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The Structure of 3,4,5-Trichlorotetracyclo[4.4.0.0%°.048]decan-2-one,
a Novel Cage Molecule

By D. SCHWARZENBACH
The Crystallography Laboratory, University of Pittsburgh, Pittsburgh, Pa. 15213, U.S.A.

(Received 3 February 1967)

The crystal structure of the novel cage molecule, 3,4,5-trichlorotetracyclo[4.4.0.03:9.04-8]decan-2-one,
C10HsCl30, has been determined from automatic diffractometer data. The structure was refined by
anisotropic least squares to a final R value of 7-3 % for 1168 observed reflections. The space group
is P2;/c with Z=4 and cell dimensions a=7-562, b=13-183, ¢=10-233 A, p=94-40°. All hydrogen
atoms were found and their positions refined. The almost spherical molecules are arranged in hex-
agonal close-packing, with the pseudo-hexagonal layers parallel to (001). The thermal parameters were
analyzed for rigid body motion and gave nearly isotropic translational and rotational tensors, corre-
sponding to r.m.s, amplitudes of 0-2 A and 3-4°, respectively.

Introduction

A novel cage system with the chemical composition
C,0H,Cl;0 was recently reported by Stedman, Miller &
Hoover (1966), who concluded from the method of
synthesis and spectral data that the new compound was
most likely the 3,4,5-trichlorotetracyclo[4-4-0-03-9-04-8]-
decan-2-one shown in Fig. 1. The conformation of the
C-Cl bond on C(5) was not known. The crystal struc-
ture was determined in order to verify the configuration
of the cage, to clarify the stereochemistry at C(5), and
to obtain detailed information about the geometry of
the molecule.

Crystal data

The crystals were grown by Mrs L.S.Miller of the
Smith Kline and French Laboratories in a form sui-
table for the structure determination. The space group
was determined by means of precession photographs

with Mo Ku radiation. The lattice constants were meas-
ured on a Picker automated single-crystal diffractom-
eter, with Cu Ko radiation, and refined- by least
squares. The density was measured by the flotation
method.

3,4,5-Trichlorotetracyclo[4-4-0-035-0¢-8]decan-2-one,
C10H9Cl30, M.W. 251-54 .

Monoclinic, space group P2,/c, from systematic ab-
sences: h0l absent for /=2n+1, 0kO absent for k=
2n+1.

Z=4

a=7-562 (6=0-002), 5=13-183 (6 =0-004), c=10-233
(6=0-003) A .

L=94-40 (¢=0-03)°.

Dy=1-683 (6=0-007) g.cm™—3

D;=1-643 g.cm—3

ﬂcu Ka=77.89 Cm‘l .
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Fig.1. View of the molecule, and identification of the atoms,
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Since the space group is centrosymmetric and the
molecule non-centrosymmetric, the crystal structure
must be racemic.

Experimental

The intensity data were measured on a Picker four-
circle automated single-crystal diffractometer with Cu
Ko radiation., The crystal showed the morphological
forms {110} and {O11}. Its dimensions, which were
measured on an optical goniometer with a ruled grat-
ing, were between 0-11 and 0-22 mm. The crystal faces
were analytically described in a Cartesian coordinate
system with x||a*, y||b, z||c, by the following equations:

{110}: Sy 0-867x+ Sk 0-498y=0-098 mm
{011}: S; 0-057x + Sk 0-613y +5; 0-7882 =0-056 mm.
Sp=sign (h) Sg=sign (k) S;=sign (/).

The coefficients of x,y,z (i.e. the direction cosines of
the face normal) were calculated with the use of the
measured lattice constants.

The intensities were measured up to sin §/4=0-588
A-1, (6=65°), using the diffractometer in the 6-26
scanning mode. The scanning range was 1° in 8, with
a speed of 1° per minute. The background was meas-
ured by a stationary count for 20 seconds on either
side of the peak. Most of the high-order reflections
were weak, since the intensities decreased rapidly with
0. These weak intensities were remeasured with a scan-
ning speed of 1° per minute and the background was
measured for 40 seconds. Nevertheless, an appreciable
proportion of the intensities were unobserved. All the
accessible symmetry related reflections skl and hkl were
measured and the mean value was used to calculate
the structure amplitudes. The intensities were corrected
for absorption using a general absorption program for
an IBM 1620 computer (Craven, 1963). There was no
indication that extinction corrections were required.
Of the 1691 independent reflections accessible on the
diffractometer with Cu Ko radiation, 1168 were ob-
served above the background.

