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and oxazine rings, though this conformation along
C(4)-C(21) should be sterically unfavourable. In fact,
the oxygen atom is at a minimum possible distances
from C(22) (2:704 A) and H(22) (2-30 A). These values
are a little smaller than the normal intramolecular dis-
tances listed by Haschemeyer & Rich (1967). Other
short intramolecular distances are N-H(62) (2:30 A)
and O-H(6C) (2:36 A).

The oxazine molecules are packed three-dimension-
ally with van der Waals contacts, the shortest intra-
molecular distances being 3:66 A between Br and C(22)
and between N and C(62) of two neighbour molecules.
Intermolecular distances less than 4-00 A are showed
in Fig. 3.

We wish to thank Professor I. W. Bassi and Dr R.
Scordamaglia of Montedison Co., Research Center of
Milano, who offered their diffractometer and gave ex-
perimental assistance. We also thank Professor P. Cor-
radini and Professor G. Fagherazzi for helpful criti-
cism and Dr C. Giordano and Dr L. Abis for valuable
discussions.
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Crystals of 11, 11-dimethyltricyclo[4,4,1,0'¢Jundeca-2,4,7,9-tetraene are triclinic, a=8-089, b=7-007,
c=9-886 A, a=100-47, =9591, y=115:45°, space group P1, with two molecules in the asymmetric
unit. These are approximately related by partial operators of symmetry (twofold screw axes 2, with
|pl<1). The molecules show mm2 (C,,) symmetry with a bisnorcaradiene configuration. The central
bond lengths in the two molecules are 1-836 and 1780 A (o =0-007 A) for libration-corrected coordinates.
Ab initio molecular orbital calculations are in agreement with considerations on the molecular geometry
in confirming the presence of a long bond which closes the cyclopropane ring.

Introduction

As part of a programme of study on the molecular
geometry of systems with 4n+-2 m-electrons (n greater
than 1) (Gavezzotti, Mugnoli, Raimondi & Simonetta,
1972 ; Gramaccioli, Mugnoli, Pilati, Raimondi & Si-
monetta, 1972; Gramaccioli & Simonetta, 1971; Gra-
maccioli, Mimun, Mugnoli & Simonetta, 1971), an
interesting problem arose in comparing structural re-
sults for two ‘similar’ types of compounds, (I) and (II),
for which chemical and spectroscopic data suggested
quite different configurations (Vogel, 1969).

R R HsC CHj

s
) an
() R=H, R'=COOH; (b)) R=F, R'=H

The structure determination of 1,6-methano[10]an-
nulene-2-carboxylic acid (Ia) (Dobler & Dunitz, 1965),
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2 Z and of 11,11-difluoro-1,6-methano[l10]annulene (Ib)
(Gramaccioli & Simonetta, 1971) confirmed the pres-
BN AN ence of an aromatic perimeter ring, in agreement with
chemical and spectroscopic (n.m.r.) results. The situa-
tion seemed quite different for the corresponding 11,11-
dimethyl derivative, for which the n.m.r. data (Vogel,
1969) clearly favoured the bisnorcaradiene structure
(1).

The present structure determination of compound
(10, 11,11-dimethyltricyclo[4,4,1,0'%Jundeca-2,4,7,9-
tetraene (hereafter DIM), has been undertaken in order
to study to what extent the substitution of the hydro-
gen or fluorine atoms of (I) by methyl groups can
affect the molecular geometry of the nucleus [atoms
C(1) to C(11)].* Preliminary results have been reported
in a short communication (Bianchi, Mugnoli & Simo-
netta, 1972).

Zp

AN Yp=Yr
(@

Yp=Yr

Preliminary considerations on the symmetry
Fig. 1. Pseudo-monoclinic F-cell (fine line) and triclinic P-cell . .
(heavy line). (a) Each of the full and empty triangles repre-  Crystals of DIM (m.p. 88 °C) are in the form of colour-
sents the asymmetric unit (two molecules) at x and ¥+x less parallelepipeds which decompose rapidly in air;
respectively, referred to the F-cell. (b) Here each triangle
represents a single molecule. Two types of dashed triangles -
stand for molecules at —x and at % —x respectively (always * We wish to thank Professor Emanuel Vogel for suggesting
referred to the F-cell). this problem and for supplying the crystals.

Fig.2. Numbering of atoms and temperature ellipsoids for (a) molecule 4 and (b) molecule B. The ellipsoids for carbon atoms are
drawn at probabilities 0-50 and 0-20 in the upper and lower part of the Figure, respectively. Hydrogen atoms are on an arbitrary
scale.
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for the X-ray analysis, crystals sealed in Lindemann
glass tubes were used. Weissenberg and precession
photographs taken with several crystals exhibited un-
usual features: the nk/ layers with n odd showed no
symmetry related intensities, whereas for »n even the
symmetry of the layer was very near to mm (for n=0)
and to m (for higher levels), thus simulating mono-
clinic symmetry. On the basis of the corresponding
pseudo-monoclinic unit cell (@~ 146, b~7-0, c~ 389
A, B~102°) reflexions were found to be present ac-
cording to the following laws: for A=2n, h+k=2n and
k+/=4n; for h=2n+1, h+k=2n and k+I/=4n+2.
All the reflexions are sharp; no systematic intensity
changes were found between subsequent layers. For
an observed density D,,=1:157 g cm ™3, the described
pseudo-monoclinic face-centered unit cell (hereafter
briefly F-cell) contains 16 molecules of C;3H,,. Besides
the F lattice, the observed extinctions suggest a further
lattice translation: since for all layers 3k +/=4n, repe-
tition must take place also at (0,3,1). In the absence
of further symmetry operations, the asymmetric unit
contains therefore two molecules of C;;H,, [see Fig.
1(a)].

A monoclinic symmetry I,,=1I;, for h=2n in the
F-cell can be justified by assuming the presence of a
twofold screw axis with a shift of 1 along b relating
the two molecules of the asymmetric unit. Following
Dornberger-Schiff (1966) and Dornberger-Schiff &
Grell-Niemann (1961), such partial operator (P.0O.) of
symmetry is a 2,,, axis in an O,D.-structure. In this
case it is easy to show that, if Friedel’s law holds, 4, =
Aty Buy= — By, for k=4n, and Auy= — Ay, Buu=
By, for k=4n+2; in particular for both cases | Fy| =
[Fueil. For h=2n+1, if the Akl reflexion is observed,
the corresponding k! is missing, thus interrupting the
‘monoclinic symmetry’. Therefore from the observed
data only (I~ Iz for h=2n) the second molecule
of the asymmetric unit is expected to be related to the
first one by a twofold screw axis, the shift being about
+0-250 b. The presence of a 2,,, axis at xp=0, zp=0,

Table 1. Crystal data for C;3H,,

In parentheses with the lattice constants are the estimated
standard deviations referred to the last decimal place.

11,11-DIMETHYLTRICYCLO[4,4,1,0"' ]UNDECA-2,4,7,9-TETRAENE

implies also a 2 axis at x;=0, zr =} as a P.O. between
two adjacent layers of the structure [see Fig. 1(b)].

For the solution of the structure however a triclinic
primitive cell (hereafter P-cell) was chosen, as obtained
from the F-cell by the transformation matrix

N
S={ 0 1 0
0 -4 4

This cell, which contains two molecules of C;;H,,,
preserves the b vector of the F-cell, which lies along
the elongation axis of the crystals. Hereafter, if not
explicitly quoted, reference will be made always to the
triclinic P-cell.

