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The dipole moments of (&£)-(1,1’-biindene)-3,3’-dione 1, (£)-2,2",3,3’-tetrahydro-(1,1’-binaphthalene)-
4,4 (1H,1'H)-dione 2, and (£)-(1,1’-bibenzosuberene)-5,5’-dione 3 in carbon tetrachloride and benzene were measured
over a range of temperatures. Analyses of the relative permittivity data in carbon tetrachloride and benzene showed that
at 25 °C, 1 exists predominantly in the gauche conformation, whilst 2 and 3 favor the frans form. The experimentally
derived values of the energy difference between the gauche and trans rotamers and the gauche/trans population quotient
were compared with values predicted by molecular-orbital calculations. The crystal and molecular structures of 2 and 3
were determined by single-crystal X-ray diffraction methods. Both compounds exist in the trans conformation in the
solid-state. Dynamic 'HNMR was employed to 3 in order to determine the activation parameters for the barriers to
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rotation in solution.

During the last two decades, there has been a constant pro-
gression of knowledge concerning the stereochemical and con-
formational properties of various aromatic cyclic ketones.'™
In contrast, few studies have been concerned with the confor-
mational preferences of the dimeric form, the bicyclic di-
ones,”® which are potential structural candidates in the design
of supramolecular systems. For a compound to be used in con-
structing supramolecular systems, it is important to learn how
to control its conformation. In order to understand the influ-
ence of the cycloalkyl moiety on the structure and the relative
stability of the trans and gauche rotamers, we initiated a sys-
tematic study of these compounds, and now report on our find-
ings concerning (£)-(1,1’-biindene)-3,3’-dione 1, (&£)-
2,2'3,3'-tetrahydro-(1,1’-binaphthalene)-4,4'(1H,1’ H)-dione
2, and (+)-(1,1’-bibenzosuberene)-5,5"-dione 3 (Fig. 1), based
on dipole moment determination, X-ray diffraction measure-
ments, and molecular-orbital calculations.

Experimental

Preparation of Compounds. Compounds 1, 2, and 3 were
synthesized by free-radical dimerization with 7-butyl peroxide.7
Materials for the synthesis were from commercial sources, and

Fig. 1. Structure of 1-3 (n = 1-3).

were used without further purification. Analytical thin-layer chro-
matography was performed on EM Reagent 0.25 silica gel 60-F
plates. Flash chromatography was performed using EM silica
gel 60 (230—400 mesh). Free-radical dimerization favors the for-
mation of the (£) isomer, which was obtained in predominantly
higher proportions than the meso isomer. To our knowledge,
compound 3 has not been reported previously.
(£)-(1,1’-Biindene)-3,3’-dione 1. To 1-indanone (2.00 g, 15.0
mmol) was added 7-butyl peroxide (1.30 g, 8.9 mmol) and the re-
action was gently refluxed under nitrogen for 3 days. The ob-
tained brownish solution was concentrated, diluted with ether,
washed with water, and purified by flash chromatography (hex-
ane—ethyl acetate 6:1, Ry = 0.20) to give 1 as a pale-yellow solid
(1.70 g, 43%): mp 193.0 °C (lit.’ 191-192 °C). Found: C, 82.46;
H, 5.48%; M, 262. Calcd for C1gH;40, (MW 262): C, 82.42, H,
5.38%. 8y (500 MHz; CD,Cl,; Me,Si) 1.81-1.86 (2H, dd, J =
3.46, 15.96 Hz, CH,), 2.37-2.39 (2H, dd, J =7.63, 11.79 Hz,
CH,), 4.18-4.22 (2H, m, CH), 7.73-7.68 (8H, m, aromatic-H).
(£)-2,2",3,3'-Tetrahydro-(1,1’-binaphthalene)-4,4'(1H,1’H)-
dione 2. The procedure for the preparation of 1 was used. «-Tet-
ralone (2.20 g, 15.0 mmol) upon a reaction with #-butyl peroxide
(1.30 g, 8.9 mmol) gave 2 as a white solid (1.65 g, 38%) after pu-
rification by chromatography (hexane—ethyl acetate 6:1,
Ry =0.04): mp 210.0 °C. Found: C, 82.43; H, 6.21%; M™,
290. Calced for CyH;502 (MW 290): C, 82.73, H, 6.25%. &y
(500 MHz; CD,Cl,; MeysSi) 1.92-2.18 (4H, m, CHCH,CH,),
2.67-3.11 (4H, m, CHCH,CH,), 3.22-3.26 (2H, m, CH), 7.38—
8.08 (8H, m, aromatic-H).
(£)-(1,1’-Bibenzosuberene)-5,5'-dione 3. The procedure for
the preparation of 1 was used. 1-Benzosuberone (2.40 g, 15.0
mmol) upon a reaction with 7-butyl peroxide (2.60 g, 17.8 mmol)
gave 3 as a white solid (1.48 g, 31%) after purification by chroma-
tography (hexane—ethyl acetate 3:1, Ry = 0.12): mp 223.0 °C.
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Found: C, 82.60; H, 7.13%; M™, 318. Calcd for C;oH» 0, (MW
318): C, 82.98, H, 6.97%. &y (500 MHz; CD,Cl,; Me4Si) 1.44—
1.64 (4H, m, CHCH,CH,CH,), 1.68-1.88 (2H, m, CHCH,CH,),
1.92-2.25 (2H, m, CHCH,CH,), 2.42-2.58 (2H, m, CHCH,),
2.64-2.75 (2H, m, CHCH,), 3.20-3.35 (2H, m, CH), 6.52-7.50
(8H, m, aromatic-H).

