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The Crystal Structure of 8,16-Oxido-cis|[2.2]metacyclophane-1,9-diene

By A.W.HaNsoN anD K. HumL*
Division of Pure Physics, National Research Council of Canada, Ottawa 1, Canada

(Received 2 December 1968)

A crystal structure analysis of 8,16-oxido-cis[2-2]Jmetacyclophane-1,9-diene has been carried out at

—160°C. The crystal is orthorhombic, Pbca, with a=1196, b=17-13, ¢=10-67

A, Z=8, formula

Ci16H100. The structure was determined by computer-programmed symbolic addition procedures, and
was refined by block-diagonal least-squares to a conventional R index of 0-069. Within the limits of
experimental error the molecule has mm symmetry. It is folded to a dihedral form so that the angle
between the six-membered rings is 123-6°. Strain is inferred from the nonplanarity of these rings. The
bond angle subtended by the oxygen atom is 99-7°, and the length of the double bond in the C~C bridge

is 1:359 A.

, - Introduction
8,16-Oxido-cis{2-2jmetacyclophane-1,9-diene (I) is one

of a series of derivatives of cis metacyclophane pre-

pared by Professor Boekelheide and his associates
(Hess, Bailey & Boekelheide, 1967). A strained con-
figuration has been observed for the related compound
1I (Mathew & Hanson, 1968). It was expected that the
substitution of double for single bonds in the C-C
bridges would result in a different degree of strain in
the molecule. The X-ray analysis of I was undertaken
in order to determine how this difference in strain is
distributed over the molecule.

Experimental

Crystal data at —160°C: orthorhombic;

a=11-96+0-01, b=17-13 £ 0-02, c=10-67+0-01 A
(A Cu Ka; =1-54051 A, A Cu Ka,=1-54433 A);
V'=2186 A3, formula C;H,,0, F.W.=2182;
Dp=1-30+0-01 g.cm—3 (at room temperature), Z=38
Dz=1-326 g.cm3, u=7-6 cm~! (Cu Ko).

* National Research Council of Canada postdoctorate fel-
low. Present address: Institute of Macromolecular Chemistry,
CSAYV, Prague, Czechoslovakia.

Space group Pbca (D33) from precession photographs.
Systematic absences Ok! for k odd, A0/ for / odd, hkO
for A odd.

The material supplied consisted of thin colourless
plates, normal to b, of irregular outline. No crystal of
particularly suitable shape could be found; that used
had the form of an equilateral triangle 0-3 mm to the
side, and was 0-06 mm thick. Decomposition was found
to occur over a period of several months, but no change
in the measured intensities was detected during the
three weeks of data collection.

The cell constants and relative intensities were meas-
ured with the General Electric XRD 5 spectrogoniom-
eter and goniostat equipped with a scintillation coun-
ter. Copper Ku« radiation was used, with a Kp filter and
a reverter (pulse height analyser). The 6-26 scan meth-
od was used, with precomputed settings and manual
operation. The specimen was maintained at the working
temperature of —160°C by immersion in a stream of
cold gaseous nitrogen surrounded by an envelope of
dry nitrogen at room temperature. Of the 2429 acces-
sible reflexions (those for which 20<165°) significant
counts were recorded for 1757. The range of observed
intensities was about 1 to 5000. Absorption corrections
were considered to be unnecessary and were not made.

Structure determination

The structure was determined entirely by the symbolic
addition procedures of Karle & Karle (1966) with the
revised programs of Ahmed & Hall (Ahmed, Hall,
Pippy & Huber, 1966). A Fourier synthesis of 282 E
values indicated unequivocally the positions of all the
non-hydrogen atoms in the structure. Refinement was
by block-diagonal least-squares, with the use of the
program of Ahmed (Ahmed etal., 1966), The quantity
minimized is Zw(|Fo| —|F¢|)?. The initial weighting
scheme was chosen arbitrarily, but that used in the
final stages was w=w,w,, where
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wy = 16/|F,| for |F,|=16
=(|F,l/16)1/2 for | F,| < 16

for sinf =0-55

for sinf < 0-55 .

wy=1
=1-82sind

This scheme was devised to remove strong dependence
of w(|F,|—|Fe|)? on |F,| and sin 6. The nominal mini-
mum value of |F,| is 4-0.

