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link the atoms into ions are further coupled, weakly, to 
form infinitely extended multicenter bonds. This is an 
extension of the four-center patterns X-X-X.  • • X that 
occur in the isostructural cesium trihalides, CsI3 (Tas- 
man & Boswijk, 1955), CsIzBr (Carpenter, 1966), 
CsBr3 (Breneman & Willett, 1969) and CsIBrz (Davies 
& Nunn, 1969). Along a and e the ions are well sepa- 
rated. The oxygen and potassium atoms occupy holes 
between the dibromoiodide ions. 

Each oxygen atom has six neighboring bromine 
atoms. There are two bromine atoms in the same plane 
with the oxygen atom, one 3.77 ~ and one 3.89 A 
away. In addition, there are two sets of two bromine 
atoms related by a unit-cell translation in e, one set 
3.60 A. from the oxygen atom and one at 3.64 A.. The 
four shorter distances are presumably hydrogen bonds 
although they are 0.2-0.3 A longer than found in such 
hydrogen bonded systems as NaBr.2H20 (Haaf & 
Carpenter, 1964) or codeine hydrobromide dihydrate 
(Kartha, Ahmed & Barnes, 1962). This increased 
length may partly be due to the reduced effective nega- 
tive charge on the bromine atom compared with simple 
bromide ions (Elema, de Boer & Vos, 1963). Hydrogen 
bonding to these four bromine atoms requires a dis- 
order of the hydrogen atoms across the mirror plane, 
resulting in four 'half' hydrogen bonds, each somewhat 
longer than a whole hydrogen bond. As in KICIz. H20 
there is no hydrogen-bonded network among the water 
molecules, but apparently only weak hydrogen bonding 
between the bromine atoms and water molecules. Un- 
like the chlorine atoms in KICIz and KICIz. H20 
(Soled & Carpenter, 1973), the bromine atoms in 

KIBr2. H20 participate as the central atoms in a mul- 
ticenter bond. 
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Science Program at Brown University, funded by the 
National Science Foundation. 
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[Co(NHa)6]4CusCII7 crystallizes in the cubic space group Fd3, with a = 21.80 A. The structure was solved 
and refined by standard methods to an R of 0.148. Although the bond lengths and angles were 
chemically acceptable, the poor agreement suggested that the solution was only partially correct. 
Analysis of the intensities at this stage suggested that the crystal used was twinned and that a correction 
could be made for this. The structure was then refined to a final R of 0.086 with a value for the twin 
parameter (~) of 0.323. There was no significant change in the positional parameters after this procedure 
but the standard deviations decreased markedly. The method used for detecting the twinning is applic- 
able even when systematic absences or morphology give no indication that the crystal is twinned and it 
differentiates between twinned and disordered crystals. The structure contains [Co(NH3)6] 3+ octahedra 
[Co-N(av)= 1.96/~], isolated CI- ions, and [Cu5C116] ll- units. The latter contain linear Cu-CI-Cu 
bridges with Cu-CI bond lengths of 2.495, 2.323 and 2.278 .~, and have 23 symmetry. 

Introduction 

[Co(NH3)6]4CusClt7 is of interest because of the un- 
usual stoichiometry of the anion and also because of 

its very strong similarity to [Co(NHa)6]CuC15. The iso- 
morphous [Cr(NH3)6]CuCIs has been investigated by 
Raymond, Meek & Ibers (1968) and shown to contain 
[CuCI5] 3- trigonal bipyramids. These two compounds 

A C 29B - 16" 
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can form a continuous series of solid solutions con- 
taining different ratios of monovalent to divalent cop- 
per (Mori, 1960; Day, 1968). It is clearly of interest to 
know the structure of the two pure phases and for this 
reason the title compound was investigated. A de- 
scription of the structure has already appeared (Mur- 
ray-Rust, Day & Prout, 1966). 

Crystal data 

Crystals of [Co(NH3)6]4CusCIt7 were supplied by Dr P. 
Day. The orange crystals were well formed regular octa- 
hedra and showed no sign ofanisotropy under the polar- 
izing microscope. Rotation and Weissenberg photo- 
graphs taken with copper radiation [2(Cu Kcg)= 1.54051 
A] showed the cell dimension to be 21.80 (1) A, and that 
the diffraction pattern had systematic absences: hkl: 
h + k = 2 n + l ,  k + l = 2 n + l  and h + l = 2 n + l ;  hkO: 
h + k = 4 n +  1, 4n+2, 4n+3. The Weissenberg photo- 
graphs showed that the diffraction pattern had m3 
and very close to m3m symmetry. There appeared to be 
a few instances where the intensities of the reflexions 
hkl and khl were different but these could not be meas- 
ured accurately from the photographs. It was not, there- 
fore possible to differentiate between the space group 
Fd3 and Fd3m from photographic data. 