Dipole Moment Determination. The relative permittivities
were determined with a heterodyne-beat meter,® and the densities
and refractive indices by standard procedures.9 All of the solvents
were carefully distilled and dried before use. The physical con-
stants required for the relative permittivity have been given previ-
ously.m’“

X-ray Crystallography. Single crystals of 2 and 3 were ob-
tained from benzene—hexane mixtures. The crystals were attached
to glass fibres using epoxy glue, mounted on a Siemens SMART
CCD system with Mo-Ko radiation. Data were collected using
three w-scans on each crystal over a 180° range at a fixed ¢ value
of 54.74° with a 0.30° scan width and a 5 s count time per frame
and a crystal-to-detector distance of 5.04 cm. Data were corrected
for Lorentz and polarization effects with the SMART suite of pro-
grams,12 and for the absorption effects with SADABS." Structur-
al solutions and refinements were carried out with the SHELXTL
programs.14 The structures were solved by direct methods, fol-
lowed by full-matrix least-squares refinements. All non-hydrogen
atoms were refined anisotropically, whereas hydrogen atoms were
placed at calculated positions. Crystal data of 2: CyH 30,
M = 290.34. Monoclinic, colorless blocks, a = 15.6671(12) A,
b=17.3368(5) A, c=14.0948(1) A, B=112.1980(10)°, V =
1500.07(19) A3, space group P2;/c, Z =4, Dy = 1.286 g/cm’.
Crystal dimension: 0.57 x 0.49 x 0.26, u(Mo-Ka) = 0.082
mm~', 9354 reflections measured, 3743 unique (Rj = 0.0206)
which were used in all calculations. The final R and R,, were
4.55% and 11.31% (for I > 20(I)). Crystal data of 3: C;uoH2,0;,
M = 318.40. Monoclinic, colorless blocks, a = 23.551(11) A,
b=17.927(3) A, ¢ =20.603(5) A, B =121.10Q2)°, V = 3294(2)
A3, space group C2/c, Z = 8, Dy = 1.284 g/cm’. Crystal dimen-
sion: 0.52 x 0.40 x 0.42, u(Mo-Ka) = 0.081 mm~!, 10114 re-
flections measured, 4080 unique (R;, = 0.0209) which were used
in all calculations. The final R and R, were 4.61% and 10.69%
(for I > 20(I)). Crystallographic data have been deposited at
the Cambridge Crystallographic Data Centre.

