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bstract

Molecular structure and vibrational frequencies of 1,3-diphenyl-1,3-propanedione, known as dibenzoylmethane (DBM), have been investigated
y means of density functional theory (DFT) calculations. The results were compared with those of benzoylacetone (BA) and acetylacetone (AA),
he parent molecule. IR and Raman spectra of DBM and its deuterated analogue were clearly assigned.The calculated hydrogen bond energy of
BM is 16.15 kcal/mol, calculated at B3LYP/6-311++G** level of theory, which is 0.28 kcal/mol more than that of AA. This result is in agreement

ith the vibrational and NMR spectroscopy results. The molecular stability and the hydrogen bond strength were investigated by applying the
atural Bond Orbital analysis (NBO) and geometry calculations. The theoretical calculations indicate that the hydrogen bond in DBM is relatively

tronger than that in BA and AA.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Several naturally occurring �-diketones, such as curcumin
major yellow constituent in turmeric, the ground rhizome of
urcuma longa Linn) and licodione, 1-(2,4-dihydroxyphenyl)-3-
4-hydroxyphenyl)-1, 3-propanedione (a biosynthetic interme-
iate isolated from cultured Glycyrrhiza echinata L. cells [1],
ne licorice species), have been shown to exhibit great biolog-
cal effects. Both curcumin (diferuloylmethane) and licodione
xhibit strong antioxidant activities and inhibit carcinogenesis
2,3]. On the other hand another class of DBM derivatives,
-hydroxychalcones compounds, belongs to a rare group of
avonids, have been shown that posses insecticidal and piscici-
al properties [4]. Due to antitumor and antiflammatory effects

f both curcumin and licodione, the structural analogue DBM
nd its derivatives have received more attention, especially due
o their potential use as a chemopreventive agent [5,6]. Further-
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ore, because of powerful sunscreen activity of DBM deriva-
ives, some of these compounds have been used in the cosmetic
ndustry as sunscreen agents [7–9].

It is well known that the cis-enol form of �-diketones is char-
cterized by a strong intramolecular hydrogen bond [10–13].
he simplest members of this class of compounds are malon-
ldehyde (MA) and acetylacetone (AA), which have been the
ubject of many theoretical and experimental studies [14–24].
R, Raman, NMR, X-ray, neutron, and electron diffraction stud-
es on AA and its derivatives [25–40] indicate that substitution of
he methyl groups of AA has a drastic effect on both the position
f keto-enol equilibrium and the strength of the intramolecular
ydrogen bond. It has been shown that substitution of methyl
roups in AA by phenyl groups increases the hydrogen bond
trength [35–37]. By means of vibrational spectroscopy [36,37],
he following trend in hydrogen bond strength has been obtained:
A < BA < DBM

These results are in line with the observation of an increase
n proton chemical shift of enolated proton, δOH (in CDCl3),
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rom AA (15.44 ppm) to BA (16.11 ppm) to DBM (16.80 ppm)
35].

The structure and vibrational spectra of DBM have been the
ubject of a few investigations, which support the existence of a
trong intramolecular hydrogen bond of chelating nature in the
nol form of this molecule [14,36,37,41–43].

The aim of the present paper is to predict the structure and
ibrational spectra (harmonic wavenumbers, and relative inten-
ities for Raman and IR spectra) of DBM by means of den-
ity functional theory (DFT) levels. The calculated geometrical
arameters for DBM will be compared with X-ray and neutron
iffraction result [41,42]. Comparison geometrical parameters
f DBM with those of AA and BA gives a clear understand-
ng of substitution effect of phenyl groups (in � position) on
tructure and hydrogen bond strength of this system. The calcu-
ated harmonic force constant of DBM was used for predicting
he Raman and IR spectra of deuterated specie. The calculated
ibrational frequencies and band assignment are compared with
hose observed experimentally.

. Experimental

DBM was obtained from Aldrich Chemical Co. Solutions of
BM in solvents were made with a constant mole ratio of 1 mol
f solute to about 20 mol of solvent.

The mid-IR spectra of DBM were recorded by using Bomem
B-154 Fourier Transform Spectrophotometer in the region

00–4000 cm−1 in KBr pellet and in CCl4/CS2 solution. The
pectra were collected with a resolution of 2 cm−1 by coadding
he results of 16 scans.

The Far-IR spectra in the region 600–50 cm−1 were obtained
sing a Thermo Nicolet NEXUS 870 FT-IR spectrometer
quipped with DTGS/polyethylene detector and a solid substrate
eam splitter. The spectra were collected with a resolution of
cm−1 by coadding the results of 128 scans.

The Raman spectra were collected employing a 180◦ back
cattering geometry and a Bomem MB-154 Fourier Transform
aman spectrometer. The Raman spectrometer was equipped
ith a ZnSe beam splitter and a TE cooled InGaAs detector.
ayleigh filtering was afforded by two sets of two Holographic

echnology filters. Laser power at the sample was 300 MW. The
pectra were collected with a resolution of 2 cm−1 by coadding
he results of 250 scans.

