly, weaker barriers to the rotation of the OH bond
are predicted for tautomers C. The barrier to the rotation of the OH bond in
tautomer B, is 88 kJ mol~! at the BSLYP/6-31+G(d,p) level. In DMSO-dj,
this barrier drops to 71 kJ mol~!. The barrier to the OH rotation in tautomer
C, is predicted to be 63.6 kJ mol~l. An increase in temperature thus results
in the shifting of the equilibrium to monoenol and triketo forms. In order to
quantitatively describe this behaviour, molecular dynamic simulations are
needed.

CONCLUSIONS

It has been demonstrated that the keto-enol tautomerism in the p-trike-
tones studied is strongly dependent on the temperature, solvents and sub-
stituents. NMR data have pointed toward the dienol form as the most abun-
dant species for compounds 2—4, while the monoenol form is predominant
for compound 5. The content of all tautomers, to a large extent, is affected
by increasing the temperature and by changing the solvent polarity. For pen-
tane-1,3,5-trione, the model system, calculations at the B3LYP/6-31+G(d,p)
level have shown that electrostatic interactions with different solvents
mostly result in small changes of the tautomer geometries, except for the
case of tautomer B;. The dienol form was found to be the most stable in the
gas phase and in CDCl; and DMSO. Enolization of the terminal carbonyl
groups was preferable to that of the central carbonyl group, tautomers B,
and C; being more stable than tautomers B, and C, or Cs. Calculations at
the BSLYP/6-31G+(d,p) level predicted low barriers of a few kJ mol~! for the
conversion from B; to B,, and C; to C, or C5 tautomers, whereas tautome-
rization of tautomer A to tautomer B, as well as to tautomer C; was charac-
terized by a high barrier of approximately 251-335 kJ mol~!. The keto-enol
equilibrium was shown to be only slightly affected by electrostatic solvent
effects, but the change was more pronounced for barrier heights calculated
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in solution. Based on the prohibitively high barriers obtained for enolization
processes, enolization of keto forms by direct hydrogen transfer is expected
to be a very slow process both in the gas phase and in the solvents investi-
gated in this paper.
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SAZETAK

Efekti supstituenata, temperature i otapala na keto-enolnu ravnotezu
nekih simetriénih pentan-1,3,5-triona. NMR i teorijska istrazivanja

Predrag Novak, Danko Skare, Sanja Sekusak i Draen Vikié-Topi¢

Keto-enolna tautomerna ravnoteza u nekih p-triketona istrazivana je s pomocu
spektroskopije NMR i teorijskih metoda. Ta ravnoteza uklju¢uje dva spora i dva brza
enolizacijska procesa u otopini. Na sobnoj temperaturi i u otapalima male polarnosti
najzastupljeniji je dienolni oblik. Medutim, prilikom poveéanja temperature do 140
°C te u otapalima vece polarnosti, ravnoteza se znatno pomice prema jace polarnijem
triketo obliku. Struktura i stabilnost dugo- i kratko-zivuéih tautomernih oblika, stru-
kture prijelaznih stanja te barijere enolizacijskih procesa ra¢unani su semiempirij-
skim metodama i metodama funkcionala gustoce.



