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Ab initio Infrared Spectra and Inversion Barriers of
Dibenzo [a,c]cycloocta-5,8-diones
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Ab initio calculations are carried out for stereo-specific
inversions of 6XX -7YY’-dibenzo[a,c]cyclooctadiene-5,8-
dione, 1. X=X"=Y=Y"=H; 2. X=X"=Y=Y"=CHj3; 3: X=Y=
H, X'=Y"=CHs; 44s Y =H, X'=Y=CHs; 4yans : X =CHs,
Y =Y=H; 54 X=Y =H, X"=Y=i-pr and Syas: X=X"=i-pr,
Y =Y=H. Inversion energy barriersof 1-5, to their correspond-
ing conformers 1'-5', are determined via ab initio calcula-
tions. These are preformed at HF/6-31G* and M P2/6-31+G*
levels of theory, using Gaussian 98 system of programs. The
order of energy barriers/(kcal/mol) found for the inversions
is. 3¥=3' (34.00) > 2=—=2' (28.05) > 5,5y (27.21) >
5trans‘gi‘S'Irans (2475) > 4'cis‘gi“]" cis (2235) > 4'trans‘gi“]"trans
(21.62) > 1==1' (19.47). Enantiomeric conformers 4, and
4 45 have the same energy. Similarly, 54s and 5 s, which are
mirror images, have the same energy. Diastereomeric con-
formers 4yans and 4 yans @re at different energies. So are Syans
and 5 yans. IMportant factor that cause to observing two ab-
sorbance for each of cis and an absorbance for each of 4yans
and 4’ yans; Srrans aNd 5 wansi Stel ative position of carbonyl group
and closer benzene ring.

Key Words: Dibenzo [a,c]cycloocta-5,8-diones, ab initio
calculations, HF and DFT methods, DynamicNMR, Steric
effects.

INTRODUCTION

Now-a-days, ab initio calculations are used to reach for unreachable
data, beyond experimental limits'®. Studies related to strain, conforma-
tions and transannular interactions of cyclooctanes appear of considerable
interest®*®. The reactivity and stereoselectivity exhibited by eight-
membered rings are customarily investigated via dynamic NMR spectra.
The eight-membered rings are important moieties of numerous natural
products, including terpinoids™*°. Many of them exhibit exceptional, broad
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ranging biological activities. A vivid example is the diterpine, paclitaxel
which isused as aclinical anticancer drug'”%.

This work focuses on inversion barriers of dibenzo [a,c] cycloocta-
5,8-diones(1-5 to 1'-5' ). Treatment of substituted 2, 2-big[1-oxa-2-
bromoal kyl]bi phenylswith zinc-copper (in DM SO), in the presence of so-
dium iodide and sodium bicarbonate, results in the formation of deriva-
tives of 1-5 (Scheme-I). Dynamic nuclear magnetic resonance (D NMR)
studies on geometrical isomers of 4 have already been reported™.

In present studies ab initio calculations in order to find data on inver-
sionsof 1, 2, 3 and 5 has been employed. Our data complete and confirm
the experimental findings reported on 4. Thermodynamic data are also
obtained for 1==1', 2=—=2', 3==3', 4is—4'"cis, Lirans—4'trans, Deis—D'cis and
Srans=5" trans €QUIlibriums (Scheme-1).
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Scheme-l: Inversion energy barrier (E,) between dibenzo [a,c] cycloocta-5,8-dione
derivatives, 1-5, and their corresponding conformers, 1°-5". Values
shown in parentheses indicate E, associated with 4 yans and 5 yrans tO
their corresponding 4irans and Sians, respectively

Computational methods

Cadlculations are preformed using the Gaussian 98 system of programs™.
The geometrical structures, corresponding to the ground states and transi-
tion states are investigated at HF/STO-3G level. To assessthe performance



Vol. 19, No. 3 (2007) Ab initio of Dibenzo[a,c]cycloocta-5,8-diones 1669

of thisapproach, all speciesare computed at higher theoretical levels. There-
fore, the STO-3G outputs are used as inputs for the HF/6-31G* calcula-
tions and geometry reoptimizations are carried out using the same method.
In both levels, for finding energy minima keyword: ‘OPT’ and transition
stateskeyword: ‘ OPT (QST3)’ isused. In order to confirm the nature of the
stationary species and evaluate the activation energy barriers, frequency
calculations (keyword: FREQ) are carried out for ground and transition
states at HF, MP2 and DFT levels. Thermodynamic functions obtained
through frequency calculations, are multiplied by the scaling factor. This
isto account for the difference between the harmonic vibrational calcula
tions and the anharmonic oscillations of the actual bonds. For minimum
state structures, only real frequency values and for the transition states,
merely single imaginary frequency value is accepted. Also reaction path
arefollowed by IRC to confirm transition states related to the correspond-
ing minimums®?#,

Simulated IR spectra are created by making a script using a freqchk
option of Gaussian 98. This option produces the B-matrix elements from
calculated Cartesian coordinates. These B-matrix elements were used to
convert the ab initio force filed in Cartesian coordinatesto aforcefield in
desired internal coordinates. Theseforcefieldswere used inamassweighted
Cartesian coordinate calculation to reproduce the ab initio vibrational
frequencies and to the determine the potential energy distribution.