. Method of analysis

Geometrical calculations were performed using Gaussian 03
ersion B05 [44] and NBO 5.0 [45] programs. Geometries of
he cis-enol forms of DBM are fully optimized with hybrid den-
ity functional B3LYP [46,47] using 6-31G**, 6-311G**, and
-311++G** basis sets. The vibrational frequencies were calcu-
ated at B3LYP/6-311G** level of theory. Orbital populations
nd Wiberg bond orders [48] were calculated with NBO 3.0 pro-

ram implemented in Gaussian 03. The second order interaction
nergies (E2) [49] were performed at the B3LYP/6-311G** level
sing NBO 5.0 program, which applied the wave function infor-
ation file generated by earlier version of NBO (3.0).

[

i
b

Fig. 1. Numbering system and cis- and trans-structure of DBM.

The assignment of the experimental frequencies are based
n the observed band frequencies and intensity changes in the
nfrared and Raman spectra of the deuterated species and con-
rmed by establishing one to one correlation between observed
nd theoretically calculated frequencies.

. Results and discussion

.1. Molecular geometry

The geometry of the cis- and trans-enol forms along with the
tom numbering system are given in Fig. 1. The full optimized
eometrical parameters of DBM, AA, 2BA and 4BA [50] along
ith the reported experimental structural parameters of DBM

41,42] are compared in Table 1.
According to Table 1, substitution of each methyl group by

phenyl group reduces the O· · ·O distance by about 0.02 Å.
his result is in agreement with the observed 1H NMR chemical
hift, which indicates that by each phenyl substitution the proton
hemical shift of the enolated proton shows a downfield by about
.8 ppm [35]. As it is shown in Table 1, calculations predict
relatively strong hydrogen bond in DBM molecule with an
· · ·O distance of 2.502 Å (calculated at B3LYP/6-311++G**

evel of theory). This O· · ·O distance is about 0.042 and 0.022 Å
horter than that of AA and 2BA, respectively, which indicates
onsiderably stronger hydrogen bond in DBM compare with that
n BA and AA. This result is in agreement with the NMR result

35].

According to Table 1, substitution of the first phenyl group
n the enol side, 4BA, increases the C C and C O bond lengths
y 0.008 and 0.004 Å, respectively, while the C–C bond length
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Table 1
The geometrical parameters of the cis-enol forms of DBM, BA, and AA calculated at the B3LYP level with 6-311++G** basis seta

Theoreticalb Experimental

DBM 2BA 4BA AA N.D. [41] X-ray [42]

A B C C C C

O· · ·O 2.4786 2.5003 2.5024 2.520 2.513 2.544 2.461 2.463
O–H 1.0219 1.0105 1.010 1.006 1.01 1.003 1.257 1.163
H· · ·O 1.5274 1.5686 1.574 1.604 1.585 1.633 1.287 1.362
C O 1.2618 1.2532 1.254 1.252 1.25 1.246 1.284(3) 1.279
C–O 1.3245 1.3244 1.326 1.324 1.326 1.326 1.292(3) 1.318
C C 1.3824 1.3782 1.378 1.372 1.378 1.37 1.383(4) 1.394
C–C 1.4375 1.4395 1.439 1.443 1.439 1.444 1.389(4) 1.425
C2–C8 1.4946 1.4959 1.496 1.495 1.478 1.511 1.481(4) 1.477
C4–C14 1.4783 1.478 1.478 1.496 1.511 1.494 1.480(4) 1.477
OHO 152.38 150.89 150.4 148.9 150.5 148.6 150.7 154.7
COH 104.92 105.5 105.8 105.8 106.1 106.2 103.5 102.6
C–C O 120.86 120.98 120.8 120.5 121.7 121.5 119.9(3) 120.1
C–C C 119.89 120.31 120.6 120.6 119.2 120.8 121.4(3) 120.4
C C–O 120.91 121.17 121.1 122.2 121.7 122 120.6(3) 120.3
Φ2 11.65 11.33 12.0 2.9(4)
Φ4 15.55 15.16 14.8 8.8(4)
H–C C 119.47 119.25 119.2 121.1 120.6 119.9 119.2 118.9
H–C–C 120.54 120.35 120.3 118.3 120.2 119.3 119.3 120.7
Φ2C2O1 118.19 118.38 118.5 118.6 114.6 119.9 116.3(3) 117.6
Φ4C4O2 114.74 114.49 114.5 113.8 119.1 113.8 115.9(3) 115.4
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a A, B, C, stand for 6-31G**, 6-311G**, and 6-311++G** basis sets, respect
1C2C8C13 and O5C4C14C15 dihedral angles, respectively.
b Data for BA and AA from Ref. [50].

ecreases by 0.005 Å. Substitution of the second phenyl group,
n the carbonyl side, only affects the C O bond length and
hanges in the other bond lengths are negligible. These changes
n the bond lengths indicate that the �-electron delocalization
n the enol ring slightly increases by phenyl substitution in the

ydroxyl side. Substitution of phenyl group in the carbonyl side
nly increases the C O bond length.