Calculations. Theoretical geometrics, zero-point energies and
dipole moments in the gas phases were obtained at the B3-LYP/6-
31G(d) level of theory using the GAUSSIANOS package of
programs."® The initial geometries of 1, 2, and 3 were obtained
from the crystal structures. Alternative forms were constructed
from the crystal structures by adjusting the appropriate torsion
angles. All of the structures were then allowed to optimize
fully. The solvent effect on the structures was estimated by the
Onsager model'® at the B3-LYP/6-31G(d) level, using a dielectric
constant of 2.2 for carbon tetrachloride and 78.4 for water. The
cavity radii for species 1, 2, and 3 were 5.18, 5.41, and 5.61 A,
respectively. The relative energies were computed at the B3-
LYP/6-3114+G(d,p) level in the gas phase and at the B3-LYP/
6-3114+-G(d,p) level with the Integral Equation Formalism version
of Polarizable Continuum Method (IEFPCM) model.">  Standard
thermodynamic relations were applied to obtain the enthalpy
(AH,g) and Gibbs free energy (Angg).16

Dynamic NMR Measurement. All NMR spectra were re-
corded on a Bruker AMX-500 FTNMR spectrometer equipped
with a variable temperature probe. CD,Cl, was used as a solvent
and tetramethylsilane as an internal standard.
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Results and Discussion

Dipole Moment Measurements. The results of dipole mo-
ment measurements of 1, 2, and 3 are presented in Table 1 with
the standard notation. Compound 3 had poor solubility in ben-
zene, and thus only its dipole moment in carbon tetrachloride
was measured. Three concentration dependencies, namely
those of the relative permittivities, densities, and refractive in-
dices (@€1, Bd,, and yd)), were determined for each solvent
at the three temperatures. Using the least-squares method, the
experimental values of the slope («&, Bd;, and ynlz; given
by Eq. 1) at infinite dilutions of the compounds (w, denoting
the solute weight fraction) and the respective molar polariza-
tion, refractions, and dipole moments were calculated. By
measuring the dielectric effects in extremely dilute solutions
of the compounds in non-polar solvents, like carbon tetrachlo-
ride and benzene, we may interpret our present system as con-
sisting of isolated molecules immersed in a well-defined
environment. The dipole moments were determined using
the method of LeFevre and Vines:'’

= (). 2= ()
Swz wy—0 8w2 wy—0
) (5An2)
ym dw, w2—>0.

(£)-(1,1'-Biindene)-3,3'-dione 1. The large dipole mo-
ments in carbon tetrachloride and benzene mean that the polar
gauche rotamers must be present in high proportion in these
solvents. From Table 1, it can also be seen that the dipole mo-
ment of the compound decreases with increasing temperature,
indicating that the more polar gauche forms are more stable
than the frans rotamer, and are higher in population. 1 can ex-
ist in two possible gauche forms, gauche-a and gauche-b
(Fig. 2). Since 1 exists in the gauche-a conformation in the
solid—state,5 it is reasonable to assume that this sterically
less-hindered rotamer would plausibly be the preferred gauche
form in solution. The application of the Lennard-Jones—Pike
method of analysis18 to our dipole moment data yields AG
(= Gg — Gy) and Mo values of —3.67 kJmol~! and 5.95 D
respectively. An alternative method for obtaining [, is to em-
ploy Eq. 2, where (1, is the moment of the symmetrical half of
the molecule (CR,Y), « is the supplement of the central C—C—
Y bond angle, and 20 is the dihedral angle between the two C—
C-Y planes.19 In our calculations of 1, i1, was taken to be the
dipole moment of 1-indanone with its direction along the C=0
bond while the values of & (115.9°) and 26 (35.6°) were deter-
mined from the X-ray diffraction data of the molecule.” Sub-
stitution of these values into the following equation gives a di-
pole moment (g) of 6.03 D for the gauche-a rotamer, which
is in good agreement with the value obtained by the Lennard-

Jones—Pike method:

ey

n(20) = 2, sina cos 6. 2)

From the Boltzmann distribution, the corresponding gauche
population in a carbon tetrachloride solution was found to be
81.5% at 25 °C. The high proportion of the gauche rotamer
suggests that in 1, the gauche-a conformation is inherently
much more stable than the frans. This stability appears to
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Table 1. Molar Polarization, Refractions, and Dipole Moments at Infinite Dilution of (£)-(1,1’-Biindene)-3,3’-dione
1, I-Indanone, (4)-2,2,3,3"-Tetrahydro-(1,1’-binaphthalene)-4,4’(1H,1’ H)-dione 2, o¢-Tetralone, (+)-(1,1’-Biben-
zosuberene)-5,5"-dione 3, and 1-Benzosuberone