The density, determined by flotation, was 2.00gcm -3, 
which agrees with the calculated value of 1.99 g cm -3 
(on the basis of 8 formula units of [Co(NH3)6] 4Cu5C1~7 
per cell). The absorption coefficient for Cu K~ radiation 
is 192 cm -~ and for Mo Ke is 45 cm -~. For this reason 
molybdenum radiation was used for data collection. 

Experimental 

Data were collected from a regular octahedron of side 
0.35 mm mounted about a on a Hilger-Watts linear 
diffractometer. Levels Okl to 8kl were collected for one 
octant of reciprocal space. This ensured that many re- 
flexions were observed twice or thrice and a high pro- 
portion of the reflexions in the copper sphere were 
collected. Balanced Zr/Sr filters and an co scan of 1"5 ° 
were used. Reflexions for which the two background 
counts differed by more than 3 e.s.d.'s were remeasured 
or rejected. Correction for white radiation streaks was 
made from the counts with balanced filters. Reflexions 
with an intensity of less than 6 x (standard deviation 
of total count) were then discarded. Lorentz and po- 
larization corrections were applied but not absorption 
corrections since axial reflexions showed little variation 
in intensity when the crystal was rotated. Layer scale 
factors were calculated by comparing reflexions on 
different layers related by the triad axis. The discrep- 
ancy between the intensities of symmetry equivalent 
reflexions, defined as R=  ~[A(hkl) + (klh) + (lhk)]/~[ 
(hkl) was 0.098 {where i(hkl)=-}[I(hkl)+I(klh)+ 
I(lhk)] and A(hkl)= [[- I(hkl)l }. The intensity of the re- 
flexion hkl was then taken as FZ(hkl)=L unless IA[ 
was greater than 0.20 [, when the reflexion was rejected. 

This gave a set of 403 unique reflexions, of which 78 
were of the type hhl and 6 of the type hhh. 

To determine whether the Laue group was m3 or 
m3m, reflexions hkl and khl were compared. The dis- 
crepancy index 

R= 2 ~ [FZ(hkl) - FZ(khl)[/~[F2(hkl) + FZ(khl)] 

was found to be 0.36. This is much higher than the dis- 
crepancy between symmetry-related equivalents and is 
clearly beyond experimental error, which shows that in 
general F(hkl)¢F(khl)  and that the space group is 
Fd3. If, however, F(hkl) and F(khl) were completely 
unrelated, the discrepancy would be much nearer unity, 
which implies that the structure is close to Fd3m 
symmetry. 

Determination of the structure 

The structure must be close to that of [Co(NH3)6]CuC15 
as the cell dimensions, space groups and reflexion in- 
tensities are very similar. Moreover solid solutions are 
formed between these two compounds. 
[Co(NH3)6]CuCIs, has 32 formula units in a cubic cell, 
a=21.85 (I) A, in space group Fd3c (Murray-Rust, 
1963" Day, 1968). The isomorphous [Cr(NH3)6]CuCIs 
(Raymond, Meek & Ibers, 1968) has atoms in the 
following positions [Fd3c, origin at 3, hTternational 
Tables ,for X-ray Co'stallography ( 1959)]:* 

32Cu (b) -~,-I,-~ 
t32Cr (c) 0,0,0 

64C1 (e) 0.1904, 0.1904, 0.1904 
96C1 (g) ¼,0.0760,-0.760 

193N (17) 0.0711,0.0514, -0 .0303.  

Because of the close similarity of the structures it is 
likely that the Co(c), Cu(b), and N(h) atoms are in 
similar positions in the title compound, but places must 
be found for 8 more Cu atoms, and the 160 CI atoms 
must be replaced by 136. 

A sharpened Patterson function had a set of very 
strong peaks on points of a primitive sublattice with 
cell dimension a/4, which is consistent with Cu and Co 
atoms ill the same positionsas in [Co(NH3)6]CuCI 5. 
There were also prominent peaks related by a vector of 
a/8,a/8,a/8 which can be explained by placing the 8 
extra Cu atoms at position (a) in Fd3. qhe heavy atoms 
were therefore placed as follows [it should be noted that 
position (e) (x,x,x) does not require the coordinate to 
be exactly ¼]. 

16Co (c) 0,0,0 
16Co (d) ± _1_ 1 2 ,  2 ,2"  

32Cu (e) -~,~,~ 
8Cu (a) ~,~,~. 

A Fourier synthesis phased on these atomic posi- 
tions would have a very high degree of false symmetry. 