The O· · ·O distance of �-cyano-acetylacetone (CNAA),
.496 Å [33], is slightly shorter than the corresponding value

c
l
p

able 2
omparing several properties related to the hydrogen bond strength for AA, DBM, B

TFAA [24]b AA [17]

OH 14.2 15.4
OH 2900 2750
OD 2120 2020
OH/νOD 1.37 1.36
OH 892 952
OD 650 707
O· · ·O 2.566 2.544
C O 1.237 1.246
C–O 1.320 1.326
C C 1.378 1.374
C–C 1.426 1.444
O–H 0.998 1.003
H· · ·O 1.672 1.635
OHO 146.8 148.5

HB (kcal/mol) 12.89 15.87

a Frequencies in cm−1, bond lengths in Å, and bond angle in ◦; δ, proton chemical s

HB, difference between the energies of hydrogen-bonded and non-hydrogen-bonded
b The theoretical parameters is given for the most stable conformer.
Φ2 and Φ4, phenyl group in the keto and enol sides, respectively; φ2 and φ4,

or DBM, 2.502 Å, which indicates slightly stronger hydrogen
ond in CNAA than that in DBM. This conclusion is well sup-
orted by the NMR proton chemical shifts of 15.44, 16.11, 16.80
26], and 16.9 ppm [33] (all in CDCl3) for AA, BA, DBM, and
NAA, respectively.
For comparison, the optimized geometrical parameters of the
helated rings of AA [8], BA, DBM and CNAA [33], all calcu-
ated at the B3LYP/6-311++G** level, and some spectroscopic
roperties, related to their hydrogen bond strength, are listed in

A (averaged), TFAA (averaged), and CNAAa

BA [50] DBM CNAA [33]

16.2 16.8 16.9
2650 2620 2633
1960 1950 1970

1.35 1.34 1.34
957 965 993
720 720 744

2.516 2.502 2.496
1.251 1.254 1.241
1.325 1.326 1.311
1.375 1.378 1.391
1.441 1.439 1.465
1.008 1.01 1.012
1.594 1.574 1.570

149.7 150.4 149.6
16.07 16.15 16.26

hift (in ppm); ν, and γ are the stretching and out-of-plane bending, respectively.
rotamers.
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Table 3
Selected Wiberg bond orders of DBM, BA and AA calculated at B3LYP/6-
311G** level of theorya

Bond DBM 2BA 4BA AA

O–H 0.6103 0.6205 0.6144 0.6268
C–O 1.1594 1.1670 1.1520 1.1598
C C 1.4998 1.5403 1.5095 1.5522
C
C
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D

–C 1.2011 1.1870 1.2003 1.1848
O 1.5173 1.5309 1.5673 1.5847

Data for AA and BA from Ref. [50].

able 2. Another parameter, which could be related to the hydro-
en bond strength, is the hydrogen bond energy, EHB (the energy
ifference between the chelated and trans-enol rotamers). EHB
or AA, BA, DBM, and CNAA are also compared in Table 2 and
he following trend in hydrogen bond strength is concluded:

A < BA < DBM < CNAA

This trend suggests that the �-systems, such as phenyl and
N groups, increase the H-bond strength through conjugation
ith the enol ring.
The νOH/νOD ratio has been used as a parameter for esti-

ating the hydrogen bond strength [37]. This parameter is also
iven in Table 2 and is in excellent agreement with the above
rend in the hydrogen bond strength.

.2. NBO analysis

.2.1. Bond order
The calculated Wiberg bond orders [48] for DBM along

ith those for 2BA (phenyl adjacent to the C O group), 4BA
phenyl in the enol side), and AA, for comparison, are col-
ected in Table 3. According to Table 3, the C C and C O bond
rders decrease from AA to BA to DBM. By averaging the bond

rders for both BA tautomers, one may conclude that by each
henyl substitution the C C and C O bond orders reduce more
han 0.025 and 0.03, respectively. On the other hand, the C–C
ond order slightly increases by increasing the hydrogen bond

C
t
o
f

able 4
elected second order perturbation energies E(2) (donor → acceptor)a

onor Type Acceptor Type

C � C O �*

14–C15 � C C �*

8–C9 � C O �*

5 CR(1) C4 RY*(1)

1 CR(1) C2 RY*(1)

1 LP(1) C–C �*

1 LP(2) C–C �*

1 LP(2) C2–C8(9) �*

1 LP(2) O–H �*

5 LP(1) C C �*

1 LP(1) C2 RY*(1)

5 LP(2) C C �*

3–H7 � C–O �*

–H � C4–C8(9) �*

ata for BA and AA from Ref. [50].
a Energy in kcal/mol.
cta Part A 66 (2007) 394–404 397

trength but the C–O bond order is almost constant. Table 3 also
hows that the C C bond order in 2BA is considerably greater
han that in 4BA whereas the C O bond order in 2BA is sig-
ificantly less than that in 4BA. These results are explainable if
e notice that in 2BA the phenyl and C O groups are adjacent,

herefore, a conjugation between C O and phenyl is expected,
owever, in 4BA there is a conjugation between the phenyl group
nd the C C bond, which results in decreasing the C C bond
rder.

Comparing the C–C, C C and C O bond orders of DBM,
BA and 4BA with the corresponding bond orders in AA reveals
hat substitution of CH3 groups with phenyl increases the �-
lectron delocalization in C C–C O fragment of the enol ring.
he C–O bond order in 4BA is slightly smaller than that in
A. This difference indicates that the resonance of the phenyl
roup with the �-electron system of the enol ring in 4BA slightly
educes the contribution of C–O bond in this conjugation.

It is noteworthy that the O–H bond order correlates with the
alculated O· · ·O distance, by increasing the hydrogen bond
trength, reducing the O· · ·O distance, the O–H bond order
ecreases.

.2.2. Electron delocalization
Delocalization of electron density between occupied Lewis-

ype (bond or lone pair) NBO orbitals and formally unoccupied
antibond or Rydberg) non-Lewis NBO orbitals corresponds to
stabilizing donor–acceptor interaction. The energy of these

nteractions can be estimated by the second order perturbation
heory [49].

