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X-ray Structural Analysis of 5,6-Dihydrodibenz[a, jlanthracene: Evidence for the Coexistence
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The crystal and molecular structure of 5,6-dihydrodibenz[a,jlanthracene, C,,H;6, has been determined
from three-dimensional X-ray diffractometer data. This partially hydrogenated derivative of a penta-
cyclic aromatic hydrocarbon crystallizes with eight molecules in a monoclinic unit cell of symmetry
P2,/c and parameters a= 121434 (3), b=8:0864 (4), c=30-6369 (11) A, and f=101-130 (1)° at 22°C.
The structure was solved by direct methods and refined by the full-matrix least-squares method to
R(F)=82% and R(F)=7-2% based on 3090 independent nonzero intensity data. One of the two
independent molecules (A4) is normal, whereas the crystal-disordered model for the other molecule (B),
successfully utilized in the refinement, assumes a distribution of two partial molecules in two orientations
approximately related to each other by a mirror plane through the C(8’) and C(19") atoms of the middle
ring. The ratio of occupancy factors for the two disordered orientations is 7:3. Each aromatic ring in
both independent molecules is almost perfectly planar, and the phenanthrene moieties are approximately
planar, but with an observable distortion of the rings, attributable to overcrowding of hydrogen atoms.
The bond length in the electron-rich K region of the phenanthrene moiety is 1-334 (6) A for molecule A.
The saturated carbon atoms are about 0-35 A above and below the plane defined by the other carbon
atoms of the ring, end the adjacent and aromatic ring is twisted 21° from the plane of the center aromatic

ring.

Introduction

Polycyclic aromatic hydrocarbons are known to dis-
play a wide variety of carcinogenic activities, and a
number of these compounds and their derivatives have
been tested for carcinogenicity in animals (Hartwell,
1951; Schubik & Hartwell, 1957 & 1969). Recently, a
series of partially hydrogenated dibenzanthracene de-
rivatives was prepared and further investigated for
tumorigenic activity on Swiss female mice (Lijinsky &
Saffiotti, 1965; Lijinsky, Garcia & Saffiotti, 1970). The
results of skin painting tests indicated that 5,6-dihydro-
dibenz[a, jlanthracene is significantly carcinogenic in
contrast with the weak carcinogenicity of its parent,
dibenz[a, jlanthracene. However, attempts to correlate
the biological effects of chemical carcinogens with mo-
lecular structure have so far been unsuccessful, since
the mechanism of carcinogenicity by formation of hy-
drocarbon complexes with DNA or skin protein re-
mains a complex problem subject to considerable con-
troversy (e.g. sce Nagata, 1970). Nevertheless, unam-
biguous structural determination continues to merit at-
tention. Crystal and molecular structures of polycyclic
aromatic hydrocarbons determined by X-ray struc-
tural analyses include coronene (Robertson & White,
1945); pyrene (Robertson & White, 1947a); 1:2:5:6-
dibenzanthracene (Robertson & White, 194756; Rob-
ertson & White, 1956); 9:10-dihydroanthracene (Fer-
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rier & Iball, 1954; Beckett & Mulley, 1955); 9:10-di-
hydro-1:2:5:6-dibenzanthracene (Iball & Young,
1958; Herbstein, 1959 & 1961); and phenanthrene
(Trotter, 1963; Kay, Okaya & Cox, 1971). Apparently,
no partially hydrogenated dibenzanthracene has been
subjected to three-dimensional structural analysis be-
fore the present work. The present X-ray study was
undertaken to provide more accurate stereochemical
information (including that of all the hydrogen atoms)
on the polycyclic aromatic hydrocarbon system.

Experimental

Crystal specimen

A sample of 5,6-dihydrodibenz[a, jlanthracene, kind-
ly furnished by Dr W. Lijinsky of the Eppley Institute
for Research in Cancer (now at Oak Ridge National
Laboratory), was recrystallized from an n-hexane so-
lution. A colorless plate-like crystal of 0-05x0-15 x
0-32 mm dimensions was selected for the determination
of cell parameters and for data collection. The crystal
was mounted so that the longest dimension, corres-
ponding to the b direction, was nearly parallel to the
@ axis of the diffractometer.

Unit cell and space group

The crystal system and approximate cell parameters
were determined from Weissenberg and precession
photographs. Eight strong reflections in the 26 range
of 80 to 90° were centered on an Oak Ridge computer-
controlled diffractometer (Busing, Ellison, Levy, King
& Roseberry, 1968), using Cu Ka, (2=1-54051A) ra-
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diation, and the cell parameters were refined by the
method of least squares. The density was determined
by flotation in mixtures of 1,2-dichloroethane and p-
dioxane. The observed systematic absences of 40/ for
! odd and 0kO for k odd are uniquely characteristic of
the space group P2,/c (C3,, No. 14) (see International
Tables for X-ray Crystallography, 1965, pp. 98-99); this
finding was later confirmed by the successful refinement
of the structure. The crystallographic data are as fol-
lows: a=12-1434(3), b=38-0864 (4), c=30-6369 (11) A,
B=101-130 (1)°, ¥=2951-3 A3, F(000)=1184, Dy, =
123 (2) gem™3, Dy =1-262 g.cm™3, Z=8, tcy xa=
5:50 cm~L

X-ray intensity data

Nickel-filtered copper Ku radiation was used for re-
cording the reflection intensities. Intensities were meas-
ured for 3502 independent reflections, using the Oak
Ridge computer-controlled X-ray diffractometer and
the 6-20 step-scan technique for 26 <125°. The data
collection was divided into four parts with slightly dif-
ferent experimental conditions, as shown in Table 1.
The reflections in the range 100-125° 26 were mostly
weak ; they were first measured rapidly (with no filter)
by the peak-top technique; then, by choice of an arbi-
trary cutoff, 467 ‘strong’ reflections out of 1703 reflec-
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tions tested were selected for subsequent intensity mea-
surements.

