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The seventh oxygen O(20) is 2-85 (1) A above the
basal hexagon, i.e. in an ‘apical’ position; this results
from a change of C(15)—C(16)—0O(17)—C(18) from
the usual anti conformation to —86-4 (5)° and from the
0(17)—C(18)—C(19)—0(20) unit displaying an ag-a
conformation.

The same sign of the gauche angles about C(15)—
C(16) and C(18)—C(19) is indicative of a helical
structure, as found in crystalline poly(ethylene oxide)
(Dale, 1980). C(1)—0(2)—C(3)—C(4) = —100-8 (4)° is
probably a consequence of steric hindrance.

The observed conformation of the polyether is such
as to allow (i) for all its O atoms Ba---O contacts only
0-1-0-2 A longer than the sum of the respective radii
and (ii) additional interactions between Ba* and the
anions (Table 2).

There are no obvious linkages between the complex
units.
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Order and Disorder in the Structure of Dibenzofuran, C,,H;O

By WILLIAM J. REPPART, JuDITH C. GALLUCCI, ALAN P. LUNDSTEDT AND ROGER E. GERKIN*
Department of Chemistry, The Ohio State University, Columbus, Ohio 43210, USA

(Received 1 November 1983; accepted 22 February 1984)

Abstract. M, = 168-20, orthorhombic, Pnma, a=
7.5154 (8), b=19-098 (2), c¢=5-77139 (6)A, V=
828-7 (2) A3, Z = 4, F(000) = 352, D, = 1-348 g cm~3,
T=169K, A(MoKa)=0-71069 A, u=0-789 cm~},
R =0:039, wR=0-040 for 1254 reflections with
I> 30, The dibenzofuran molecule has mirror sym-
metry, with the reflection plane passing through the O
atom and bisecting the furan ring. The five- and
six-membered rings are planar, and have a dihedral
angle of 1.5°. The average C—C bond length in the
six-membered ring is 1-392 A. The structure is disor-
dered, with 9% of the molecules adopting an alternative
orientation. The disordered molecules are related to the
ordered ones by a 180° rotation about an axis which
passes through the center of mass and is perpendicular

* To whom correspondence should be addressed.
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to the furan ring. Reanalysis of the data provided by
previous studies of dibenzofuran at room temperature
shows that disorder similar in both kind and degree was
present, but was not reported. Accounting for the
disorder brings the C—O bond length into agreement
with values from similar compounds, thus removing an
earlier discrepancy.

Introduction. The structure of dibenzofuran at room
temperature has been reported by Dideberg, Dupont &
André (1972) and by Banerjee (1973). The present
determination of the structure at 169 K was under-
taken in conjunction with low-temperature EPR experi-
ments on the lowest triplet state of biphenyl dilutely
oriented in dibenzofuran host crystals. Since certain
aspects of the observed low-temperature magnetic
resonance spectra could be reasonably ascribed to the

© 1984 International Union of Crystallography
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occurrence of a symmetry lower than that reported for
the room-temperature structure, it was of interest to
determine whether dibenzofuran indeed undergoes a
phase transition below room temperature. The present
study was directed toward resolving this question for
the range from room temperature to 169 K.

Experimental. Dibenzofuran obtained from Aldrich
(#13,568-2) was purified by vertical, multipass zone
refining (630 passes at 2.5 cm~'h~!). After the final
refinement cycle, a single-crystal specimen was ob-
tained from a crystalline region near the center of the
ingot. The clear, irregularly shaped crystal was cut into
a parallelepiped (0-46 x 0-48 x 0-58 mm), mounted on
a glass rod, and cooled to 169K on a Syntex Pl
automated four-circle diffractometer equipped with an
LT-1 low-temperature attachment. Temperature
measurements were made at the cold-stream exit nozzle
during data collection and at the crystal site after data
collection with a Fluke 2100A digital thermometer
(Type K thermocouple). The temperature measured at
the site of the crystal was 169 K, with an estimated
uncertainty of +2 K.

Unit-cell parameters from a least-squares fit of the
diffractometer setting angles for 25 centered reflections
(20° <26 < 300°). 2304 unique reflections,
4° <26 <70° (+h, +k, +1), w20 scan technique.
Uncertainties assigned to each reflection using
the formula o? = R? (C + 4B) + (0-021)%, where R is
the variable scan rate, C the total number of counts, B
the total number of background counts, and I the
intensity. Six standard reflections (121, 153, 241, 222,
311, 480): intensity variations of about 4% throughout
data collection. The seven strongest reflections (020,
040, 101, 111, 200, 210, 211) saturated the detector
and were not used in the least-squares refinement. Data
corrected for Lorentz and polarization effects;
analytical absorption correction applied using the
program of Alcock (1970), transmission factors 0-96—
0-98. The systematic absences as well as the results
from the zero-moment test of Howells, Phillips &
Rogers (1950) suggested that the space group had not
changed from that of the room-temperature structure,
Pnma (D). This space group was adopted, and the
deletion of the systematic absences left 2033 reflections,
1254 of which had I > 3¢,.

