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Abstract

Fourier transform infrared and Fourier transform Raman spectra of 3,4-diacetyl-2,5-hexanedione, known as tetraacetylethane (TAE)
or a,a 0-bis-acetylacetone, and its deuterated analogue have been obtained. Density functional theory (DFT) B3LYP and BLYP calcu-
lations have been carried out with the purpose of understanding the vibrational spectra of this compound and its deuterated analogue.
The calculated geometrical parameters show a very strong hydrogen bond, compared with its parent molecule, acetylacetone (AA), with
an O� � �O distance of 2.464–2.505 Å. This bond length is about 0.05–0.06 Å shorter than that for AA. According to the theoretical cal-
culations, TAE has an asymmetric structure with a hydrogen bond strength of about 17.3 kcal/mol per bond (calculated with 6-
311++G** basis set), about 1.4 kcal/mol more than that for AA. This increase in the hydrogen bond strength is consistent with the
frequency shifts for OH/OD stretching, OH/OD out-of-plane bending, and O� � �O stretching modes and downfield proton chemical shift
upon substitution of a-H atom with acetylacetone radical.

The geometries of keto–keto and some of the enol–keto tautomers were also fully optimized and compared with the enol–enol
tautomer.

To investigate the effect of acetylacetone radical on the hydrogen bond strength, the charge distributions, steric effects, and Wiberg
bond orders in TAE and AA were studied by the Natural Bond Orbital (NBO) method for optimized model compounds at B3LYP/6-
31G** level of theory. The results of NBO analysis indicate that the steric effect is the main factor for increasing the hydrogen bond
strength in TAE compared with that in AA.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The cis-enol form of b-diketones is stabilized by a strong
intramolecular hydrogen bond [1–4]. The vibrational spec-
tra of these compounds have been the subject of numerous
investigations, which support the existence of a strong
intramolecular hydrogen bond of chelating nature in the
0022-2860/$ - see front matter � 2006 Elsevier B.V. All rights reserved.
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enol form of b-diketones [5–13]. This hydrogen bond for-
mation leads to the enhancement of the resonance conjuga-
tion of the p-electrons, which causes a marked tendency for
equalization of the bond orders of the valence bonds in the
resulting six-membered chelated ring. Therefore, it seems
that any parameter that affects the electron density of the
chelated ring will change the hydrogen bond strength. It
is well known that substitution in a- or b-position drastical-
ly changes the hydrogen bond strength and the equilibrium
between enol and keto tautomers [14–22]. In spite of sever-
al reports about the increasing hydrogen bond strength
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Fig. 1. Atom numbering system and structure of TAE (the H atoms of
methyl groups are not shown).
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upon substitution of a-position by electron withdrawing
groups [14,15], Tayyari et al. [16] showed that charge
removal from the enolated ring in fact reduces the hydro-
gen bond strength, while steric effect enhances the strength
of the bond. It has also been shown that the hydrogen bond
becomes stronger when bulky groups are involved [17–22].
The bulky groups have also pronounced effect on the keto–
enol tautomerization. AA and a-methyl-AA exhibit 64%
and 17% enol form in CDCl3 solution, respectively [17].

TAE (Fig. 1) is of potential value as a monomer in the
preparation of thermally stable polymers [23,24] and its
use as a bifunctional chelating agent is obvious from its
similarity to acetylacetone [25–27]. Tayyari et al. [5,6]
showed that TAE predominantly exists as the cis-enol form
and is engaged in a very strong intramolecular hydrogen
bond, consistent with the X-ray and neutron diffraction
results [28–30], which indicate a very short hydrogen bond
of about 2.42–2.45 Å. Comparison of TAE and AA geo-
metrical parameters gives a clear understanding of substi-
tution effects of acetylacetone radical in a-position of AA
on the structure and hydrogen bond strength of the system.
This substitution is unique because it has no electron-with-
drawing or -donating effect. Furthermore, since the two
acetylacetone fragments are orthogonal, the direct reso-
nance effect between the two AA radicals is also unlikely.
Therefore we expect to study the pure steric effect of bulky
substituents in a-position.

In this article, we will attempt to analyze the effect of the
AA as a bulk substitute in the a-position and possible steric
effects on the structure, hydrogen bond strength, and vibra-
tional spectra of the enol form of b-diketones by means of
DFT levels.

2. Experimental

TAE was prepared and purified according to the method
described in the literature [31], mp 202 �C, 1H NMR
(CDCl3): d 2.01 (S, 12H, CH3) and d 16.81 (S, 2H, OH).
Partially deuterated TAE (D2–TAE) was prepared by
dissolving TAE in a boiling solution of acetone and D2O,
5:1. The solution was allowed to cool down to room tem-
perature; the crystals were separated and dried in vacuum.
The method was repeated three times. Finally, D2–TAE
was recrystallized from a solution of acetone and D2O.

The mid-IR spectra of D2–TAE and its deuterated ana-
logue were recorded by using Bomem MB-154 Fourier
transform spectrophotometer in the region 500–
4000 cm�1 in KBr pellet and in CCl4 solution. The spec-
trum was collected with a resolution of 2 cm�1 by coadding
the results of 15 scans.

The Raman spectra were collected employing a 180�
back-scattering geometry and a Bomem MB-154 Fourier
transform Raman spectrometer. The Raman spectrometer
was equipped with a ZnSe beam splitter and a TE cooled
InGaAs detector. Rayleigh filtration was afforded by two
sets of two holographic technology filters. Laser power at
the sample was 200 mw. The spectrum was collected with
a resolution of 4 cm�1 by coadding the results of 200 scans.

The Far-IR spectra in the region 50–600 cm�1 were
obtained using a Thermo Nicolet NEXUS 870 FT-IR spec-
trometer equipped with DTGS/polyethylene detector and a
solid substrate beam splitter. The spectra were collected
with a resolution of 4 cm�1 by coadding the results of 64
scans.

The NMR spectra were obtained on a FT-NMR, Bruc-
ker Aspect 3000 spectrometer at 100 MHZ frequency using
2 mol% solutions in CDCl3 at 22 �C.

3. Method of analysis

The molecular equilibrium geometry and vibrational
transitions of TAE were computed with the GAUSSIAN
03 [32] software system by using a selection of modern den-
sity functionals. The Becke’s 1988, B, [33] and the Becke’s
three-parameters (B3) [34] exchange functionals with the
correlation functional of Lee, Yang, and Parr, LYP
[35,36] and the standard basis sets 6-31G*, 6-31G** and
6-311++G**.

To examine the presence of any keto form in the sample,
the geometries of keto–keto, cis-keto, and trans-keto tauto-
mers were also fully optimized at B3LYP/6-31G** level of
theory. The results of these calculations were also com-
pared with other conformers to examine the effects of con-
formation of one AA radical on the other.