Conc. range
T/°C  Solvent /10° wy oE B y P,/cm? Rp/cm? u¥/D
a. (£)-(1,1’-Biindene)-3,3’-dione 1 (Rp = 74.56 cm?)
25 CCly 210-400 18.15 —0.027 0.164 553.9 72.49 4.83+0.02
45 CCly 180-360 15.21 —0.287 503.5 4.71 +0.01
60 CCly 140-280 13.75 —0.213 473.6 4.64 +0.02
25 Benzene 170-490 9.82 0.315 0.129 528.1 75.04 4.69 +0.02
45 Benzene 205-500 7.47 0.122 477.9 4.57 +0.01
60 Benzene 215-460 7.00 0.142 450.5 4.51 +£0.02
b. 1-Indanone (Rp = 38.31 cm?)
25 CCly 390-905 18.60 —0.368 0.123 293.5 38.00 3.524+0.01
25 Benzene 275-830 10.11 0.240 0.065 285.5 37.53 3.47 +£0.02
c. (£)-2,2",3,3'-Tetrahydro-(1,1’-binaphthalene)-4,4'(1H,1’ H)-dione 2 (Rp = 83.86 cm?)
25 CCly 150-350 3.36 —0.191 0.211 166.7 83.18 1.97 +£0.01
45 CCly 160-300 3.72 —0.049 175.4 2.134+0.01
60 CCly 160-340 4.01 —0.041 189.2 2.35+0.02
25 Benzene 260-510 2.09 0.387 0.178 174.7 82.58 2.07 +£0.02
45 Benzene 290-630 1.74 0214 177.2 2.16 +0.01
60 Benzene 310470 2.04 0.229 196.8 2.44 +£0.02
d. o-Tetralone (Rp = 43.13 cm?)
25 CCly 300-650 14.62 —0.349 0.144 262.6 42.25 3.26 £0.01
25 Benzene 290-725 8.03 0.236 0.104 258.9 44.11 3.224+0.01
e. (4)-(1,1’-Bibenzosuberene)-5,5'-dione 3 (Rp = 93.16 cm?)
25 CCly 200-300 7.86 —0.196 0.270 335.0 98.09 3.4140.01
45 CCly 200-350 7.42 —0.217 332.6 3.50 +£0.01
60 CCly 200-320 7.14 —0.263 335.2 3.60 £0.02
f. 1-Benzosuberone (Rp = 47.61 cm?)
25 CCly 150-250 13.19 —0.412 —0.629 265.3 46.63 3.25+0.01
25 Benzene 600-950 7.76 0.181 0.053 279.7 48.13 3.354+0.01

a) Pp = 1.05 Rp. 1 D = 3.337 x 1073° Cm.

be a manifestation of the “gauche effect

trans

gauche-b

Fig. 2. Stable conformations of 1-3 (n = 1-3).

s 20

.~ which states that

there is a tendency for a structure which has the maximum
number of gauche interactions between the adjacent electron
pairs and/or polar bonds to be favored. In 1, each carbonyl
group possesses two electron pairs on each oxygen atom which
enables the two carbonyl groups to form attractive interactions

with one another. However, the final conformation adopted is
still dependent on the overall balance of the attraction and re-
pulsion between the groups in the molecule.

The dipole moment results of 1 in benzene are very similar
to that in a carbon tetrachloride solution. This suggests that in
benzene solution specific solute—solvent interactions, which
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Fig. 3. Thermal ellipsoid diagram of 2.

: . 21,22 .
are observed in various analogous systems, are plausibly

absent. A Lennard-Jones—Pike analysis of the dipole moment
data in benzene gives a gauche rotamer dipole moment of 5.65
D and a AG value of —3.54 kJmol~!. This corresponds to a
population of 80.6% gauche and 19.4% trans rotamers at 25
°C.

2,2',3,3'-Tetrahydro-(1,1’-binaphthalene)-4,4'(1H,1' H)-
dione 2. An analysis of the data in Table 1 shows that, like 1,
the dipole moments obtained in carbon tetrachloride are very
similar to that in benzene solutions. However, in contrast to
1, the dipole moments in both carbon tetrachloride and ben-
zene solutions increase with increasing the temperature, indi-
cating that the frans rotamer is more stable than the gauche,
and is higher in population in these solvents. The application
of the Lennard-Jones—Pike method of analysis18 to our dipole
moment data yields AG and pu, values of 8.33 kJ mol~! and
7.73 D in carbon tetrachloride and 8.17 kImol~! and 7.82 D
in benzene solutions. From Eq. 2 (where i, was taken to be
the dipole moment of a-tetralone with its direction along the
C=0 bond while the values of o (118.9°) and 26 (173.1°)
were determined from our X-ray diffraction data of 2), u,
was found to be 0.34 D. From the Boltzmann distribution,
the corresponding gauche populations at 25 °C were found
to be 6.3 and 6.8% in carbon tetrachloride and benzene, re-
spectively.