* All coordinates are given relative to an origin of symmetry 
in Fd3 and Fd3c. 
t Corresponds to Co in Co(NH3)6CuCls. 
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An indication of one of the chlorine positions could 
however be obtained from the Patterson function as 
there was a diffuse peak at about a~ 16, a~ 16, a~ 16. This 
can be interpreted as a CI atom forming a linear bridge 
between Cu(a) and Cu(e) in position (e) with a param- 
eter x=0.1875.  This corresponds closely to the CI 
atom at position (c) in Fd3c, although it is only 32-fold 
in Fd3, which leaves 104 CI atoms and 196 N atoms. 

At this stage it was hoped that Cu(a) and Cl(e) would 
be sufficient to break the false symmetry imparted by 
the other heavy atoms and a Fourier synthesis was 
calculated. The main additional features were peaks at 
0.28, 0.07, - 0 .08  and 0.28, -0 .08 ,  0.07, the first being 
twice the height of the second and of reasonable 
height for a chlorine atom. The positions of the two 
peaks are related by a mirror plane along (110) and as 
the atoms used for phasing the synthesis were all 
related by this mirror symmetry it was assumed that 
the smaller peak was a 'ghost '  of  the first produced by 
some incorrect phases. (It is more probable in fact that 
the ghost peak was produced as a result of the twinning 
of the crystal.) A chlorine atom was thus put in the 
first position (96-fold) and another Fourier synthesis 
calculated. This had no significant electron density 
where the 'ghost '  had been but showed clearly the posi- 
tion of the nitrogen atoms [in two independent sets of 
96-fold positions (g)]. All atoms had now been intro- 
duced into the structure except for 8 chlorine atoms. 
An 8-fold position (b) is available at 3 3 3 and there is g,g,g 
a large 'hole' in the structure here as there are no other 
atoms within 4 A,. However the electron density at this 
point, although positive, was not large and it was con- 
cluded that the chlorine ion (ionic radius of 1.81 A) 
was vibrating with a large amplitude in this hole. It 
was included with a high temperature factoi (B~so = 8 A z 
and its occupancy was varied. The structure was refined 
by full-matrix least-squares calculations with isotropic 
temperature factors until convergence was obtained 
with R at 0.146. The parameters obtained by this pro- 
cess are listed in Table I. The structure is chemically 
acceptable with satisfactory bond lengths and angles, 

Table 1. Final parameters of original model ( A) 
with estimated standard deviations 

Estimated standard deviations are given in parenthe;es, except 
for atoms in special positions. 

x y z Blso (A 2) 
Co(l) o o o 0.83 (16) 
Co(2) ½ ½ ½ 1.08 (1"/) 
Cu(l) 0.2509 (3) 0.2509 (3) 0.2509 (3) 2.71 (26) 
Cu(2) ,~- -~ -8 t 1.34 (21) 
CI(I) ~- -~- ~ 8.00* 
CI(2) 0-1849 (4) 0-1849 (4) 0.1849 (4) 0.96 (16) 
C1(3) 0.2777 (5) 0-0713 (5) -0-0748 (5) 2.7 (22) 
N(I) 0.0621 (13) 0.0593 (13) -0.0306 (13) 1.19 (49) 
N(2) 0.5350 (16) 0.0811 (16) -0.0269 (16) 2.62 (65) 

* Blso for this atom was fixed and the occupation number 
refined to 0.60 (10). 

but the temperature factors of the atoms are in general 
rather low [except for Cl(b)]. 

Detection of twinning and structure refinement 

At this stage the structure might be considered as 
solved were it not for the high value of R. Diffractom- 
eter data should yield an R below 0.10 particularly 
after the collection of many symmetry-related reflexions 
which were only included if they agreed well. The 
structure is chemically acceptable and bond lengths and 
angles are reasonable (e.g. Co-N bonds are 1.98, 2.00 

and the angles in the octahedra are all 90 + 1°). A 
difference synthesis showed no obvious features. 