Collection and reduction of X-ray data

The unit-cell dimensions (see Table 1) were obtained
by a least-squares fit to measurements of sin? 8 for 35,
20, and 55 reflexions on zero-level Weissenberg photo-
graphs taken at 21 °C with Cu K« radiation about the
[010], [001] and [210] axes respectively; the film was
held in the asymmetric position, following the Strau-
manis technique. No correction for eccentricity or ab-
sorption was introduced in the least-squares calcula-
tions and weights were assumed to be inversely propor-
tional to sin? 26. The density was measured by flota-
tion in a dilute Thoulet (K,Hgl,) solution. The space
group P1 was assumed in agreement with the intensity
statistic (see later) and confirmed by the structure solu-
tion.

Intensity data were collected with Mo Ku radiation
and a silicon (111) single-crystal monochromator on
a PAILRED linear equi-inclination diffractometer in
the automatic mode using the w-scan technique, with
a scan speed of 1° min~?!., The scan range varied from
+0:6° to +1-5° (the larger values being used in the
higher layers for low values of the Y angle); corre-
spondingly, background counts were taken for 60 to 100
sec at both ends of the scan, with crystal and counter
stationary. Scanning was automatically repeated for
each reflexion if the number of scan counts did not
reach the value of 1000. A crystal with dimensions
0-35x0-50 x0-52 mm, sealed in a Lindemann glass
capillary, was mounted along the b axis, but after the
collection of the second layer the capillary cracked
causing decomposition of the crystal by air infiltra-
tion. A second crystal of dimensions 0-37 x 0-44 x 0-47
mm was then mounted along the b axis and the layers

Table 2. Statistical averages

a=8089 (1) A Triclinic, space group P1
b=7-007 (1) D,=1157 gecm™3
¢=9-886 (1) D.=1-161 gem~3; Z=2
a=100-47 (1)° MCu Kay)=1-54051 A
B= 95-91 (1) A(Cu Ka,) =1-54433
y=115-46 (1) F(000)=184
Theor. Theor.
centric non-centric
{El) 0-798 0-886
{|EI? 1-000 1-000
QIEE=1]) 0-968 0-736
{IEP-1) 0-000 0-000
IEPR-1)%) 1-891 0-964
(E]FP-1)%) 6748 1-788

Experimental

hkl Okl hOl hkO
0-867
1-000
0767
—0-02 0-09 0-15 0-06
1-10 1-22 2:39 1-63
2:73 2:36 12:00 813
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2 to 8 were collected. With both crystals some check
reflexions were periodically remeasured, which gave
no significant changes in the intensities. Scaling be-
tween the two sets of data was achieved through the
reflexions of the second layer.

A total of 2232 independent reflexions were collected,
of which 103 (the ‘unobserved reflexions’) had peak
intensity less than the background; the total number
of independent reflexions within the copper sphere is
2230. All the collected data were corrected for Lorentz
and polarization factors. No correction either for ex-
tinction or for absorption (e, =07 cm™') was ap-
plied.

Solution and refinement of the structure

Preliminary values for the absolute scale constant and
the overall temperature factor (B=23-65 A?) were ob-

Table 3. Observed and calculated structure factors

All F values have been multiplied by 10. Reflexions omitted
from the least-squares calculations are indicated by an asterisk.
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Table 3 (cont.)

tained by Wilson’s method. To gain further infirma-
tion on the crystal symmetry, the structure factors w.re
converted to the normalized amplitudes |E,,| (Haupt-
man & Karle, 1953) and some statistical averages were
calculated. They are reported in Table 2, where com-
parison is made with theoretical values for centric and
non-centric distributions (Hauptman, 1964; Karle,
Dragonette & Brenner, 1965). The N(z) test (Howells,
Phillips & Rogers, 1950) was in full agreement with
theoretical results for the non-centric case, whence
space group P1 was assumed. On the other hand, the
hypersymmetry found especially for the %0/ zone (see
Table 2) accounted for some form of rational depen-
dence of atomic coordinates and was compatible with
the hypothesis of a twofold screw axis parallel to b.

The solution of the structure was tackled in two sub-
sequent steps, by determining the orientations and then
the respective positions in the unit cell of the two
molecules of the asymmetric unit.

We first constructed a starting molecular model
derived from the structure of 1,6-methano[l0Jannu-
lene-2-carboxylic acid (Dobler & Dunitz, 1965), with
a C(1)-C(6) distance shortened to 1-55 A. To evaluate
the orientations of the model in the unit cell we fol-
lowed the approach described by Filippini & Gramac-
cioli (1969), performing a systematic search in the
three-dimensional Patterson synthesis calculated within
32 A of the origin, and plotting a map of the ‘sum
function’ (Buerger, 1959) calculated for intervals of
7-5° in the rotation angles of the model. The extension
of the Fortran IV program to the triclinic case was
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Table 4. The carbon atom parameters and their standard deviations

All the values in this table have been multiplied by 10°.
The temperature factor is in the form exp [— (B4 + By2k? + Bssl? + 2 Byyhk + 2By shl + 2 Byskl)).

X y z By, B;, By By, B, By
C(1) —53 (0) —40 (0) 816 (0) 187 (7) 212 (9) 97 (4) 111 (6) 28 (4) 34 (4)
C(2) —1943 (7) — 1777 (8) 664 (5) 205 (8) 248 (10) 134 (5) 124 (7) 81 (5) 74 (5)
C(3) —3371 (7) —2324 (8) — 418 (6) 122 (7) 269 (11) 189 (6) 67 (7) 42 (5) 32 (D)
C(4) —-3132 (7) — 1460 (8) —1630 (5) 156 (7) 310 (12) 139 (5) 110 (7) —11(5) 13 (6)
C(5) — 1487 (7) —38 (8) —1814 (5) 184 (7) 308 (11) 82 (4) 141 (8) 2(4) 21 (5)
C(6) 220 (6) 1029 (7) — 744 (5) 135 (6) 259 (9) 81 (3) 99 (6) 18 (3) 25 (4)
C( 1948 (6) 1293 (8) —1181 (5) 163 (7) 255 (9) 96 (4) 93 (7) 55 (4) 49 (5)
C(8) 3290 (6) 1022 (8) — 432 (5) 140 (7) 309 (11) 129 (5) 99 (7) 44 (4) 52 (6)
C(9) 3070 (7) 184 (8) 788 (5) 159 (7) 305 (11) 125 (4) 133 (7) 0(4) 38 (6)
C(10) 1494 (7) — 429 (8) 1316 (5) 203 (8) 265 (10) 98 (4) 129 (7) 12 (4) 56 (5)
Cc(1n) 241 (6) 2198 (7) 698 (5) 168 (6) 203 (8) 82 (3) 105 (6) 16 (4) 21 (4)
C(12) — 1350 (7) 2772 (8) 858 (5) 240 (9) 290 (11) 128 (5) 179 (8) 51 (5) 36 (6)
C(13) 2075 (7) 4122 (7) 1497 (5) 214 (8) 212 (9) 121 (5) 96 (7) 13 (5) 4 (5)
C(14) 7998 (6) 4194 (7) 6284 (5) 147 (6) 231 (9) 86 (4) 80 (6) 11 (4) 24 (4)
C(15) 6250 (7) 2959 (1) 6694 (5) 178 (7) 266 (10) 101 (4) 111 (7) 44 (4) 43 (5)
C(16) 4905 (6) 1021 (8) 5920 (S) 143 (7) 268 (10) 144 (5) 61 (7) 47 (5) 52 (6)
C(17) 5149 (7) — 173 (8) 4701 (5) 174 (7) 203 (9) 127 (5) 35 5(5) 0(5)
C(18) 6712 (7) 544 (8) 4202 (5) 247 (9) 242 (10) 86 (4) 132 (8) 26 (5) 1(5)
C(19) 8301 (6) 2717 (7) 4758 (5) 147 (6) 215 (8) 94 (4) 93 (6) 31 4) 34 (4)