(1,1’-Bibenzosuberene)-5,5"-dione 3. Table 1 shows that
the dipole moment of this compound increases with increasing
temperature in carbon tetrachloride solutions, indicating that,
like in 2, the frans rotamer is more stable than the gauche
and is higher in population in these solvents. Analyses of
our dipole moment data according to the Lennard-Jones—Pike
method yield AG and i, values of 3.29 kJ mol~! and 5.78 D.
Based on our X-ray data of 3 and the dipole moment of 1-ben-
zosuberone at 25 °C, u, was found to be 1.84 D and the
corresponding percentage gauche population was obtained as
27.4% at 25 °C.

X-ray Crystallography. Molecules of 2 and 3 lie at gen-
eral sites. Although the molecules do not have crystallograph-

Fig. 4. Thermal ellipsoid diagram of 3.

Table 2. Thermodynamic Quantities Governing the Gau-
che/Trans Equilibrium of 1, 2, and 3 in the Gas Phase®

1 2 3
AHy® /kJ mol ™! —10 14.7 16.1
(=7.2) (17.3) (12.9)
[—13.1] [23.4] [10.4]
AH,o5” /kJ mol ™! —8.4 14.3 14.6
(—5.8) (16.9) (16.2)
[—11.8] [22.9] [21.5]
AG® /kI mol™! -12.2 14.0 15.2
(—9.0) (16.5) (17.2)
[—14.4] [22.5] [22.5]
1, /Debye 5.34 473 4.36
(6.08) (5.26) (4.70)
[7.13] [6.08] [5.17]
PV /e -59.0 68.3 90.6
(—59.2) (68.2) (90.7)
[—62.0] [68.0] [90.8]

a) The values of the corresponding parameters in CCly and H,O
are enclosed in parenthesis and square brackets, respectively. b)
Enthalpy difference, AH = Hyqyche — Hirans. ¢) Gibbs free ener-
gy difference, AG = AGguuche — AGirans- d) Calculated at the
B3-LYP/6-31G(d) level in the gas phase, and B3-LYP/6-
31G(d)-Onsager level in CCly and H,O.

ic symmetry, they show approximate two-fold rotational
symmetry. Figs. 3 and 4 depict the structures and define the
atomic numbering of 2 and 3, respectively.

The crystal structure of 1 was reported earlier,” and the
molecule was found to exist in the gauche form in the solid
state. In contrast to 1, molecules 2 and 3 exist in the frans con-
formation in the solid state with the central C—C bonds being
1.5641(17) A and 1.5449(17) A, respectively. Mislow et al*
through studies on the bifluorenyl (central C—C bond = 1.542
A) have indicated that clamped polyarylethanes, i.e., molecules
where the aryl rings are constrained away from the central C—
C bond so as to reduce steric interactions between the ends of
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Fig. 5. Variable temperature 'HNMR spectra of 3.

the molecule, would favor the gauche rotamer as the trans ro-
tamer experiences severe H--H repulsive interaction, since the
hydrogens on the 1,8-position of one fluorenyl moiety are
forced to point directly at the hydrogens in the 1’,8'-positions
of the other fluorenyl ring. This rationale is not applicable in 2
and 3, as it is noted that even though the aryl moieties in these
molecules are in juxtapositions, the H(9) and H(9") of 2
(H(9)--H(9") distance is 3.384 A) and the H(10) and H(10’)
of 3 (H(10)-~-H(10') distance is 3.727 A) are located about
the phenyl rings and are not pointing directly at one another.
In molecule 2, the cyclohexenone rings adopt an envelope
conformation with C(2) and C(2") deviating by 0.347 and
0.652 A from the C(1)C(10)C(5)C(4)C(3) and C(1")C(10")-
C(5")C(4")C(3’) planes, respectively. The phenyl moieties
are coplanar with their fused cyclohexanone rings. In mole-
cule 3, the cycloheptenone rings are in the boat configuration
with C(1)C(4)C(5) and C(1")C(4')C(5") forming the tips of
the boat and the phenyl groups are pointing in a direction op-
posite to the tips of the boat. The phenyl rings in molecules 2
and 3 are placed at 33.2° and 75.4° to each other.
Calculations. Our theoretical results were summarized in
Table 2. We note here that for all three compounds the theo-