An analysis of the agreement between Fo and Fc was 
carried out. The Co atoms and Cu atoms contribute 
only to some of the reflexions owing to the high sym- 
metry of their positions and for this group of reflexions 
the conventional R* was 0.066. However for the other 
reflexions R was 0.22, suggesting that the positions of 
the CI and N atoms, particularly those lying off the 
(01 l) mirror plane, might be incorrect. An analysis was 
therefore made of the relationship between F(hkl) and 
F(khl). In the space group Fd3m these would neces- 
sarily be equal, but in Fd3 there is, in general, no 
relationship between them. For a random distribution 
of equal atoms in this space group the discrepancy in- 
dex R =  7_{t[IF(hkl)l- IF(khl)lll/17_[lF(hkl)l + IF(khl)l]} 
might be expected to be about 0.8. For the observed 
structure factors, R=0.138 whilst for the structure 
factors calculated from this model R=0.435.  This is 
shown graphically in Fig. l(a) and (b), which show 
scatter diagrams of ]F(hkl)l plotted against IF(khl)l. 
Reflexions to which the heavy atoms contribute will be 
large and have F(hkl) and F(khl) approximately equal 
as most of the scattering material will be related by 
Fd3m symmetry. However reflexions to which only 
light atoms contribute will be smaller and should show 
a; large scatter as most of these are not related by the 
mirror plane and F(hkl) is not related to F(khl). This 
is clearly true for Fc [Fig. l(b)] but not for Fo [Fig. l(a)] 
where F(hkl),,-F(khl) regardless of whether the heavy 
atoms contribute or not. This strongly suggests that the 
structure is in some way disordered about the plane 
(110) making it approximately closer to Fd3m symme- 
try than is suggested by the model so far proposed. 
There are two obvious w@s in which this could arise: 
local disorder and twinning. 

A disordered arrangement of the atoms in individual cells 
Consider a certain proportion (2) of the unit cells 

with atoms in positions (x~yizi) and the rest (1 - 2 )  with 
the same atoms at (yzxizj). If these cells are totally 
disordered the structure factor can be written 

Fa~s(hkl)=2[f(hkl, x~y~z~)]+(1-2) [F(hkl, y,x,z~)] . 
(la) 

* R={N, IFo-IFAI}/{NFo} with unobserved and rejected 
reflexions excluded. 
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For atoms obeying Fd3m symmetry x~ =y~, so that (la) 
can be rewritten: 

Fdis(hkl)=F(hkl, atoms in Fd3m arrangement) 
+2F(hkl, xty~zi)+(1-2)F(hkl, ytxiz~). ( lb) 

The parameter 2 thus represents an occupation factor 
for atoms not lying on the (110) mirror planes and will 
apply only to atoms in position (f) ,  in this case one C1 
and two N. This is a relatively low proportion of the 
scattering material and it is not impossible that a scatter 
diagram similar to (la) could result from it. Moreover 
the structure is chemically feasible as it corresponds to 
only small changes in the CuCI3 groups and the 
[Co(NH3)6] a+ octahedra. To test this hypothesis these 
atoms were put into structure factor calculations with 
positions as in Table 1 but with the occupation number 
2; complementary atoms were simultaneously intro- 
duced at y~x~z~ with occupancy (1 - 2 ) .  The parameter 
2 was then refined. Regardless of the initial value of 2 
(values between 0.55 and 0.8 were used) it quickly re- 
fined to about 1-0. Moreover the agreement between 
observed and calculated structure factors was always 
worse for this model than for the original solution. 
There appears, therefore, to be no evidence for this 
type of disorder. 

A crystal composed of two unequal twins 
The diffraction pattern is also compatible with that 

from a crystal composed of two unequal twins. Twin- 
ning is possible either by 90 ° rotation about a or by 
reflexion about the (110) plane, giving rise in either case 
to a diffraction pattern in which reflections hkl and khl 
are exactly superimposed. 

The procedure for determining the twin parameter 
is similar to that discussed by Britton (1972). In the 
seven examples given by Britton, however, twinning 
was known or suspected in six before the final structure 
had been determined. The means of detection were 

either morphological, optical or from systematic ab- 
sences which were inconsistent with any known space 
group. Only in the case of Na2SiF6 (Zalkin, Forrester 
& Templeton, 1964) was no evidence given for twinning 
apart from a consideration of the intensities of the ob- 
served diffraction maxima. Zalkin refined the structure 
for a variety of values of 0c, finally taking that which 
led to the best agreement between observed and cal- 
culated structure factors• This is a time-consuming pro- 
cess and unrewarding if the crystal does not turn out 
to be twinned after all. The use of scatter diagrams 
[Fig. la and (b)] is relatively quick and can be used as a 
routine check to determine whether or not the crystal 
is composed of two unequal twins, often before the 
start of structure analysis. 

Britton gives equation (2a) for the relationship be- 
tween the true intensities FZ(hkl) and FZ(khl) (,11 and 
,/2) and those observed from the twinned crystal (11 and 
12) where 0 < ~x < 0.50. 