C(20) 10181 (7) 2900 (8) 4905 (5) 229 (9) 277 (11) 140 (5) 158 (8) 94 (5) 76 (6)
C(21) 11589 (7) 4254 (8) 5994 (6) 145 (7) 343 (13) 185 (6) 119 (8) 52 (5) 92 (7

C(22) 11328 (7) 5446 (9) 7201 (5) 171 (8) 309 (12) 134 (5) 75@8) —16(5) 40 (6)
C(23) 9687 (7) 5329 (8) 7381 (5) 176 (7) 239 (10) 85 (4) 61 (7) 5(4) 19 (5)
C(24) 8007 (6) 4719 (7) 4867 (4) 141 (6) 208 (8) 81 (3) 88 (6) 22 (3) 274
C(25) 6185 (7) 4480 (8) 4061 (5) 195 (8) 293 (11) 120 (4) 131 (8) —10(5) 46 ()
C(26) 9615 (7) 6808 (8) 4750 (5) 232 (9) 247 (10) 118 (5) 101 (8) 36 (5) 63 (5)

Fig.3. Packing of molecules as seen along the [210] axis. Twofold screw axes 2, (Jp] < 1) run parallel to b. ¢ is the angle between
[210] and [001] axes.
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made by one of us (R.B.). The starting coordinates
corresponded to an mm2-symmetrized molecular model
having the twofold axis coincident with the x, axis of
a right-handed Cartesian coordinate system, and the
elongation direction of the molecule parallel to the z,
axis. The rotation range was 0 to 180° for #, (around
X,), —90 to 90° for 6, (around y,), 0 to 360° for 0,
(around z,). Two of the highest peaks in the sum func-
tion occurred at 6,=75, 6,=30, 6;=90° and 6,=75,
0,= —30, 6,=90° respectively, giving the approximate
orientations of the two molecules in the unit cell.
The position of the two molecules was then found
by means of systematic structure factor calculations,
using a Fortran IV program written by C. M. Gramac-
cioli. The contributions of the first molecule (oriented,
and kept fixed at the origin) were added to those of the
second molecule, oriented and shifted along the x and
y axes of the triclinic cell. In the region of minimum R,
a last search was performed by moving the second
molecule also along the z axis; the three-dimensional
minimum (for Ax=0-81, 4y=0-31, 4z=0-58) was R=
0-20 for 118 reflexions having sin? §/42<0-07. A sub-
sequent structure factor calculation on about 450 re-
flexions having sin? /42 <0-15 gave R=0-25.
Refinement of the two molecules of the asymmetric
unit was performed by a least-squares process, minimiz-
ing the function >w(|F,,s| —|F..1])% The coordinates of
atom C(1) were held constant, owing to the polarity
of space group Pl along the three axes. During the
first thirteen cycles (ten with isotropic, three with an-
isotropic carbon atoms) the block-diagonal approxi-
mation was applied, using a program written by Al-
bano, Domenicano & Vaciago (1966). The limit in
sin? /A% was gradually extended from 0-15 to 0-35;
initial weights were chosen as w=1/f% (where f is the
scattering factor for the carbon atom at the calculated
value of sin 6/1), whereas after the tenth cycle the
weights were calculated according to the expression

W’= 1/(A +B IFobsl + C IFobslz) :

A, B and C were deduced from a least-squares fit of
(I Fopsl — | Feal])? as a function of | F,|. Zero weight was
given to reflexions having intensity /<2¢(/). The R
index fell to about 0-10 but the convergence was very
slow. A three-dimensional difference Fourier synthesis
indicated the positions of the hydrogen atoms, with
some uncertainty in the positions of the hydrogen
atoms of two methyl groups.

At this stage, refinement was continued by an an-
isotropic full-matrix process using a modified version
of the ORFLS program written by Busing, Martin &
Levy (1962). Initially, the hydrogen atoms were in-
cluded only in structure factor calculations; then, after
a second difference Fourier synthesis (which gave better
details of the methyl hydrogen positions, but showed
broad peaks for some of them), they were refined iso-
tropically. Because of computer-core size limitation,
hydrogen and carbon atoms were refined in subsequent
separate cycles. Weights were of the same form as w’;
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however, after examining the distribution of the av-
erage (4F)* for various intervals of |F,y|, it was con-
sidered profitable to use two different expressions, one
parabolic in the |F,| for |F,,s| <7, and one linear for
7 < | F,usl <30. Correspondingly, constancy of w'(4F)?
within 10% was reached. Zero weight was given to
| Fopsl > 30 and to reflexions having /< 20(/), as before.
After 7 cycles of refinement on carbon atoms and 5
cycles on hydrogen atoms all the shifts were less than
0-1 times and 0-5 times the standard deviation of the
corresponding parameter for the carbon and the hy-
drogen atoms respectively. The final R index over all
the 2129 observed reflexions was 0-056, and that over
the 1845 non-zero weight observations was 0-048.

Precision of the results

The observed and final calculated structure factors are
listed in Table 3; the atomic scattering factors of Cro-
mer & Waber (1965) for carbon atoms, and those of
Stewart, Davidson & Simpson (1965) for hydrogen
atoms were used. The final parameters of the carbon
atoms are given in Table 4 and those of the hydrogen
atoms in Table 5.

The standard deviations of the coordinates, derived
from the residuals and the diagonal elements of the
least-squares inverse matrix, correspond to positional
uncertainties of the order of 0-006 A for the carbon
atoms and of 0-04 A for the hydrogen atoms. The cor-
responding standard deviations in the bond distances,
bond angles and torsion angles involving only carbon

Table 5. Parameters for the hydrogen atoms

Fractional coordinates are x 103,

x y z B (A%
HQ1) —-210 —253 136 4-1
H(2) —451 —356 — 41 5-8
HQ3) —421 —~203 —245 64
H(4) —137 32 —271 4-7
H(5) 211 167 —200 5-4
H(6) 437 130 - 79 6-0
H(7) 405 - 22 116 57
H(8) 136 —115 203 59
H(9) —134 313 183 81
H(10) —101 394 56 6-2
H(11) —253 167 40 8-4
H(12) 313 382 144 52
H(13) 224 520 111 60
H(14) 198 456 247 6-8
H(15) 624 360 772 4-9
H(16) 382 32 625 4-6
H(17) 425 —-151 435 55
H(18) 704 - 27 354 5-4
H(19) 1038 192 424 69
H(20) 1273 423 603 72
H(21) 1235 633 797 7-1
H(22) 957 599 824 59
H(23) 514 326 408 6-1
H(24) 587 568 444 66
H(25) 625 458 312 62
H(26) 939 806 505 82
H(27) 1074 699 525 68
H(28) 987 686 377 7-1
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atoms are around 0-008 A, 0-4 and 0-8° respectively;
in the C-H bonds they are around 0-05 A and in the
C-C-H and H-C-H angles around 2:7 and 3-6°, re-
spectively.