Table 4 lists the calculated second order interaction energies
(2) between the donor–acceptor orbitals in DBM, 2BA, 4BA,
nd AA. According to this table, there is no significant differ-
nce between the interaction energies of the compared species,
xcept the interaction energies between the phenyl group and
O and C C in DBM, 2BA and 4BA. The interaction between
he phenyl group and the �* orbital of the adjacent double bond
f the enol ring is relatively large, about 20 kcal/mol. There-
ore, stabilization through resonance with the phenyl group is

DBM 2BA 4BA AA

33.0 32.4 33.4 32.5
19.1 – 19.6 –
21.8 21.9 – –

9.9 3.9 5.9 3.8
4.8 5.2 5.9 5.9
5.4 5.2 5.6 5.3
8.6 9.1 9.2 9.8

16.4 16.8 17.4 17.8
35.1 30.8 32.5 28.1

7.0 7.2 6.9 7.1
9.9 10.2 11.9 12.2

48.6 50.4 48 49.8
6.1 6.4 6.0 6.4
5.8 5.9 5.7 5.8
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Table 5
Selected natural charges (e) for optimized cis-enol DBM, BA and AAa

Atom DBM 2BAb 4BA BA (averaged) AA

O1 −0.653 −0.655 −0.642 −0.649 −0.641
O5 −0.657 −0.658 −0.663 −0.661 −0.661
C2 0.519 0.525 0.547 0.536 0.552
C3 −0.430 −0.455 −0.449 −0.452 −0.475
C4 0.465 0.490 0.463 0.477 0.486
H6 0.496 0.496 0.496 0.496 0.495
�Qc −0.26 −0.257 −0.248 −0.253 −0.244

a All data obtained at B3LYP/6-311G** level of theory.
b Data for BA and AA are from Ref. [50].
c �Q, sum over all enol ring atoms natural charges.

Table 6
Fundamental band assignment of DBM (frequencies are in cm−1)a

Theoreticalb Experimental Assignment

No. Freq. I.IR I.R dp IR (CCl4) IR (solid) R (solid) R (CCl4)c

1 3252 2 33 0.15 3134 (vw) 3128 (vw) 3126.1 νCH�

2 3212 4 106 0.21 3083 3092 2
3 3206 6 121 0.17 3083 (*) 3092 3074 vw 2
4 3196 1 19 0.61 3067 (11) 3061 (m) 20b
5 3196 19 300 0.11 3067 (*) 3061 (*) 3063 3065 (5) 20b
6 3187 31 142 0.29 3067 (sh) 3061 (*) 20a
7 3186 26 202 0.25 3067 (*) 3061 (*) 20a
8 3176 9 145 0.74 3045 (sh) 3045 (sh) 7b
9 3175 11 152 0.74 3045(*) 3045 (sh) 7b

10 3166 0 51 0.71 3034 (sh) 3028 (sh) 13
11 3164 0 54 0.71 3034 (*) 3028 (*) 13
12 2914 456 70 0.23 2620 (vbr) 2595 (vbr) OH
13 1656 624 524 0.33 1603 (73) 1541 (vs,br) νaC C–C O + δOH + δCH
14 1645 27 545 0.4 1602 (21) 1598 (vs) 1596 (100) 1602 (100p) 8a
15 1644 128 145 0.51 1563 (28) 1541 (*) 1534 (w, br) 1560 (w,br,p) νsC C–C O + δOH + 8a
16 1639 48 443 0.3 1572 (10) 1541 (*) 1534 (*) δOH + νC O + 8b
17 1617 151 66 0.29 1563 (*) 1541 (*) 1534 (*) 1560 (*) δOH + 8b
18 1604 89 127 0.22 1541 (50) 1541 (*) 1534 (*) 1560 (*) νaC C–C O + δOH + δCH + 8b
19 1528 17 20 0.53 1499 (4) 19a
20 1526 38 99 0.32 1488 (13) 1485 1494 (12) 1496 (7 p) 19a
21 1492 227 26 0.47 1468 (29) 1473 νaC–C C–O + δCH + δOH + 19b
22 1480 18 5 0.44 1435 (6) 1435 19b
23 1456 155 127 0.33 1418 (7, br) 1425 1439 (6) 1446 (3 p) νaC–C C–O + δCH + δOH + 19b
24 1376 211 94 0.31 1340(4, vbr) 1339 (w) 1332 (3) νsC C–C O + νsC–C C–O + δOH + 3
25 1355 13 7 0.54 3
26 1351 18 39 0.42 1305 (23) 1312 (s) 14
27 1335 34 213 0.29 1305 (*) 1308 (10) νsC C–C O + δOH + 14
28 1327 27 6 0.42 1305 (*) 14
29 1306 133 1043 0.29 1280 (16) 1299 (s) 1288 (51) 1282 (44 p) νsC–C C + δOH
30 1242 144 36 0.73 1224 (44) 1229 (s) 1229 (2) 1230 (sh,dp?) δCH + νaC–Φ