Positions of O and C atoms from an E map
generated by MULTAN80 (Main, Fiske, Hull, Les-
singer, Germain, Declercq & Woolfson, 1980). Full-
matrix least-squares refinement (SHELX76, Sheldrick,
1976) for reflections with I > 30,; 207%(|F,| — |F,I)?
minimized. After anisotropic thermal parameters were
introduced, the refinement converged to R =0-11.
H-atom positions determined from an electron density
difference map, and further refinement including iso-
tropic H atoms converged to R =0-092 and wR
=0-095; w=1/0%. The values of these agreement
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indices were much larger than expected, and the
appearance of the electron density difference map (Fig.
la) indicated that some aspects of the structure were
not accounted for by our model. The arrangement of
the 13 largest peaks suggested the presence of a
dibenzofuran molecule in an alternative orientation. The
height of the largest peak was 1.24 ¢ A-3, indicating
that the space-group assignment was probably correct,
but that a small degree of disorder was present in the
crystal.

As can be seen from Fig. 1(a), the C atoms of the
disordered molecule are located near the centers of the
C—C bonds of the ordered molecule. In an attempt to
separate the electron density of the disordered molecule
from the bonding electron density of the ordered
molecule, a high-angle refinement was performed onthe .
616 reflections satisfying the conditions (sin6/A)
>0-6 A~! and I> 30, The resultant positional and
thermal parameters for the disordered molecule, as well
as the occupancy factors for all the atoms, were then
held constant in a refinement of the ordered molecule
using all of the data. The final refinement cycle
converged with R =0-039, wR =0.040, S = 1-8, and
(4/0)max = 0-04. The final electron density difference
map (Fig. 15) had max. and min. peak heights of 0-31
and —0-28 e A3, Scattering factors for C and O from
Cromer & Mann (1968), for H from Stewart, Davidson
& Simpson (1965).
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Fig. 1. (a) Electron density difference map (based on the ordered
molecule only) showing the presence of disorder in the dibenzo-
furan crystal structure. Contours start at 0-2e A=3 and are
drawn in steps of 0-1e A3, (b) Electron density difference map
calculated after the final refinement cycle. Contours start at
0-1e A-? and are drawn in steps of 0-1e A~3. Atoms of the
disordered molecule are denoted by the symbol .
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Discussion. The final atomic coordinates and temper-
ature factors are given in Table 1.*

The asymmetric unit consists of one half of the
dibenzofuran molecule, the other half of the molecule
being related by a mirror plane which passes through
the O atom and bisects the furan ring. The individual
five- and six-membered rings are planar, but not
coplanar, having a dihedral angle of 1.5° between the
benzene and furan rings. This gives the dibenzofuran
molecule a slight ‘boat’ conformation.

The least-squares planes for the furan rings of the
corresponding ordered and disordered molecules coin-
cide, as do the centers of mass (within one standard
deviation). This indicates that the ordered and disor-
dered dibenzofuran molecules are related by a 180°
rotation about an axis which passes through the centers
of mass and is perpendicular to the furan rings.

Bond lengths and angles for the ordered dibenzo-
furan molecule, calculated using the XRAY system
(Stewart, Kruger, Ammon, Dickinson & Hall, 1972),
are shown in Fig. 2(a). The average C—C bond length
in the benzene ring is 1-392 A, a typical value for
aromatic C—C bonds. The O—C(1) and C(6)—C(6")T
bond lengths are 1.384 (1) and 1.438 (1) A, respec-
tively, which are each considerably shorter than the
corresponding values of 1.418 (6) and 1-480 6)A
found for the bond lengths by Banerjee, and the values
of 1-404 (3) and 1-481 (3) A found by Dideberg et al.
The bond lengths and angles calculated for the
disordered molecule are given in Fig. 2(b). Although
corresponding angles agree fairly well for the ordered
and disordered molecules, there is only fair agreement
between the corresponding bond lengths. We attribute
these differences to the relatively small population of
the disordered molecule and to the closeness of the
disordered C atoms to the high bonding electron density
regions of the ordered molecule, both of which limit the
accuracy to which the atomic coordinates of the
disordered molecule can be determined.

A stereoview of the dibenzofuran unit cell is shown in
Fig. 3. The smallest intermolecular contact distance,
2-6 A, occurs between H atoms, and compares favor-
ably with the expected van der Waals separation of
2-4 A. The contact distances between the ordered and
disordered molecules are similar to those between two
ordered molecules. Since it was not possible to locate
the H atoms of the disordered molecule, further
comparison cannot be made.