Throughout the course of data collection, the take-
off angle at the X-ray tube was 3°. A reference reflection
was recorded after every 25 reflections as a check on the
stability of the instrument and of the crystal. For each
group of reflections shown in Table 1, the maximum
fluctuation from the average intensity of the reference
reflection during the data collection was less than 1-5 %
showing that the crystal was stable to X-ray exposure
during data collection. Reference intensities were used
to normalize the data; then Lorentz—polarization cor-
rections were made. Absorption corrections, calculated
by the method of Busing & Levy (1957), were then ap-
plied using a linear absorption coefficient of 5-50 cm !
for Cu Ko radiation. The maximum and minimum
transmission factors were 0-975 and 0-919. Of 3502 in-
dependent reflections measured, 3090 had observed in-
tensities greater than zero and were subsequently uti-
lized as the ‘observed’ data.

Variances ¢(F2) were estimated from the empirical
equation:

o*(F3)=As*{G+(tc/ts)’ B+0-0016]G —(t5/t5) B]'}/(Lp)’,

where A=correction factor on the intensity for ab-
sorption, s=scale factor on the intensity, G=gross

Table 1. Experimental conditions in data collection

Step width in Total width of Step time Background
268 Range 26 scan® countt
1-59° 0-05° 1-5° 2 sec 10 sec
59-90 0-05 1-6 2 30
90-100 0-05 1-6 6 90
100-125 0-05 16 6 108

* The separation of the «;—«; doublet was also added to these values.
T Taken at the beginning and end of each scan.

®

Fig. 1. Molecular configurations of C»;H,¢. Part (a) shows the configuration of the normal molecule 4, whereas (b) is that for the
disordered molecule B with predominant occupancy factor 0-7. The hydrogen atoms are numbered according to the carbon
atoms to which they are attached.
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count, B=background count, ¢/t =ratio of the count-
ing times of gross intensity and background, and Lp=
Lorentz—polarization factor.

Solution and refinement of the structure

The structure was solved by the application of Sayre’s
equation (Sayre, 1952), using Long’s (1965) program.
Normalized structure factors, E, were calculated with
program FAME (Dewar & Stone, 1967). The three-
dimensional £ map, computed (program FORDAPER
of A. Zalkin as modified by G. Brunton) from the 322
largest E values (E>1-5) and signs, yielded 44 peaks
interpretable as the carbon atoms of two independent
molecules of dibenz[a, jlanthracene. In the following
discussion, atoms are designated by nonprimed symbols
for the normal molecule 4 and by primed symbols for
molecule B, which was found to be disordered.

This starting model was refined with all the observed
intensity data by the full-matrix least-squares method
(Busing, Martin & Levy, 1962), in which the function
minimized was >w|F2—s2F2%, where s is the scale fac-
tor and weights w are reciprocals of the variances,

5,6-DIHYDRODIBENZ[a,/JANTHRACENE

o*(F?). Three cycles of refinement with all ‘heavy’ atoms
treated isotropically resulted in an unweighted relia-
bility index, R(F?) =3 |F2— F2%|/>F2) x 100, of 16-4 %.
The refinement was continued with all carbon atoms
assigned anisotropic temperature factors. After three
cycles, R(F?) became 14-0%. Bond-length calculations
carried out at this stage with the program ORFFE (Bu-
sing, Martin & Levy, 1964) revealed that all carbon—
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Fig. 2. Shapes of the 50 %-probability thermal ellipsoids ob-
tained before and after the breakdown of the average
positions for C(10") and C(11°) in ring (IV) for molecule B.
In (a), the shapes of the ellipsoids appear to indicate qualita-
tively the large vibrations in the direction approximately
perpendicular to the plane of ring (IV). After the breakdown,
the ellipsoids for the aromatic partial-carbon atoms with
higher occupancy factor seem to become almost normal as
shown in ().
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Fig. 3. Conformations of ring (II) in molecule B. Each of the tetrahedral [(a) and (c)] and aromatic [(b) and (d)] portions of the
molecule are shown separately in the two different views. It can be visualized that H(5'-1) and H(6’-2) are shared by the two
types of carbon atoms. The open bonds in (b) and () are those associated with the disordered atoms of the minor configuration,
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carbon bond distances in both molecules were reason-
able, except for an apparent distance of 1-43 A between
the presumably tetrahedral carbon atoms C(5') and
C(6’) in molecule B (for numbering scheme, see Fig. 1).
This value is significantly shorter than the expected
value of 1-54 A for a carbon—carbon single bond length
(Tables of Interatomic Distances and Configuration in
Molecules and Ions, 1965, p. S14s).