Jz 12 - o~( I1 + Iz) 
-J~ = - /~ -  0~(Ix + 12) (2a) 

and if Jz< J~ so that Jz/J~ ~ O, then 

o r  
Iz=c~(I1 + 12) (2b) 

/2 ....... 0c (2c) 
11 1 - ~  

In the present study the structure factors F, rather than 
their squares, were used and (2c) can be rewritten 

F 2 _ (  ~ ) 1/2 
r , -  1 - ~  (2d) 

It follows that the ratio F2/F1 must lie between the 
limits [ e / ( l -u ) ]  1/2 and [(1-u)/~] 1/2. This is shown 
clearly in Fig. 1 where all the points lie within a sector 
formed by lines through the origin of slopes 1.50 and 
111.50. From this ~ is calculated to be 0.31. 
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Fig. 1. Diagrams of [F(hkl)] plotted against ]F(khl)]. (a) Observed structure amplitudes for [Co(NH3)614CusC117. (b) Calculated 

structure amplitudes for the same compound.  (c) Observed structure amplitudes corrected for twinning• The lines in (a) enclose 
all the observed reflexions and lead to a value of the twinning parameter. 
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Since what have been observed are/1 and/2 it is pos- 
sible to calculate the 'true' values of F2(hkl) and F2(khl) 
from (2a). These 'detwinned' values of FZ(hkl) and 
hence F(hkl) can be used in the normal refinement of 
the structure. This procedure was adopted and a set 
of 'detwinned' F'(hkl) was produced. [In a few cases 
negative or zero values of 3"1 and ,/2 were obtained. 
This is due to experimental error and the value of 
F(hkl) in these cases was set equal to half the observ- 
able minimum]. In several cases one reflexion of a pair 
F(hkl) and F(khl) had been rejected as being too in- 
accurate and the correction procedure could not there- 
fore be applied. The absolute values of ,/1 and J2 are 
highly dependent on the accuracy of /1  and 12 so that 
any inaccuracy in either F(hkl) or F(khl) results in a 
large error in F'(hkl). No modification needs to be 
made to reflexions of  the type F(hhl) and F(hhh). 
A scatter diagram of the corrected intensities has a 
very much more satisfactory distribution [Fig. l(c)], 
very similar to Fig. l(a). The parameters obtained at 
the end of the first refinement (Table 1) were used to 
calculate the structure factors and agreement was much 
better. After one cycle of least-squares refinement the 
isotropic temperature factors were much more satisfac- 
tory and R was 0.095. 

Refinement of the twinned structure 
At this stage c~ was varied slightly to find the value 

which gave the best agreement between Fo and Fc (the 
procedure adopted by Zalkin). This is shown in Table 
2 where a value of 0-323 gives marginally better agree- 
ment than the original 0.31. This new value was used 
to procedure the final set of  'detwinned' Fo which ap- 
pear in Table 3. Anisotropic temperature factors were 
then applied to all atoms and 4 cycles of least-squares 
refinement led to convergence at an R of 0.085. The 
weighting scheme was: w=  1, F < 9 0 ;  w =  1/[1 + ( F -  
90)2/225], F > 9 0 ,  and the quantity minimized was 
~w[Fo(hkl)-F~(hkl)] 2, the summation being over the 
reflexions given in Table 3. The method of refinement 
was based on the full-matrix procedure and the scatter- 
ing factors used were those tabulated by Ibers (1968), 
the atoms being assumed to be Co 3+, Cu + and Cl - .  
No correction was made for anomalous dispersion. 
The estimated standard deviations of the positional 
and thermal parameters were derived from the inverted 
normal matrix, and refinement was terminated when 
all shifts were less than one-third of the estimated devia- 
tions. The final positional and thermal parameters are 
given in Table 4. 

Table 2. Variation of R with c( 
Values computed at limit of isotropic refinement. 

~t R 

0.30 0"1000 
0.31 0.0951 
0.32 0.0927 
0.323 0.0926 
0"33 0"0935 
0"34 0.0968 

Discussion of twinning in space groups of high symmetry 

It seems clear that the model of a crystal containing 
two unequal twins is a satisfactory solution of the pres- 
ent problem. It is disturbing to realize however that 
there was no other indication of twinning (and the 
preliminary publication of the structure was made with 
no thought of this phenomenon!). This state of affairs 
seems very possible for a number of crystals in tetrag- 
onal, trigonal or cubic space groups. If ~=0 .50 ,  a 
fairly common occurrence, then there may be no means 
whatever of detecting twinning and the structure 
would be 'solved' in a space group of higher symmetry, 
possibly with 'disorder'. It is therefore interesting to 
compare the 'detwinning' structure (B) with the origi- 
nal one (A), where it might be thought that the poor 
agreement between Fo and Fc would have led to an in- 
correct structure. However comparison of the two 
structures (Table 5) shows that this is not the case. If 

Table 3. Observed (before and after correction) 
and calculated structure factors 

