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1 INTRODUCTION

Benz[f]indenones and benz[f]indenes are poten�
tially useful building blocks in organic and organome�
tallic synthesis. However, their chemistry has not been
much explored. Recently, benz[f]indenones were used
as important starting materials in the synthesis of kina�
mycin antibiotics, which showed excellent activity
against gram�positive bacteria [1]. The use of
benz[f]indene as a cyclopentadienyl ligand attracted
much attention because an annulated benzo ring
might increase both the stereocontrol and productivity
of catalytic system [2]. Lately, benz[f]indenones and
benz[f]indenes were used as target molecules for com�
putational chemistry [3]. The zirconocene com�
pounds of benz[f]indenes are used as catalyst in the
ethylene polymerization [4]. The bromination of
hydrocarbons is an important process, since it leads to
useful intermediates for the synthesis of a large variety
of bromoorganic compounds [5–8]. Although their
wide usage and importance mentioned above there is
no quantum chemical calculations on the title mole�
cules. Therefore, a quantum chemical study has been

1 The article is published in the original.

carried out to investigate the structure and vibrational
frequencies in detail. The aim of the present study is to
predict the structure and harmonic vibrational spectra
by means of the HF and DFT/B3LYP level of theory
and to analyze the vibrational wave numbers of title
compounds. The IR spectra of the title compounds
were reported and compared with those of the theoret�
ical ones. In this study, optimized molecular geometry
and vibrational spectrum of TTTBI, CTTBI and
CCTBI were computed by Gaussian98 program [9]
(Tables 1–3). Also vibrational study was done and
compared with X�ray diffraction data [10] for the geo�
metric structure of TTTBI.

METHODS OF CALCULATION

Quantum chemical calculations were carried out
with the Gaussian98 software. The optimized geome�
tries of the title compounds in their ground states were
obtained using restricted Hartree�Fock (RHF) and
the Becke�3�Lee�Yang�Parr (B3LYP) hybrid three�
parameter exchange�correlation functional [11, 12]
supplemented with the standard 6�31 G (d) basis set.
The other isomers were also studied and their IR spec�
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Table 1.  Geometry of TTTBI calculated at the RHF and DFT/B3LYP theory levels using 6�31G(d) basis set for the selected
geometric parameters (R: bond lengths in Ångström, A: bond angles in degrees, D: dihedral angles in degrees)