A three-dimensional difference synthesis, phased on
all carbon atoms, was calculated next, and 32 peaks
were interpreted as hydrogen atoms. The refinement
was carried further, with carbon atoms assigned ani-
sotropic thermal parameters and hydrogen atoms as-
signed isotropic thermal parameters. After three cycles,
the R(F?) value dropped to 72 %. Although all the C-H
bond distances were reasonable, the C(5')-C(6") bond
distance still persisted at an anomalously low value,
141 A. At this stage, rings (I), (I), (IV), and (V) for
molecule 4 [Fig. 1(a)] were nearly planar, and two tetra-
hedral carbon atoms, C(5) and C(6), deviated approxi-
mately 0-35 A above and below the ‘best’ plane (Smith,
1962) through C(4), C(7), C(20) and C(21). For mol-
ecule B[Fig. 1(b)], however, atoms C(5") and C(6") were
displaced 026 and 0-19 A respectively in opposite
directions from the best plane through the other carbon
atoms of ring (II); atoms C(10") and C(11") deviated
0-19 and 0-11 A in opposite directions from the best
plane through the other carbon atoms of ring (IV). An
examination of vibrational anisotropy further revealed
that the f,, components of the anisotropic temperature
factors for C(5’) and C(6') were 0-035 (equivalent to a
root-mean-square amplitude of 0-37 A) as compared to
values ranging from 0-014 to 0-019 for the other carbon
atoms of the same ring; atoms C(10") and C(11’) had
B», values of 0:029 and 0-032 (corresponding to r.m.s.
amplitudes of 0-31 and 0-34 A) respectively, which also
were much larger than the f,;, values (ranging from
0-014 to 0-107) for the other carbon atoms of the same
ring.* Assuming the compound to be pure (Lijinsky,
Garcia & Saffiotti, 1970), these observed anomalies in
the geometry of molecule B suggested that this mole-
cule is subject to a type of disorder somewhat similar
to that of dihydrothymine (Furberg & Jensen, 1968),
in which two neighboring tetrahedral ring carbons were
treated as disordered.

It was assumed that each of the atoms C(5'), C(6),
C(10") and C(11") occupies two alternative atomic sites

* The anomalous thermal vibrations of atoms C(10") and
C(11") were characterized further by principal-axis transforma-
tions of the vibrational ellipsoids. The vibrational anisotropy
was such that the longest principal axes made angles of 34 and
19° with the normals to the planes defined by C(9°), C(10),
and C(11), and C(10"), C(11"), and C(12’) respectively; the
r.m.s. components of thermal displacements along the prin-
cipal axes projected on the corresponding normals of the planes
were 0-30 and 0-34 A respectively, compared to values of 0-01
and 0-04 A for corresponding atoms C(10) and C(11) in mole-
cule 4. Thermal ellipsoids viewed in a direction perpendicular
to the normal of the best plane through C(9’), C(10), C(11°),
C(12), C(17’), and C(18’) are shown in Fig. 2(a).
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with tetrahedral and aromatic geometries. For each of
these atoms, the position obtained in the least-squares
refinement therefore represents the average of two dif-
ferent atomic sites. Two possible atomic sites for each
of the disordered carbon atoms C(5°), C(6"), C(10°),
and C(11’) were estimated and were designated T and
A for the tetrahedral and aromatic sites respectively.
These four pairs of partial-carbon atoms were then
substituted for C(5'), C(6"), C(10) and, C(11’). Atoms
C(5'T), C(6'T), C(10°A4), and C(11")4 were each as-
signed the same occupancy factor, m, while C(5'4),
C(6'A4), C(10'T), and C(11'T) were each assigned the
occupancy factor 1 —m. Atoms H(5-1) and H(6'-2)
are located approximately at equatorial positions with
respect to the plane through C(4’), C(7"), C(20), and
C(21"); hence H(5'-1) can be considered to be ‘shared’
by C(5'T) and C(5'A4), and H(6'-2) by C(6'T) and
C(6'A) (see Fig. 3). The occupancy factors of these hy-
drogen atoms were taken as unity, whereas H(5'-2) and
H(6'-1), considered to be associated with C(5'T) and
C(6'T) respectively, were assigned the same occupancy
factors as those of the partial-carbon atoms. In the
same manner, the two equatorial hydrogen atoms,
H(10") and H(11"), were each given an occupancy factor
of unity. An attempt to locate two partial-hydrogen
atoms associated with tetrahedral-carbon sites, corre-
sponding to C(10'T) and C(11'T), was not successful.

The refinement was continued with 40 ‘full’ and four
partial-carbon atoms with occupancy factor m as-
signed* anisotropic temperature factors, and with four
other partial-carbon atoms having occupancy factors
1 —m and 32 hydrogen atoms assigned isotropic tem-
perature factors. Only the occupancy factor of C(5'T)
was adjusted with the other parameters in the refine-
ment, the occupancy factors of the other disordered
atomic sites being constrained in a proper way. At the
end of the refinement, the values of R(F?) and R,(F?)
[the latter defined as (Ow|FZ—s2FZ*/SwF3)'? x 100]
stood at 7-2 and 10-4 % respectively. The unweighted
reliability index based on F was 8:2%. The maximum
parameter shift in the last cycle for the carbon atoms
was 27 % of the corresponding standard deviation for
C(10'4), whereas the maximum shift in the hydrogen
parameters was 16% of the corresponding standard
deviation for H(5'-2). The standard deviation of an ob-
servation of unit weight, defined [Sw|F2—sF2?/
(n—p)]"?, where n is the number of observations and
p the number of parameters fitted to the data set, was
1-020. The value of m was 0-70(4). A final difference
map did not show any region of electron density greater
than 0-25 e.A~3. The scattering factors used were those
of Berghuis, Haanappel, Potters, Loopstra, MacGil-
lavry & Veenendaal (1955) for carbon, and those of
Stewart, Davidson & Simpson (1965) for hydrogen.

The final positional and thermal parameters are given
in Table 2. The observed and calculated structure am-

* Assignment was based on intermediate refinement, which
showed that m was significantly greater than 1 —m.
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plitudes are listed in Table 3. The interatomic distances
and bond angles for both molecules are given in Table 4.
Figs. 1 to 5 were prepared with program ORTEP (John-
son, 1970).