The scattering factor curves of Hanson, Herman,
Lea & Skillman (1964) were used throughout the anal-
ysis. Anisotropic thermal parameters were refined for
the carbon and oxygen atoms. Hydrogen atoms were
assumesd to lie in reasonable positions, and their par-
ameters were refined also, but with thermal motion as-
sumed to be isotropic. :

Refinement proceeded uneventfully, and appeared to
be complete when the R index (Z||Fo|—|Fel|/ZIFol,
for observed reflexions only) was 0-069. This was a
slightly disappointing figure, compared with those ob-
tained in similar analyses. Moreover, a three-dimen-
sional difference synthesis revealed some detail incon-
sistent with the proposed structure. The most striking
residual feature was what appeared to be a well-shaped
hydrogen atom (with coordinates x=0-0506, y=
0-3041, and z=0-3594) of peak height 0-7 ¢.A3, situated
1-5 A or more from any atom in the model. Such a
hydrogen atom makes no chemical sense whatever, and
cannot be accepted as part of the molecule. There are
other peaks and troughs in-the synthesis (within the
limits — 0-32 to 0-30 e.A3) many of which cannot be re-
conciled with expected features (such as ‘bonding elec-
trons’) of the structure. Clearly some systematic error
is present. This error could perhaps have occurred
during collection of the intensity data, although the

Fig.1. A portion of the structure, viewed along c¢. Molecules
nearest the observer are depicted in bold outline, with pro-
gressive weakening for those further away. The fraction of
the unit cell indicated is a by 4b.

STRUCTURE OF 8,16-OXIDO-cis[2:2]METACYCLOPHANE-1,9-DIENE

authors are unable to understand how. Alternatively
the error might be in the proposed model; the true
structure might, for example, be disordered, with a
small proportion of lattice sites occupied by a different
molecule (possibly a decomposition product) or by the
same molecule in another orientation. However, the
authors were unable to propose a more satisfactory
model, and the refinemsnt had to be terminated at this
point. In the final cycle no paramster shift exceeded
40% of the corresponding estimated standard devi-
ation. The final paramzters are given in Tables 1(a)
and 1(b).

Thermal motion

In the light of the circumstances described above, it is
clear that the thermal parameters of individual atoms
must be somewhat in error. It was nevertheless con-
sidered essential to determine whether the rigid-body
motion of the molecule was such as to cause appreciable
errors in the estimated bond lengths. An analysis was
therefore carried out by the method of Cruickshank
(1956) assuming arbitrarily that the centre of libration
coincides with the centroid of the (equally weighted)
non-hydrogen atoms. The results are reasonably con-
sistent with rigid-body motion: the root mean square
deviation between U, and U, is 0:0029 A2, compared
with the nominal estimated standard deviation of Us;
of 0-0015 A2. The greatest r.m.s. amplitude of libration
about any axis is 3:5°, and the resultant errors in bond
length are estimated to range from 0-002 to 0-003 A,
values considered too small to warrant any action.

Assessment of analysis

The agreement between observed and calculated struc-
ture factors (Table 2) leaves no doubt as to the essen-
tial correctness of the proposed structure. As we have

Table 1(b). Parameters and e.s.d.’s for hydrogen atoms

x Y z B

. (x10% ~ (x10%9  (x10% A2
H(1) —690 . 1290 2097 —03
30 20 33 06
H(2) 14 2436 2827 0-0
30 23 35 07
‘H®) 849 3042 4846 0-2
33 .22 37 0-7
H(5) 2276 2891 6467 1-2
37 26 40 0-8

H(6) 3313 1749 6693 11
36 26 43 09

H(9) 4139 435 5610 0-4
34 23 37 08

H(10) 3270 —704 5053 06
34 24 40 08

H(12) 1346 —1389 4666 07
34 24 40 0-8

H(13) —532 —1302 3735 -02
30 20 33 06

H(14) ~1173 —147 2940 03
32 22 36 07
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Table 2. Observed and calculated structure factors

An asterisk indicates an unobserved reflexion, for which the threshold value is given. All F values have been multiplied by 10.
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OF 8,16-OXIDO-cis[2-:2]METACYCLOPHANE-1,9-DIENE

Table 2¥(cont.)

seen, however, the residual electron density indicates
that the structure is not precisely correct, and that
some systematic error is present. The nominal e.s.d.’s
of the atomic parameters (giving a measure only of the
effects of random errors) are therefore inappropriate
and misleading. Fortunately it is possible, by com-
paring chemically equivalent bond lengths, to gain a
more realistic estimate of the accuracy achie-
ved. The nominal e.s.d. of C-C bond lengths
is 00046 A. However, there are in the molecule
four sets of four chemically equivalent C-C bonds each,
and the standard deviations of these sets range from
0-006 to 0-011 A, with 0-008 A as a mean value. It
seems reasonable to accept the last figure as a measure
of the accuracy of the analysis. At any rate, if this is
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done, none of the differences between chemically equi-
valent bonds (given in Table 3) is significant.