31 1207 16 38 0.25 1182 (17) 1193 (vw) 1190 (13) 1188 (18 p) 9a
32 1204 15 40 0.22 1182 (*) 1183 (vw) 1180 (15) 1188 (*) 9a
33 1185 1 11 0.73 1159 (4) 1167 (vw) 1165 (6) 1160 (2 dp) 15
34 1183 3 10 0.75 1159 (*) 1160 (6) 1160 (*) 15
35 1127 8 6 0.47 1102 (5) 1102 (vw) 1104 (1) δCH + νC–O + νC O + 18b
36 1109 14 0 0.35 1074 (6) 1092 (vvw) 1091 (vw) 18b
37 1100 14 5 0.39 1074 (*) 1070 (sh) 1072 (vw) 1160 (6) δCH + 18b
38 1078 53 5 0.3 1064 (13) 1059 (w) 1057 (4) νsC–C C + δCH + 18a
39 1050 9 3 0.82 1026 (17) 1029 (w) 18a
40 1044 21 22 0.09 1026 (*) 1023 (w) 1023 (5) 1026 (1) 18a
41 1018 1 88 0.14 1001 (8) 998 (54) 1002 (59 p) 12
42 1017 5 63 0.18 1001 (*) 1000 (w) 998 (*) 1002 (*) 12
43 1016 0 0 0.72 5
44 1012 1 1 0.75 989 (1) 984 (vw) 986 (3) 990 <1 5
45 1002 80 1 0.74 965 (8, br) 970 (w, br) γOH



S.F. Tayyari et al. / Spectrochimica Acta Part A 66 (2007) 394–404 399

Table 6 (Continued )

Theoreticalb Experimental Assignment

No. Freq. I.IR I.R dp IR (CCl4) IR (solid) R (solid) R (CCl4)c

46 992 0 0 0.18 17a
47 989 1 1 0.21 972 (vw) 17a
48 948 2 1 0.24 926 (5) 927 (w) 17b
49 946 0 2 0.37 917 (6) 920 (2) 17b
50 936 1 1 0.1 924 (3, br) γCCC
51 859 0 1 0.68 851 (vvw) 842 (3) 848 (2 dp) 10a
52 857 0 6 0.21 840 (2 )‡ 842 (vw) 10a
53 829 0 1 0.66 γCH + 10a
54 805 8 4 0.74 810 (3) ‡ 812 (w) Δ + 6a
55 798 4 9 0.46 786 (14)‡ 787 (w) 784 (8) 790 (6) 11 + Γ

56 762 126 1 0.57 753 (100)‡ 756 (vs) 763 (2) γCH + 11
57 721 12 0 0.22 708 (21)‡ 706 (m) 11 + γCH
58 706 6 5 0.5 686 (50) 681 (vs) 4
59 701 44 0 0.24 686 (*) 4
60 698 7 8 0.08 686 (*) 678 (10) 684 (8 p) 6b
61 675 1 10 0.44 670 (vw) 666 (2) Γ + 4
62 635 9 4 0.73 619 (12) 618 (w) 6b + Δ

63 634 0 9 0.74 616 (7) 620 (4 dp) 6b
64 620 38 2 0.72 609 (26) 608 (m) 610 (sh) Δ + 6b
65 510 15 2 0.34 506 (5) 494 (w) δCCΦ

66 494 4 9 0.25 487 (5) 493 (6) νO· · ·O + 16b
67 455 4 1 0.41 448 (mw) 448 (vw) 458 (sh) νO· · ·O + 16b
68 441 5 1 0.22 448 (*) 448 (*) 16b
69 412 0 2 0.4 425 (1) 406 (4) 16a
70 411 0 1 0.51 402 (w) 399 (w) 400 (4) 16a
71 365 4 1 0.37 363 (m) 361 (w) Δ

72 333 4 0 0.72 335 (2) 332(sh) νO· · ·O + δCCΦ

73 237 1 1 0.15 235 (w) Δ

74 232 1 1 0.73 235 (*) 223 (6) 224 (sh) Δ

75 196 0 6 0.75 204 (sh) 209 (13) 210 (2) γCCΦ

76 174 1 2 0.73 172 (vw) δCCΦ

77 99 0 2 0.75 105 (w) 93 (36) 77 γCCΦ

78 83 0 1 0.53 74 (50) τΦ + Γ

79 71 0 3 0.69 67 (sh) δCCΦ

80 30 0 6 0.68 45 (50) τΦ

81 22 0 4 0.74 τΦ

a IR, infrared; R, Raman; ν, stretching; δ, in-plane bending; γ , out-of-plane bending; Δ, in-plane ring deformation; Γ , out-of-plane ring deformation; v, very; s,
strong; m, medium; w, weak; sh, shoulder; τ, torsion; relative intensities are given in parentheses; Φ, phenyl; (*), band overlapped.

b Unscaled frequencies calculated at B3LYP level with 6-311G** basis set; I.IR, infrared intensity in KM/mol; I.R, Raman scattering activities in A4/amu.
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c Data from Ref. [14].
‡ CS2 solution.

xpected. This may explain the almost coplanarity of the phenyl
nd the enol rings in DBM and BA. The observed dihedral angle
etween the phenyl and the enol rings for BA is only 6◦ [40] and
or DBM are 2.9 and 8.8◦ [41]. The corresponding calculated
ihedral angles for BA, on average, and DBM are 10.8, 12.0
nd 14.8◦, respectively, which are in good agreement with the
xperimental results.