Results and discussion

General description of the structures

Although the molecule of 5,6-dihydrodibenz[a, jlan-
thracene almost has 2mm (C,,) symmetry, the presence
of two saturated carbon atoms and some molecular
distortion, resulting from overcrowed hydrogen atoms,
reduce the symmetry to 1(C,). The crystal structure is
composed of molecules 4 and B with configurations as
depicted in Fig. 1, where carbon atoms are shown as
50% probability thermal ellipsoids. Fig. 1{a) is the
configuration for the normal molecule A4, and Fig. 1(b)
is the configuration for the disordered molecule B with
the predominant occupancy factor 0-7. This predomi-
nant configuration of molecule B has a geometry closely
resembling that of molecule 4, whereas the minor con-

5,6-DIHYDRODIBENZ[a,j/JANTHRACENE

figuration of molecule B is related to the dominant one
by a pseudomirror plane passing through atoms C(8")
and C(19"). An idea of the displacements of the indi-
vidual partial-atom positions from ring (II) of molecule
Bmay be gained by an examination of Fig. 3. Fig. 3(a)
and (b) show views of the portion of the molecule in
a direction approximately 45° from the normal to the
best plane through C(4'), C(7"), C(20'), and C(21").
Fig. 3(c) and (d) are the corresponding views in a direc-
tion perpendicular to the normal.

In spite of the troublesome problem of the disorder
of molecule B, the structure of molecule 4 seems to be
well determined from the fairly accurately determined
atomic parameters. The discussion is therefore centered
on molecule 4 and numerical values are cited for A4,
unless otherwise stated.

The molecule can be considered to be formed by the
fusion of a phenanthrene nucleus with 1,2-dihydro-
naphthalene along the common bond C(7)-C(20). The
C(5)-C(6) bond is twisted clockwise about the direc-

Table 2. Positional and thermal parameters

The entries X, Y, and Z are the fractional coordinates multiplied by 104 for carbon atoms and by 103 for hydrogen atoms. The

form of the anisotropic temperature factor (x 105) is exp [ — (81142 + B2ak?2 + B3312 + 2B 2hk + 281341 + 2B23k1)). For each hydro-

gen atom and atoms C(5'4), C(6"4), C(10°T) and C(11°T), the entry f; is the isotropic temperature factor in A2. Standard devia-
tions of the last significant figure(s) are given here and in succeeding tables.

MOLECULE A
Atom x v 2 L L LN %2 oy L)
cn 1365(6)  5569(6)  3184(2)  967(n2) 2007(B7) 168 7) too{u6)  89(13)  s0(20)
cl2) segla)  487s(6)  2849(2)  858(u3) 2141(93) 2160 8) =-10l51)  WBL1S)  126(22)
cl3) 883(4) 3931{6) 2520(2) 890{39) 1938(85) 184( 7) -29(u8) —61{14) 74821)
cla) 01003) 3651050 2525(1)  925(36) 1399(65) 13s( 6)  26(10) =26(11)  25(15)
tls) 389lu)  z624l6)  2169(2)  11sslas) 1geulsa)  1sul ) =5(53)  -60(1)  ~B6(20)
cte) 3639t4) 331006) 205002)  1294(49) 2061(95) 124( 6) 239(56) 23(13)  =52(20)
ctn) W36103) 3497(s) 2462(1)  1053(%0) 1493(65) 107( 5}  25(u1) 15010 «19015)
c(8) swedlu) 3172050 2a6a(1)  1233(u6) 1650(75) t2s( 6)  21(u6)  159(1w)  =pu17)
cl9r 6212(3) 3305 (%) 284301} 905(36) 1386(67) 1510 6) ~=12{39) 127(12) “%(16)
ctio) 737(4)  2902(5)  28%2{2) 1001(43) 1808(78) 1:1( 8)  85(.5) 16015} o(20)
¢ 8atilu)  2986(5)  3216(2)  863(u1) 2041{85) 225( 9) 166{8) 162160  s0(22}
chiz) 795103)  3501(5)  3630(2)  873(36) 1598(71) 127( 7) =138l 58(13)  91018)
ciz) 8785(b)  3574(6)  018(2)  822(41) 2568{103) 235( 9)  A1(S3)  39016)  1u49(26)
clin) 8528(u)  w0W7(6)  saru(2)  gu3les) 2568(103) 216( 9) =276(55)  =59017)  65(25)
cl1s) T439(%) 4501{6) 4u38(2)  1075(46) 2428(36) 158( 7) <=76{52) =solix) -~Bolz21)
chie) 6606(4)  wuuzls)  wobu(2)  880(39) 2218(88) wuel 6)  B3W8)  ~6(13)  =11(19)
cin) 683203) 39294} 3653(1)  800(34) 1366(65) 160( 6) =82(37) 52012} 51016}
(18} 5975(3) 3815{4} 320301) 759(33) 1366(63)  140( 6) =%1(36) 8(01) 30s)
c19) 82030 wrstla)  320300) 837034) 1618L66)  toul 5)  41438)  e6lit)  =10(16)
cl(20) 4025(3) 4006{4} 2864(1) 791(32) 1363(62) 1250 5) =18(36) 134010) 37018)
clan) 2827030 w332e)  286201)  899(35) 1325(62) 106( 5) 1037) 28) ss01s)
cl22) 247603)  530s(5)  386lt)  B15(36) 1822(77) aakf 5)  w2) Wl 2907)

HQ) 114(3) 623(5) 3u2(1) 7.302)
nl2) -2213) s09ts) 28301) 8.4(13)
ni3) 28(3) 349(4) 228(1) 6,7010)
His=1) 174(3) 255(4) 19001) 6,6(10}
Kis=2)  250(3) 146(5) 22901) 1.9012)
Hle-1)  321(3) 436{8) 19341) 5.6010)
Ki6=2)  374(3) 249(5) 182(1) 82013}
H(8) 567(2) 277(4) 2101 4,20 8)
n(10) 758(3) 264(5) 25101} 9.3013)
K1) 898(3) 268(4) 32001) 6.5010)
ni13) 957(3} 32(s5) 39801} 7.2000)
K{14) 916(3) 405(s5) 469{1) s.1(13)
KUS) 123(3) 48o(s) LYZTEP] 8.1013)
K(16) 581(3) 415(s) 40201) 8.212)
H(19) usol3} 452(4) 3s52(1) 4.6( 8)
wl22) 30642} 578(4) Q) [R14 )