RESULTSAND DISCUSSION

The goal of thisresearch isto find inversion energy barrier (E.), asso-
ciated with dibenzo [a,c]cycloocta-5,8-dione derivatives, 1-5, to their
corresponding conformers1'-5" (Scheme-1). Thermodynamic datafor these
ring inversions are calculated via HF/6-31G* and MP2/6-31+G* which
include: sum of electronic and thermal energies (E), sum of electronic and
thermal Gibbs free energies (G), sum of electronic and thermal enthal pies
(H) and zero point vibrational energy (ZPVE) for rotational ground states
(G) and transition states (TS)" (Table-1)**. Changes of activation electronic
energies (AE"), Gibbs activation free energies (AG"), enthalpies of activa-
tion (AH?) and rate constants (k;)* are obtained by the FREQUENCY
option of the Gaussian 98 program?® (Table-2). For the sake of compari-
son, the available dynamic NMR experimental activation free energy data™
are shown within parenthesesin Table-2. Introducing bulky substituents at

tG=H-TS=(E+RT)-TS=[(E,+E,,* E,* E,.») * RT| =TS, where: E = Eelec + ZPE.
TAccording to the transition state theory, the rate constant (k ), is calculated as shown by the
following equation: KT o kBTe_ AGH

k
" h h RT
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the X and Y positions renders increase of rotational barriers with an order
of (E/kcalmol™): (3+=3', 34.00) > (2==2', 28.05) > (5:s=5'qs, 27.21) >
(\L;Irans‘;*:':’I trans, 2475) > (4cis‘:~4' cisy 2235) > (4trans‘:~4' transy 2162) > (Jﬂ;ﬁ‘l| ’
19.47); (Scheme-1).

TABLE-2
CALCULATED HF/6-31G* DATA 1-5 1'-5', SHOWING: EQUILIBRIUM
CONSTANTS (Ke;), CHANGES OF ACTIVATION ELECTRONIC
ENERGIES (AE"), ENTHALPIES OF ACTIVATION (AH*) AND GIBBS
ACTIVATION FREE ENERGIES (AG"). THE AVAILABLE DYNAMIC
NMR EXPERIMENTAL ACTIVATION FREE ENERGY DATA ARE
SHOWN WITHIN BRACKETS (REF. 14)

Equilibrium HF/6-31G~

systems Keq Conversions AE? AH? AG?
(kcal/mol) (kcal/mol) (kcal/mol)

. TS 18.19 18.19 10.47

1 1 1.0026 TS 18.19 18.19 10.47
. 2-TS 2645 2645  28.05

2 2 0.9919 TS 2645 2645  28.05
. 3TS 3233 3233 3400

3 3 0.9999 TS3 3233 3233 3400
. 4,-TS 2079 2079  22.35*
Ais Aas 10000 o079 2079 2235
- &y TS 1974 1015  21.63**
Awans ~ Awans 00012 pole G605 1546 17.65
e 5, TS 2576 2580 2731
Sais Ses 019 g5 o576 2580 27.31
5. 5. ossse DwsTS 2847 2353 2534

TS5 trans 23.20 23.20 24.75

* = Ref. 18; ** = Ref. 14.

One may expect the highest energy barrier, among the set, for conver-
sion of 2 to 2', which requires passing through atransition state (TS) with
four eclipsing methyl groups (Scheme-2). Such expectation is not con-
firmed by our ab initio calculations, despite the fact that the TS involved
do portray the highest steric effect. Thisis due to the higher potential en-
ergy associated with the gauche ground states 2 and 2'. Hence, the highest
energy barrier is anticipated for conversion of 3 to 3' (E.= 34 kcal/mal),
due to the higher stability of the ground states 3 and 3' (Scheme-11).

4.5 and 4 s are enantiomeric conformers with the same energy. The
same is true for 5qs and 5 s which are mirror images. Diastromeric
conformers 4vans and 4 yans are at different energies. So are Syans and 5 yrans
(Table-1).