The assignment of the experimental frequencies is based
on the observed band frequencies and intensity changes in
the infrared and Raman spectra of the deuterated species
confirmed by establishing one to one correlation between
observed and theoretically calculated frequencies.

Orbital population and Wiberg bond orders [37] were
calculated with NBO 3.0 program implemented in Gauss-
ian 03. Natural steric analysis [38,39] was performed at
the B3LYP/6-311++G** level using NBO 5.0 program
[40], which applied the wavefunction information file gen-
erated by the earlier version of NBO (3.0).
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4. Results and discussions

4.1. Molecular geometry

The full-optimized structural parameters of cis–cis tau-
tomer of TAE calculated at B3LYP level using 6-
311++G**, 6-31G**, and 6-31G* basis sets and BLYP
level using 6-31G** and 6-31G* basis sets with the corre-
sponding experimental X-ray [29,30] results are summa-
rized in Table 1. For comparison the optimized
geometry of AA at the same levels of calculations and
the results of its electron diffraction experiment [41] are
also given in Table 1. The H-bond strength, EHB (energy
difference between the cis-enol and trans-enol conform-
ers), OH stretching, OH out-of-plane bending, and proton
chemical shift, of the enolated proton, for AA and TAE
are compared in Table 2. To understand the effect of
AA fragments on each other, the geometrical parameters
of several keto, enol, and keto–enol tautomers of TAE,
calculated at B3LYP/6-31G** level of theory, are listed
Table 1
Geometrical parameters and EHB (kcal/mol) of TAE and AAa

TAE

A B C D E X-rayb

Bond lengths (Å)

C1@C2 1.385 1.390 1.388 1.406 1.403 1.3908(7)
C1AC3 1.459 1.457 1.461 1.461 1.466 1.4365(7)
C2AO6 1.323 1.321 1.325 1.331 1.337 1.3090(6)
O6AO7 2.485 2.464 2.501 2.465 2.505 2.4369(8)
C3AO7 1.248 1.255 1.252 1.274 1.270 1.2700(6)
O6AH8 1.010 1.022 1.014 1.052 1.039 0.997
C3AC5 1.512 1.514 1.516 1.524 1.527 1.4905(7)
C2AC4 1.497 1.499 1.500 1.510 1.511 1.4915(8)
C1AC9 1.495 1.494 1.496 1.503 1.504 1.4874(8)

Bond angles (Å)

C1C2O6 122.2 122.1 122.5 121.7 122.2 121.64(5)
C2C1C3 118.1 117.4 118 117.3 117.9 117.71(4)
C1C3O7 121.8 121.9 122.1 121.7 122.0 121.31(4)
C5C3C1 119.9 120.1 119.8 120.6 125.2 120.78(4)
C1C2C4 125.1 125.0 125.1 125.0 120.3 123.82(4)
C2C1C9 121.6 121.9 121.6 121.9 120.6 121.64(4)
C3C1C9 120.4 120.7 120.4 120.8 121.5 120.51(4)
C4C2O6 112.7 113.0 112.4 113.3 112.7 114.54(4)
C5C3O7 118.4 118.0 118.1 117.7 117.7 121.31(4)
EHB 34.5 37.5 36.7 37.9 37.1

a A, B, and C are obtained at B3LYP using 6-311++G**, 6-31G**, 6-31G
6-31G** and 6-31G* basis sets, respectively.

b Data from [30].
c Data from [29].
d Data from [39].

Table 2
Comparison between several properties involved in hydrogen bond strength in

EHB (kcal/mol) mOH (cm�1) mOD (cm

AAb 15.89 2850 in gas 2020
TAE 17.35 2580 1988

a EHB, hydrogen bond energy (energy difference between I and III structures)
chemical shift; c, out-of-plane bending frequency.

b Data from [10].
in Table 3. The structures of these species are shown in
Fig. 2.

Table 1 indicates that the calculated geometrical param-
eters are in good agreement with the observed results. The
maximum deviation is observed for O� � �O distances, in
which the calculated values are somewhat longer than the
corresponding experimental distances and they are depen-
dent on the basis set and level of calculation. This deviation
is more pronounced with the 6-311++G** basis set. Nev-
ertheless, these calculations clearly indicate that the
O� � �O distance in TAE is about 0.05–0.06 Å shorter than
that in AA, which is in excellent agreement with the
observed value (0.06–0.07 Å). As Table 2 indicates, this
shortening of O� � �O distance by substitution of H atom
with the AA radical is consistent with the spectroscopic
parameters, such as NMR chemical shift, OH stretching,
and OH out-of-plane bending.

According to Table 1, B3 and B exchange functionals
(with the same basis sets) give almost the same O� � �O dis-
tances, but the calculated OAH bond lengths obtained at
AA

X-rayc A B C D E E.Dd

1.398(2) 1.370 1.374 1.372 1.389 1.367 1.382
1.426(2) 1.444 1.443 1.445 1.445 1.449 1.43
1.297(2) 1.326 1.325 1.328 1.336 1.34 1.319
2.449(2) 2.544 2.52 2.556 2.514 2.557 2.512
1.279(2) 1.246 1.252 1.25 1.272 1.269 1.243
1.148 1.003 1.013 1.009 1.041 1.033 1.049
1.495(2) 1.511 1.513 1.515 1.524 1.526 1.525
1.483(2) 1.494 1.497 1.498 1.507 1.508 1.493
1.488(2) – – – – – –

122.23(14) 122.0 121.6 122.3 124.2 121.9 121
117.88(13) 120.8 120 120.6 119.8 120.5 119.7
121.15(14) 121.5 121.6 121.9 121.4 121.7 123
121.89(14) 118.9 118.9 118.6 119.6 119.2 118.1
123.15(15) 124.2 124.2 124.1 124.2 124.2 124.1
121.48(13) – – – – – –
120.63(13) – – – – – –
114.62(15) 113.8 114.0 113.6 114.4 113.9 114.9
116.95(14) 119.6 121.6 119.5 119.0 119.1 118.9

15.9 17.4 17.2 17.8 17.6

* basis sets, respectively, and D and E are obtained at BLYP level using

the enol form AA and TAEa

�1) cOH (cm�1) cOD (cm�1) d (ppm)

952 691 15.4
992 741 16.81

, calculated at the B3LYP/6-311++G**; m, stretching frequency; d, proton



Table 3
Geometrical parameters of TAE tautomers calculated at B3LYP/6-31G** level of theorya

cis–cis cis–trans tr–tr ket–ket cis–ket tr–ket

Bond lengths (Å)