MOLECULE 8
ATon x ' 2 LY on o s sy 5
o) 6586(4)  6288(6)  3573(2)  871(38) 2998(106) 185( 7)  76(52)  2u(12)  209(22)
ct?) mnorts)  673746) s622(2)  873(x0) 255L101) 1610 7)  2u9(s0) ~11013)  81(21)
cts) 8011(3) 7796(6) 5317(2)  68s(35) 2293(30) (1) —lus) -13012)  —9sl20)
18] 7236(3)  8a13(5)  496301)  755(33) 1776U4) 146l 6) a32(s0)  s2(11)  =61(17)
CsT™  7s14l9)  g663tan)  wesBlu)  495(68) 2731(251) 174013) oys2(96)  8p{21)  =7(a2)
CLEN)®  6912(7)  suer(21)  w180(k)  601(56) 2432(216) 158(13) _io3(82) 126(20) =17[47)
[1%)] 568113} 9365(5) w76l1) 752(32) 1918(26)  143( 6)  _g2(43) 62011) 55(18)
¢(8) 4923(6)  9918(s)  3810(1) 1038(0) 1877(B1) 1370 6) oyg1(as5) 122002)  83018)
clg) 3771203) 9703(5) 3768(1) 953(37) 1550(67) 1300 6) .gstw1) 2501 52(16)
c(108)"  3007(10) 10373(21)  3393(4)  970(87) 1977(202) 120(12) y7u(9s) -21(22)  162(43)
cliad™  1861(8) 10395017}  3393(4) 820{75) 2051(180) 142(12) «133(85) ~t22(22) 179(35)
ch?) 1425(3) 9538(5) 372501) 792034) 1758(24)  138{ 6) 128{40) =20(11) =54(17)
c(13) 264(4) 9399(6)  3693(2)  9s1(w3) 2725(108) 163( 7)  uu9(ss) 206)  =16(23)
¢y ~174(4) 8u87(7) 3989(2)  642(39) »181(148} 2060 8)  158(63) wolss)  =22(29)
cl1s) s25{u) 7652(7)  4328(2) 766(u1)  #1370045) 183( 8) -1872{61)  s0(13) 100(28)
cl16) 1669(3) 7189(6) 4368(2) 690038) 226701143 1560 2) 117051} 26032)  a77(23)
ch?) 2147(3) 872515) 4075(1) 721(31) 16314(69) 1190 8) 67(37) 27010) =1{15)
chig) 336303) 8909(4) w2l 7n5(31) we21062) 210 8)  =31(35) 45010} 20014)
the) 413613} 8358(5) W86 (1) 676132) 1616(68) 1160 5) 15136) $5110) 29018)
(200 5285(3) 8553(0)  ws21(1) 131031) se27(81)  12305)  gu(36)  s3(10) 1005)
¢ 6107(3) 7940(4) %908(1) 726(32) 1533(64)  118( 5) 18(35) 61010)  =~37(15)
t22) 5801(3)  6871(5)  522001)  752(36) 2435(92) 148 6)  -olas)  x0(12)  103(19)
c(sR)  7732039)  9287(us)  4606(13) 6.5 9)
cleh)'  eBselze)  9959(34)  4284(10)  5.3( 6)
ot 29290300 99wa7)  s32012)  7.s012)
Cr'n’  2091(42) 10885(s2)  u61(10)  7,4( B)
8y} 633(3) su5(5) s8201)  7.4(11)
u(z) 82903)  627(4)  s%001)  6.9010)
a3 882(3)  8wle} 536 s.209)
HOSSD™ 8L(W)  96ale)  ueBl1)  10.0(16)
Kist)™ 235070 10820100 wpu(3) 15.1(36)
Wt 728(5)  swslz)  mala)  7.20200
HIES)™ 712(8)  1038(6) 397(2) 10,6015}
ue) s22(2)  tou2{s) 3s701) 4.50 8]
HOD)  336(3)  1094(5) 32000 6.8(12)
KUK el orste)  mBl) w2(10)
[ICE) “15t3) 100 s) 34601) 8.5013)
n(14) ~58(3) 838(5) 39501) 6.6010)
1) 17a) 696(6) 4se(1)  10,9016)
KIS 214y 121t5) 4s9(1)  6.alm)
KUY 384(3) 78114) 47201) 5.309)
Hi22) 50313) 653(4) s52001) 5.6010)

* The occupancy factor m for C(5'T) was adjusted in addition to all other parameters in the least-squares program, and
the occupancy factors for C(6’T), C(10’4) and C(11’4) were each set equal to that for C(5’T). A value of m=0-70(4) was

obtained (see text).
1 Occupancy factor was set to be 1 —m.

** Attached to the corresponding carbon atoms of both ‘T’ and ‘A’ configurations. Each of their occupancy factors was

assigned as unity and was not adjusted.