Determination of the structure

The structure amplitudes (uncorrected for absorption)
were converted to normalized |Epgi| values and used
in the IBM 1620 sign correlation procedure developed
by Beurskens (1963). This led to two different sets of
signs for 360 structure factors, one of which was
strongly favored by the probability criterion of Coch-
ran & Woolfson (1955). The three-dimensional E map
calculated with this set showed one very high peak,
which was also an obvious solution of the Patterson
E2—1 synthesis, but no peaks in the Patterson map
corresponding to other weaker peaks in the E map
could be identified. The E map calculated with the less
probable set of signs, however, showed three strong
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peaks that were identified as the positions of the chior-
ine atoms and explained nearly all features of the Pat-
terson synthesis.

A Fourier synthesis (Shiono, 1965) with signs deter-
mined by these chlorine positions revealed all the car-
bons and the oxygen, and a subsequent structure factor
calculation gave an R value of 0-35 for all observed
reflections. The refinement was then carried out by
least squares (Busing, Martin & Levy, 1962), using
weights w=1/a2 with (| F|) = 4| Fmin| +0-05|F|, | Fmin| =
50 (Table 4). After two cycles of isotropic and two
cycles of anisotropic refinement, the R value was 0-09.
A difference Fourier synthesis showed several strong
peaks, but did not reveal the hydrogen atoms unam-
bigously. The structure factors were therefore corrected
for absorption as described above. The square roots
of the calculated transmission factors lay between 1-93
and 1-40. An anisotropic least-squares refinement with
these corrected data gave no change in the R value
and variations in the atomic positions of the order of o.
However, the difference map now showed nine stron-
gest peaks which could be identified as the hydrogen
atoms.

Two more least-squares cycles, refining the posi-
tional and anisotropic thermal parameters of chlorine,
carbon, and oxygen, and the positional parameters of
hydrogen reduced the R value to 0-073. The thermal
parameters of the hydrogens were assumed to be the
same as those of the carbon atoms to which they were
attached and they were not varied. The positional par-
ameters of the hydrogens did not change more than
0-5¢ in the second cycle. The atomic positional and
thermal parameters are given in Tables 1, 2 and 3, the
observed and calculated structure factors in Table 4.

Table 1. Fractional atomic coordinates

The estimated standard deviations given in parentheses refer
to the last decimal position.

x y z
(1) 0-4782 (7) 0-1209 (4) 0-3231 (6)
C(2) 0-4485 (7) 0-0064 (4) 0-3136 (5)
Cc(3) 03043 (7)  —0-0032 (3) 0-2015 (5)
C(4) 0-1323 (6) 0-0497 (4) 0-2397 (5)
Cc(5) 0-1670 (7) 0-0895 (4) 0-3819 (5)
C(6) 0-3010 (7) 0-1723 (4) 0-3601 (5)
(7 0-2127 (8) 0-2293 (4) 0-2423 (6)
C(8) 0-1687 (8) 0-1408 (4) 0-1492 (5)
C(9) 0-3408 (7) 0-0885 (4) 0-1091 (6)
C(10) 0-5078 (8) 0-1393 (5) 01771 (6)
o) 0-5260 (5) —0-0608 (3) 0-3715 (4)
Cl(3) 0-2887 (2) —0-1260 (1) 0-1356 (2)
Cl(4) —0-0664 (2) —0-0172 (1) 0-2068 (2)
Cl(5) —0-0291 (2) 0-1406 (1) 0-4453 (2)
H(1) 0-583 (8) 0-132 (5) 0-390 (6)
H(5) 0-214 (8) 0-038 (5) 0-454 (6)
H(6) 0-326 (8) 0-212 (5) 0-440 (6)
H(7-1) 0-112 (9) 0-272 (5) 0-273 (6)
H(7-2) 0-310 (9) 0277 (5) 0-210 (6)
H®) 0-081 (9) 0-156 (5) 0077 (7)
H(9) 0-355 (8) 0-069 (5) 0-011 (7)
H(10-1) 0-630 (9) 0-108 (5) 0-151 (7)
H(10-2) 0-539 (9) 0-215 (6) 0-154 (7)
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Table 2. Anisotropic thermal parameters
The temperature factor expression used was B= Z PBiihih;.