C1AC2 1.3902 1.3887 1.3660 1.5447 1.3943 1.3732
O6AO7 2.464 2.4663 2.6303 2.4226 2.5497
C1AC3 1.4566 1.4566 1.4962 1.5513 1.4595 1.4988
C2AC4 1.4992 1.4993 1.5053 1.5151 1.5044 1.5085
C3AC5 1.5137 1.5137 1.5272 1.5113 1.5140 1.5286
C1AC9 1.4944 1.4991 1.5036 1.5629 1.5257 1.5384
C2AO6 1.3206 1.3219 1.3538 1.2167 1.3181 1.3500
C3AO7 1.2546 1.2548 1.2232 1.2163 1.2565 1.2234
C9AC10 1.3902 1.3666 1.3660 1.5425 1.5472 1.5370
C9AC11 1.4566 1.4969 1.4962 1.5594 1.5643 1.5454
C10AC12 1.4992 1.5054 1.5053 1.5211 1.5118 1.5194
C11AC13 1.5137 1.5273 1.5272 1.5131 1.5129 1.5096
C11AO15 1.2546 1.2229 1.2232 1.2155 1.2167 1.2190
C10AO14 1.3206 1.3528 1.3538 1.2167 1.2157 1.2162

Bond angles (�)

C2C1C3 117.4 117.5 121.4 110.6 115.7 120.0
C10C9C11 117.4 121.3 121.4 110.3 99.4 113.2
C1C2C4 125.0 124.8 124.5 120.0 126.0 126.3
C1C3C5 120.1 120.0 117.2 118.9 123.4 120.4
C9C11C13 125.0 117.2 117.2 120.4 117.9 115.8
C9C10C12 120.1 124.7 124.5 119.9 115.4 119.9
C1C2O6 121.9 122.1 121.2 119.0 122.3 120.8
C1C3O7 122.1 121.9 123.3 118.6 120.7 121.9
C9C10O14 121.9 121.1 121.2 119.0 119.1 118.3
C9C11O15 122.1 123.3 123.3 118.3 121.7 122.3

a cis, cis-enol; tr, trans-enol; ket, keto.
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Fig. 2. The structure and relative energies (in kcal/mol) of the understudy
tautomers of TAE.
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these levels are different. These results lead to obtain a
higher barrier height for proton transfer from one oxygen
atom to another at the B3LYP level of calculation than
that obtained with the BLYP level. Therefore, we expect
to obtain weaker hydrogen bond (lower EHB) with the
B3LYP than that calculated at the BLYP level.

It is noteworthy that adding a polarized function on the
hydrogen atoms causes considerable increase in the hydro-
gen bond strength (about 0.2 kcal/mol) and considerable
decrease in the O� � �O distance (about 0.04 Å) of both
AA and TAE molecules.

Table 1 also shows that upon AA substitution on a-posi-
tion both CAC and C@C bond lengths are increased,
whereas CAO and C@O bond lengths are decreased. These
behaviors are explained in Section 4.2.2.

The reported crystallographic symmetry of TAE is
2(C2) but, in fact approximates closely to 42 m (D2), con-
sisting of two substantially planar halves twisted through
almost 90� with respect to each other [28–30]. These results
are consistent with our theoretical results.

As it is shown in Fig. 2, the hydrogen bond strength, the
energy difference between cis- and trans-enol forms,
18.8 kcal/mol for the first AA fragment and 37.5 kcal/
mol for both hydrogen bond system, is exactly twice of
one single AA fragment. This result suggests that the two
hydrogen bonded systems are almost independent of each
other. The hydrogen bond strength per bond in TAE is
about 1.0–1.4 kcal/mol stronger than that in AA. This cal-
culated result is consistent with the other experimental
observations given in Table 2.

The cis–cis tautomer is about 16.5 kcal/mol more stable
than the cis-keto form (see Fig. 2). The keto–keto form is
still more unstable than cis-keto form, about 11.8 kcal/
mol. Therefore, the presence of any keto form in the sam-
ple is unlikely. The strength of hydrogen bond in cis-keto
form, in spite of its very short O� � �O distance (2.424 Å),
is less than 16.2 kcal/mol, which is considerably less than



Table 5
Comparison of selected bond orders of TAE and AA

Bond TAE AA

C1@C2 1.4851 1.5459
C1AC3 1.1758 1.1987
C3@O7 1.5655 1.5783
C2AO6 1.2023 1.1788
O6AH8 0.5499 0.5714
O6� � �O7 0.0638 0.0593
O7� � �H8 0.1588 0.1373
C2AC4 1.0390 1.0404
C3AC5 1.0204 1.0171
C1AH9 – 0.9074
C1AC9 0.9941 –

Table 6
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that in cis–cis form per bond. This result could be
explained by considering two factors: (1) the steric effect
of keto form which pushes the O atoms together and (2)
the electron-withdrawing effect of the diketo fragment in
the cis-keto form, which decreases the strength of the bond.

Comparing the cis–cis, cis–trans, and cis-ket in Table 3
reveals that trans form of the substituted AA slightly weak-
ens the intramolecular hydrogen bond in other part of mol-
ecule, whereas the keto form of substituted AA increases
the strength of the bond. These results could be well
explained by considering the steric effects, in the case of
cis–trans the trans part of the molecule moves slightly away
from the cis part and in cis-keto form the cis area is more
crowded by the trans par of molecule. This change in the
hydrogen bond strength, as could be observed from Table
3, also has considerable effects on the CAC, C@C, CAO,
and C@O bond lengths of the cis-enol ring.

4.2. NBO analysis

4.2.1. Charge analysis

The charge distribution calculated by NBO method
for optimized geometries of TAE and AA is tabulated in
Table 4. According to this Table the most pronounced
effect of substitution of a-H in AA by AA radical is reduc-
ing the charge over C1. This is caused by electron-releasing
nature of H, which disappears by AA radical substitution.
Therefore, the AA radical compared with H acts as an elec-
tron-withdrawing group, which is expected to reduce the
hydrogen bond strength. This effect is compensated by
the steric effect of the AA radical which pushes the O atoms
towards each other. The increase in the C@C and CAC
bond lengths in TAE compared with those in AA could
be explained by the charge redistribution. This effect causes
to reduce the charge differences between C1 with C2 and C1

with C3 in TAE compared with those in AA. Therefore, we
expect less coulombic attraction between Cd�

1 –Cdþ
2 and

Cd�
1 –Cdþ

2 , which leads to bond elongation.