Selected bond lengths, 
bond angles and
dihedral angles

X�ray, [10] RHF B3LYP
Selected bond lengths, 

bond angles and
dihedral angles

X�ray, [10] RHF B3LYP

R(1,14) 1.96 1.97 2.00 А(14,11,20) – 112.9 113.5
R(2,16) 1.97 1.97 2.01 А(13,12,15) 122.0 120.3 120.3
R(3,11) 1.96 1.97 2.01 А(9,13,12) 118.7 120.3 120.3
R(4,8) 1.40 1.41 1.42 А(1,14,11) 108.0 107.6 107.2
R(4,10) 1.32 1.35 1.37 А(1,14,16) 106.9 107.6 107.2
R(4,11) 1.49 1.49 1.49 А(1,14,23) – 105.2 105.1
R(5,6) 1.38 1.41 1.42 А(11,14,16) 106.1 106.2 106.1
R(5,8) 1.36 1.35 1.37 А(11,14,23) – 114.7 115.3
R(5,17) 0.93 1.07 1.08 А(16,14,23) – 114.7 115.3
R(6,7) 1.41 1.41 1.43 А(6,15,12) 120.3 120.7 120.8
R(6,15) 1.42 1.42 1.42 А(2,16,8) 109.8 111.4 110.8
R(7,9) 1.41 1.42 1.42 А(2,16,14) 110.1 110.0 109.2
R(7,10) 1.41 1.41 1.42 А(2,16,25) – 103.8 103.2
R(8,16) 1.48 1.49 1.49 А(8,16,14) 103.5 103.8 104.1
R(9,13) 1.35 1.35 1.37 А(8,16,25) – 114.9 115.8
R(9,18) 0.93 1.07 1.08 А(14,16,25) – 112.9 113.5
R(10,19) 0.93 1.07 1.08 D(11,4,8,16) – –0.01 –0.005
R(11,14) 1.51 1.53 1.53 D(8,4,11,3) – 104.1 103.4
R(11,20) 0.98 1.07 1.08 D(8,4,11,14) – –14.2 –13.9
R(12,13) 1.40 1.41 1.41 D(8,4,11,20) – –138.0 –139.4
R(12,15) 1.34 1.35 1.37 D(10,4,11,3) – –77.0 –77.4
R(12,21) 0.93 1.07 1.08 D(10,4,11,14) – 164.5 165.3
R(13,22) 0.93 1.07 1.08 D(10,4,11,20) – 40.7 39.8
R(14,16) 1.52 1.53 1.53 D(4,8,16,2) – –104.1 –103.4
R(14,23) 0.98 1.07 1.08 D(4,8,16,14) – 14.2 13.9
R(15,24) 0.93 1.07 1.08 D(4,8,16,25) – 138.0 139.4
R(16,25) 0.98 1.07 1.08 D(5,8,16,2) – 76.9 77.4
A(8,4,10) 121.6 121.0 120.9 D(5,8,16,14) – –164.5 –165.3
A(8,4,11) 108.5 110.2 110.1 D(5,8,16,25) – –40.8 –39.8
A(10,4,11) 129.9 128.6 128.8 D(3,11,14,1) – 148.1 149.1
A(6,5,8) 120.5 119.4 119.6 D(3,11,14,16) – –96.6 –96.4
A(5,6,7) 118.9 119.5 119.4 D(3,11,14,23) – 31.2 32.4
A(5,6,15) 122.5 121.5 121.7 D(4,11,14,1) – –92.4 –92.4
A(7,6,15) 118.6 118.9 118.7 D(4,11,14,16) – 22.6 22.0
A(6,7,9) 118.5 118.9 118.7 D(4,11,14,23) – 150.6 150.9
A(6,7,10) 119.3 119.5 119.4 D(20,11,14,1) – 32.5 34.5
A(9,7,10) 122.2 121.5 121.7 D(20,11,14,16) – 147.7 148.9
A(4,8,5) 119.8 121.0 120.9 D(20,11,14,23) – –84.2 –82.1
A(4,8,16) 111.3 110.2 110.1 D(1,14,16,2) – –148.1 –149.1
A(5,8,16) 128.9 128.6 128.8 D(1,14,16,8) – 92.5 92.4
A(7,9,13) 121.9 120.7 120.8 D(1,14,16,25) – –32.5 –34.5
A(4,10,7) 119.9 119.4 119.6 D(11,14,16,2) – 96.7 96.4
A(3,11,4) 111.9 111.4 110.8 D(11,14,16,8) – –22.6 –22.0
А(3,11,14) 110.4 110.0 109.2 D(11,14,16,25) – –147.7 –148.9
А(3,11,20) – 103.8 103.2 D(23,14,16,2) – –31.2 –32.4
А(4,11,14) 104.7 103.8 104.1 D(23,14,16,8) – –150.6 –150.9
А(4,11,20) – 114.9 115.8 D(23,14,16,25) – 84.3 82.1
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Table 2.  Geometry of CTTBI calculated at the RHF and DFT/B3LYP theory levels using 6�31G(d) basis set for the selected
geometric parameters. (R: bond lengths in Ångström, A: bond angles in degrees, D: dihedral angles in degrees)

Selected bond lengths, bond 
angles and dihedral angles RHF B3LYP Selected bond lengths, bond 