* Lists of structure factors, anisotropic thermal parameters and
least-squares planes have been deposited with the British Library
Lending Division as Supplementary Publication No. SUP 39284 (9
pp.). Copies may be obtained through The Executive Secretary,
International Union of Crystallography, 5 Abbey Square, Chester
CHI1 2HU, England.

T Primed atoms are related to the corresponding unprimed atoms
by the mirror plane.
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Table 1. Atomic coordinates and thermal parameters
(A2 x10%

Atoms in the disordered positions are denoted by the letter D. k is

the occupancy factor. Ueq = $(U,, + U,, + Uyy) Ifor O to C(6)].

X y z k Uen/Ulsn
(0] 0-7516 (1) 0-25 0-7713 (2) 0-454 () 301(3)
C(n 0-7024 (1) 0-30769 (5) 0-6412 (2) 0-908 (14) 255(2)
C(2) 0-7328 (1) 0-37636 (6) 0-7040 (2) 0-908 (14) 31313
C(3) 0-6764 (1) 0-42709 (6) 0-5482 (2) 0-908 (14) 331
c4 0-5935 (1) 0-40912 (6) 0-3395 () 0-908 (14) 3123
C(5) 0-5653 (1) 0-33965 (5) 0-2793 (2) 0-908 (14) 271 (2)
C(6) 0-6216 (1) 0-28766 (5) 0-4332(2) 0-908 (14) 231(2)
H(2) 0-793 (2) 0-3884 (7) 0-850 (2) 0-908 (14) 400 (34)
H(3) 0-690 (1) 0-4751 (7 0-588 (2) 0-908 (14) 409 (34)
H(4) 0-555(2) 0-4464 (7) 0-237(2) 0-908 (14) 431 (3%
H(5) 0-510(2) 0-3275 (6) 0-133(2) 0-908 (14) 314 (31)
oDy 0-541 (2) 0.25 0-237(3) 0-046 () 277(49)
c(D) 0593 (2) 0-3076 (8) 0-363 (3) 0-092 (14) 203 (45)
ce2D) 0-572(2) 0-375 (1) 0-296 (3) 0-092 (14) 320 (50)
c(3D) 0-627 (3) 0-425 (1) 0.438 (4) 0-092 (14) 330 (49)
CiD) 0-721(3) 0-407 (2} 0-656 (4) 0-092 (14) 396 (54)
C(5D) 0-735(3) 0-339(2) 0-717 (4) 0-092 (14) 375 (54)
C(6D) 0-668 (2) 0.2891 (8) 0-564 (3) 0-092 (14) 247 (45)

It was thought initially that the disorder charac-
terized in this study might be the result of our
crystal-growth method, since Banerjee grew his
dibenzofuran crystals by slow evaporation from an
alcohol solution at ambient temperature, and Dideberg
et al. grew theirs by the Bridgman—Stockbarger
method, and neither report made mention of disorder.
In view of this speculation, it was of interest to generate
final electron density difference maps from the earlier
sets of published data. These difference maps, shown in
Fig. 4, clearly indicate the presence of disorder in each
of those structures. Inclusion in the least-squares
refinement of an isotropic O atom at the disordered
position produced a decrease in the R factor from
0-086 to 0-079 for Banerjee’s data and from 0-082 to
0-072 for the data of Dideberg et al., with 8 (2) and
11 (1)% of the molecules being disordered, respectively.
These results indicate that the disorder in our crystal
did not arise solely from the particular crystal-growth
method, but that it is a rather common property
exhibited by dibenzofuran crystals grown at or above
room temperature.

The differences between the bond lengths and angles
found in this study of dibenzofuran and those found in
the previous studies can now be rationalized. Neglect of
the disordered molecule in the refinement causes the C
atoms of the ordered molecule to converge to positions
which are slightly different from their ‘true’ positions,
due to the nearby small electron density not accounted
for by the model. The presence or absence of the
disordered molecule has little effect on the position of
the O atom of the ordered molecule, since there is no
other electron density nearby. When the disordered
molecule is included in the refinement, the C atoms of
the ordered molecule can converge to their ‘true’
positions. The result in the present case is longer C—C
bond lengths in the benzene rings, but shorter O—C(1)
and C(6)—C(6’) bond lengths in the furan ring, than
when disorder was neglected in the refinement.
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(b)

Fig. 2. (a) Bond lengths (A) and angles (°) for (a) the ordered
dibenzofuran molecule (uncertainties in bond lengths and angles
between nonhydrogen atoms are less than 0-002 A and 0-11°,
respectively; for bonds involving H atoms, the uncertainties are
less than 0-01 A and 0-7°), and (b) the disordered dibenzofuran
molecule (uncertainties in the bond lengths and angles are less
than 0-04 A and 2°, respectively). Thermal ellipsoids are drawn
at 50% probability for all atoms except H, for which they have
been set artificially small,

Fig. 3. Stereoview of the dibenzofuran unit cell, drawn using
ORTEPII (Johnson, 1971). Thermal ellipsoids are drawn at 50%
probability for all atoms except H, for which they have been set
artificially small. Also shown are the disordered O atoms and the
closest contact distance between molecules.
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The decreased length of the O—C(1) bond is such
that the present value is in good agreement with values
from dibenzo-p-dioxin and related compounds as
reported by Goldberg & Shmueli (1973).