4.2.2. Wiberg bond order

The calculated Wiberg bond orders for TAE and AA are
compared in Table 5. This table shows that the C@C bond
order in TAE is considerably reduced upon substitution of
a-H by AA radical, about 0.05 Å. This Table also indicates
that the CAC and CAO bond orders are reduced by this
substitution but the C@O bond order does not show a pro-
nounced change. These changes in the bond orders could
Table 4
Selected natural charge (e) distribution in TAE and AA

TAE AA

C1 �0.306 �0.494
C2 0.492 0.468
C3 0.550 0.535
O6 �0.682 �0.688
O7 �0.629 �0.629
H8 0.524 0.524
be well explained if we consider the charge redistribution
in the enol ring by replacement of H atom by AA radical.
The H atom, as it was mentioned, acts as an electron sup-
plying group, compared with the AA radical. Therefore,
from charge transfer stand point, since the AA radical is
not an electron-donating group, it is expected that replac-
ing of H by AA radical reduces the electron density in
the enol ring. This change in the charge density in the enol
ring, as it was explained, results in lowering the bond
orders compared with those in AA. This effect also tends
to reduce the hydrogen bond strength [14]. On the other
hand, the bulky AA radical pushes the O atoms towards
each other and increases the hydrogen bond strength.
The net result of these two opposite effects is reducing
the O� � �O distance and, therefore, increases the hydrogen
bond strength. Withdrawing electron from C@O group
increases its bond order while increasing the hydrogen
bond strength increases the p-electron conjugation which
results in decreasing the bond orders of double bonds
and increasing the bond orders of single bonds in the enol
ring. These interpretations explain the resistance to change
of the C@O bond order in TAE.

4.2.3. Steric effect
The most important pairwise steric exchange energies,

DE (i, j), interactions between NLMOs, which are absent
in AA, are listed in Table 6. The sum of pairwise steric
exchange DE (i, j) interactions in TAE (390 kcal/mol) is
about 40 kcal/mol more than twice of those in AA
(172 kcal/mol). This result confirms that steric effects play
a determining role in shortening, thus strengthening the
hydrogen bond, in TAE.
Selected pairwise steric exchange energies (DE (i, j), kcal/mol, interactions
between NLMOs i, j for TAE

NLMO (i) NLMO (j) DEi,j, kcal/mol

C1AC2 p C9AC11 r 4.89
C1AC2 p C9AC10 r 5.74
C1AC9 r C2AC4 r 1.86
C1AC9 r C2AO6 r 3.84
C1AC9 r C3AO7 r 3.00
C1AC9 r C3AC5 r 2.47
C4AH10 r C9AC11 p 3.00
C5AH22 r C9AC11 p 1.33
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5. Vibrational analysis

Deconvoluted IR spectra of TAE and its deuterated
analogue in the 850–1800 cm�1 are shown in Figs. 3 and
4, respectively. Lorentzian function has been utilized for
deconvolution of the IR spectra. The Raman spectra of
TAE and D2–TAE in the solid phase are compared in
Fig. 5.
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Fig. 3. The deconvoluted IR spectrum of TAE in CCl4.
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Fig. 5. Raman spectra of TAE (—) and D2–TAE (� � �) in the solid state.
The observed and calculated (scaled) vibrational fre-
quencies along with their approximate assignments for
TAE and D2–TAE are listed in Tables 7 and 8, respectively.

Ab initio harmonic vibrational frequencies are typically
larger than the fundamental observed experimentally [42].
A major source of this disagreement is the neglect of the
anharmonicity effects in the theoretical treatment. Measur-
ing spectra in the condensed phases and incompleteness of
basis sets in theoretical calculations are the other sources of
discrepancies between observed and calculated frequencies.
Zahedi-Tabrizi et al. [43] who recently studied the vibra-
tional spectra of trifluoroacetylacetone showed that taking
into account the anharmonicity in the calculations consid-
erably improves the calculated results. Unfortunately, this
kind of calculations is very time consuming and expensive.
Nonetheless, it is found that the overestimation of ab initio

harmonic vibrational frequencies is relatively uniform.
Good overall agreement between the scaled theoretical har-
monic frequencies and the anharmonic experimental fre-
quencies has been reported [44].

Considering the infrared frequencies of MA and its deu-
terated analogues at below 2000 cm�1, Larsen obtained
excellent scaling factors for several DFT calculations [45].
Larsen’s scaling factors are in good agreement with those
obtained by Scott and Radom [44]. We found that there
is no unique scaling factor for the whole range of the spec-
tra. We obtained a scaling factor for the CH stretching
region at each level of calculations, and then applied it to
all frequencies above 1900 cm�1, including the OH/OD
stretching, which has been shown to be strongly anharmon-
ic [43]. These scaling factors along with the corresponding
regression coefficients and standard deviations are collected
in Table 9. The residual errors of about 10 cm�1 are prob-
able due to the deficiencies in the basis sets and higher
order correlation effects not covered by B3LYP and BLYP
levels and due to experimental errors. As shown in Tables 7
and 8, each observed band in the CH3 stretching region
consists of four normal modes, which could not be easily
deconvoluted to their individual components. This prob-
lem is definitely a great source of errors in calculating more
precise scaling factors. However, the results of our correla-
tions are in close agreement with that obtained by Larssen
and Cremer [46], who obtained a scaling factor of 0.957
with a regression coefficient of 0.985 for the CH stretching
region by studying a large number of CH-containing sys-
tems. For all other frequencies below 1800 cm�1, the scal-
ing factors suggested by Larsen were applied [45].

The scaled theoretical vibrational frequencies calculated
at several levels of theory along with the experimental
results are given in Tables 7 and 8 for TAE and D2–
TAE, respectively. Tables 7 and 8 show an excellent
agreement among the scaled frequencies at all levels of cal-
culations and the experimental results for most of the fre-
quencies. However, there are some relatively large
disagreements between a few calculated frequencies
obtained at different level of calculations. A close inspec-
tion of the Tables 7 and 8 tells us that these disagreements



Table 7
Calculated and observed vibrational spectra of TAE (frequencies are in cm�1)a