1
The estimated standard deviations given in parentheses refer to the last decimal position.

Bu B2z B33
Q) 0-0145 (10) 0-0055 (4) 0-0107 (6)
Q) 0-0173 (10) 0-0056 (4) 0-0087 (6)
C(3) 0-0188 (10) 0-0033 (3) 0-0094 (6)
C4) 0-0132 (9) 0-0040 (3) 0-0105 (6)
C(5) 0-0157 (10) 0-0047 (3) 0-0084 (5)
C(6) 0-0147 (9) 0-0049 (3) 0-0104 (6)
C() 0-0201 (12) 0-0042 (3) 0-0119 (7)
C(®) 0-0204 (12) 0-0050 (3) 0-0095 (6)
C(9) 0-0203 (12) 0-0054 (4) 0-0093 (6)
C(10) 0-0181 (11) 0-0068 (4) 0-0109 (7)
o 0-0228 (9) 0-0065 (3) 0-0117 (5)
Cl3) 0-0314 (4) 0-0043 (1) 0-0125 (2)
Cl(4) 00162 (3) 00057 (1) 00160 (2)
Ci(5) 00171 (3) 00058 (1) 00151 (2)
Table 3. R.m.s. displacements U
along principal axes of thermal ellipsoids
U, U, Us;
c(1) 0-1952 A 02190 A 02489 A
C(2) 0-1895 0-2167 0-2532
C(3) 0-1645 0-2081 0-2522
C4 0-1778 0-1907 0-2482
C(5) 0-1865 0-2080 0-2303
C(6) 0-1887 0-2145 0-2430
(e(@)] 0-1904 0-2400 0-2524
C(8) 0-2058 0-2196 0-2516
C(9) 0-2081 0-2219 0-2487
C(10) 0-2156 0-2391 0-2544
(o] 0-1807 0-2548 0-2987
CI(3) 0-1812 0-2580 0-3105
Ci4) 0-1810 0-2400 0-3064
Ci(5) 0-2022 0-2344 0-2876

Description of the structure

The configuration of the molecule (Fig.1) is as pro-
posed by Stedman ez al. (1966). It has a ten-carbon
cage structure containing one four-membered, two five-
membered and two six-membered saturated rings. The
C(5)-CI(5) bond points away from the carbonyl group,
in the conformation of least steric repulsion with re-
spect to the substituents of the C(1)-C(2)-C(3)-C(4)-
C(5)-C(6) ring.

The cyclobutane ring C(3)-C(4)-C(8)-C(9) is a
planar square within the limits of accuracy. The devia-
tions of the angles from 90° are equal to o, and the
distances of the atoms from the least-squares plane are
less than 0-003 A. The cyclopentane rings C(1)-C(2)-
C(3)-C(9)-C(10) and C@@)-C(5)-C(6)-C(7)-C(8) are
puckered with internal angles varying between 97 and
106°. The angles tend to be greater in the latter ring
than in the former, possibly owing to the repulsion of
CI(5) and H(7—1). The two cyclohexane rings are in
boat form with internal angles close to tetrahedral (108
to 111°), except for those at the atoms C(2) and C(5),
C(7) and C(10), which are close to 100°. The angles
of the C(1)-C(6)-C(7)-C(8)-C(9)-C(10) ring are all
greater than those of the C(1)-C(2)-C(3)-C(4)-C(5)-
C(6) ring, owing to the repulsion of H(7—2) and