It is noteworthy that the E(2) of LP(2)O1 → �* (O–H) could
e well correlated to the O· · ·O distance. The high value of this
nergy, about 30 kcal/mol for BA and 35 kcal/mol for DBM,
ndicates that this interaction plays an important role in stabi-
ization of the chelated ring in the enol forms of �-diketones.
.2.3. Charge analysis
The charge distribution calculated by the NBO method for

ptimized geometries of DBM, 2BA, 4BA and AA are tabu-

o
D
j
g

ated in Table 5. As Table 5 indicates, substitution of phenyl
or CH3 groups in AA slightly modifies the charge distribu-
ion in the enol ring. The natural charges over O5 and H atoms
n 4BA are almost the same as those in AA. The relatively
arge charge difference over C3 and C4 in 4BA tautomer is
aused by conjugation of C C with the phenyl group. In the
ase of 2BA this modification in the charge distribution is
ronounced for C2 and O1 atoms, which confirms existing of
ignificant resonance between the C O and the phenyl groups.
n the case of DBM, due to the conjugation with both C O
nd C C bonds, the charges over C2, C3, and C4 are consid-
rably changed. It is noteworthy that the sum of the charges

ver all enol ring atoms slightly increases from AA to BA to
BM, which indicates that phenyl groups, in addition to con-

ugation with the enol double bonds, act as electron donating
roups.
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Table 7
Fundamental band assignment of D2DBM (frequencies are in cm−1)a

No. Theoreticalb Experimentalc Assignment

Freq. I.IR I.R dp IR (CCl4) R (CCl4)

1 2400 1 6 0.51 νCD
2 3212 3 104 0.21 3085 (s) 2
3 3206 6 127 0.17 3085 2
4 3197 15 206 0.13 3065 (m) 3064 (5) 20b
5 3196 5 86 0.13 3065 3064 20b
6 3187 23 200 0.25 3065 3064 20a
7 3186 34 171 0.24 3065 3064 20a
8 3176 10 146 0.74 3025 (sh) 7b
9 3175 11 155 0.74 3025 7b

10 3166 0 51 0.71 13
11 3164 0 54 0.72 13
12 2136 350 8 0.24 1950 (w,br) νOD
13 1646 44 304 0.38 1600 (s) 1600 (100) νaC C–C O + 8a
14 1645 9 597 0.40 1600 (*) 1600 (*) 8a
15 1639 124 167 0.44 1600 (*) 1600 (*) νaC C–C O + 8b
16 1623 10 33 0.36 1575 (w) 8b
17 1601 271 22 0.42 1565 (s) νaC C–C O + 8b
18 1540 331 969 0.30 1520 (vs) 1504 (45 p) 19a
19 1525 21 53 0.33 19a
20 1513 511 397 0.28 1483 (s) 1486 (8 p) νsC C–C O + 19a
21 1480 78 12 0.75 1443 (mw) 19b
22 1474 45 256 0.31 1448 (7 p) 19b
23 1398 63 30 0.37 1365 (w) 1370 (3 p) νaC–C C–O + 3
24 1356 28 50 0.29 1322 (ms) 3
25 1353 18 50 0.32 3
26 1344 148 173 0.29 νsC–C C–O + 14
27 1327 53 19 0.31 +νsC–C C–O + 14
28 1320 80 135 0.30 1295 (ms) 1296 (4 p) νsC–C C + 14
29 1208 4 22 0.26 1180 (w) 1184 (10 p) 9a
30 1205 4 9 0.36 1180 (*) 1184 (*) 9a
31 1188 52 16 0.60 1170 (s) 1176 (1 dp) νaC-Φ + 9b
32 1185 0 12 0.69 1176 (*) 15
33 1182 14 16 0.75 1158 (w) 1160 (3 p) 15
34 1127 51 302 0.42 1080 (m) 1088 (28 p) δOD + νC C + 19a
35 1109 18 0 0.42 1098 (sh) 18b
36 1107 13 3 0.54 1098 (*) 18b
37 1068 47 71 0.24 1040 1042 (28 p) δOD + νsC–C C + 19a
38 1050 10 2 0.51 1028 (m) 18a
39 1041 38 7 0.15 1019 (m) 18a
40 1018 1 64 0.14 1001 (m) 1000 (88 p) 12
41 1017 4 78 0.16 1001 (*) 1000 (*) 12
42 1016 0 1 0.43 5
43 1012 0 1 0.74 5
44 992 1 0 0.17 990 (1) 17a
45 989 1 2 0.21 975 (vw) 17a
46 948 1 1 0.69 926 (w) 17b
47 946 1 1 0.66 926 17b
48 901 10 9 0.14 878 (w) δCD + νC–O + nC-F
49 887 4 9 0.36 850 (w) δCCC + δOD
50 859 1 4 0.30 10a
51 856 0 3 0.26 10a
52 832 3 6 0.44 805 (w) 10b
53 798 3 3 0.71 780 (mw) 10b
54 792 5 3 0.63 780 788 (vw) Δ + 6a
55 755 142 0 0.57 730 (s) 11 + γOD
56 714 45 2 0.43 720 (m) γOD + 11
57 706 5 3 0.69 11
58 698 24 0 0.20 688 (s) 4
59 695 9 9 0.10 688 680 (12 p) 6a
60 673 0 4 0.71 Γ + 4
61 634 5 5 0.74 618 (mw) 620 (4 dp) 6b
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Table 7 (Continued )

No. Theoreticalb Experimentalc Assignment

Freq. I.IR I.R dp IR (CCl4) R (CCl4)