Conclusion. While the appearance of a small but
significant degree of disorder in the dibenzofuran
structure was unexpected, it is not unprecedented.
Hanson (1965) has reported the structure of an
azulene:s-trinitrobenzene complex, in which 7% of the
azulene molecules adopt an alternative orientation. On
the other hand, Stezowski, Binder & Karl (1982) have
reported the structure of a 1:1 charge-transfer complex
between pyromellitic dianhydride and carbazole in
which the carbazole molecules randomly adopt one of
two orientations, producing a situation similar to that
shown in Fig. 1(a).

The presence of disorder in dibenzofuran appears to
be unrelated to the method of crystal growth (at or
above room temperature) and the degree of disorder
appears, perhaps fortuitously, to have a nearly constant
value. While more highly ordered dibenzofuran crystals
might be obtained by slow growth from solution at
temperatures below 298 K, we have no present plans
for further investigation of this matter.

The structures of dibenzothiophene (Schaffrin &
Trotter, 1970), dibenzoselenophene (Hope, Knobler &
McCullough, 1970), and dibenzotellurophene (McCul-
lough, 1975) have been reported with no mention of any
disorder. We are currently investigating the crystal
structures of fluorene and carbazole to determine
whether disorder similar to that found in dibenzofuran
is present.
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Fig. 4. Electron density difference maps calculated using the results
presented by (@) Dideberg, Dupont & André (1972), and (b)
Banerjee (1973). Contours start at 0-1e A=3 and are drawn in
steps of 0-1¢ A3,
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1-Phenyl-1,2-dihydro-2-quinolinone, C,;H,;NO
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Abstract. M,=221.26, P2,/c, a=5-621(1), b=
16-098 (5), c=12-368 (3)A, [=98-74(2)°, V=
1106-1A3, Z=4, D .=1-329gcm™>, MoKa,, A=
0-70926 A, #=0-909 cm~!, F(000) =464, 298 K,
R, =0-042 based on 1595 observed reflections. The
phenyl ring attached to N(1) is rotated to make a
dihedral angle of 71-9 (1)° with the plane of the
quinoline ring, orienting the ring electrons to account
for the abnormal chemical shifts in the proton NMR
spectrum. The C(3)—C(4) distance of 1-333 (3)A
indicates the localization of a double bond at this
-position.

Introduction. The crystal structure analysis of 1-
phenyl-1,2-dihydro-2-quinolinone ~ was  undertaken
primarily to verify the position of attachment of the
phenyl group (both N and O sites are feasible) and to
help to understand an unusual chemical shift in its
proton NMR spectrum.

Experimental. The crystal was grown from ethanol
solution. Intensity data collected with Picker FACS-I
four-circle diffractometer, graphite-monochromatized
Mo Ko, radiation, stepped 26 scan (basic step size
=0-10° 26); h +6, k +19, | +14 (Baenziger, Foster,
Howells, Howells, Vander Valk & Burton, 1977); total

0108-2701/84/091576-03801.50

reflections measured = 11050, sin 6/A, = 0-59 A7,
1959 unique reflections, 1595 greater than 3o0. No
absorption correction [u=0-91cm~' and crystal
dimensions {011} 0-22, (100) 1.3 mm (¢ axis approxi-
mately parallel to a*) smalll. R;,, = 0-045 based on F?
3 standard reflections varied < 3%. Cell dimensions
determined from 12 carefully centered reflections in 26
range 36 to 47°. Structure solved by MULTAN
(Germain, Main & Woolfson, 1971) and electron
density map methods. All hydrogen atoms located in
electron density difference maps. Atom scattering
factors for O, N and C from International Tables for
X-ray Crystallography (1974); for H from Stewart,
Davidson & Simpson (1965). Max. and min. electron
densities in final difference map=0-1e A~ Full-
matrix least-squares refinement (local adaption of
programs from Lawrence Radiation Laboratories,
Berkeley) including hydrogen atoms (isotropic) and
extinction parameter gave discrepancy factors R,
=0-042, R, =0-070, S = 1.80 based on 1595 reflec-
tions and 199 parameters. w = 1/(s% + 0-06 F?), where
s, is the larger of the two estimates of standard
deviation in F obtained from counting statistics and
agreement among equivalent reflections. Max. 4/
=0.013 for nonhydrogen atoms and 0-066 for H
atoms in the last cycle.

© 1984 International Union of Crystallography