angles and dihedral angles RHF B3LYP

R(1,14) 1.93 1.98 A(1,14,16) 116.6 112.1

R(2,16) 1.97 1.96 A(1,14,24) 105.1 105.7

R(3,11) 1.94 2.03 А(11,14,16) 104.2 102.9

R(4,8) 1.41 1.42 А(11,14,24) 108.8 114.8

R(4,10) 1.35 1.37 А(16,14,24) 107.1 114.6

R(4,11) 1.50 1.49 А(2,16,8) 109.7 115.1

R(5,6) 1.42 1.42 А(2,16,14) 112.8 115.9

R(5,8) 1.35 1.36 А(2,16,25) 104.8 103.6

R(5,23) 1.07 1.08 А(8,16,14) 101.2 103.4

R(6,7) 1.41 1.43 А(8,16,25) 115.4 110.8

R(6,15) 1.42 1.42 А(14,16,25) 112.9 107.7

R(7,9) 1.42 1.42 D(8,4,11,3) –143.9 –96.3

R(7,10) 1.42 1.42 D(8,4,11,14) –22.9 18.1

R(8,16) 1.50 1.50 D(8,4,11,19) 96.3 145.5

R(9,13) 1.35 1.37 D(10,4,11,3) 36.3 84.2

R(9,21) 1.07 1.08 D(10,4,11,14) 157.3 –161.2

R(10,20) 1.07 1.08 D(10,4,11,19) –83.4 –33.9

R(11,14) 1.52 1.53 D(4,8,16,25) 144.0 92.4

R(11,19) 1.07 1.08 D(5,8,16,2) 82.5 31.9

R(12,13) 1.41 1.41 D(5,8,16,14) –158.0 159.5

R(12,15) 1.35 1.37 D(5,8,16,25) –35.6 –85.3

R(12,18) 1.07 1.08 D(3,11,14,1) –73.1 –156.2

R(13,17) 1.07 1.08 D(3,11,14,16) 158.2 85.7

R(14,16) 1.53 1.54 D(3,11,14,24) 44.1 –39.5

R(14,24) 1.07 1.08 D(4,11,14,1) 164.5 86.9

R(15,22) 1.07 1.08 D(4,11,14,16) 35.9 –31.2

R(16,25) 1.07 1.09 D(4,11,14,24) –78.0 –156.4

A(8,4,10) 120.92 121.0 D(19,11,14,1) 44.6 –41.9

A(8,4,11) 108.9 109.6 D(19,11,14,16) –83.9 –159.5

A(10,4,11) 130.1 129.4 D(19,11,14,24) 161.9 74.8

A(4,8,5) 121.1 121.1 D(1,14,16,2) –45.4 45.7

A(4,8,16) 109.8 108.5 D(1,14,16,8) –162.6 –81.3

A(5,8,16) 128.9 130.3 D(1,14,16,25) 73.2 161.3

A(3,11,4) 114.0 110.4 D(11,14,16,2) 81.7 159.9

A(3,11,14) 112.2 107.1 D(11,14,16,8) –35.4 32.9

А(3,11,19) 105.2 103.4 D(11,14,16,25) –159.5 –84.6

A(4,11,14) 101.6 103.9 D(24,14,16,2) –162.9 –74.7

A(4,11,19) 112.4 114.5 D(24,14,16,8) 79.8 158.2

A(14,11,19) 111.4 114.5 D(24,14,16,25) –44.2 40.8

А(1,14,11) 114.4 106.5
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Table 3.  Geometry of CCTBI calculated at the RHF and DFT/B3LYP theory levels using 6�31G(d) basis set for the select�
ed geometric parameters. (R: bond lengths in Ångström, A: bond angles in degrees, D: dihedral angles in degrees)

Selected bond lengths, bond
angles and dihedral angles RHF B3LYP Selected bond lengths, bond