B2 b1z Ba3
—0-0004 (5) —0-0013 (6) 0-0003 (4)
0-0020 (5) —0-0016 (6) —0-0001 (4)
0-0010 (3) —0-0013 (6) —0-0008 (3)
—0-0006 (4 —0-0008 (6) 0-0012 (3)
0-0016 (4) 0-0003 (6) —0-:0004 (3)
—0-0007 (5) —0-0005 (6) —0-0010 (3)
0-0008 (5) 0-0006 (7) 0-0000 (4)
0-0005 (5) —0-0007 (7) 0-0003 (4)
0:0011 (5) 0:0018 (7) 00007 (4)
0-0002 (6) 0-0029 (7) 0-:0006 (4)
00046 (4) —0:0027 (5) 0-0007 (3)
0-0015 (1) —0-0007 (2) —0-0018 (1)
—0-0026 (1) —0-0034 (2) 0-0000 (1)
00010 (1) 00042 (2) —0:0005 (1)

H(10—2). The carbonyl group is planar within the
limits of accuracy, and the sum of bond angles around
C(2) is 359-9°.

The C-C bond lengths vary between 1-517 and
1:574 A, i.e. over a range of about 70, with a mean
value of 1-545 A. There are some systematic differences
which lie in the probably significant range from 2 to
40, and might arise from the angular distortions neces-
sary to form the cage. The bonds in the cyclobutane
ring are all longer than the mean value and one of
them, C(3)-C(9), is longer by about 4¢. The longest
bond observed, C(1)-C(6), at 1:574 A, is that which
is opposite to the cyclobutane ring. Together with two
sides of that ring, it links the two cyclopentane rings
to form the cage. The bonds C(3)-C(4) and C(4)-C(5)
are both longer than the mean at 1-552 and 1-550 A
and both have adjacent C-Cl bonds at both ends. The
other seven C-C bonds are either equal to or less than
the mean value. No systematic correlation could be
found between these variations in distances and the
angular distortions from 109°28’. The C-O bond has
a normal value. Of the three C-Cl bonds, C(5)-CI(5)
is 0:04 A longer than the other two, for which the
only distinction is that it involves one of the carbon
atoms with a hydrogen atom attached.

The molecules are hexagonal close-packed as shown
in Fig.2, with the layers parallel to the plane (001).
The ideal hexagonal close packing of spheres (space
group P 6;/mmc) can be described in P2,/c, a subgroup
of P6;/mmc, by the coordinates 1, {5, 4. The axial ratio
of the monoclinic cell with f=90° is then a:b:c=
0-5774:1:0-9428. The coordinates of the center of grav-
ity of the molecule in this structure are 0-22, 0-05, 0-26
and the axial ratio is 0-5734:1:0-7762. The molecules
therefore pack as oblate ellipsoids rather than spheres.

Analysis of thermal motion

The structure appears to be well suited to an analysis
of the thermal motion assuming rigid body motion of
the molecules about their center of gravity (Cruick-
shank, 1956). The tensor T for the translational motion
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Table 4. Observed and calculated structure factors
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Table 4 (cont.)
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of the mass center and the tensor o for the rotational thus assuming that the molecules can be regarded as
motion were determined by least squares from the ob- independent rigid bodies (Coulter, Ganztel & True-
served anisotropic temperature factors given in Table 2, blood, 1962). T and o, obtained by assuming the same

Fig. 2. Hexagonal close-packing of the molecules. The structure is viewed along c¢*. The molecules at the corners and in the center
of the hexagon lie in the same plane, the ones at the corners of the triangle in a different plane below. The sequence of these

two planes is repeated by translation along c.

A C24B -6*
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weights for all f;;, are given in Table 7, relative to a
Cartesian coordinate system with x||a, y||b, z||c*, to-
gether with their e.s.d.’s determined by the least-
squares procedure. The atomic vibration parameters
Uy (A?) calculated from T and o are given relative
to the same coordinate system in Table 8, together with
the observed values. The mean square atomic vibration
amplitude #2 in a direction given by the direction
cosines /; is u2= X% Uyl;l;. The r.m.s. difference between
(Uij)obs and (Uiy)eare is 00061 A2, the standard devia-
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tion of the (Uy)ons estimated from the fit with the
(Uij)eare therefore 0-0066 A2, The average e.s.d. of the
(Uis)ovs derived from the e.s.d.’s of the Bi; is 0-003 A2
for C and O, 0-001 A2 for Cl. Inspection of Table 8
therefore shows that there is a very significant difference
between the (Us)ons and (Usj)eare Which is greatest for
the Cl atoms.