Discussion

The architecture of the crystal structure is illustrated
in Fig.1. The packing must be considered normal in
that there are no intermolecular distances less than the
accepted van der Waals values. Minimum distances
are C-C, 3-35; C-0, 3-40; C-H, 2:80; O-H, 2-58; H-H,
2:40 A.

The molecule has reasonably exact non-crystallo-
graphic mm symmetry. No atom lies more than 0-020 A
from the idealized position corresponding to such
symmetry, and as previously mentioned, chemically
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Table 3(a). Bond lengths
Revised e.s.d.=0-008 A.

Distance Mean
Bond A A

C(1)—C(2) 1352 ,
C(9)—C(10) 1:366 1:359
C()—C(3) 1-464
C(1)—C(9) 1-447 1459
C(10)-C(11) 1-468
C(15)-C(1) 1-457
C(3)—C(4) 1:395
C(6)—C(7) 1411 ,
C(11)-C(12) 1-402 1-403
C(14)-C(15) 1-403
C4)—C(5) 1-388
C(5)—C(6) 1-379 14385
C(12)-C(13) 1-401
C(13)-C(14) 1371
C(3)—C(8) 1-399
C(1)—C(8) 1-397 14396
C(11)-C(16) 1-390
C(15)-C(16) 1:399
C(8)—0(17) 1-384 14385
C(16)-0(17) 1-385

Mean C-H bond: 1-02 A. Range: 0-98 to 1-08; e.s.d. 0-04 A.

Table 3(b). Bond angles
Revised e.s.d.=0-4°,

Value Mean
Angle © ®)

C(15)-C(1)—C(2) 1256
C(1H—C(2)—C(3) 125-2 1253
C(T—C(9)—C(10) 125-3
C(9)—C(10)-C(11) 125-2
C(2)—C(3)—C(8) 119-2
C(8)—C(7)—C(9) 120-1 1195
C10)-C(11)-C(16) 119-5
C(16)-C(15)-C(1) 119-4
C(2)—C(3)—C@4) 124-5
C(6)—C(1)—C(9) 1247 124-4
C(10)-C(11)-C(12) 124-0
C(14)-C(15)-C(1) 124-5
C(8)—C(3)—C(4) 116-0
C(6)—C(1)—C(8) 114-9 1157
C(16)-C(11)-C(12) 116-0
C(14)-C(15)-C(16) 1159
C(3)—C(4)—C(5) 119-6
C(5)—C(6)—C(7) 120-2 119-8
C(11)-C(12)-C(13) 119-4
C(13)-C(14)-C(15) 1199
C(4)—C(5)—C(6) 1223 1223
C(12)-C(13)-C(14) 1223
C(3)—C(8)—C(7N) 124-8 124-8
C11)-C(16)-C(15) 1247
C(3)—C(8)—017) 117-6
C(1)—C(8)—017) 117-4 1175
C(11D)-C(16)-0(17) 117-8
C(15)-C(16)-0(17) 117-4
C(8)—0(17)-C(16) 99-7 99-7

Range of C-C-H angles: 114 to 123°.

equivalent bond lengths are (within somewhat relaxed
estimates of accuracy) equal. Bond lengths and angles
are given in Table 3, and the mean values in Fig.2.
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These are consistent with the assumed distribution of
bond types.

The tendency of the [2-2]metacyclophane group to
be planar is checked by the mutual repulsion of C(8)
and C(16). The relatively close approach of these atoms
(212 A) is, of course, mediated by the oxygen bridge
(which also prevents a trans rearrangement of the phe-
nyl groups). The dihedral shape of the molecule [Fig.
2(b)] is maintained by compression of the C-O-C lin-
kage, balanced by rension in the C-C bridges. The re-
sultant strain is distributed over the molecule as per-
turbations of the bond lengths and angles. It is, how-
ever, difficult to infer strain from the observed bond
lengths. The double bond in the C-C bridge is indeed
longer than the normal value of 1-337 A (International
Tables for X-ray Crystallography, 1962), but the differ-
ence is significant only at the 1% level.