62 634 0 8 0.73 618 620 6b
63 614 40 1 0.69 600 (m) Δ + 6a
64 567 5 3 0.21 562 (m) γCD
65 497 11 3 0.34 495 (mw) Δ + δCCF
66 491 7 9 0.28 495 498 (w,br) νO· · ·O + δCCΦ

67 454 9 0 0.19 448 (mw) νO· · ·O + 16b
68 435 1 1 0.71 400 (w) 16b
69 412 0 1 0.75 16a
70 411 0 2 0.43 406 (w) 16a
71 362 5 1 0.34 351 (m) Δ

72 327 4 1 0.52 325 (w) νO· · ·O + δCCΦ

73 235 1 1 0.17 231 (w) Δ

74 221 1 3 0.67 222 (vw) Δ

75 200 0 4 0.64 206 (vw) γCCΦ

76 176 1 4 0.75 200 (w) δCCΦ

77 95 0 3 0.73 105 (w) γCCΦ

78 80 0 2 0.46 77 τΦ + Γ

79 71 0 3 0.55 δCCΦ

80 30 1 5 0.69 τΦ

81 24 0 2 0.74 τΦ

a IR, infrared; R, Raman; ν, stretching; δ, in-plane bending; γ , out-of-plane bending; Δ, in-plane ring deformation; Γ , out-of-plane ring deformation; v, very; s,
strong; m, medium; w, weak; sh, shoulder; τ, torsion; Φ, phenyl; p, polarized; dp, depolarized.

b R, inf 4
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Unscaled frequencies calculated at B3LYP level with 6-311G** basis set I.I
c Data from Ref. [14].

.3. The computed vibrational spectra and interpretation of
he experimental spectra

The assignments of the experimental frequencies are based
n the observed band frequencies and intensity changes in the
nfrared and Raman spectra of the deuterated species confirmed
y establishing one to one correlation between observed and
heoretically calculated frequencies.
The IR and Raman band frequencies for DBM and
2DBM in the solid phase and in solutions along with the

alculated frequencies and their assignments are given in
ables 6 and 7, respectively. The IR and Raman spectra of

Fig. 2. IR spectrum of DBM in solid phase.

t
b
t
i
e

rared intensity in KM/mole; I.R, Raman scattering activities in A /AMU.

BM in the solid state are shown in Figs. 2 and 3, respec-
ively.

Lorentzian function has been utilized for deconvolution of
he IR spectrum of DBM in the 1700–800 cm−1 region and it is
hown in Fig. 4.

Assignments for phenyl group are given in Wilson’s nota-
ion [51]. The calculated frequencies are slightly higher than the
bserved values for the majority of the normal modes. In addi-
ion to the error of the theoretical method used, the difference

etween the computed and experiment frequencies may be due
o many different factors that are usually not even considered
n the theory, such as anharmonicity, Fermi resonance, solvent
ffects, etc.

Fig. 3. Raman spectrum of DBM in solid phase.
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Fig. 4. The deconvoluted infrared spectrum of DBM in CCl4.

.3.1. CH and OH stretching region
A very weak band at 3126 cm−1 is assigned to the �-CH

tretching mode. The corresponding band in AA and BA are
bserved at 3090 cm−1 [17] and 3110 cm−1 [50], respectively.
ncreasing the �-CH stretching upon substitution of CH3 groups
y phenyl groups indicates that phenyl acts as an electron releas-
ng group, therefore, increases the C–H� strength. This explana-
ion is in agreement with increasing the total charge of the enol
ing from AA to BA to DBM (see Table 5).

In the mono-substituted benzene ring, the vibrational
odes 2, 20a and 20b are expected to be observed in the

105–3035 cm−1 region [52]. By considering the computed
esults, the medium IR band at 3067 cm−1 with three shoulders
t bands 3083, 3045, and 3034 cm−1, as it is given in Table 6 are
ttributed to the normal modes of phenyl CH stretching move-
ents.
The characteristic OH stretching in the enol form of �-

iketones appears as a weak and very broad band at the
300–2000 cm−1 region [17,24,36,37]. The intensity and broad-
ess of this band are depended on the strength of the intramolecu-
ar hydrogen bond. Upon increasing the hydrogen bond strength
ts intensity decreases while its broadness considerably increases
37,53,54]. This band in the IR spectrum of DBM in CCl4 is
entered at about 2620 cm−1. Upon deuteration this band dis-
ppears and a new band with considerably narrower band width
ppears at about 1950 cm−1, which indicates a νO–H/νO–D
atio of 1.34 [37]. The lower frequencies of νOH and νOD
nd the lower ratio of νO–H/νO–D for DBM in compari-
on with the corresponding values for AA (1.36) and BA
1.35) confirms stronger hydrogen bond in DBM compared
ith that in AA and BA. The νO–H/νO–D bands in AA and
A appear at 2800/2027 and 2650/1960 cm−1, respectively

17,50].

.3.2. 1700–1000 cm−1 region

In this region we expect to observe the band frequencies

elated to the C–C, C C, C–O, C O stretching, OH and C–H
n-plane bending movements of the enol ring, and the C–C
tretching and C–H in-plane bending of the phenyl groups.