The tensor components obtained by weighting the
Bi; according to their e.s.d.’s (Stewart, 1966) differ from
the ones in Table 7 by amounts up to 3¢. The differ-

Table 5. Bond lengths

The estimated standard deviations given in parentheses refer to the last decimal position.

i j Di;
CcQ) C(2) 1-528 (D A
Cc) C(6) 1-574 (8)
C() C(10) 1-547 (9)
C(2) C(3) 1:526 ()
C(3) C4 1-:552 (1)
C(3) C(9) 1-572 (7)
C4) C(5) 1-550 (7)
C@) C(8) 1-554 (7)
C(5) C(6) 1:517 (8)
C(6) C(7) 1-530 (8)
Cc C(8) 1-527 (8)
C(8) C9) 1-555 (8)
C(9) C10) 1-547 (8)
C(2) (o] 1:194 (6)
c3) @) 1754 (4)
C4 Cl4) 1-753 (5)
C(5) Cl(5) 1:795 (6)

i J Dy
cQ) H() 102 (6) A
(5 H(5) 1:05 (6)
C(6) H(6) 0-98 (6)
(N H(7-1) 1-02 (7)
() H(7-2) 1-04 (7)
C(8) H(8) 0-98 (7)
C(9) H(9) 1:05 (7)
C(10) H(10-1) 1-07 (7)
C(10) H(10-2) 1-06 (8)

Table 6. Bond angles

The estimated standard deviations given in parentheses refer to the last decimal position.

i J k Angle (ijk)
C(2 C1) C®) 1085 (4)°
C(2) C(1) cQo 97-2 (4)
C(6) C1) C10) 1107 (5)
C(1) C2) C3) 102:9 (4)
c(?) C(3) C@) 109-8 (4)
C(2) C(3) C©) 1039 (4)
C4 C@3) C©H 897 (4)
C(3) C@ C(5 1077 (4)
C3) C@) C(»8) 90-4 (4)
C() C@ C(8 105-8 (4)
C4) C(5) C(6) 99-9 (4)
c1) C@) C(5) 108-5 (5)
c(l) C CO 110-5 (4)
C(5) <) C() 1023 (4)
C6) C(M C® 100-2 (4)
C4) C@B) C() 105-0 (4)
C4) C(® C©9) 90-3 (4)
c( C@B) CO) 1109 (5)
C3) C(H C®) 89-6 (4)
C(3) CH CU1o 1037 (4)
Cc(®) C(9) C(10) 1111 (5)
c(l) C(10) C(9) 1011 (5)
1) C2) O 1296 (5)
C3 C(2 O 127-4 (5)
C(2) C(3) ClI(3) 1129 (9
C4) C@3) CI(3) 1186 (3)
C9) C@B) CI3) 1192 (4)
C() C@ Ci4d) 115-5 (4)
C3) C4) Cl@) 1166 (4)
C(8) C@4) CI4) 117-5 (4)
C@ C(O6) Cus 112:4 (4)
c6) C(5) CI5) 1112 (4)

i j k Angle (ijk)
c2) CcQ) HQ) 107 (4)°
c(6) CQ) H() 114 (4)
c(10)  C@1) H(1) 118 (4)
C4) C(5) H(®5) 118 (4)
C(6) C(5) H(5) 112 (4)
Cl5) C(5) H() 104 (4)
ca)y  C(6) H(6) 109 (4)
C(5) C(6) H(6) 111 (4)
C() C(6) H(6) 111 (4)
C(6) C(7) H(@-1) 109 (4)
C(8) C(7)y H(@A-1D 119 (4)
C(6) C(7) H(T-2) 106 (4)
C(8) C(7) H(A-2) 113 (4)
H(7-1) C(7) H(1-2) 109 (5)
C@4) C(8) H(®) 118 (4)
C) C(8) H() 115 (4)
C) C(@8) H(®) 115 4)
C(3) C(9 H©) 115 (4)
C(8) C(9) H(O) 121 (4)
C(10) C(9) H() 113 (4)
C) C(10) H(10-1) 112 (4)
C(9)  C(10) H(10-1) 114 (4)
C(1)  CQ0) H(10-2) 115 (4)
C© C(10) H(10-2) 120 (4)
H(10-1) C(10) H(10-2) 96 (5)
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ences of the (Uy)obs and (Us)cale remain about the
same. They could be due to systematic errors in the
Biy or, contrary to expectation, the rigid body model
is not applicable. Since a large part of the high order
intensities were unobserved, the fi; might well be bi-
ased, in which case the weighting is not meaningful.
However, the results might give some qualitative in-
formation about the thermal motion of the molecule,
in that the vibration tensors T and o are both nearly
isotropic, and the r.m.s. amplitudes of the translational
movement and of the rotation are about 0-2 A and
3-4°, respectively.