No. Theoretical Experimental Assignment

A B C D E IR.I R.A dp IR (CCl4) I IR (solid) R I

1 3031 3029 3032 3029 3030 2 42 0.74 3015 10 3007(w) 3006 5 maCH3

2 3030 3029 3032 3028 3030 10 11 0.74 3015 10 3007(w) 3006 5 maCH3

3 3016 3016 3017 3016 3017 9 51 0.37 3015 10 3007(w) 3006 5 maCH3

4 3016 3016 3017 3016 3017 17 100 0.75 3015 10 3007(w) 3006 5 maCH3

5 2966 2967 2970 2969 2970 5 22 0.73 2962 9 2971(w) 2970 15 maCH3

6 2966 2967 2969 2969 2970 7 59 0.66 2962 9 2971(w) 2970 15 maCH3

7 2960 2961 2964 2964 2964 4 173 0.75 2962 9 2971(w) 2970 15 maCH3

8 2959 2960 2963 2963 2963 5 10 0.75 2962 9 2971(w) 2970 15 maCH3

9 2916 2913 2915 2911 2918 2 137 0.04 2926 10 2927(w) 2926 100,p msCH3

10 2915 2913 2915 2911 2917 1 206 0.03 2926 10 2927(w) 2926 100,p msCH3

11 2915 2912 2914 2910 2917 10 299 0.06 2926 10 2927(w) 2926 100,p msCH3

12 2915 2912 2914 2910 2916 11 213 0.08 2926 10 2927(w) 2926 100,p msCH3

13 2530 2347 2776 2636 2809 371 27 0.06 2578 7 2570(w,br) – mOH
14 2528 2346 2775 2635 2808 413 18 0.42 2578 7 2570(w,br) – mOH
15 1587 1578 1625 1618 1623 75 7 0.24 1605 100 1600(vs) 1600 11,p maC@CAC@O
16 1584 1574 1624 1616 1617 534 3 0.75 1605 100 1600(vs) 1600 11,p maC@CAC@O
17 1616 1624 1606 1610 1598 211 57 0.04 1552 35 1550(s,br) – dOH + msC@CAC@O
18 1609 1618 1595 1599 1593 346 9 0.75 1552 35 1550(s,br) – dOH + msC@CAC@O
19 1468 1454 1457 1441 1452 2 4 0.59 1444 11 – – daCH3

20 1467 1453 1455 1440 1452 3 3 0.72 1444 11 – – daCH3

21 1466 1453 1455 1438 1447 22 11 0.70 1444 11 – 1440 sh daCH3

22 1462 1448 1450 1434 1446 50 17 0.75 1444 11 – 1440 sh daCH3

23 1461 1446 1450 1434 1445 21 20 0.34 1444 11 – 1440 sh daCH3

24 1460 1446 1449 1433 1442 13 1 0.75 1444 11 – – daCH3

25 1447 1431 1435 1420 1432 0 9 0.71 – – 1423 23 daCH3

26 1446 1430 1435 1418 1430 74 1 0.75 – – 1423 23 daCH3

27 1392 1388 1399 1398 1397 28 8 0.61 1402 73 1406(vs) – dsCH3 + maCAC@CAO
28 1392 1387 1396 1395 1394 121 10 0.75 1402 73 1406(vs) – dsCH3 + maCAC@CAO
29 1379 1368 1377 1365 1376 59 10 0.11 1365 6 1367(w) 1372 61,p mC1AC9 + dOH + dsCH3 + mC@CAC@O
30 1373 1363 1372 1362 1372 2 43 0.00 1365 6 1367(w) 1372 61,p mC1AC9 + dOH + dsCH3 + mC@CAC@O
31 1356 1351 1370 1358 1369 48 4 0.69 1365 6 1367(w) 1372 61,p dsCH3 + dOH + maCACACH3
32 1347 1348 1351 1344 1348 42 6 0.13 – – 1358 sh dsCH3 + dOH + maCAC@CAO
33 1343 1335 1346 1343 1348 70 4 0.24 – – 1350 sh dsCH3 + dOH + maCAC@CAO
34 1305 1272 1325 1307 1315 186 36 0.75 1328 14 – – maC@CAC + dOH + mC@CAC@O
35 1265 1262 1273 1274 1268 202 14 0.75 1289 7 – 1296 sh msCAC@CAO
36 1229 1236 1230 1235 1237 169 1 0.75 1247 34 1254(s) 1253 21, p? dOH + msC@CAC + msCACH3

37 1174 1170 1178 1176 1183 0 10 0.52 – 1190(sh) 1190 20, p mC1AC9 + dOH + msCACH3

38 1044 1032 1040 1030 1040 0 2 0.75 – – 1038 8,dp? qCH3

39 1039 1027 1036 1026 1036 0 0 0.75 – – 1038 8,dp? qCH3

40 1022 1016 1020 1016 1025 1 1 0.20 – 1031(sh) – qCH3

41 1022 1015 1020 1014 1024 3 1 0.75 – 1031(sh) 1027 sh,dp qCH3

42 1015 1006 1013 1013 1017 9 1 0.59 1018 17 1018(s) – qCH3

43 1014 1004 1012 1012 1017 11 1 0.74 1018 17 – – qCH3

44 987 984 986 1005 992 41 1 0.74 992 25 997(s) 994 8 qCH3 + mCACH3 + mCACAO
45 985 980 983 1003 988 51 4 0.22 992 25 997(s) 994 8 cOH + qCH3

46 981 1062 947 982 987 38 1 0.07 978 18,br 981(sh) – cOH
47 981 1061 947 978 986 64 0 0.74 978 18,br 981(sh) – cOH
48 921 925 922 925 931 22 1 0.75 936 8 936(m) – dC@CAC
49 892 893 896 895 903 19 2 0.21 910 32 910(s) 911 5,p maCACH3 + qCH3 + D ring
50 891 891 894 894 901 30 1 0.75 910 32 910(s) – maCACH3 + qCH3 + D ring
51 655 656 659 659 676 5 1 0.39 673 4 678(w) – C
52 655 655 658 657 673 2 0 0.75 673 4 678(w) – C
53 642 642 644 642 650 8 22 0.02 – – 662 56,p D ring
54 626 625 628 626 635 10 5 0.75 635 2 640(vw) 650 sh D ring
55 535 538 538 539 549 1 3 0.71 550* sh – 558 24 cCACH3

56 533 535 535 536 548 0 0 0.74 550 sh – 558 24 cCACH3

57 514 517 512 513 521 6 3 0.07 536 s 541(w)* – D + dCACH3

58 508 511 506 507 515 8 2 0.75 536 s 541(w) – D + dCACH3

59 469 474 466 470 472 3 2 0.74 479 s 482(m) 483 91,p? D + dCACH3

60 469 473 465 469 472 4 2 0.75 479 s 482(m) 483 91,p? D + dCACH3

61 404 403 404 399 400 1 6 0.32 399 sh – 401 27,dp vO� � �O
62 386 387 384 382 384 13 2 0.75 384 sh 397(mw) – msO� � �O + dCACH3

63 380 382 379 379 383 1 4 0.12 377 sh 375(m) 371 24,dp? msO� � �O + dCACH3
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Table 7 (continued)

No. Theoretical Experimental Assignment

A B C D E IR.I R.A dp IR (CCl4) I IR (solid) R I

64 354 352 354 353 363 3 2 0.75 371 m 375(m) 371 24,dp? dC1AC9
65 354 352 354 352 359 2 2 0.67 371 m 375(m) 371 24,dp? dC1AC9
66 270 272 269 268 270 3 0 0.75 n.m 290(w,br) 264 sh D
67 194 197 193 193 194 1 1 0.26 n.m 212(w,br) 218 14 D
68 168 175 166 168 164 0 0 0.71 n.m – – C + cCACH3