11 Attached to the corresponding carbon atoms, C(5'T) and C(6'T). Each of their occupancy factors was set equal to that

for C(5'T).
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Table 3. Observed and calculated structure amplitudes (x 10) for 5,6-dihydrodibenz{a,j] anthracene
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Table 3 (cont.)
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tion from the midpoint of bond C(5)-C(6) to the mid-
point of bond C(20)-C(21). As a result, in ring (II),
C(5) and C(6) are above and below the plane through
atoms C(4), C(7), C(20), and C(21) by 0-35 and 0-36 A
respectively [Table 5(5)]. This twist in bond C(5)-C(6)
necessarily results in the whole aromatic ring [ring (I)]
of 1,2-dihydronaphthalene moiety being twisted clock-
wise around the C(20) — C(21) axis, with a dihedral
angle of 21-0° between the normals to the planes, (a) and
(c) (Table 5). By this twist and the twist in the bond
C(5)-C(6), the tetrahedral geometries of atoms C(5) and
C(6) are accommodated in the structure. However, ring
(I) is essentially planar, the maximum deviation of the
atoms from the plane being 0-008 A for C(22). The
phenanthrene moiety is slightly but significantly non-
planar, obviously in order to minimize the resulting
molecular strains (see below). However, as can be seen
in Table 5(c), (d), and (e), the individual rings of the
phenanthrene nucleus still remain virtually planar. The
dihedral angles between the planes of rings (IfI) and
(IV), @AV) and (V), and (III) and (V) are 2+0, 1-0, and
2-9° respectively. Table 5 also shows that no hydrogen
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atom attached to an aromatic ring deviates signifi-
cantly from the corresponding plane.

Each molecule stretches over nearly the whole length
of the ¢ axis. The molecules are tilted so that the normal
of the central ring (ITI) makes an angle with the b axis
of 17-3° for molecule 4 and 28-3° for molecule B. The
dihedral angle between the normals of the central rings
of molecules 4 and B is 44-7°. Fig. 4 gives a sterco-
scopic view, along the b axis, of the relative orientation
of the molecules in the unit cell. To illustrate the pack-
ing further, another stereoscopic view, parallel to the
a axis, is shown in Fig. 5; molecules 4 appear to be
skewered by a 2, axis along the b direction, while mol-
ecules B are related in pairs by centers of symmetry.

The closest intermolecular H- - - H contact is 2-27(6)
A between H(14') and H(6'-1) of the neighboring mol-
ecule translated along the a axis. It may be of interest
that this particularly short H---H contact [approxi-
mately 2 e.s.d.’s shorter than the expected van der Waals
distance of 2:4 A (Pauling, 1960)] involves a hydrogen
atom attached to the disordered atom C(6'T). The
single hydrogen atom H(6'-2) attached to C(6’4) makes
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no such short contact. The remaining intermolecular
H---H contacts are all greater than 2-45 A.

Validity of the disorder model

The validity of the hypothesis of disorder may be
tested by use of Hamilton’s R ratio (Hamilton, 1964
or 1965). Three models may be compared: one with no
disorder, one with assumed disorder of atoms C(5),
C(6"), C(10") and C(11’), and an intermediate model
with assumed disorder of only atoms C(5") and C(6),
which was also refined. The appropriate R values for
the three models of increasing complexity are given in
Table 6, which also lists other results appropriate for
comparison. The R value ratios are:

Rinoger 1 [ Rmoder 1 =10-65/10-43=1-021
model l]/Rmodel m= 10'43/10'35 =1-008
Ruoder 1/ Rmoder 111=10-65/10-35=1-029 .

Interpolation (Pawley, 1970) in the Hamilton tables
for «=0-001 gives Z; ,.;n.. values of 1-005, 1-005, and
1-008 for Zs,5556,0.001> Fs,2548.0.00, N4 Zy7,2548.0.0015
corresponding to the three experimental ratios above,
respectively. Hence, the hypothesis that the structure
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is ordered can be rejected at the 99-9 % confidence level,
and likewise the rejection of model II in favor of
model III.

Bond distances, bond angles, and consequences of crystal
disorder

The final e.s.d.’s for C-C bond distances in molecule
A and the ordered part of molecule B range from 0-004
to 0-006 A, and those for C-H bond distances range
from 0-03 to 0-04 A. The e.s.d.’s for C-C-C bond
angles are less than 0-5° (see Table 4).

In molecule A4, the C-C single-bond distance of
1-510(6) A is 0-03 A less than the expected value of
1-54 A. This is probably due, in part, to the presence
of adjacent aromatic nuclei. The C(sp*)-C(sp?) dis-
tances, 1-510 (6) and 1-505 (5) A for C(4)-C(5) and
C(6)-C (7) bonds, respectively, are compatible with the
accepted average value of 1-510(5) A (Tables of Inter-
atomic Distances and Configurations in Molecules and
Ions, 1965, p. S15s), and are not much different from
the averaged C(sp®)-C(sp?) distance of 1-503 A obtained
in the related structure of 9:10-dihydro-1:2:5:6-di-
benzanthracene (Iball & Young, 1958). The C(10)-
C(11) bond length of 1-334 (6) A is indicative of the

Fig. 4. Stereoscopic view of the unit cell down the b axis. As in Fig. 5, the axial systems are right-handed. For the sake of clarity,
hydrogen atoms are not included. Only the orientation of molecule B with the larger occupancy factor (0-7) is shown. The origin
of the unit cell is in the upper-left, rear corner. Only the reference molecules are labeled.
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double-bond character of 1, and is in good agreement
with the previous results for phenanthrene: values of
1-335 (7) and 1-:352 (9) A (both uncorrected for rigid-
body motion) or 1-341 and 1-358 A (both corrected for
rigid-body motion) from X-ray and neutron studies
(Kay et al., 1971), and a value of 1-355 A calculated
from valence-bond theory (Trotter, 1963). Because of
the apparent double-bond character of the C(10)-C(11)
bond in this conjugated system, and because of the
presence of overcrowded hydrogen atoms in the con-
cave side of the molecule (Coulson & Haigh, 1963), the
bond lengths involving C(9)-C(10) and C(17)-C(18)
are significantly longer (by as much as 0-065 A) than
the normal value of 1:394 (5) A (Tables of Interatomic
Distances and Configuration in Molecules and Ions.
1965, p. S16s) for the average aromatic C—C bond dis-
tance. The 21° twist of ring (I) with respect to ring (III)
about bond C(20)-C(21), somewhat relieves the steric
repulsion between H(19) and H(22). The C(20)-C(21)
bond distance of 1-478 (4) A is very close to the theoret-
ically estimated value of 1477 A between trigonally
linked carbon atoms (Dewar & Schmeising, 1959;
Cruickshank & Sparks, 1960), and is 0-03 A shorter
than the analogous distances of 1-507 (32) A (Trotter,
1961) and 1-506 (17) A (Hargreaves & Rizvi, 1962),
both in the planar biphenyl molecule, in which the
lengthening was attributed to the overcrowding of the
hydrogen atoms (Hargreaves & Rizvi, 1962). The aver-
age of the C-H distances in both molecules [which
range from 0-94 (3) to 1-07 (4) A in molecule 4 and from
0-94(3) to 1:15 (4) A in molecule B] is 1-00 (1) A, and no
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particularly unusual bond angles involving hydrogen
were found.