angles and dihedral angles RHF B3LYP

R(1,13) 1.9287 1.95 A(3,10,6) 110.9733 110.5

R(2,7) 1.9638 1.99 A(3,10,13) 114.5856 113.6

R(3,10) 1.964 1.99 A(3,10,24) 104.1804 103.5

R(4,5) 1.3559 1.3739 A(6,10,13) 101.3255 101.8

R(4,14) 1.4193 1.4207 A(6,10,24) 114.4841 115.3

R(4,22) 1.0758 1.0873 A(13,10,24) 111.6789 112.5

R(5,6) 1.4165 1.4237 A(1,13,7) 116.87 116.6

R(5,7) 1.5033 1.4999 А(1,13,10) 116.8492 116.6

R(6,9) 1.3559 1.3739 А(1,13,25) 104.1013 104.0

R(6,10) 1.5033 1.4998 D(5,6,10,24) –139.2616 –140.6142

R(7,13) 1.5357 1.5409 D(9,6,10,3) –78.2979 –79.2665

R(7,23) 1.076 1.0883 D(6,5,7,2)                                 –103.2321 –102.5

R(8,11) 1.3574 1.3761 D(3,10,13,7) –89.0028 –89.0872

R(8,14) 1.4211 1.4212 D(3,10,13,25) 158.9377 158.0253

R(8,17) 1.0757 1.0872 D(6,10,13,1) 163.3016     161.606

R(9,16) 1.4193 1.4207 D(6,10,13,7) 30.5398 29.7732

R(9,21) 1.0758 1.0873 D(23,7,13,1) 74.4536 74.5

R(10,13) 1.5356 1.5407 D(23,7,13,10) –152.7961                                  –153.7

R(10,24) 1.0759 1.0882 D(5,7,13,10) –30.5283 –29.7634

R(11,12) 1.4171 1.417 D(2,7,13,25) –158.8926 –157.9744

R(11,18) 1.075 1.0864 D(5,7,13,1) –163.2787 –161.5951

R(12,15) 1.3574 1.3761 D(23,7,13,25) –40.7344 –40.7

R(12,19) 1.075 1.0864 D(2,7,13,1) –43.7047 –42.7041

R(13,25) 1.0814 1.0946 D(4,5,7,2) 78.2423 79.2

R(14,16) 1.4134 1.4385 D(4,5,7,13) –159.6351 –159.7

R(15,16) 1.4211 1.4212 A(7,13,10) 106.5543 106.2

R(15,20) 1.0757 1.0872 A(7,13,25) 105.6506 106.2

A(6,5,7) 110.347 110.3 A(10,13,25) 105.6537 106.3

А(5,6,10) 110.3388 110.3 D(7,5,6,9) –178.6484 –178.4

А(9,6,10) 128.6667 128.8 D(7,5,6,10) 0.0171 0.0119

A(2,7,5) 110.992 110.6 D(4,5,7,23) –39.3286 –37.7

A(2,7,13) 114.6121 113.6 D(5,6,10,3) 103.1675 102.4764

A(2,7,23) 104.1822 103.5 D(6,5,7,23) 139.197 140.5

A(5,7,13) 101.3192 101.8 D(6,5,7,13) 18.8905 18.5

A(5,7,23) 114.4609 115.2 D(9,6,10,24) 39.273 37.6429

A(13,7,23) 111.6616 112.4 D(9,6,10,13) 159.6159 159.715



898

OPTICS AND SPECTROSCOPY  Vol. 111  No. 6  2011

UNSALAN et al.

tra were calculated by the gradient method to deter�
mine the true minimum of the total energy and wave�
numbers of vibrations. These calculations are valuable
for providing insight into the vibrational spectrum and
molecular parameters. Vibrational spectra were calcu�
lated using the theories mentioned above.

MATERIALS AND METHOD

Experimentally, to a magnetically stirred solution
of benz[f]indene (1 in Fig. 1) [13] (0.2 g, 1.2 mmol) in
CH2Cl2 (10 ml) cooled to 0°C (ice bath) was added
drop�wise a solution of bromine (0.21 g, 1.3 mmol) in
CH2Cl2 (3 ml). The reaction mixture was left in the
fridge for a night. After the removing of the solvent in
vacuo, the crude product was submitted to column
chromatography (silica gel) eluting with hexane to give
the product (2 in Fig. 1) (97 mg, 20%). The structure
of TTTBI was used by single�crystal X�ray diffraction.
Data were collected on a CrysAlis CCD, Oxford Dif�
fraction Ltd. with an imaging�plate detector diffracto�
meter using graphite�monochromated MoKα radia�
tion with the ω scan mode. The collected data were
reduced by using CrysAlis RED, and empirical
absorption correction using spherical harmonics,
implemented in SCALE3 ABSPACK scaling algo�
rithm was applied. CCTBI and CTTBI could not be
synthesized thus only quantum chemical calculations

Br

Br

Br

Br2/CH2Cl2
<0°C

1 2

Fig. 1. Illustration of synthesis process.
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Fig. 2. Optimized geometric structure of TTTBI.
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Fig. 3. Optimized geometric structure of CTTBI.
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Fig. 4. Optimized geometric structure of CCTBI.
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were done for these compounds. FTIR spectrum of
TTTBI was also recorded by using KBr technique
between 4000 cm–1 and 400 cm–1 spectral region.