69 167 174 163 168 163 0 0 0.75 n.m – – C + cCACH3

70 124 131 134 132 130 1 1 0.75 n.m 140(sh) 136 sh* sCH3

71 118 130 132 123 122 0 1 0.75 n.m – – C + caCACH3

72 102 129 128 112 112 0 1 0.74 n.m 116(sh) – sCH3 + caCACH3
73 89 114 116 105 108 0 1 0.75 n.m 106(m) 106 sh sCH3 + caCACH3
74 85 107 109 88 92 0 1 0.61 n.m 94(sh) 94 sh C
75 80 101 101 87 81 2 1 0.75 n.m – – sCH3 + Dring
76 78 82 79 80 79 3 2 0.75 n.m – – cC1AC9
77 76 81 78 68 73 2 1 0.75 n.m – 61 m sCH3

78 39 43 42 42 43 0 7 0.75 n.m 48(vw) 42 w sC1AC9

a A, B, C, D, and E stands for scaled frequencies (cm�1) calculated at BLYP/6-31G*, BLYP/6-31G**, B3LYP/6-31G*, B3LYP/6-31G**, and B3LYP/6-
311++G**, respectively; IR, infrared; R, Raman; IR.I and R.A, and dp, IR intensity in KM/Mole, Raman scattering activities in Å**4/AMU, and
depolarization ratio, respectively, calculated at B3LYP/6-311++G** level; I., relative intensity; v, very; s, strong; m, medium; w, weak; sh, shoulder; *,
below 200 cm�1 are measured in different scale; m, stretching; d, in-plane bending; c, out-of-plane bending; D, ring in-plane deformation; C, ring out-of-
plane deformation; q, rocking; s, torsion; n.m., not measured.
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are limited to those frequencies related to the OH move-
ments, such as mOH/mOD, dOH/dOD, and cOH/cOD.
These behaviors are explainable if we recognize that these
modes of vibration are highly dependent on the hydrogen
bond strength. Since, as can be seen from Table 1 and dis-
cussed in Section 4.1, the calculated O� � �O distance, OAH
bond length, and the hydrogen bond strength, EHB, are
very sensitive to the level of calculation and basis set used,
we expect that those vibrational modes that are dependent
on the hydrogen bond strength to be sensitive to the choice
of basis set and level of calculation.

The vibrational frequencies calculated at B3LYP/6-
311++G**, B3LYP/6-31G*, and BLYP/6-31G*, except
for the CH and OH/OD stretching modes, are scaled by
0.9801, 0.9649, and 0.9976, respectively, according to the
Spanget–Larsen results for malonaldehyde, the simplest
b-diketone [43]. The applied scaling factors for the frequen-
cies obtained at the B3LYP/6-31G** and BLYP/6-31G**
levels are 0.9649 and 0.9976, respectively.

The scaled fundamental wavenumbers for TAE and
D2–TAE were compared with the experimental ones by
means of two different regression analyses. In the first
regression analysis, all available observed frequencies were
selected. In the second regression analysis, the mOH/mOD,
mC@CAC@O + dOH, and cOH/cOD normal modes were
excluded from calculations. In these correlations, we used
the available vibrational band frequencies in the CCl4 solu-
tion and the available frequencies in the solid state Raman
spectra if lacking the frequencies in solution. The results
for these correlations are listed in Table 10 and clearly
show that the calculated frequencies are generally in good
agreement with the observed ones, but superior agreements
can be obtained when the frequencies involved in the
OH/OD motions are excluded from calculations. These
results clearly indicate that the calculated frequencies at
all considered levels are satisfactory, except for those
involved in the OH/OD movements. Therefore, for these
intramolecular hydrogen bonded systems, we should not
expect to accurately obtain all vibrational frequencies sim-
ply by scaling calculated frequencies, since the strength of
the bond is very sensitive to the choice of basis set and level
of theory.

The assignment of the experimental frequencies is based
on the observed band frequencies and intensity changes in
the infrared and Raman spectra of the deuterated species
confirmed by establishing one-to-one correlation between
observed and theoretically calculated frequencies.

5.1. The OH/OD stretching mode

The IR spectrum of TAE in CCl4 exhibits a very broad
band in the 2000–3300 cm�1 regions, which upon deutera-
tion of the enolic proton appears as a new band at about
2000 cm�1. The IR spectrum of TAE in the CCl4 solution
exhibits a very broad band in the 1800–3300 cm�1 region
centered at about 2580 cm�1, which was assigned to OH
stretching mode. As it is shown in Fig. 4, the deconvoluted
D2–TAE infrared spectrum exhibits two weak and relative-
ly broad bands at about 2000 and 1900 cm�1 (on average
1950 cm�1). These bands are likely to have occurred due
to the proton tunneling phenomenon in the intramolecular
symmetric hydrogen bonded system [47,48]. More study is
necessary to insight this idea. The corresponding bands for
AA and D2-AA have been observed at about 2850 and
2020 cm�1, respectively [10]. Lower band frequency of
OH/OD stretching in TAE/D2–TAE in comparison with
those for AA/D2-AA also supports the stronger hydrogen
bond of TAE in comparison with that of AA [7].



Table 8
Calculated and observed vibrational spectra of D2–TAE (frequencies are in cm�1)a

No. Theoretical Experimental Assignment

A B C D E IR.I R.A IR (CCl4) IR (solid)c R (solid)

1 3031 3029 3032 3029 3030 2 54 3014(5) 3006,mw 3007,w maCH3

2 3030 3029 3032 3028 3029 11 5 3014(5) 3006,mw 3007,w maCH3

3 3016 3016 3017 3016 3017 7 60 3014(5) 3006,mw 3007,w maCH3

4 3016 3016 3017 3016 3017 15 109 3014(5) 3006,mw 3007,w maCH3

5 2966 2967 2970 2969 2970 5 54 2965(5) 2970,mw 2971,w maCH3

6 2966 2967 2970 2969 2970 7 22 2965(5) 2970,mw 2971,w maCH3

7 2960 2961 2964 2964 2964 4 175 2965(5) 2970,mw 2971,w maCH3

8 2959 2960 2963 2963 2963 5 13 2965(5) 2970,mw 2971,w maCH3

9 2916 2913 2915 2911 2918 2 198 2927(5) 2924,mw 2925,s msCH3

10 2915 2913 2915 2911 2917 1 13 2927(5) 2925,mw 2925,s msCH3

11 2915 2912 2914 2910 2917 7 375 2927(5) 2925,mw 2925,s msCH3

12 2915 2912 2914 2910 2916 8 27 2927(5) 2925,mw 2925,s msCH3

13 1866 1751 2035 1942 2059 256 7 1950(10,vbr) �1900,br – mOD
14 1865 1750 2034 1941 2058 293 4 1950(10,vbr) �1900,br – mOD
15 1585 1575 1624 1616 1621 39 1 1621(13) 1600,vs 1601,wbr maC@CAC@O
16 1582 1570 1620 1610 1615 540 4 1613(100) 1600,vs 1601,wbr maC@CAC@O
17 1489 1471 1505 1490 1501 156 46 1504(50) 1490,s 1483,s msC@CAC@O + dOD
18 1483 1465 1491 1477 1490 199 14 1504(15) 1490,s 1483,s msC@CAC@O + dOD
19 1468 1454 1456 1440 1452 3 8 – – 1461,sh daCH3