FO is the observed structure factor and FO' is its value after 
correction for twinning. FC is the structure factor calculated 
from the parameters in Table 4. Reflexions of the types hhh 
and hhl are not affected by the twinning and have been placed 
at the beginning of  the table. Reflexions hkl and khl are 
grouped together. 
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the positional parameters (p~) of these two models are 
compared, the quantity A(p~)=lp~A--P~BI can be cal- 
culated, with an estimated standard deviation [a(p~)] of 

[aZ(piA) + aZ(pia)] I/z 

where o(p~A) and a(p~A) are the standard deviations of 
the relevz.nt parameters derived from the inverse nor- 
mal matrix. The quantity 

t(p,) = A(p~)/a(p,) 

is a measure of the likelihood of A(p~) being insignifi- 
cant, for if t(p~) > 3.0 it is likely that A(p~) is significant. 
q-here are no values of A greater than 3-0 so that the 
parameters are not appreciably different. The quantity 

P 

~t  2 can also be used and this falls well below the value 
(27.7) which would show that the models were signifi- 
cantly different (International Tables for X-ray Co'stal- 
lography, 1959). 

Table 5. Comparison between positional parameters 
before and after correction for twinning 

The absolute difference (Ap) between parameters (x  104) is 
compared  with the estimated s tandard deviation (a) of this 
difference (× 104). The ratio between these (Ap/a) is t. Param- 
eters were compared  at the limit of isotropic refinement. 

Ap cr t t 2 

Cu(I)  (x) 6 3"3 1"8 3-2 
C1(2) (x) 4 4.5 0"9 0.8 
C1(3) (x) 5 5"6 0"9 0"8 
C1(3) (y) 4 5"6 0"7 0"5 
C1(3) (z) 2 5"6 0"3 0"1 
N(I)  (x) 25 14"8 1"7 2"8 
N(1) (y) 1 14-8 0.1 0.0 
N(1) (z) 16 14.8 1.1 1.2 
N(2) (x) 1 18"9 0"1 0-0 
N(3) (y) 35 18.9 1.9 3.5 
N(2) (z) 9 18"9 0-5 0"2 

Y. t 2= 13"1 2'2~ =27.2  
11 

,I _ ~ k.~ ll 

6 

\_o 
2 

Fig. 2. The structure of [Co(NH3)6]~CusCII7. One eighth of the 
unit cell is shown. [Co(NH3)6] 3+ ions are represented by 
octahedra,  copper a toms by filled circles and chlorine a toms 
by open circles, the largest of which is the chloride ion at 
~-,~,~. The octahedron at ¼,¼,½ has been omitted for clarity. 

The positional parameters of the atoms have thus 
been changed negligibly by the correction of Fo, and 
the main effect has been to reduce the e.s.d.'s by 40 %. 
The same effect was noticed by Zalkin who stated that 
no atom moved as much as 0.1 A as a result of this 
correction. This suggests that in these two cases, which 
have moderately large values for c~ (0.32 and 0-41), the 
structure can be satisfactorily solved before twinning 
is detected. Moreover it appears that it is unlikely that 
the effect will be misinterpreted, as disorder was not 
suggested by a difference synthesis. 

Discussion of the structure 

The structure (Fig. 2) consists of [Co(NH3)6]  3+, 
[CusCIx6] t l -  and isolated CI- ions. It is closely related 
to [Co(NH3)6]CuCI5 (Fig. 3), which can be described as 
a rock-salt lattice of alternate [Co(NH3)6]  3+ and trig- 

T a b l e  4. Final  p a r a m e t e r s  with e s t i m a t e d  s tandard  deviat ions  

The temperature factor is given by exp [ - 106(fl~th z +,822k 2 + fl33/2 + 2fl~2hk + 2fl~3hl+ 2f123kl)]. 

x y z ]~l~ 
Co(l  ) 0 0 0 516 (66) 
Co(2) ½ ½ ½ 989 (85) 
Cu(l )  0-2515 (2) 0.2515 (2) 0.2515 (2) 1708 (2) 
Cu(2) -~ ~ ~- 1312 (115) 
CI(I) ~ -~ ~- 3837 (?) 
CI(2) 0.1853 (2) 0.1853 (2) 0-1853 (2) 905 (98) 
C1(3) 0.2782 (3) 0-0709 (3) - 0 . 0750  (3) 1528 (126) 
N(I) 0.0637 (8) 0.0568 (7) -0 .0305  (7) 1381 (354) 
N(2) 0"5351 (10) 0"0776 (10) -0 .0278  (9) 1865 (528) 

* Required by symmetry to be zero. 