Corrections for thermal libration

The rigidity of the molecule C,3H,, suggests the inter-
pretation of thermal parameters in terms of rigid-body

Table 6. Rigid-body tensors

The tensors are referred to a Cartesian coordinate system de-
fined by unit vectors b x ¢*, b, (b x ¢*) x b. For each molecule,
the origin is at the centre of gravity. All values have been
multiplied by 10°.

Molecule 4
fatoms C(1) to C(13)]

T (A?) 359 (9) 40 (9) 709)
(‘unreduced’) 351 (12) —8(10)
357 (12)

L (rad? 44 (5) -9(3) 13)

58 (3) 703)

34 (3)

S (A rad) 2 4) 7 (4) —-5(4)

18 (3) —-6(3) 16 (3)

—11 (3) 0(3) 4(3)

Molecule B
[atoms C(14) to C(26)]

T (A% 365 (11) 24 (10) 4 (10)
(‘unreduced’) 373 (14) —29 (12)
353 (14)

L (rad?) 40 (6) 11 (3) -303)
62 (4) -6 (3)

36 (4)

S(Arad) -6@) -3 (4) —-5(5)
—18 (4) —7(4) —12(3)

14) 0@3) 13 (4)

11,11-DIMETHYLTRICYCLOI[4,4,1,0"-:S]UNDECA-2,4,7,9-TETRAENE

motion. Accordingly, the tensors T, L, S (Schomaker
& Trueblood, 1968) were derived for both molecules
of the asymmetric unit from a least-squares treatment,
using a Fortran IV program written by G. Filippini.
In these calculations, equal weights were assigned to
all thermal factors; the results are shown in Table 6.
The agreement between observed and calculated values
of B;; for each atom is good, the differences exceeding
30 only for 8 cases over a total of 156, and in most
cases being of the order of 1o. The mean square rota-
tional displacements about the principal axes of the
tensor L are 21, 14, and 10 (°)? for molecule A4, and
22, 12, and 11 (°)? for molecule B. The numbering of
atoms and the temperature ellipsoids for molecule A
and B are shown in Fig. 2.

Bond distances (uncorrected and corrected for rigid-
body motion), bond angles, and torsion angles, with
their standard deviations, are collected in Tables 7, 8,
and 9, respectively. The correction for distances have
been derived under the rigid-body assumption from
the tensor L, according to Schomaker & Trueblood
(1968). Corrections for bond and torsion angles (less
than 0-1°) were neglected. Signs for the torsion angles
are given following the convention of Klyne & Prelog
(1960). The standard deviations of the torsion angles
along the perimeter ring were calculated according to
Huber (1961). The mean planes, calculated following
Schomaker, Waser, Marsh & Bergman (1959) are
given in Table 10.

Are the two molecules symmetry-related?

The presence of two molecules as the asymmetric unig
in space group P1 is quite unusual; therefore the ques.
tion arises whether a higher symmetry has been over.

Table 7. Bond distances (A)

The ‘mean’ value is that of mm2-related bonds, averaged over the two molecules.

Observed Corrected*

C(1)—C(2) 1-459 1-466
C(5)—C(6) 1-452 1-459
C(6)—C(7) 1-451 1-457
C(1)—C(10) 1-449 1-455
C(14)—C(15) 1-451 1-458
C(18)-C(19) 1-463 1-469
C(19)-C(20) 1-460 1-467
C(14)—C(23) 1-457 1-464
Mean 1:462
C(2)—C(3) 1-357 1-363
C(4)—C(5) 1-331 1-338
C(1H—C(8) 1:350 1356
C(9)—C(10) 1-353 1-360
C(15)—-C(16) 1-340 1-346
C(17)-C(18) 1-329 1-336
C(20)-C(21) 1-343 1-350
C(22)-C(23) 1-327 1-333
Mean 1-348

Observed Corrected*

C(3)—C4) 1-432 1-440
C(8)—C(9) 1-430 1-437
C(16)-C(17) 1-420 1-427
C(21)-C(22) 1-417 1-424
Mean 1-432
C(1)—C(6) 1-827 1-836
C(14)—-C(19) 1-771 1-780
Mean 1-808
C(1H)—C11) 1:510 1-516
C(6)—C(11) 1-504 1-511
C(14)—-C(2%) 1-511 1-518
C(19)-C(24) 1-507 1-513
Mean 1-515
C(11)-C(12) 1-520 1-526
C(11)-C(13) 1-515 1-522
C(24)—-C(25) 1-527 1-535
C(24)-C(26) 1-518 1-524
Mean 1-527

* After rigid-body correction,
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Table 8. Bond angles

The ‘mean’ value is that of mm2-related angles averaged over
the two molecules.

C(H)—C2)—C@3) 123-9° C(2)—C(1)—C(11) 119-9°
C4)—C(5)—C(6) 12441 C(5)—C(6)—C(11) 120-1
C(6)—C(H)—C(@8) 1239 C(H—C(6)—C(11) 1209
C(9)—C(10)-C(1) 123-3 C(10)—-C(1)—C(11) 121-6
C(14)-C(15)-C(16) 1240 C(15)-C(14)-C(24) 1208
C(17)-C(18)-C(19) 1242 C(18)—C(19)-C(24) 1199
C(19)-C(20)-C(21) 123-8 C(20)-C(19)-C(24) 120-7
C(22)-C(23)-C(14) 1236 C(23)-C(14)-C(24) 1202
Mean 123-9 Mean 120-5
C(2)—C(3)—C4) 1234 C(11)-C(1)—C(6) 52-5
C(3)—C(4)—C(5) 1236 C(11)-C(6)—C(1) 529
C(7)—C(8)—C(9) 123-7 C(24)~-C(14)—-C(19) 54-0
C(8)—C(9)—C(10) 123-7 C(24)-C(19)-C(14) 54-2
C(15)-C(16)-C(17) 123-0 Mean 53:4
C(16)-C(17)-C(18) 1234

C(20)-C(21)-C(22) 1227 C(1)—C11)-C(6) 74-6
C(21)-C(22)-C(23) 124-0 C(14)-C(24)-C(19) 71-8
Mean 123-4 Mean 732
C(2)—C(1)—C(6) 111-3 C(12)-C(11)—-C(1) 1180
C(5)—C(6)—C(1) 112-6 C(12)-C(11)-C(6) 1172
C(7)—C(6)—C(1) 1119 C(13)-Cn-C) 117-0
C(10)-C(1)—C(6) 1128 C(13)-C(11)-C(6) 117-1
C(15)-C(14)-C(19) 1127 C(25)-C(24)-C(14) 117-8
C(18)-C(19)-C(14) 1121 C(25)-C(24)-C(19) 118-7
C(20)—C(19)—-C(14) 1123 C(26)-C(24)—C(14) 117-8
C(23)-C(14)-C(19) 1126 C(26)-C(24)-C(19) 1182
Mean 112-3 Mean 117-7
C(2)—C(1)—Co0y 1177 C(12)-C(11)-C(13) 109-5
C(5)—C(6)—C(7) 1179 C(25)-C(24)-C(26) 108-9
C(15)-C(14)-C(23) 117-5 Mean 109-2
C(18)-C(19)-C(20) 118-1

Mean 117-8

Table 9. Torsion angles

The ‘mean’ value is that of the absolute values of mm?2-related
angles, averaged over the two molecules.