20 1467 1453 1455 1440 1451 2 12 – – 1461,sh daCH3

21 1466 1453 1455 1438 1447 19 34 – – 1461,sh daCH3

22 1460 1448 1449 1433 1442 10 1 1435(5) – – daCH3

23 1448 1432 1439 1423 1435 37 40 1435(5) – 1427,m daCH3 + maCAC@C
24 1446 1430 1435 1419 1431 101 32 1419(34) 1410,vs 1427,m daCH3 + maCAC@C
25 1430 1417 1431 1417 1427 77 29 1419(34) 1410,vs 1427,m daCH3 + maCAC@CAO + mC@O
26 1427 1415 1431 1416 1427 130 33 1419(34) 1410,vs 1427,m daCH3 + maCAC@CAO + mC@O
27 1390 1379 1399 1397 1397 23 11 1392(37) 1410,vs – dCACH3 + maCAC@CAO
28 1388 1374 1394 1388 1388 42 0 1392(37) – – msCAO + msC@O +mCACH3

29 1378 1368 1376 1363 1374 22 9 1366(12) 1360,sh,br 1371,m dsCH3 + mCAC@C
30 1372 1363 1370 1358 1369 35 15 1366(12) 1360,sh,br 1371,m dsCH3

31 1353 1350 1355 1346 1355 0 3 – – 1346,vw dsCH3

32 1345 1344 1351 1344 1348 95 4 1342(9) – 1346,vw dsCH3 + mCAO
33 1272 1284 1283 1291 1284 84 17 1291(18) – 1281,w msCAC@CAO + dOD
34 1249 1244 1251 1250 1256 105 3 1246(29) 1240,s 1241,m mC1AC9 + mCAC + dOD
35 1247 1243 1249 1249 1251 148 5 1246(29) 1240,s 1241,m mCAC + mCACH3

36 1094 1092 1092 1094 1097 175 8 1078(25) 1070,ms 1072,m dOD + mC@C
37 1040 1034 1041 1035 1042 0 5 – – 1036,m dOD + qCH3

38 1044 1032 1038 1029 1038 1 1 – – 1036,m dOD + qCH3

39 1039 1027 1036 1025 1035 2 1 – – 1036,m qCH3

40 1016 1012 1015 1008 1019 8 1 1018(15) 1018,s 1020,sh qCH3

41 1016 1011 1014 1007 1019 9 2 1018(15) 1018,s 1020,sh qCH3

42 1012 1006 1010 1003 1014 38 0 1012(15) 1010,sh – qCH3

43 1012 1004 1007 1003 1011 4 1 1012(15) 1010,sh – qCH3

44 979 976 975 972 980 15 4 984(3) 996,sh 989 qCH3

45 979 976 975 972 980 19 0 984(3) 996,sh – qCH3

46 907 908 908 909 918 2 1 909(17) 910,ms 912,w dOD + maCACH3 + mCAC
47 890 891 893 893 900 15 1 909(17) 910,ms 912,w maCACH3

48 885 887 884 887 889 21 0 897(5) 900,sh – maCACH3

49 730 779 712 751 735 47 0 741b 742,s – cOD
50 729 779 711 750 734 44 0 741b 742,s – cOD
51 642 648 642 648 661 0 3 – – 662,vs C
52 640 646 636 644 658 1 0 660(4) 660,vw – C
53 637 637 636 637 646 12 15 – – 640,m D
54 620 618 622 620 629 13 5 628,sh 628(8) – D
55 534 537 536 538 548 2 4 – – 552,m C
56 532 534 534 535 547 1 0 549,vw 542,sh – C
57 511 515 509 511 518 7 4 525(6) 523(36) 526,w D
58 502 505 500 502 509 7 2 525(6) 523(36) 526,w D
59 466 471 462 466 468 2 2 475(10) 475(36) 475,s D
60 465 471 461 466 468 4 2 475(10) 475(36) 475,s D
61 386 384 387 383 387 0 5 n.m 397,vw 397,m mOAO + dCACH3 + nA-A
62 378 378 378 374 377 13 5 n.m 372,m 372,m mOAO + dCACH3

63 378 377 377 374 376 3 2 n.m 372,m 372,m mOAO + dCACH3
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Table 8 (continued)

No. Theoretical Experimental Assignment

A B C D E IR.I R.A IR (CCl4) IR (solid)c R (solid)

64 354 352 354 352 362 5 2 n.m 372,m 369,sh dAcAAc
65 353 352 352 351 358 2 2 n.m 372,m 369,sh dAcAAc
66 267 268 266 264 265 3 0 n.m – 263,vw mOAO + dCACH3

67 194 196 193 193 194 1 1 n.m 210,vw 210,w
68 168 175 165 168 163 0 0 n.m – – C
69 166 174 163 167 162 0 0 n.m – – C
70 124 131 134 132 130 1 1 n.m 140,w 132,sh* cCACH3 + sCH3

71 118 130 132 122 122 0 1 n.m – – cCACH3 + sCH3

72 102 129 128 112 112 0 0 n.m 112,sh – C + cCACH3

73 89 114 116 105 108 0 0 n.m 102,m 104,sh* C + cCACH3

74 85 107 109 88 92 0 0 n.m 94,sh 92,s* sCH3

75 80 101 100 86 80 2 1 n.m – – sCH3 + cAcAAc
76 77 81 79 79 78 3 2 n.m – 78,sh* sCH3

77 76 80 77 68 73 2 1 n.m – 62,w* sCH3

78 39 43 42 42 43 0 6 n.m 45,vw 42,s* sAAcAAc

a See footnotes of Table 7.
b Measured in CS2.
c Data from Refs. [5,31].

Table 10
Scaling factor a, regression coefficient R, and standard deviation SD for
regression of observed vibrational wavenumbers on theoretical ones (see
text)a

Method Ib Method IIc

a R SD (cm�1) a R SD (cm�1)

TAE
A 1.001 0.99977 19 1.001 0.99987 15
B 1.007 0.99884 44 1.003 0.99987 14
C 0.994 0.99924 35 1.000 0.99991 12
D 0.999 0.99979 19 1.003 0.99992 11
E 0.992 0.99910 38 1.000 0.99995 9

D2–TAE
A 1.003 0.99979 18 1.001 0.99903 13
B 1.007 0.99924 35 1.003 0.99980 13
C 0.998 0.99979 18 1.000 0.99993 11
D 1.002 0.99993 10 1.003 0.99994 10
E 0.997 0.99977 19 1.000 0.99997 8

a A, B, C, D, and E stands for the BLYP/6-31G*, BLYP/6-31G**,
B3LYP/6-31G*, B3LYP/6-31G**, and B3LYP/6-311++G** levels of
theory, respectively.

b All observed frequencies were considered.
c For TAE, the frequency numbers 13, 14, 17, 18, 46, and 47 and for D2–

TAE, the frequency numbers 13, 14, 36–38, 49, and 50 were excluded from
regression calculations.