516 (66) 516 (66) * * * 
989 (85) 989 (85) * * * 

1708 (60) 1708 (60) 90 (65) 90 (65) 90 (65) 
1312 (115) 1312 (115) * * * 
3837 (I") 3837 ('~) * * * 

905 (98) 905 (98) - 4 2  (98) - 4 2  (98) - 4 2  (98) 
1122(111) 1026 (116) - 2 6  (105) 73 (106) 61 (105) 
1307(376) 636 (400) - 2 8 4 ( 3 4 1 )  - 1 5 7 ( 3 3 0 )  - 5 1 6 ( 3 2 3 )  
918 (554) 2829 (545) 152 (489) 609 (458) - 176 (474) 

t The temperatule  factor of this a tom was not refined and the occupancy was refined to 0"62 (4). 
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onal bipyramidal [CuCIs] 3- ions, both of which lie 
on triad axes. It might be expected that the corre- 
sponding copper(I) compound would contain a similar 
arrangement of [Co(NH3)6] 3+ ions and [CuCI4] 3- tetra- 
hedra and the present structure does indeed contain 
these units. In addition, however, it contains one extra 
Cu + ion for each four [CuCI4] 3- groups (and necessarily 
an extra C1- ion to maintain the stoichiometry). The 
extra Cu atom joins up the four CuC14 tetrahedra to 
form a [Cu5C1~6] i t -  ion and the extra chloride ion is 
located in a large hole in the lattice. 

The bond distances and angles are given in Table 6. 
The two independent [Co(NH3)6] 3+ ions are nearly per- 
fect octahedra and the Co-N distances are in excellent 
agreement with the value of 1-96 (2) A found by Barnet, 
Craven, Freeman, Kime & Ibers (1966). The hitherto 
unreported [CusCl~6] 11- ions can be thought of as five 
vertex-linked CuCI4 tetrahedra. The Cu-CI bond dis- 
tances and angles are not equal however and an alter- 
native description is that of four nearly planar [CuCI3] z 
ions coordinated to a central CuCI4 tetrahedron. This 
is suggested by the relatively long Cu(I)-CI(3) bond, 
and the small CI(2)-Cu(1)-CI(3) angle, which is mar- 
kedly less than tetrahedral. The [Cu5C116] 11- ion has 
23 symmetry and is rotated by about 20 ° from a com- 
pletely staggered (43m) conformation. 

A comparison of the structure with [Cr(NH3)6]CuCIs 
shows that most of the atoms are in nearly identical 
positions. The Co atoms are necessarily the same and 
the Cu(1) atoms are displaced by only 0.05 A. It is not 
strictly fair to compare the nitrogen positions as the 

o 

Fig.3. The structure of Co(NH3)CuCI5 on the same scale as 
Fig. 2. The atoms are represented by identical symbols, and 
the octahedron at ¼,¼,~ is omitted. 

Table 6. Distances and angles #7 the structure with 
estimated standard deviations 

Distances (A) 
Co(1)-Cu(1) 5"480 (6) 
Co(l)-Co(l)  7"707 (9) 
Cu(I)-CI(2) 2.495 (6) 
Ci(l)-C1(3) 2.323 (7) 
Cu(2)-C1(2) 2.278 (5) 
Co(I)-N(I) 1-953 (16) 
Co(2)-N(2) 1.972 (21) 
Cu(1 )-CI(1) 4"667 (6) 
CI(3) -CI(1) 4-888 (8) 

Angles (°) 
N(I)--Co(1)-N(I ')  90-3 (3) 
N(I)--Co(1)-N(I") 89.7 (3) 
N(2)--Co(2)-N(2') 92.9 (4) 
N(2)--Co(2)-N(2") 87.1 (4) 
Cu(1 )-Ci(2) -Cu(2) 18.0 (0) 
C1(2)-Cu(1)-CI(3) 98.7 (2) 
C1(3) -Cu(I)-CI(3) 117.7 (2) 

parameters for the chlorocuprate(ll) are for Cr rather 
than Co, but the positions differ by less than 0.3 A. 
The bridging chloride ion, C1(2), is within 0.2/~ of one 
of the axial Cl(c) atoms in the chlorocuprate(II) bi- 
pyramid but the other axial atom has no equivalent in 
the present structure. The equatorial Cl(g) atoms of the 
[CuC15] 3- ion correspond to the terminal C1(3) atoms 
in the present structure but here the difference in posi- 
tions is about 0.63 A. Atoms Cu(2) and CI(1) have no 
equivalent in the chlorocuprate(II). 