Somewhat greater (and more obviously significant)
stretching has been observed for single bonds in meta-
cyclophane bridges. For example, a value of 1:573 A
is reported for trans-4,12-dimethyl[2.2]metacyclophane
(Hanson, 1962). However, the stretching force constant
for a double bond is about twice that for a single bond,
so that even the small observed increase of 0-022 A in
the bond under consideration is, if real, indicative of a
considerable force. There may well be some corres-
ponding compression of the C-O bonds, but this also
is difficult to demonstrate. Certainly the length of this
bond is less than the 1-430 A reported for II, but the
latter value was rather drastically corrected for severe
thermal motion, and is unreliable (Mathew & Hanson,
1968). The most obvious demonstration of strain is
found in the deviation from normal values of some of
the bond angles. For example, compression of the C-O
~C linkage may be inferred from the angle at O(17),
which is very much smaller than the presumably strain-
free value of 111-5° reported for dimethyl ether (Sutton,
1965). It is also somewhat less than the value of 101-4°
(with e.s.d. 0-4°) reported for II.

The phenyl rings are distorted to a boat shape as
indicated in Fig.2(). This distortion is consistent with
the principle that strain will be distributed as widely as
possible, and not concentrated in any specific linkage
of the molecule. The atoms 4, B, E and the symmetry
related atoms B’, E’ are fixed in a nonplanar arrange-
ment by the requirements of the oxygen-bridged ten-
membered ring, and it is therefore impossible for the
adjacent phenyl ring (4BCDC'B’) to be planar. If it
were, then E would be quite far from the plane, and
strain would be concentrated in the linkage BE. In fact
the plane containing the bonds BC and B'C’ (a conve-
nient reference plane for the phenyl ring) is so oriented
that 4 and F lie on opposite sides of it, distributing the
strain more widely.

The displacements of 4 and E from the reference
plane impose on B a rotation from its equilibrium
orientation in a planar ring. A part of this rotation
serves to twist the bond BC, but because of the resis-
tance of the bond to twisting, the remainder is trans-
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mitted to C. The rotation of C causes some twisting
of the bond CD and (together with the equal and oppo-
site rotation of C’)a displacement of D from the refer-
ence plane. The displacement is in the same direction
as that of A4, but is, of course, much smaller. The re-
sulting asymmetrical boat distortion of the phenyl
rings is characteristic of all the [2.2]metacyclophanes
studied so far. An analysis of torsion angles of the aro-
‘matic bonds indicates values for 4B, BC, and CD of
16, 5 and 5° respectively. (The torsion angle of a bond
is here assumed to be the angle between two planes,
each defined by the bond in question and by one of the
two adjacent bonds in the ring.) Thus it appears that
the strain imposed by the rotation of B isshared equally
by the bonds BC and CD, a result which seems reason-
able.

Some measures of the degree of boat distortion for
various [2-2Jmetacyclophanes are compared in Table 4.

If such distortion is interpreted as an indication of

overall molecular strain, then it is clear that the present
compound is much more highly strained than II, but
rather less so than 4,12-dimethyl-trans[2.2]Jmetacyclo-
phane (which by this criterion is the most highly strai-
ned of all the [2.2]metacyclophanes studied so far). One

more result of the extra strain is the relative flatness of

the whole molecule; the angle between the mean planes
of the phenyl rings is 123-6°, compared with 99-6° for
I

Table 4. Distortion of phenyl groups
in some [2-2)metacyclophanes

Distances of atoms 4, D, E from mean plane of atoms B, B’,
C, C’ (Fig.2). (Mean values are given.)

4A 4D AE A4D[4A4
Compound (A) A) A
1 0-161 0-049 —-0-291 0-30
2 0-095 0-018 —0-18 0-19
3 0-187 0-088 —0-435 0-47
4 0-178 0-080 —0-424 0-45
5 0-143 0-042 —0-41 0-29

. Present compound

. 8,16-Oxido-cis[2-2]metacyclophane (Mathew & Hanson,
1968)

3. 4,12-Dimethyl-zrans[2-2]metacyclophane (Hanson, 1962)

4. 4,12-Di(bromomethyl)zrans[2-2]metacyclophane (Mathew,
1968)

5. Di-m:xylylene[trans[2-2]metacyclophane] (Brown, 1953)

N =

The substituents in 3 and 4 are in the same positions as the
oxygen bridge in 1 and 2.

The authors are deeply grateful to Dr F.R. Ahmed
and Mrs M. E.Pippy for assistance with the computa-
tions, and to Professor V.Boekelheide for suggesting
the problem, and supplying the material.

STRUCTURE OF 8,16-OXIDO-cis[2:2]METACYCLOPHANE-1,9-DIENE
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Fig.2. Geometry of the idealized molecule, assuming mm
symmetry. (@) Plan view, showing bond lengths and most
bond angles. Mean e.s.d.’s are 0-008 A and 0-4°. (b) Eleva-
tion. Arrows indicate the deviations (in A) of certain atoms
from the plane containing AB and A’B’.
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