retical geometries are in excellent agreement when compared
to the crystal structures. The average deviation of the key
bond lengths, bond angles, and torsion angles between the
non-hydrogen atoms is less than 0.01 A, 0.4°, and 0.4°, respec-
tively.

For compound 1, our calculations suggest that in both the
gas and solution phases, gauche-a is the most stable form.
The calculated 4, of 6.08 D is in excellent agreement with that
determined experimentally. However, the calculated AGaog is
somewhat too large when compared to the experimental value.
As a result, our calculations predicted that compound 1 exists
almost exclusively in the gauche-a form in CCly. This large
calculated free-energy difference obtained could arise from
the fact that the basis sets employed in the single-point calcu-
lations were too small. However, with the size of 1, calcula-
tions with larger basis sets become prohibitive. For compound
2, the calculated AGaog is 17 kImol~!, in agreement with ex-
periment that the trans form is dominant in CCly. The calcu-
lated (4, and (4, are 5.26 and 1.32 D, respectively, which are in
qualitative agreement with the experiment. For compound 3,
again, the trans form is predicted to be more stable (by at least
15 kImol™!), which is consistent with our experimental
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observations. The calculated dipole moment i, (2.49 Debye)
is in good agreement with the experimental value of 1.84 De-
bye, but the theoretical 4, is too small by ~1 Debye. From the
calculations of compounds 2 and 3, it is observed that the di-
pole moment of the trans form is at least two Debyes smaller
than the corresponding gauche form. Thus, it is not surprising
that the trans form would be the favored rotamer. However,
the same rationale cannot be applied to explain the domination
of the gauche form in 1 as (i, is also smaller than p, for this
compound. However, we note that this difference in the dipole
moment of these two forms is comparatively smaller (~1 De-
bye), such that other competing factors involved could cause a
reversal of the trans = gauche equilibrium. One possible fac-
tor may be attributed to the gauche effect (which was dis-
cussed earlier). Another plausible reason is the electrostatic
interaction of the 7 rings. In the trans conformation, the 7
rings are situated closer to each other compared to the corre-
sponding gauche form. Because this interaction is repulsive,
and hence unfavourable, it could destabilise the trans form,
thus leading to a change of the preferred conformation in 1.

Dynamic NMR Measurements.  Variable temperature
"HNMR measurements were obtained for 1-3. However, as
the temperature decreased, only the signals in the spectrum
of 3 broadened, coalesced and resharpened again to a well-re-
solved spectrum with the aromatic protons ranging from 7.67—
6.32 ppm (Fig. 5). The low-temperature spectrum can be an-
alyzed as two distinct subspectra arising from the exchange be-
tween the trans and gauche conformers. One of the two sub-
spectra had H(10) and H(10") which are significantly more
shielded than the other; this is consistent with the trans
ground-state conformation, where the phenyl ring is positioned
within the shielding zone of its companion phenyl ring. Cal-
culations of the activation parameters of 3 gave AS*, AH*
and AG%g values of —29.3 Jmol ! K~!, 37.85 kJmol™!
and 44.54 kJ mol~!, respectively.

Conclusion

The conformational stabilities of 1-3 were studied by means
of dipole moment determination, X-ray crystallography, and
molecular orbital calculations. Dipole moment experiments
and X-ray crystallography data showed that 1 preferred the
gauche form, whilst 2 and 3 favored the frans conformation.
Computational calculations at the B3-LYP/6-31G(d) level of
theory were in line with the experimental findings. We have
also demonstrated that H--H interactions are absent in the
trans rotamers of this series of compounds. Thus, even though
1 exists predominantly in the gauche form, a further increase
in the cycloalkyl ring size favors the trans conformation. 3
was shown to exist in a higher proportion of the trans conform-
er in solution than 2.
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