4. is separable from 4yans, affording a temperature dependent NMR
spectrum which allows quantitative dynamic analyses. Two non-equiva-
lent methyl groups appear in X',Y e (4eis) and X'eY » (4 4s) positions. NMR
spectraof 4qsand 4" s show methyl peaks as doubletsat 1.03 and 1.22 ppm
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and CH absorptions as two quarteds at 2.68 and 3.47 ppm, respectively.
Spectrum of cis conformers shows achange with temperature. At 95°C, the
pairs of methyl doublets and methine quartets each become one signal per
se (still adoublet and a quartet, respectively). The spectrum at -40°C of 4qs
is the same as that obtained at room temperature.
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Scheme-11: Newman projections of conversion of dibenzo [a,c]cycloocta-5,8-dione de-
rivatives, 1-5, to their corresponding conformers1°-5". Minima 1-5 are set at 0.00 kcal (left
column). On such basis, relative energies of al the corresponding mirror images (right
column) and transition states (TS, middle column) are calculated. Values shown in paren-
theses indicate E, associated with 4 yas and 5 yans t0 their corresponding transition states,
respectively
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4yans CONVeErts to its diasteromer, 4 yans, through rotations around the
biphenyl bond. Each of these trans conformers has two equivalent methyl
groups groups XX's and XX'e positions. They show only one signal for
their methyl groups (doublet at 1.25 ppm) and one signal for their methine
protons (broad quartet at 2.94 ppm), at room temerature. While at -40°C,
their methyl signals split into two doublets of unequal intensity (1.38 and
1.22 ppm in the ratio 9:5). Their methine signal also splitsinto two broad
signals at 3.07 and 2.89 ppm, with aratio of 9:5.

D-NMR inversion barrier found for 4yans is 14 kcal/mol. That of 4gs
isomer is 18 kcal/mol. These are consistent with the trend calculated in this
manuscript (Table-2). A relatively low barrier to rotational processin 4ians
isjustified by aweaker non-bonded interaction in the transition state (TS)
between trans methyl groups. Thisisin contrast to a strong eclipsed inter-
action between the cismethyl groupsin 4s (Scheme-11). Both 44 and 4yans
are capable of being equilibrated to a4:1 mixturevia enolization'*. Related
reaction path calculations are being carried out at thistime.

Each of enantiomeric conformers 4qs and 4, 5as and 5 ¢is has two
different carbonyl groups: ones perpendicular to closer benzene ring and
other ca. coplanar with closer benzene ring. Therefore simulated IR
spectra show different absorbance for each carbonyl group in every
enantiomeric conformer.

Interestingly, each of the diastromeric conformers 4yans aNd 4’ yrans, Strans
and 5" yans has similar carbonyl groups with perpendicular position relative
to closer benzene ring, consequently simulated IR shows only one absor-
bance for carbonyl group in every diastromeric conformer.

Consequently temperature dependent FT-IR spectra can be proposed
as a powerful method for distinguish between cis and trans isomers of
dibenzo [a,c]cycloocta-5,8-diones.

As a result, important factor that cause to observing two absorbance
for each of 4.sand 4 s, 56s and 5” s and an absorbance for each of 4..n.s and
4 yrans; Suans @Nd 5 yans iS relative position of carbonyl group and closer
benzenering. Obviously, carbony! group that has ability of mesomery with
benzene ring, give an absorbance in lower frequency. Orientations (semi-
axial and/or semi-equatorial) of neighbourhood alkyls substituted on Cs
and C; have not important factor for observation of two (in cis isomers)
and one (in trans isomers) absorbtions for carbonyl groups.

Conclusion

The order of energy barriers (EJ/kcalmol™) for stereo-specific inver-
sions of 6XX"-7Y Y -dibenzo[a,c]cyclooctadiene-5,8-dione, 1-5, to their
corresponding conformers, 1'-5' is: 3==3' (34.00)> 2=—2' (28.05) >
~':>cis‘47~5| cis (2721) > 51rans‘47~5| trans (2475) > 4'cis‘47~4l cis (2235) > 4[rans‘:~4l trans
(21.62) > 1=1' (19.47); for 1: X=X"=Y=Y"=H, 2: X=X"=Y=Y =CHj, 3:



1674 Kassoee et al. Asian J. Chem.

X=Y=H, X'=Y"= CHg, 4ds: Y =H, X"=Y=CHg, 4yans : X'=CHjs, Y =Y=H,
5ds: X=Y =H, X"=Y=i-pr and 5yans: X=X"=i-pr, Y =Y=H.

Our calculated data are consistent with the reported experimental

results for 4. Temperature dependent FT-IR spectra can be proposed as a
powerful method for distinguish between cis and transisomers of dibenzo
[a,c]cycloocta-5,8-diones.
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