C(1)—C(2)—C(3)—C(4) 8-6°
C(3)—C(4)—C(5)—C(6) —~83
C(6)—C(7)—C(8)—C(9) 8-0

C(8)—C(9)—C(10)~-C(1)
C(14)-C(15)-C(16)-C(17)
C(16)-C(17)-C(18)-C(19)
C(19)-C(20)~-C(21)-C(22)
C(21)-C(22)-C(23)-C(14)
Mean

C(2)—C(3)—C(4)—C(5)
C(7)—C(8)—C(9)—C(10)
C(15)—-C(16)-C(17)—C(18)
C(20)-C(21)-C(22)-C(23)
Mean

I |

|
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C(10)-C(1)—C(2)—C(3) —140-3
C(4)—C(5)—C(6)—C(7) 1399
C(5)—C(6)—C(7)—C(8) —140-1
C(9)—C(10)-C(1)—C(2) 1393
C(23)-C(14)-C(15)-C(16) —141-0
C(17)-C(18)-C(19)—-C(20) 1385
C(18)—-C(19)—-C(20)—-C(21) —140-8
C(22)-C(23)-C(14)-C(15) 140-6
Mean 140-1

looked and the two molecules are related by some kind
of crystallographic operation. In a preceeding para-
graph it has been pointed out that the presence of a
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particular symmetry operator (a twofold screw axis
with a translation of ~1b) can be inferred from the
raw intensity data. To study the correlation between
the two molecules 4 (carbon atoms 1 to 13) and B
(carbon atoms 14 to 26) in a more quantitative way,
the following procedure was applied.

Final coordinates were referred to a Cartesian sys-
tem by means of an orthogonalization matrix, O, using
the following convention: a,=b,x¢}; b,=b,; ¢,=
a,xb,, where a, b, ¢ are unit vectors, and the sub-
scripts 0 and ¢ refer to orthogonal and crystal axcs
respectively. Then both molecules, 4 and B, were trans-
lated in order to have their centres of gravity on the
origin of the coordinate system, and the direction of
the principal axes of inertia were determined both for
molecule 4 and B. Let us call x2,, x2, the crystal (frac-
tional) coordinates referred to the centre of gravity of
the molecule 4 and B respectively. If one assumes that
the two molecules are not independent, their coor-
dinates on the inertial axes must be equal, thus

Xia=Xip
0 0
V., 0x2,=V;0x%
“Wiv,0x2,=Rx%,

Xgp=
where V, and V; are transformation matrices from
our initial Cartesian system to the inertial system of
each molecule. In this case R should express the point-
group symmetry operation relating molecule B to A.

However, the matrix R is not unequivocally defined,
because the normalized eigenvectors of the inertia
moment matrices (the rows of V, and Vj) can be either
positive or negative. Calling x; the inertial axis coin-
cident with the twofold molecular axis of symmetry,
we have four possible sign combinations for the second
and third rows of Vy (with respect to V,) to define
the directions of the y; and z; inertial axes, resulting
in four possible matrices R. Among these, a choice
can be made by comparing the values obtained for
trace (R), which must be very near to a whole number.
Another criterion of choice for R, suitable for symmetry
operators 2 and 2, is that if we apply the operation R
to an arbitrary lattice vector u, and calculate the sum
(for 2) or the difference (for 2) between the original
and the ‘rotated’ vector, the resulting vector u+ Ru
must have whole components except for a common
factor, because the symmetry axis must lie along a
lattice direction. The same argument can obviously be
applied to test the presence of an axis 3, 3, 6, 6, by
inspection of the sum vector u+ R*u+ Ru.

The results for the four sign combinations and the
type of vectors (s=sum, d=difference) verifying the
preceding conditions are:

Signs Trace  Determinant Axis Vectors
+ + 2:012 I 6 s~[210]
+ - 0-098 —1- 3 no
- 4+ 0-915 —1- 2 no
- —  —1:000 1 2 s~[010]
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The first possibility is the presence of an axis 6 paral-
lel to the [210] vector in the P-cell; this direction coin-
cides with that of the [100] axis of the F-cell and of
the Cartesian reference system used. In effect, the
solution of the structure was achieved for orientation
angles 0y, 0,, 6, which implied repetition of molecule
A in molecule B by a rotation of 60° around the x,
axis. Sixfold symmetry however is not found in the
diffraction data,* and the value of trace (R,) is ap-
preciably different from a whole number.

The only other possibility concerns the fourth case,
for which the matrix is

—1-0135 0-0203 0-0194
Ry=[ —0-9822 1:0109 —0-5012
—0-0158 0-0040 —0-9971

leading to a very good value for the trace. For arbitrary
lattice vectors, the resulting sum vectors u+R,u are of
the type [010] (except for a common factor) within a
good approximation. While confirming the presence
of a twofold rotation axis (as a point-group symmetry
operator), this direction is also defined as parallel to
the b vector of the P-cell.

This symmetry operation however is incompatible
with the lattice defined by the P-cell, because R, has
one element which is not identifiable with zero or with
a whole number. It is possible to construct a number
of pseudo-monoclinic cells, having the [010] transla-
tion corresponding to the b vector in the P-cell. Con-
sidering vectors of the P-lattice with components u, v,
w between —5 and +5, and choosing pairs of vectors
normal to b within 0-3°, ten pseudo-monoclinic unit

* On the zero-layer Weissenberg photograph taken around
[210], only the two dominant reflexions, 121 and 122, are related
by approximate sixfold symmetry.

11,11-DIMETHYLTRICYCLOI[4,4,1,0"']UNDECA-2,4,7,9-TETRAENE

cells (including the F-cell) could be defined. For these
cells the matrices corresponding to R, are all near to
(T00/010/00T). In particular, for the F-cell parameters
(@a=14-607, b=7-007, c=38-886 A, 2=90-26, f=
101-77, y=289-80°, as obtained from the data of Table
1), R, becomes

—1-0033 0-0101 0-0490
0-0563 09997 —0-0462 }.
—0-0069 0-0010 —0-9961

thus a nearly exact rotation matrix for a twofold crys-
tallographic axis along b. However the structure is not
monoclinic; for instance, oscillation photographs taken
around b show m, symmetry (Stout & Jensen, 1968)
only for even layer lines.

The difference of the origin to centre of gravity vec-
tors for molecules 4 and B, referred back to the F-cell,
has components (0-4035, —0-2433, 0-1371), thus ex-
pressing a shift of —0-243 b in good agreement with
the value expected from the analysis of the raw inten-
sity data. If we consider the molecule 4 in x, y,, 1 +2,4
and the molecule B in Xxj, ¥, 2g in the P-cell, the dif-
ference of the origin to centre of gravity vectors in the
F-cell becomes (0-4035, 0-0067, —0-1129).

In conclusion, on the basis of the inertia moment
matrices, the structure possesses nearly exact twofold
screw axes 2,, 2, parallel to y, at Ax;=0 and dzp=14,
with m= —0-487 and »=0-013, which relate the mol-
ecules 4 and B.