The geometry of atoms C(5) and C(6) is nearly ide-
ally tetrahedral. It is worth noting that the extra-annu-
lar C-C-C angles at C(17), C(18), C(20), and C(21)
(i. e., atoms on the concave side of the molecule) are
invariably 2-3° larger than 120° (Table 4). Since this
is true in both molecules, and since similar distortions
have been observed in phenanthrene and 5,6-dihydro-
dibenz[a, hlanthracene (Wei & Einstein, 1972), it seems
safe to consider the trend to be general and to attribute
it to the overcrowding of the attached hydrogen atoms
(see below). The exterior C—C-C angles at C(4), C(7),
C(9) and C(12) are also 1-2° larger than 120° (Table 4).

In spite of the problem of disorder, the molecular
parameters derived for molecule B are in general com-
patible with those obtained for the ordered molecule
A.Inthe ‘ordered’ portion of molecule B, the differences
from the corresponding C-C bond distances and
C-C-C bond angles in molecule 4 are within three
individual e.s.d.’s. However, some bond distances and
angles in the disordered portion of molecule B differ
significantly from the corresponding values in molecule
A- particularly for the second configuration with
smaller occupancy factor. These anomalies are clearly
a consequence of the difficulties in treating disorder
problems. Similar phenomena have also been observed
in the averaged statistical structure of triiron dodeca-
carbonyl (Wei & Dahl, 1969) and tetracobalt dodeca-
carbonyl (Wei, 1969).

The atomic parameters of molecule 4 showed only

Fig. 5. Stereoscopic view of the unit cell. The origin is in the upper-right, rear corner. A1 and B1 indicate the reference molecules
A and B respectively. Molecules 2, 3, and 4 are related to the basic molecules (x,y,z) by the following symmetry operations:
2:1=x,%+y,4-2;3: x,4—y,4+2;4: 1 —x, 1 —y, 1 —z. Molecules 5 through 8 are those generated by translations of mole-

cules 1, 2, 3, and 4 respectively, along the b axis.
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very small differences among the three refined crystal
models given in Table 6. These parameters may be
considered as unaffected by the treatment of disorder,
and therefore reliable.

Molecular strains caused by overcrowded hydrogen atoms

In this polycyclic aromatic hydrocarbon system, the
H(16)- - -H(19)and H(19)- - - H(22) distances are 2:01 (4)
and 2-11 (4) A respectively, much shorter than the sum
(24 A) of their accepted van der Waals radii. A theore-
tical calculation of steric effects due to overcrowded
hydrogen atoms in several polycyclic aromatic hydro-
carbon molecules has been made by Coulson & Haigh
(1963). Recently, the structure of phenanthrene has
been reinvestigated by Kay et al. (1971); the molecular
distortion caused by a pair of overcrowded hydrogen
atoms in the phenanthrene molecule has been analyzed
by them in terms of the distortion of molecular rings
from coplanarity. The distortion of the phenanthrene
moiety in the present molecule can be similarly analyzed
by examining displacements of individual atoms from
the best plane through atoms of the middle ring (IV).
Fig. 6 gives perpendicular distances of atoms associated
with the phenanthrene moiety from ring (IV). Ring (V)
is twisted clockwise about the C(18) — C(17) axis,

Table 4. Interatomic distances (A) and bond angles (°)

with standard deviations

Table 5. Perpendicular distances (A) from the least-squares planes
The atoms marked with an asterisk are those used to define the planes.