Table 9
Scaling factor a, regression coefficient R, and standard deviation SD for
regression of observed CH stretching wavenumbers on theoretical ones
(see text)

a R SD (cm�1)

B3LYP/6-311++G** 0.960 0.9723 9
B3LYP/61G** 0.952 0.9551 11
B3LYP/6-31G* 0.952 0.9616 10
BLYP/6-31G** 0.977 0.9630 10
BLYP/6-31G* 0.978 0.9683 10
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5.2. The 1000–1700 cm�1 region

Besides the CH3 deformation modes, five pairs (due to
the symmetric and asymmetric vibrations) of bands relat-
ed to the enol ring modes are expected to be observed in
this region, which are attributed to the combinations of
the C@O, CAO, C@C, CAC stretching and the OH bend-
ing modes [10–13]. The type of combinations depends on
the extent of p-delocalization and bond equalizations in
the enol ring. Deconvoluted IR spectrum of TAE in
CCl4 solution indicates that in the C@O and C@C
stretching region two bands exist at 1605 and
1552 cm�1, and upon deuteration the latter appears at
1505 cm�1. The corresponding bands for AA were
observed at 1625 and 1600 cm�1, respectively [10]. The
former, a very strong band and almost insensitive to the
deuteration, is assigned to the asymmetric C@CAC@O
stretching and the latter, a broad band, is assigned to
the symmetric C@CAC@O stretching strongly coupled
with the OH in-plane bending mode.

As shown in Table 7, the corresponding calculated
scaled frequencies (at B3LYP/6-311++G**) are obtained,
on average, at 1620 and 1595 cm�1, respectively. This fre-
quency difference could be attributed to the difference in
media for obtaining the calculated and experimental results
and the existence of the strong anharmonicity in the poten-
tial surface of this kind of hydrogen bonded system [43].
However, the most important source for these discrepan-
cies is the error in estimation of the hydrogen bond
strength, which is very sensitive to the choice of basis set
and level of calculation. The theoretical position of these
two bands calculated at the BLYP is reversed, which could
be explained by considering the overestimation of hydro-
gen bond strength (see Table 1). Considerably large differ-
ence between 1552 cm�1 band and its corresponding
theoretical band at 1595 cm�1 (calculated at the B3LYP/
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6-311++G**) is mainly due to the participation of OH
bending in this mode of vibration. Coincidence of the cor-
responding theoretical and experimental frequencies at
about 1500 cm�1 in the deuterated analogue, which is
decoupled from the OD bending, confirms this explana-
tion. The same situation has been also reported before
for a-cyano-acetylacetone [49], which also exhibits a strong
intramolecular hydrogen bond.

Upon deuteration the Raman band at 1253 cm�1 disap-
pears and two new Raman bands appear at 1072 and
1036 cm�1, where the former is relatively strong and the
latter is inactive in the IR spectrum. These observations
are nicely in agreement with the calculation results.
According to the calculations, the 1253 cm�1 band is main-
ly caused by the OH in-plane bending strongly coupled to
the symmetric CAC@C stretching motion. The corre-
sponding bands in the deuterated analogue, 1072 and
1036 cm�1, are caused by OD in-plane bending, coupled
to the C@C stretching and CH3 rocking modes, respective-
ly. Raman activity of these bands supports the
assignments.

According to the calculations the observed Raman band
at 1190 cm�1 is assigned to the C1AC9 stretching strongly
coupled to the OH stretching. Upon deuteration, this band
shifts to 1246 cm�1.

5.3. Below 1000 cm�1

In this region one expects to observe C@CH3 stretching,
OH and C@H out-of-plane bending, CH3 deformation
modes and the in-plane and out-of-plane ring deforma-
tions. The medium and relatively broad IR band at
978 cm�1 is assigned to cOH, which upon deuteration
shifts to 741 cm�1.

The IR band at 936 cm�1 is absent in the Raman spec-
trum. We correlated this band to the theoretical band at
931 cm�1 on the basis of calculated Raman and IR intensi-
ties. This band corresponds to the in-plane C@CAC bend-
ing mode.

By considering the theoretical calculations, the medium
IR band at 910 cm�1 in TAE is assigned to maC@CH3 and
qCH3, which causes a kind of deformation in the enol ring.
The corresponding band in AA, which occurs at 915 cm�1,
upon deuteration shifts upward about 20 cm�1 [10] but in
TAE this shift is negligible. The higher frequency shift of
this band in AA upon deuteration could be attributed to
its coupling with the C–D in-plane bending mode in deuter-
ated AA.

The strong bands at 673 cm�1 and 662 cm�1 in the IR
and Raman spectra, respectively, are attributed to the
out-of-plane ring deformation modes that are considerably
higher than the corresponding mode in AA. This could be
attributed to firmer enol ring of TAE in comparison with
that in AA. This is caused by stronger intramolecular
hydrogen bond in TAE than that in AA.

An important band frequency in this region is the
O� � �O stretching which is occurring at about 400 cm�1,
considerably higher than that in AA, 366 cm�1 [10]. This
result is also in line with the stronger intramolecular
hydrogen bond in TAE compared with that in its parent,
AA.
6. Conclusion

The full optimized geometries of the cis-enol forms and
the corresponding trans-enol forms of TAE and AA are fully
optimized at the B3LYP level of theory using 6-31G*,
6-31G**, and 6-311++G** basis sets and at the BLYP level
using 6-31G* and 6-31G** basis sets. The results of DFT
calculations indicate that the calculated hydrogen bond
strength, the O� � �O distance, and OAH bond length are very
sensitive to the choice of level of calculation and basis set.
However, the results of all calculations indicate that the
intramolecular hydrogen bond in TAE is considerably
stronger than that in its parent, AA. According to the
NBO calculations, this increase in the hydrogen bond
strength is solely caused by the steric effects.

The results of calculations on the keto and trans-enol con-
formers exclude the presence of these conformers in the sam-
ple, which is in agreement with the experimental results.

The vibrational frequencies of TAE and D2–TAE were
calculated at all aforementioned levels of theory. The pre-
dicted scaled frequencies, IR and Raman intensities, and
depolarization ratios were compared with the correspond-
ing experimental results. Although, a discrepancy was
observed for a few wavenumbers due to the strong anhar-
monicity in the proton potential movement, in general a
satisfactory reproduction of the experimental data is
obtained.
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