The atomic positions were corrected for this motion
(Cruickshank, 1961) and new bond lengths and angles
calculated. They differ from those given in Tables 5
and 6 and discussed above by less than 1.

Table 7. T and o tensors for rigid body motion

T and its estimated standard deviation is given in 10-2 A2,

245

APPENDIX

After this paper had been submitted for publication,
Dr K.N.Trueblood kindly analyzed the thermal par-
ameters for rigid body motion using a new program
by Schomaker & Trueblood (1966). Besides the tensors
T for translation and L for libration, the program cal-
culates an additional tensor S to account for correla-
tions between libration and translation (L is the same
as Cruickshank’s ®). The results obtained were sub-
stantially better than the ones mentioned above. The
e.s.d. of the (Uy)obs, derived from the differences 4Uy;
(Table 9) was found to be 0-0037 A2. Thus the rigid
body model now explains the observed temperature
parameters quite accurately.

Table 10. Results of the analysis of thermal motion
by K. N.Trueblood

Principal axes of translation tensor T (A) and libration tensor

o in (°)2.
L (°).
11 22 33 12 13 23 L . *
T 438 3.37 457 030 —0-67 0-06 Axes Direction cosines to a, b, ¢
e.s.d. (T) 0-21 0-23 027 018 019 020 T 0-223 —0-6126 —0:0300 0-7898
0} 10-2 126 134 -07 -—1-5 0-6 0:195 0-7323 0-3549 0-5811
e.s.d. (o) 26 22 1-9 1-6 1-5 1-5 0-182 —-0-2976 0-9346 —-0-1954

Table 8. Analysis of thermal parameters for rigid body motion. Observed and calculated Uy (in 1072 A2

Un Uz Uss Uy Uiz Uz
obs calc obs calc obs calc obs calc obs calc obs calc
C() 431 485 4-84 5-08 565 630 —-020 -0-41 —-095 —1-07 019 —-0-28
C(2) 514 463 496 470 460 573 1-00 0-74 —-097 -1-00 —0-09 0-13
C(3) 5-54 471 290 365 496 4-89 0-56 048 —-0-8 —0-50 —-0-57 -0:06
C4) 392 4-40 3-50 3-57 5-55 4-73 —0-39 0-30 —-074 —-0-72 0-85 0-05
C(5) 4-56 5-02 4-10 3-88 4-45 473 0-81 0-40 —-0-21 —-0-54 —-027 —-0-11
C(6) 4-31 574 428 3-85 548 5-51 -031 —-0-09 —-062 —0-78 —-066 —0-48
(7N 5-81 666 3-69 338 626 628 0-38 0-36 —-024 -0-41 0-01 0-21
C(8) 599 5-51 4-39  3-85 500 5-02 0-23 0-54 -066 —0-71 0-17 0-49
C(9) 579 544 473 443 492 5-08 0-51 015 033 —-0-01 0-45 0-30
C(10) 509 525 598 549 576 7-03 005 —-074 0-68 0-21 0-40 0-21
(o] 680 5-79 573 602 615 701 2:28 2-78 —-1-51 —1-54 0-51 0-58
CI(3) 919 7-14 3-79 398 6:60 634 0-84 078 —-0-78 —0-20 —122 -0-80
Cl(4) 496 481 504 541 843 10-23 —1-29 —-047 —-1-97 -1-08 003 —0-28
CI(5) 475 620 514 579 797 947 055 1-19 1-02 1-29 —-033 —050

Table 9. 4Ui;=(Usj)ovs — (Uis)cale, 0btained by K. N. Trueblood (in 10—2 A2)

C(1)
C(2)
C@3)
C4)
C(5)
C(6)
(7
C(8)
C(9)