BOND HOLECULE A MOLECULE B* C=C=C ANGLE HOLECULE A HOLECULE 8%
cl)=ct2) 1.385(6) 1.381(5) RING |
cli)=cl22) 1,388(5) 1.378(5) cl1)=cl2)=c(3) 120,15} 118.8¢4)
cla)=ct3) 1.382(6) 1.371(6) cl2)=cl3)=cib} 120.6(5) 121,7{8)
c(3)=cly) 1.385(5) . 1.385(5) ci3)=clu)acl2l) 120.1 (4} 18.7(s)
cla)=cls) 1.51006)  [1.48(1], {15208t clu)=cl21)=claz2) 198,406 118,2{4)
clu)=clat) 1.601(8) 1,602(8) clat)=cla2)=ct1) 121,308) 121,0{8)
c(s)-cle) 1.50006)  [1.s9(2)], f1.8105)) cl22)=cl1)=¢(2) 119.4(5} 120.6(5)
clo)=c(7; 1,505¢5)  (1.us(n)], §1.6803)}
c(7)-c(8) 1.362(5) 1.372(5) RING (1
c{7)=¢(20) 1.819(5) 1.610(5) clan)=lu)=cis) ne.st) e, hasaant
cl8)=cl9} 1.601(5) 1,384(5) clul=c(s)=c(6) 151,506 (195,002}, {109.4(30)
clo)=c(to) 1,64908) 184003, Dr.sete)d clsl=cle)=c(2) 110.0t8)  [108.7¢10)), {126.5026)}
cl9)cl18) 1.409(5) 1.407(5) cl6)~cl2)=cl20) 190wy [120.365)], {ns.stial
cl10)=c11) 1.33u06)  [1.39(2)], [t.uie)l c(7)-c20)=c(21) 118,7(3) 119,044}
clit)=ctiz) razrte) (o], {63 c20)=¢(21)=C(u) 119,2(8) 119,8(4)
clia)=cl13) 1,406{5) 1,399(5)
chi)=c1n) tar(s) 1.u10(5) RIKG 111
c{13)=clin) 1.365(6} 1.355(6) cl19)=(20)=¢(7) 118,9(4) 118,4(8)
cliu)=ctis) 1,388(6) 1.385(6) (200 (7)-c8) 118.8(8) 119,300
clis)=clie) 1.376(5} 1.375(6) c(7)=ci8)=c(9) 122.7(8) 122,508)
clie)cliz} 1.403(5) 1.386(5) cle)~cl9)-ct18) 119,1(4) REXICH
clin)=ctis) 1.459(5) 1.467(4) cl9)=ctia)<<19) 117,8(8) 118,3(4)
cl18)ctig) 1.338(5) 1.402(8) cl18)=¢(19)=¢(20) 122.744) 122,4(8)
cl19)~¢c(20) 1.379(5) 1.387(5)
cl20)=c(21} 1.478(4) 1,480(4) RING IV
clar)=cla2) 1.396(5) 1.392(5) cl17)=c18)=¢(9) 119,6(4) 119.2(4)
cl18)=c(g)=c(10) 19.7(6)  [119,9(6)), {117,004}
cl1)=H(1) 9.97(%) 1,10(4) cl9)=c(10)=cl11) 120.205)  [120.1¢9)], | 99.6(29)¢
cl2)4(2) 0.94(4) 1,07(3) clro)c(11)=012) 122,800 [120.6(7)), {roa.7(27}
cl3)4i3) 1.00(3) 1,013} chn=cha)=<17) 19.746)  D20,7(51], f112.802)1
cls)=his=1) 1,033 [.1s(e)], jo.satsdt c12)=c(17)=c(18) 118,8(4) 118,7(8)
cls)=His=2) 1,0t{4) (1.01(8))
cteduien) 0.94(3) {o.26(6)} RinG v
cle)Hl6-2) 1.0706)  {r.ou(s)), frazish clis)=clr6)=cl17) 121,1(s) 122.0(5)
cla)(8) 0,95(3) 0.98(3) cl16)=¢l17)=c12) 118.3(4) 118,1(4)
cl10)=(10} 107060 [0.92(0)], f1.05(s} cliz)~clr2)=c013) 119,2(5) 19,1(%)
chrtlwiin) 0.58(4)  [0,83(32), {1,08tu2} cl12)=c(13)=c{14) 120,9(5) 121.2(5)
c13)=4013) 1.05(4) 0,95(%) c(13)=clin)=c15) 120.3(5) 120.3(5)
clin)=(14) 1.02(4) 0,96(3) clin)=cl1s)=cl16) 120,1(5) 119.3(5)
clis)=+(is) 1.04(8) 1.0t (%)
cl16)=t{16) 1.0204) 0.94(3) c(3)=cla)=c(5) 121,06)  [123.4053], {115,302}
‘clig)nlig) 1.01(&) 0,973} cle)=cl7)=cl8) 122,28)  [120.115)], t122.8(5)}
cl22)=u(22) 0.96(3) 0.97(3) c(8)=ctg)-cl10) 121,2(0)  [20.9(6)), 1122.6015)}
AVERAGES 1,000} 1,0001) cli)-ch2d=ct13) 121,2(8)  [120.105)), 1126.8012))
cl16)¢17)~(18) 123.3(8) 123,1()
c(51),,.C(54) 0,4h (4} c173=c18)=¢(19) 122,6(h) 122,5(3)
clerd,,.cléa) 0.52(2) clig)-cl20)~ci21) 122,3(h) 122,704)
clioa), , clrom) 0.43(s) cl20)=cla1)=cl22) 122,3(4) 122,004)
cta), el 0.51(3)
HU6),.4(19)  2.01(4) 2.08(4)
H(19),, H22) 2,118} 2,12(8)
KUs=1),, K(5=2) 1,62(5) 1,69(8)
niem1),, mi6-2) 1,67(5) 1.61¢7)

* Values in brackets are those associated with disordered
atoms of the higher occupancy factor (0-7), whereas values in
braces are those associated with disordered atoms of the lower
occupancy factor (0-3).

(@
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Molecule Molecule

©
Molecule Molecule
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cule B, the predominant configuration with the higher occupancy factor (0-7) was taken.
Molecule Molecule

(@)

Calculations were performed with the program written by Smith (1962). All atoms used in establishing the planes were equally weighted. For constituent atoms of mole-
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with C(15) and C(16) bent upward from ring (IV) to
alleviate the steric repulsion between H(16) and H(19).
On the other hand, ring (III) is bent from ring (IV)
along the C(18)-C(9) bond, as evidenced by the fact
that the deviations for C(20) and C(7) are approxi-
mately double those for C(19) and C(8). Although the
distortions in molecule B appear different in detail from
those in molecule A4 because of the disorder, the overall
description seems to hold for both molecules of the
present crystal and is in accordance with the observa-
tion of Kay et al. (1971).

The author is indebted to Dr W. Lijinsky for fur-
nishing the sample of the compound. The assistance and
helpful discussion rendered by Dr J. R. Einstein are
gratefully acknowledged. Thanks are also due to Drs
Einstein, G. M. Brown, and H. A. Levy - all of the
Oak Ridge National Laboratory — for their criticisms
of the manuscript before it was submitted for publi-
cation.
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