RESULTS AND DISCUSSION

From the X�ray diffraction data and computational
data, it can be seen the mean plane of the two fused�six
membered rings is essentially planar, with the maxi�
mum deviations for atoms C5, C12 and C4, of
⎯0.017(8), 0.014(9) and 0.011(7) Å respectively, for
TTTBI. The C�C�Br angles are in the range 106.9°
(5)–111.9° (5). The C�Br bonds are in the range
1.961(9)–1.970(8) Å. The repulsive interactions
between the Br atoms may affect the molecular struc�
ture. The values of the other geometric parameters in
the TTTBI are normal. Dipole�dipole and van der
Waals interactions are effective in the molecular pack�
ing of the TTTBI. The TTTBI and two isomers of it
consist of 25 atoms, which has 69 normal modes. The
69 normal modes of the title molecules have been
assigned according to the detailed motion of the indi�
vidual atoms. All normal modes assigned to one of

11 types of motion (C�C, C�H and C�Br stretches;
H�C�C, C�C�C, C�C�Br and Br�C�H bendings and
Br�C�C�H, C�C�C�C, C�C�C�H and C�C�C�Br tor�
sions) were predicted by a calculational analysis. To
the best of our knowledge, there are no experimental
parameters and quantum chemical studies for the
molecular structure of CTTBI and CCTBI. Therefore
we could not compare our calculated results for the
geometries of CCTBI and CTTBI with those of X�ray
data. The molecular structures and atomic numbering
of the compounds were given in Figs. 2–4. Firstly, the
optimized geometries of the title compounds were cal�
culated using RHF and B3LYP levels of theory using
6�31 G(d) standard basis set. The selected calculated
geometric parameters and definitions of the natural
coordinates for the molecules are summarized in
Tables 1–3 for TTTBI, CTTBI, CCTBI, respectively.
From B3LYP calculations C�Br bond lengths were
calculated as 2 Å, which differs from the X�ray data by
only 0.04 Å. From RHF calculations these bond
lengths were calculated as 1.97 Å which are closer
(0.01 Å) to X�ray data than those of B3LYP results. It
indicates that RHF method estimated the bond
lengths better than B3LYP method for TTTBI. On the
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Fig. 5. Comparison of experimental and calculated IR spectra of TTTBI (top—calculated, below—experimental).



900

OPTICS AND SPECTROSCOPY  Vol. 111  No. 6  2011

UNSALAN et al.

other hand, B3LYP estimated the bond angles better
than RHF method. All aromatic ring angles (including
CCC and CCH angles) are almost 120° for all com�
pounds. Two aromatic ring is almost planar with small
deviations. For CTTBI a comparison of optimized
geometries (Table 2) with respect to the methods
showed us that RHF value of (4, 11, 14, 1) dihedral
angle is 164.5° while it was 86.9° for B3LYP. Also (3,
11, 4, 8) is –143.9° for RHF while it was –96.3° for
B3LYP. And finally (2, 4, 8, 16) is –97.7° for RHF
while it was –150.3° for B3LYP. These values are dis�
tinguishable than the others for those of the CCTBI
and TTTBI so we can understand the difference
between the optimized geometries calculated by dif�
ferent methods by analyzing them for CTTBI. It can
be easily seen that from the optimized geometries one
of the C atoms (C14) of the five�membered ring is
above the plane for RHF while the same atom was
below the plane for B3LYP. It indicates that taking into
consideration electron correlation effects used in
B3LYP method plays an important role for the molec�
ular structure. Because the electronic interactions has
been taken into account repulsive interactions

between the Br atoms actively took part of resulting
structure. RHE/6�31 G(d) and B3LYP/6�31 G(d) lev�
els of theory with the optimized geometries have been
used to calculate all parameters of the title com�
pounds.