Provided the [010] translation is the same in the P-
and F-cell, and the periodicity along b is confirmed
by a rotation photograph, the space group Pl is
proved; the twofold screw axes do not correspond to
(total) symmetry operations of the structure, but be-
have as proper P.O.’s in an O.D. structure. Because
of the succession of the 24.13 and 2_,.457 axes, which

Table 10. Some least-squares planes through groups of atoms

The coefficients g; are the direction cosines relative to the crystallographic axes a, b and ¢, multiplied by 10*. The distance of the
defining atoms from the mean plane involving four atoms is always less than 0-006 A.

Plane Q q as D
A C(2), C@3), C@4), C(5 —5934 8533 3352 0-090 A
B C(1), C), C(5), C(6) —6938 8369 3104 0-254
C C(1), C(6), C(11) 9253 —1355 668 0-018
D C(1), C(6), C(M, CU0) 154 7266 3568 0265
E C(7), C(8), C©9), CU0 —1125 7791 3639 0-104
F C(15), C(16), C(17), C(18) 5562 — 7958 6335 5-351
G C(14), C(15), C(18), C(19) 6311 —17501 6127 5-688
H C(14), C(19), C(24) 8049 1334 394 5-844
1 C(14), C(19), C(20), C(23) 195 — 8460 5891 1-296
J C(20), C(21), C(22), C(23) 1339 — 8637 6235 2:372

Dihedral angles between planes
ANB 1725 BAC 111-7
END 172-7 DAC 1131
FN\G 173-4 GNH 112-1
JN 172-4 INH 112:2
Mean 172-8 Mean 112:3
BAD 1352
GAI 135-7
Mean 135-5
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are both ,,0 P.O.s (Dornberger-Schiff & Grell-Nie-
mann, 1961), there are two sets of pairs of adjacent
layers in the structure (see Fig. 3): the layers (L,_,,
L,) are ‘equivalent’ to the (L,_,, L,) only for p, g both
odd or both even. The only ,,7 P.O., which is present
for p—g=2n is the stacking vector ¢ of the P-cell.
According to Dornberger-Schiff & Grell-Niemann
(1961), these features characterize the O.D. structures
of categoryIIl.

The structure refinement however led us to conclude
that the observed P.O.’s between molecules 4 and B
are only approximate operators. The two molecules 4
and B do indeed differ significantly in the geometry
of the central cyclcl)fropane ring: the C(1)-C(6) bond
distance is 1-836 and the C(1)-C(11)-C(6) angle
74-7°, as compared with a C(14)-C(19) bond distance
of 1780 A and a C(14)-C(24)-C(19) angle of 71-9°
(values corrected for rigid-body motion). The e.s.d.s
for these bonds and angles are 0-007 A and 0-3° re-
spectively.

The refinement was carried out holding fixed the
position of atom C(1). In the light of earlier experience
in the refinement of polar structures (Karle & Karle,
1968; Colman & Medlin, 1970), where it was found
not sufficient to keep constant the coordinate of one
atom, two pieces of refinement were repeated, starting
with the initial model of the solved structure [C(1)-
C(6)=C(14)-C(19)=1-55 A], the first time keeping
constant the position of atom C(l), and the second
time the position of atom C(16). Five cycles of full-
matrix least-squares calculations led to exactly the same
geometry, with C(1)-C(6) =1-84, C(14)-C(19)=1-77 A.

As another test, we printed out the correlation ma-
trix for the 232 variable parameters in an intermediate
full-matrix refinement cycle on the 26 carbon atoms.
Correlation coefficients referring to the same coor-
dinate axis for different atoms [e.g. zcy, Zc(p] were
always rather high (ca. 0-5) but did not increase by
more than 10 to 15% when considering ‘P.O. related’
atoms. Such rather high values indeed should depend

Fig.4. Numbering of disubstituted cyclopropanes (X =F, CHj).
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on the polarity of axes in space group P1. Other cases
of coefficients of the order of 0-5 were found for dif-
ferent parameters concerning the same atom, but these
were related to considerable departures of unit-cell
angles from 90°. Most correlation coefficients had
values less than 0-1.

To test the numerical errors in the least-squares
procedure for a possibly ill-conditioned normal equa-
tion matrix M because of the polarity of axes and the
presumed presence of P.O.’s of symmetry, the product
of the 232 x 232 matrix M by its inverse was calculated.
Resulting values were different from those expected by
less than 3. 1076,

As a last test, packing energy calculations were made
for different cases. Because of the relevant uncertainty
in the experimental parameters of the hydrogen atoms,
their positions were calculated at fixed distances along
the bisectrix of the appropriate C-C-C angle for the
perimeter ring, and in tetrahedral arrangement for the
methyl groups. Here the atoms H(11), H(12), and
H(23), H(27) were placed in the planes through atoms
C(11), C(12), C(13) and C(24), C(25), C(26) respec-
tively and pointing towards the perimeter rings. The
situation corresponding to the experimental case (mol-
ecule 4 at centre of gravity 1, molecule B at centre of
gravity 2) was compared with other situations (see
Table 11). The change in orientation, when required,
was obtained through matrix R, for the P-cell; the
shift of coordinates was applied through the difference
between the origin to centre of gravity vectors. The
packing energy was calculated by means of formulae
given by Kitaigorodskii (1966) and Jacob, Thompson
& Bartell (1967) for C---C, C---H and H: - - H inter-
actions, summing the contributions for all intermolec-
ular distances within 5-5 A from each atom. This value
was chosen according to Pawley (1967); there are
about 1370 contributions for each case within this dis-
tance. As Table 11 shows, the situation corresponding
to the experimental case lies always in a minimum of
energy. Because the C(1)-C(6) and the C(14)-C(19)
bonds are very long, and therefore weak, even a little
difference in energy could be effective in stretching the
two bonds to different lengths. Our results show that
packing energy contributes to this effect.

Table 11. Differences in packing energy (cal.mole~!)

A and B are the two molecules of the asymmetric unit, 1 and 2
their centres of gravity. Differences 4E are referred to the
minimum packing energy for each type of calculation.

AE AE
(Jacob, Thompson & (Kitaigorodskii,

Bartell, 1967) 1966)
Situation een=10A de_u=1"1A  de_y=109A
Aatl,Bat2 0 0 0
Batl,Aat2 209 364 483
Aatl, Aat2 117 209 333
Batl,Bat2 74 134 91

We feel entitled to conclude that in the crystal the
two molecules 4 and B are different, and that the
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observed hypersymmetry corresponds to the presence
of approximate P.O.’s in the structure.

Molecular orbital calculations

The shifting of the equilibrium bisnorcaradiene = 1,6-
methano[10]Jannulene towards bisnorcaradiene implies
the formation of a cyclopropane ring, so that informa-
tion on the influence of substituents at C(11) on this
equilibrium may be obtained through the study of the
influence of the same substituents in cyclopropane.

On the basis of orbital symmetry arguments it has
been shown (Hoffmann, 1971; Hoffmann & David-
son, 1971) that in cyclopropane the introduction of
n-electron acceptor substituents at carbon C(1) makes
the C(2)-C(3) bond stronger and the C(1)-C(2) and
C(1)-C(3) bonds weaker while the introduction of
n-electron donating substituents should weaken all the
bonds in the ring. This argument would afford a quali-
tative explanation of the fact that the introduction of
two methyl groups at C(11) of 1,6-methano[10]annu-
lene shifts the equilibrium towards the formation of
11,11-dimethylbisnorcaradiene, while the annulene
structure is favoured by fluoro-substitution at the same
position.