C(10)

(0]

Cl(3)
Ci(4)
CI(5)

A Ull
0-11
0-27
0-12

—0-66
0-09
—-0-27
0-36
0-55
—-0-17
0-06
0-42
0-17
—0-65
-0-39

AUz
—0-24
0-23
—-0-79
0-04
0-37
0-53
0-36
0-49
0-08
0-32
—-0-28
—-0-35
—0-20
-0-53

0:13
—0-44
0-30
0-37
—0-58
0-25
—-0-04
-0-14
0-32
—0-44
—-0-04
0-07
0-01
0-23

4Uy;
—-0-19
—0-08
—0-06
-0-38
0-72
—-0-19
0-25
—-0-13
0-10
0-28
—0-02
—-0-16
—0-22
0-09

4Uy3
—0-33
—0-22
—-0-18
0-27
—0-03
—-0-22
0-09
0-39
0-50

0-12
—-0-30

0-10
—0-09

-010

AUsz;3
0-57
—-0-10
—0-41
0-71
—0-31
—-0-23
—-0-35
—0-37
0-21
0-23
0-04
—0-13
0-25
—0-12
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Table 10 (cont.)

L 4-00 0-4203 —0-8085 —0-4119
3-59 0-1769 0-5184 —0-8366
3:27 0-8900 0-2790 0-3606

Displacements of the libration axes from the origin (0,0,0) in
A, referred to the directions of the principal axes of L. Screw
pitches of the libration axes in A(°)~1.

Displacement along axis

Axis 1 2 3 Screw pitch
1 —1-55 2:86 0-0043
2 —1-60 2:95 —0-0098
3 -1-15 —1-63 0-0052

The standard deviations of the r.m.s. amplitudes are 0-003 A
for T and 0-25° for L.

Table 10 describes the results in terms of three trans-
lations and three screw librations about three non-
intersecting axes. Of the three screw pitches, only two
are independent. The ones listed are derived by setting
the trace of S equal to zero. T and L are not very dif-
ferent from the tensors listed in Table 7, and the screw
pitches are quite small. However, the three libration
axes do not intersect. The axes 2 and 3 are displaced
by 0-45 A parallel to axis 1.
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The Crystal Structure of Decammine-p-peroxo-dicobalt Pentanitrate*
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The structure of decammine-u-peroxo-dicobalt pentanitrate, (NH;3)sCoO,Co(NH3)s(NO3)s, has been
re-examined. The substance forms tetragonal crystals, a=11-96, c=8-08 A ; there are two formula units
in the cell. We have collected a completely new set of data and, working in space group P4;/mnm,
we have refined the structure to an R index of 0-054 for 361 non-zero reflections. Every atom in the
structure, except the cobalt atoms, appears to suffer some degree of disorder; for some of the nitrate
groups this disorder is so severe as to prevent a satisfactory description of them. However, the detailed
structure of the cation is clear: each cobalt atom is bonded to only one of the oxygen atoms of the
bridging —-O2— group, and the O-O axis is skewed to the Co-Co axis, just as was found in the salt
(NH3)sCo0,Co(NH3)sSO4(HSO4)3. The O-O distance and the planarity of the Co—-O-O-Co atoms
both indicate that the bridging group is a superoxide radical, rather than a peroxide ion.

Introduction

The crystal structure of decammine-u-peroxo-dicobalt
pentanitrate, (NH;);CoO,Co(NH;)s(NO;)s, was first

* Contribution no. 3482 from the Gates and Crellin Labora-
tories of Chemistry. This work was supported by Grant
GP-5768 from the National Science Foundation.

T Present address: Department of Chemistry, University of
California, Davis, California 95616.

investigated by Vannerberg & Brosset (1963; hereafter
VB). They derived a structure, based on the space
group P4,nm, in which the bridging peroxide group
was perpendicular to the Co-Co direction (I); this ar-
rangement had been proposed earlier on theoretical
grounds by VI€ek (1960). On the other hand, we have
found a skewed arrangement (II) for the cation
[(NH3)sCo0O,Co(NH;)s]5+ crystallized as the mono-
sulfate tris(bisulfate) salt (Schaefer & Marsh, 1966). We