It might have been expected that the complex 
formed between [Co(NH3)6] a+, Cu + and CI- would 
have the formula [Co(NHa)6]CuCI4. It is somewhat sur- 
prising therefore to find the title compound formed in- 
stead and also that with its complex stoichiometry it is 
so similar to [Co(NH3),]CuCIs. These facts can be ex- 
plained if it is assumed that the effectively spherical 
[Co(NH3)6] 3+ ions are nearly but not quite in contact 
with each other in an almost close-packed lattice. This 
leads to an almost constant Co-Co distance regardless 
of anion size and hence to the very similar cell dimen- 
sions. If the cations are thought of as approximately 
spherical they will have a van der Waals radius of about 
3.7 A (the Co-N distance and half the intermolecular 
NH3-NHa distance). This leads to a Co-Co distance 
of 7.4 A, slightly less than the experimental value of 
7.71 A, suggesting that although the cations are not 
quite in contact, they are much larger than the anions. 

Confirmation of this is provided by the difference in 
cell dimensions between the cobalt and chromium 
chlorocuprate(II) complexes. The cell dimension of 
[Co(NHa)6]CuC15 is 21"85 (I) A (Murray-Rust,  1963) 
whereas the corresponding chromium complex has a = 
22.24 (1) A, corresponding to a difference in the cat ion- 
anion distance of 0.10 (1) A. The Co-N bond length is 
1.96 (2) A and the Cr-N bond length was found to be 
2.06 A, suggesting strongly that the cations are in con- 
tact with the anions. The [CuCI4] 3- ion would certainly 
be considerably smaller than the [CuCls] 3- ion and 
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this diminution in the size of anion would lead to a less 
stable structure as the cations would then be in contact 
with each other. In the present compound the empirical 
formula of the anion [Cux.25C14.25] leads to a greater 
effective volume for the anion which will be much 
nearer to the volume of the [CuC15] 3- ion. 

The structure shows clearly how twinning can occur 
since over 60 % of the scattering material (based on f 2) 
lies on the diagonal (110) plane (x=y)  conforming to 
the higher symmetry Fd3m. Two twin fragments related 
by reflexion across (110) differ only in the arrangement 
of the nitrogen atoms and the terminal C1(3) atoms, 
corresponding to rotations of the CuC13 groups and 
[Co(NH3)6] 3+ ions. These rotations are unlikely to have 
much effect on the rest of the structure so that this form 
of twinning is highly probable. 

The structure also gives insight into the possible 
formulae and structures of the solid solutions formed 
between [Co(NHa)6]CuCI5 and the title compound. A 
single crystal of an intermediate phase has been in- 

vestigated and it is hoped to publish the structure in a 
future paper. 
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The Crystal and Molecular Structure of the Diterpenoid Baccatin V, a Naturally 
Occurring Oxetan with a Taxane Skeleton 
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The structure of a new diterpenoid, baccatin V, C3~H38OH, isolated from Taxus baccata L., has been 
determined by X-ray diffraction techniques. The crystals are orthorhombic, space group P21212~ with 
cell dimensions a=25.75_+0.01, b=9-31 _+0.01, ¢= 12.34+0.02 A and Z=4. The structure was solved 
by application of the symbolic addition procedure for phase determination. The molecule has been 
shown to contain an oxetan ring and to be 5fl,20-epoxy-lfl,2a,4a,7a, lOfl,13a-hexahydroxytax-11-en-9-one 
4a,10fl-diacetate 2a-benzoate. The final R value is 9.14% for 2459 observed reflexions, refining posi- 
tional and anisotropic thermal parameters of non-hydrogen atoms and including 28 hydrogen positions, 
obtained from a AF synthesis, in the final structure-factor calculations. 

Introduction 

In recent structure investigations on a series of taxane 
derivatives, a new diterpenoid, baccatin V, C3~H380~, 
was isolated from Taxus baccata L. An insufficient 
amount of substance was available for detailed 
chemical studies, so an X-ray three-dimensional crys- 
tal-structure determination was carried out. The pres- 
ent paper reports on the structural characteristics of 
the compound. Details of its n.m.r, spectrum have been 
published elsewhere (Della Casa de Marcano, Halsall, 
Castellano & Hodder, 1970). 

Experimental 

Unit-cell dimensions were measured on oscillation and 
Weissenberg photographs and refined later on a Hilger 
and Watts linear diffractometer. Crystal data are as 
follows: a=25.75_+0.01, b=9.31+0.01,  c=12.34+ 
0.02 A; U=2958.3 A3; D,,= 1-308 g cm -3 (by flota- 
tion), De= 1.317 g cm-3; Z = 4 .  Systematic absences, 
h00 when h¢2n,  kO0 when k¢2n ,  and 100 when l~2n;  
space group P21212x. 

From a crystal mounted along the c axis 3364 reflex- 
ions of the layers zero to 12 were collected on a Hilger 