4

q

cta Part A 66 (2007) 394–404

The infrared spectrum of DBM, as that of BA [50] and sev-
ral other �-diketones [17,36,37], apparently shows only one
road band in the C O and C C region. This band in the CCl4
olution of DBM appears at about 1600 cm−1. Deconvoluted
nfrared spectrum of DBM in this region, Fig. 4, indicates five
ands at 1603, 1602, 1572, 1563, and 1541 cm−1 (see Fig. 4).
xisting of two strong Fermi windows, shown by negative peaks

n Fig. 4, makes this region of IR spectrum more complicated.
he sharp band at 1602 cm−1, which is not affected by deuter-
tion, is clearly assigned to the C–C stretching of the phenyl
roup 8a. This band is overlapped with a very strong and broad
and due to the asymmetric C C–C O stretching strongly inter-
cted with 8b. The corresponding band in the solid state appears
t about 1540 cm−1. The phase sensitivity of this band confirms
he assignment, since it is shown that this mode of vibration is
ery phase sensitive [17]. For example, the corresponding band
n the gas, liquid, and solid phases of AA appears at 1642, 1625,
nd 1600 cm−1, respectively. Comparison between the band at
603 cm−1, νaO C–C C, with the corresponding band in BA
50], 1618 cm−1, and AA [17], 1625 cm−1, shows that the asym-
etric C C–C O frequency is shifted toward lower frequencies

pon increasing the hydrogen bond strength. The frequency shift
y replacing of methyl by phenyl groups could be attributed to
he enhancement of �-electron conjugation in the enol ring.

According to the theoretical calculations, the strong band at
563 cm−1 is caused by symmetric C C–C O stretching which
s coupled to δOH, and 8a. This band is overlapped by another
and due to νC C coupled with δOH and 8b. Upon deutera-
ion the former shifts toward lower frequencies and appears at
504 cm−1. The observed frequency shifts for AA [17] and BA
50] are about 90 and 75 cm−1, respectively. This frequency shift
pon deuteration is due to the removing of the δOH contribution
n this mode of vibration and is characteristic for the vibrational
pectra of �-diketone systems [16,17,26–28,37,50].

By considering the theoretical calculations and comparing
he vibrational spectra of DBM with that of BA, the band at
487 cm−1 is assigned to νaO–C C–C coupled to 19b and δOH.
his band is also overlapped with 19a of the phenyl groups.

Upon deuteration a very strong and broad Raman band at
282 cm−1 disappears and two new strong bands appear at 1088
nd 1042 cm−1. The 1282 cm−1 band is assigned to δOH and
ymmetric C C–C stretching. The Raman activity of this band
epends on the hydrogen bond strength, stronger hydrogen bond
xhibits stronger Raman band [36,37]. According to the calcu-
ations, both relatively strong bands at 1088 and 1041 cm−1 in
he Raman spectrum of DBM have δOD and νC C characters
nd both of them are coupled to 19a of the phenyl groups.

The strong IR band at 1229 cm−1 is assigned to δCH�, which
pon deuteration disappears. According to the calculations, the
eak IR band at 878 m−1 is assigned to the corresponding band

n deuterated analogue.
The strong Raman band at about 1000 cm−1 is attributed to

he 12 mode of the phenyl groups.
.3.3. Below 1000 cm−1

In this region we expect to observe the vibrational band fre-
uencies due to the O–H and C–H out-of-plane bending, and
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henyl and chelated rings in-plane and out-of-plane deforma-
ional modes.

The medium and broad band at about 965 cm−1 is correlated
ith the theoretical band at 1002 cm−1, which is assigned to the
–H out-of-plane bending mode. Upon deuteration, this band
isappears and a new band appears at about 720 cm−1. The corre-
ponding bands in AA/D2AA [17] and BA/D2BA [50] appear at
bout 950/707 and 960/720 cm−1, which are lower than that for
BM/D2DBM. The occurrence of γOD in BA and DBM at the

ame wavenumber could be attributed to the interaction between
OD and 11 in D2DBM. The higher value of γOH/γOD in DBM

n compare with that in BA and AA also supports stronger hydro-
en bond in DBM than that in AA and BA.

The strongest band in the IR spectrum of DBM occurs at
53 cm−1, which is attributed to γCH, which is strongly coupled
ith 11 of the phenyl groups. Upon deuteration γCD moves to
62 cm−1 and 11 appears at 730 cm−1, which the latter is now
oupled with γOD.

The strong Raman band at 688 cm−1 is attributed to one of
he in-plane enol ring deformation. The corresponding band in
A and AA appears at considerably lower frequency, 672 and
40 cm−1, respectively. This result is also consistent with the
tronger hydrogen bond in DBM compared with that in BA and
A.
According to the calculations, the O· · ·O stretching mode in

he DBM is strongly coupled to C–C-phenyl bending and 16b
ode of phenyl groups. The only observed IR band due to this
ode is the band at 448 cm−1. The corresponding band for BA

50] and AA [17] occurs at 396 and 366 cm−1, respectively.
hese observations are also confirm stronger hydrogen bond in
BM compared with that in AA and BA.

. Conclusion

The geometry of DBM is fully optimized at B3LYP (DFT)
evel of theory using 6-31G**, 6-311G**, and 6-311++G**
asis sets. The geometrical parameters are in good agreement
ith the X-ray and neutron diffraction results.
Comparison of the vibrational spectra and structural param-

ters of DBM with those of BA and AA reveals a considerably
eaker H-bond in AA than that in BA and DBM. The observed
H/OD stretching and OH/OD out-of-plane bending modes are

n good agreement with the calculated O· · ·O distances and
bserved NMR results.
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