To check this result we decided to carry out ab initio
molecular orbital calculations for 1,1-difluoro- and
1,1-dimethylcyclopropane and to compare the results
with those found in the literature for cyclopropane.
Many ab initio M.O. calculations have been performed
on this molecule, using different basis sets and assum-
ing the experimental geometry or varying some of or
all the geometrical parameters. The treatment by Ra-
dom, Lathan, Hehre & Pople (1971) using a STO-3G
basis set has proved to give an overall good agreement
between calculated and experimental geometries and
is simple enough to allow geometry optimization of
disubstituted cyclopropanes. Therefore this treatment
was chosen by us when performing our calculations,
using the program GAUSSIAN 70 written by W. J.
Hehre, W. A. Lathan and J. A. Pople.*

* We are grateful to Dr W. J. Hehre for a copy of this pro-
gram.

11,11-DIMETHYLTRICYCLO[4,4,1,0"'°]UNDECA-2,4,7,9-TETRAENE

In the geometry optimization of 1,1-difluorocyclo-
propane and 1,1-dimethylcyclopropane (see Fig. 4) we
assumed mm2 (C,,) symmetry, and for the hydrogen
atoms bonded to the ring we assumed a fixed bond
length (1-081 A) and a fixed bond angle (H-C-H=
113-8%), the plane of these three atoms bisecting the
internal ring angle: these values correspond to the op-
timized geometrical parameters in cyclopropane (Ra-
dom, Lathan, Hehre & Pople, 1971). Furthermore we
assumed for the methyl group a C-H bond length of
1-09 A and tetrahedral bond angles; the methyl groups
are both in a conformation with a C-H bond bisecting
the internal ring angle C(2)-C(1)-C(3).

The remaining geometrical parameters [C(1)-C(2)
and C(1)-X bond lengths and C(2)-C(1)-C(3) and
X-C(1)-X bond angles] were optimized varying one
parameter at a time: cycling was continued until no
variation was found on the third decimal place for
bond distances and on the first decimal place for bond
angles.

Results are reported in Table 12. All features pre-
dicted by the qualitative treatment are reproduced,
even if the effects are smaller than might have been ex-
pected.

Discussion

The geometry of the two molecules of the asymmetric
unit of DIM is described in Tables 7 to 10. For each
molecule the observed geometry fits as a whole the
mm2 symmetry within experimental error. By con-
sidering all the corresponding mm2-related bond
lengths and bond angles in the perimeter ring for the
two molecules [e.g. the eight bond lengths of the type
C(1)-C(2)], the y*-test shows that for each group the
bonds (or angles) are all equivalent at a significance
level «>0-25; only one exception was found, namely
for the eight bonds of the type C(2)-C(3), where the
differences are more noticeable and become possibly
significant («~0-05). Torsion angles are equivalent at
a level «>0-10.

There is no doubt about the bisnorcaradiene struc-
ture of the compound examined: the mean values (over
the two molecules) of bond lengths along the perimeter
ring, corrected for rigid-body motion, are 1-462, 1-348

Table 12. Ab initio calculated geometries for isolated molecules

Symmetry

Molecule constraint

Cyclopropane 6m2 (Dsp) c-—C 1-502 A

(Radom, Lathan, Hehre & Pople, 1971) C-H 1-081
H-C-H 113-8°

1,1-Difluorocyclopropane mm2 (Cy) C(1)-C(2) 1-511 A
C(2)-C(1)-C(3) 60-3°
C(1)-F 1-368 A
F-C(1)-F 110-2°

1,1-Dimethylcyclopropane mm2 (Cy,) C(1)-C(2) 1-509 A
C(2)-C(1)-C(3) 59-7°
C(1)-C(methyl) 1-536 A
C(methyl)-C(1)—C(methyl) 114-0°
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and 1-432 A for bonds of the type C(1)-C(2), C(2)-
C(3) and C(3)-C(4) respectively.

An outstanding feature of the molecular geometry
is the extraordinary length found for the central bonds,
C(1)-C(6) and C(14)-C(19): 1827 and 1-771 A (o=
0-007 A) for uncorrected, 1-836 and 1-780 A for libra-
tion corrected coordinates respectively. For the sake
of comparison, in cyclopropane-1,1-dicarboxylic acid
(Meester, Schenk & MacGillavry, 1971) the C-C bond
lengths in the ring are in the range 1-456 to 1-540 A.
A few very long carbon—carbon bond distances have
been previously found, such as 1-65 A in tricarbonyl-
(tricyclof4,3,1,0'-¢]deca-2,4-diene)chromium (Beddoes,
Lindley & Mills, 1970); 1-72 A in a homoaromatic
structure, tricarbonyl(bicyclo[4,4,1]undeca-1,3,5-tri-
ene)chromium (Barrow & Mills, 1971); and 1-77 A in
bi(anthracene-9,10-dimethylene) photo-isomer (Ehren-
berg, 1966). The central distance C(1)-C(6) becomes

SR

Fig. 5. Packing of molecules as seen along the y axis.
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2:25 A in 11,11-difluoro-1,6-methano[10]Jannulene (1)
(Gramaccioli & Simonetta, 1971), and 2-257 A in
1,6-methano[10]-annulene-2-carboxylic acid (Ie) (Dob-
ler & Dunitz, 1965), thus corresponding to a non-
bonded separation.

The possibility of the presence of both annulene-
and bisnorcaradiene-type molecules in the crystals of
DIM* is in contrast with the quite ‘normal’ features
of thermal parameters (see Fig. 2 and Table 13). In
particular, the anisotropy directions for atoms C(1),
C(6), C(14) and C(19) do not support the hypothesis
of a mixture. Instead, the experimental carbon atom
thermal parameters result in good agreement with
those calculated for rigid-body motion of the bisnor-
caradiene-type molecules, giving rise to mean square
rotational displacements which are notably smaller
than those found for compound (I6). The presence of
a C-C central bond is also in agreement with the ob-
served geometry along the perimeter ring, C(1) to C(10)
and C(14) to C(23).

In conclusion, the experimental evidence is in favour
of the existence of a real, very long C-C bond distance,
to which the results of M.O. calculations also lend
support.

The difference between the bond lengths C(1)-C(6)
and C(14)-C(19), and the bond angles C(1)~-C(11)~C(6)
and C(14)-C(24)-C(19) (746 and 71-8° respectively,
0=0-3°) could be interpreted at least in part in terms
of packing energy, as seen before.

The bonds of the bridge, C(1)-C(11) erc., are all
equivalent (at a level a>0-90), with a mean length of
1-515 A. Corresponding bond distances are 1-477 in
(Ia) and 1-455 in (1), in complete agreement with the
change in electronegativity of the substituents (-CHs,
-H, -F), as pointed out by Walsh (1947) and Bent
(1961). Even the C(1)-C(6) distance, on the basis of
the same arguments, is expected to increase in going
from the 11,11-dimethyl derivative to the 11,11-di-
fluoro compound.

The bonds of the type C(11)-C(12) are all equivalent
(¢>0-50) with a mean (libration corrected) length of

* We are grateful to Professor J. D. Dunitz for drawing our
attention to this possibility.