Well known scale factors in the literature [14] were
used to compare how close the calculated values of
wave numbers with those of the observed ones. From
Table 4 it can be seen that B3LYP is better in estimat�
ing the wave numbers than RHF. To avoid complexity
of huge data, calculated B3LYP results for vibrational
wave numbers will be given in parenthesis immediately
after experimental values for the rest of the text. The
numerical harmonic vibrational analysis was done for
the optimized geometries. The absence of negative
wave numbers and negative eigenvalues of the Hessian
matrices for the stationary points found at the molec�
ular potential energy hyper�surfaces confirms that this
structure correspond to real minimum. The difference
between the experimental and calculated, results is
due to the basis set incompleteness and the neglect of
anharmonicity. From the results, it has been seen both

60012001800240030003600
Wavenumbers, cm−1
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Fig. 6. Comparison of calculated IR spectra between TTTBI and two isomers (top—CCTBI, middle—CTTBI, bottom—
TTTBI). 
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calculated and experimental results were in good
agreement.

Comparison of calculated and experimental IR
spectrum of TTTBI was give in Fig. 5. Also compari�
son of calculated IR spectra between TTTBI and two
isomers was given in Fig. 6. Bands at 3059 cm–1 and
3010 cm–1 indicate aromatic C�H stretching, a weak
band at 1606 cm–1 (1601 cm–1) shows that aromatic
C=C bond, the band at 582 cm–1 shows the C�Br
stretching. Five of CH stretching modes were not
observed in IR spectrum of TTTBI but just calculated
at 3154 cm–1, 3150 cm–1, 3139 cm–1, 3130 cm–1,
3125 cm–1, and 3122 cm–1. Ring stretching mode for
the rings 1�2�3 was observed at 1450 cm–1 (1472 cm–1).
Ring deformation modes were not observed in IR
spectrum but calculated at 1653 cm–1, 1636 cm–1,
1471 cm–1, and 1032 cm–1. Ring breathing mode for
Ring 2 was observed at 1504 cm–1 (1527 cm–1). Ring
breathing mode for Ring 1 was observed at 1012 cm–1

(1016 cm–1). Ring breathing mode for both Ring 1 and
Ring 3 was observed at 906 cm–1 (896 cm–1). Ring
breathing mode for both Ring 1 and Ring 2 was
observed at 839 cm–1 (838 cm–1). Ring stretching
modes for Ring 1 and Ring 2 were observed at
1504 cm–1 (1414 cm–1) and 1392 cm–1 (1385 cm–1)
and just calculated for Ring 3 at 1180 cm–1. CH wag�
ging modes were observed at 1225 cm–1 (1240 cm–1),
1176 cm–1 (1176 cm–1), 1142 cm–1 (1147 cm–1) and
1086 cm–1 (1090 cm–1) and just calculated at 1173 cm–1.
CH in plane bending modes were observed for all rings
at 1391 cm–1 (1297 cm–1), 1280 cm–1 (1289 cm–1),
1248 cm–1 (1246 cm–1), 1185 cm–1 (1200 cm–1) and
1159 cm–1 (1155 cm–1), respectively. CH out of plane
bending mode for Ring 1 was observed at 745 cm–1

(745 cm–1). Ring bending modes were observed at
1266 cm–1 (1269 cm–1), 582 cm–1 (589 cm–1) and
564 cm–1 (564 cm–1). The rest of the ring bending
modes were just calculated at 564 cm–1, 416 cm–1 and
311 cm–1. Ring torsion modes were observed at
958 cm–1 (943 cm–1), 764 cm–1 (762 cm–1), 726 cm–1

(725 cm–1), 616 cm–1 (618 cm–1), 514 cm–1 (511 cm–1),
474 cm–1 (478 cm–1) and 451 cm–1 (440 cm–1) and just
calculated at 935 cm–1, 887 cm–1, 756 cm–1, 732 cm–1,
716 cm–1, 300 cm–1 and 170 cm–1. C�Br stretching
modes f were just calculated at 254 cm–1 and 200 cm–1.
C�Br wagging modes were also just calculated at
133 cm–1, 97 cm–1, 65 cm–1 and 54 cm–1. C�Br out of

plane modes were just calculated at 88 cm–1 and
35 cm–1.
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