Table 13. Magnitudes of the temperature ellipsoids and ‘equivalent’ isotropic factor B=(B;B,B;)'"?

By B, B; B
c(1) 273 3-55 3-88 3-35
C(2) 2-87 3-27 5-64 375
C(3) 2-39 4-30 7-24 421
C(4) 2:72 438 6-31 422
C(5) 2-57 3-35 5-16 3:54
C(6) 2:51 2:92 4-06 3:10
C(7 2:39 3-86 4-10 3:36
C(8) 2-58 4-69 4-78 3-86
C(9) 2:35 4-40 5:32 3-80
C(10) 2-56 4-09 4-51 3-62
C(11) 2-51 2:96 377 3-04
C(12) 2-55 4-86 537 4-05
C(13) 2-87 437 5:23 4-03

B, B, B3 B
C(14) 2:78 3-40 370 3-27
C(15) 3:01 3:92 406 3-63
C(16) 2-65 463 5-35 4-03
C(17) 2:47 490 5:41 4-03
C(18) 241 4-27 5-14 375
C(19) 2:65 3-28 3:47 3-11
C(20) 2-61 3:65 6-19 3-89
C(21) 2:61 4-71 6:82 4-38
C(22) 2:94 4-95 615 4-47
C(23) 2:74 3-82 4-66 3:65
C(24) 2:63 2:93 3:25 293
C(25) 2-64 4-37 5-60 4-01
C(26) 3-29 4-44 498 417
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1-527 A. Experimental methyl hydrogen atoms lie in
the staggered arrangement with respect to the adjacent
carbon, C(11) or C(24) (see Fig. 2). Carbon-hydrogen
bond distances are in the range 0-86-1:03 A (o=
0-05 A).

The range of intermolecular distances is normal.
There are no contacts shorter than the sum of van der
Waals radii, (C)=1-7, (CH;)=2-0, and r(H)=12 A
(Pauling, 1960). The molecular packing seen along b
is represented in Fig. 5. Figs. 2, 3 and 5 were obtained
by use of the program ORTEP (Johnson, 1965).

The authors would like to thank Professor K. Dorn-
berger-Schiff and Dr C. M. Gramaccioli for their in-
terest in this work and helpful discussions.

References

ALBANO, V., DOMENICANO, A. & VACIAGO, A. (1966). Gazz.
Chim. Ital. 96, 922-934.

Barrow, M. J. & MiLLs, O. S. (1971). J. Chem. Soc. (A).
pp. 1982-1986.

BepDOES, R. L., LinDLEY, P. F. & MiLLs, O. S. (1970).
Angew. Chem. 82,293-294; Angew. Chem. Int. Ed. 9,
304-305.

BenT, H. A. (1961). Chem. Rev. 61, 275-311.

BiancHl, R., MuGNoOLL, A, & SIMONETTA, M. (1972). Chem.
Commun. pp. 1073-1074.

BUERGER, M. J. (1959). Vector Space. New York: John
Wiley.

Busing, W. R., MarTIN, K. O. & Levy, H. A. (1962).
ORFLS. Report ORNL-TM-305, Oak Ridge National
Laboratory, Oak Ridge, Tennessee.

CoLman, P. M. & MepLIN, E. H. (1970). Acta Cryst. B26,
1553-1559. )

CROMER, D. T. & WABER, J. T. (1965). Acta Cryst. 18, 104—
109.

DoBLER, M. & DunITZ, J. D. (1965). Helv. Chim. Acta, 48,
1429-1440.

DORNBERGER-SCHIFF, K. (1966). Lehrgang iiber OD-Struk-
turen. Berlin: Akad. Verlag.

DORNBERGER-SCHIFF, K. & GRELL-NIEMANN, H. (1961).
Acta Cryst. 14, 167-177.

EHRENBERG, M. (1966). Acta Cryst. 20, 182-186.

Fuering, G. & GramaccioLl, C. M. (1969). Ric. Sci. 39,
589-591.

11,11-DIMETHYLTRICYCLO[4,4,1,01'SJUNDECA-2,4,7,9-TETRAENE

GAVEZZOTTI, A., MuGNoOLI, A., RAIMONDI, M. & SIMONET-
TA, M. (1972). J. Chem. Soc. Perkin 11, pp. 425-431.

GRramaccioLl, C. M., MIMUN, A., MUGNOLI, A. & SIMONET-
TA, M. (1971). Chem. Commun. p. 796.

GramaccioLl, C. M., MuagnNoLl, A., PiLATI, T., RAIMONDI,
M. & SIMONETTA, M. (1972). Acta Cryst. B28, 2365-2370.

GraMaccioLl, C. M. & SIMONETTA, M. (1971). Acta Cryst.
B27, 2231-2237.

HauprTMAN, H. (1964). Acta Cryst. 17, 1421-1433.

HaupTMAN, H. & KARLE, J. (1953). Solution of the Phase
Problem. 1. The Centrosymmetric Crystal. A.C.A. Mono-
graph No. 3. Pittsburgh: Polycrystal Book Service.

HoreMANN, R. (1971). In XXIII International Congress of
Pure and Applied Chemistry, Vol. 2. London: Butter-
worths.

HorrmaNN, R. & Davipson, R. B. (1971). J. Amer. Chem.
Soc. 93, 5699-5705.

HoweLLs, E. R., PHiLLips, D. C. & RoGERs, D. (1950).
Acta Cryst. 3, 210-214.

HuBER, P. J. (1961). Helv. Chim. Acta, 44, 2032.

Jacos, E. J., THoMpPsON, H. B. & BArTELL, L. S. (1967).
J. Chem. Phys. 47, 3736-3753.

JoHnsoN, C. K. (1965). ORTEP. Report ORNL 3794, Oak
Ridge National Laboratory, Oak Ridge, Tennessee.

KARLE, I. L., DRAGONETTE, K. S. & BRENNER, S. A. (1965).
Acta Cryst. 19, 713-716.

KARLE, I. L. & KARLE, J. (1968). Acta Cryst. B24, 81-91.

KITAIGORODSKII, A. 1. (1966). J. Chim. Phys. 63, 9-16.

KLYNE, W. & PRreLog, V. (1960). Experientia, 16, 521-
523.

MEESTER, M. A. M., ScHENK, H. & MAcGILLAVRY, C. H.
(1971). Acta Cryst. B27, 630-634.

PAULING, L. (1960). The Nature of the Chemical Bond.
Ithaca: Cornell Univ. Press.

PAWLEY, G. S. (1967). Phys. Stat. Sol. 20, 347-360.

Rapowm, L., LATHAN, W. A., HEHRE, W. J. & PoPLE, J. A.
(1971). J. Amer. Chem. Soc. 93, 5339-5342.

SCHOMAKER, V. & TrRUEBLOOD, K. N. (1968). Acta Cryst.
B24, 63-76.

SCHOMAKER, V., WASER, J., MARSH, R. E. & BERGMAN, G.
(1959). Acta Cryst. 12, 600-604.

STEWART, R. F., DAavVIDSON, E. R. & Simpson, W. T. (1965).
J. Chem. Phys. 42, 3175-3187.

Stout, G. H. & JeEnseN, L. H. (1968). X-ray Structure
Determination. New York: Macmillan.

VoGEL, E. (1969). Pure Appl. Chem. 20, 237-262.

WaLsH, A. D. (1947). Discuss. Faraday Soc. 2, 18-25.



