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As indicated previously,2 a structural analysis of Co11(AA)2 has been performed by X-ray crystal techiiiques. 
unit cell contains one centrosymmetric tetramer. 
tween cobalt atoms. 
bridging oxygen atoms. 
The bond lengths and angles found are those expected for such a structure. 

The triclinic 
Octahedral coordination is achieved by sharing of oxygen atoms be- 

The terminal cobalt atom is joined to the center pair by sharing a common octahedral face with three 
The central two cobalt atoms are joined by sharing an edge with only two bridging oxygen atoms. 

Introduction 
Since the original suggestion that bis(acety1aceton- 

ato)cobalt (11) was not tetrahedral but rather syuare- 
planar,3 several problems have remained to the present. 
The finding that Ni(AA)2 is trimeric4"lb and that the 
nickel atoms are octahedrally coordinated led t o  the 
suggestion that perhaps CO(AA)~ was also an octa- 
hedrally complexed polymer. The spectral measure- 
ments as well as magnetic data all led to this conclu- 
sions; however, it  was not possible to postulate the 
actual structure of the solid compound. I n  order to 
determine the structure, a single crystal X-ray analysis 
was undertaken. We report here the results of that  
determination. 

Experimental 
Preparation of Crystals.-Crystals of bis( acety1acetonato)- 

cobalt(I1) are quite difficult to produce in the laboratory. The 
compound is extremely soluble in nonpolar, noncoordinating 
solvents such as benzene and toluene; the hydrated forms are 
rather insoluble in these same solvents. This makes the crystal- 
lization of the anhydrous substance from solution a difficult task. 
In general, material deposited from solution is of several types: 
two crystalline modifications of Co(AA)2.2H20, [Co(AA)2. 
H20I2, the structure of which has been determined by single 
crystal X-ray methods,G [Co(AA)2]2-3.H401 which is currently 
under study, and [CO(AA)Z]I. The anhydrous compound can 
be obtained in crystalline form by extended heating in vacuo of 
the dihydrate according to  Cotton and Ho lms  However, the 
crystalline material thus obtained is unsuitable for single crystal 
X-ray work. Soderberg' suggests that the material may be sub- 
limed a t  120' under vacuum. Attempts were made in the course 
of a year to  grow single crystals by sublimation. The substance 
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sublimes readily to  give a material which, in general, appears 
crystalline. Appreciable decomposition accompanies the sub- 
limation process, and a light violet residue remains. The extent 
of decomposition seems to  increase with increasing tempera- 
ture, and therefore sublimations were run a t  approximately 100'. 

The crystals obtained by sublimation are exceedingly fragile 
and many were fractured as they were removed from the cold 
probe. Several of the crystals which appeared single when 
viewed through a microscope were mounted in capillaries and 
studied with the precession camera. After more than 50 crystals 
had been so examined, no single crystal was obtained; however, 
one crystal which was twinned, but not seriously cracked, was 
reserved. All of the next 15 crystals examined were fractured 
and twinned. Since in the course of the investigation all of the 
crystals had appeared twinned, we decided to  collect intensity 
data on the previously reserved crystal. 

Preliminary Investigation: Unit Cell and Space Group .-All 
cell constants and intensity data were obtained from this crystal. 
The similarity of the photographs of the numerous cracked 
crystals to the photographs used guarantees that the twinned 
crystal was of the form generally present. 

The unit cell is triclinic, which makes it difficult to align and 
more difficult to index the twinned lattices. The reduced primi- 
tive cell dimensions8 are a = 8.516 f 0.012, b = 10.243 i 0.017, 
c = 13.781 2C 0.020 A. ,  OL = 93.5 2C 0.3', p = 90.4 =k 0.3", y = 
98.7 +C 0.3", where the standard deviations are determined from 
the variation within the measurements. The volume of the 
cell is 1186 A.3. This, together with the measured density of 
1.45 g. gives a calculated value of 4.1 Co(AA)z units per 
cell. Although this calculation is somewhat inexact, there can 
be no doubt that the final structure accounts for all the atoms in 
the cell. 

Data Measurement: Consideration of Twinning.-The 
measurement of intensities proved a large problem since the 
triclinic cell and the twinned lattices gave an extremely complex 
set of spots on the film. The twinning, which was through the 
(1,0,0) plane with a twinning angle of 17" lo', was such that the 
series h,O,Z; h,l,Z; h,2,Z; h,3,1 could be recorded for each lattice 
separately with these exceptions: The set in the principal zone of 
twinning ( O , k , l )  was the superposed image of the two lattices, 
and thus the lines 0,0,1; O,l,Z; 0,2,1; 0,3,1 were placed on a sepa- 
rate scale. Also, the layer screen, which is used to  remove other 
levels and was here used to  blank out the second lattice, passed 

(8) M. J. Buerger, "X-Ray Crystallography," John Wiley and Sons, New 
York, N. Y., 1842, p. 364 ff. 
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the reflections =t3’,1‘,Z‘ onto the h,O,Z photograph, and in gen- 
eral &3’,12 + l’, I’ appeared on any h,n,l level and made it dif- 
ficult to  read the 3,n,l spots. In  some cases, the overlapping 
spot was so intense that no estimate of the first spot could be 
made. 

Theset h,k,O; h , k , l ;  h,k,2; h,k,3;  h,k,4wasalsorecorded. In 
this case, the h’,k’,n‘, level fell onto the same record as the h,k,n 
level with the two lattices separated by the twinning angle 

m’,k’,n‘; { ~ ~ ~ ~ ~ ’ /  ; m,k,n, which was equal to  1‘7” 10‘. There 

was no difficulty in reading the spots with the following two 
exceptions: The O,k,n, and O,k’,n’ spots superposed and were 
given a separate scale factor; the =t3,k,n and &3’,k + l’,n’ 
spots overlapped and were sometimes impossible to  read. 

Normally, intensity data for a cobalt compound would be 
recorded with Mo K a  radiation to ensure low absorption. Un- 
fortunately, in this instance, it was no longer possible to  sepa- 
rate the two lattices with the screens availablc using the shorter 
wave length X-rays. Copper Ka radiation was used, although 
absorption became a problem, as no other more suitable target 
material was available a t  the time. An “intensity wedge” was 
prepared from the crystal in the usual manner by exposing the 
1,1,0 reflection on a masked film for measured periods ol time. 
The intensities of 880 independent reflections were estimated 
visually from the precession photographs listed above. At 
least four timed exposures (45 min., 3 hr., 12 hr., 48 hr.) were 
taken of each level to  allow the detection of a wide range of 
intensities. Most of the reflections were read on two or more 
films, and an average was taken to  obtain one set of data per level. 

Since there is a considerable amount of data which is common 
t o  two different sets of films, Le. ,  2,2,2 occurs on h,k,2 and also 
on h,2,Z, this provides a method of scaling the sets of films. The 
program XCITQ is designed to  perform this task. Each meas- 
ured intensity is multiplied by the reciprocal Lorcntz and polari- 
zation corrections, or if absorption corrections are needed by 
l/LPA. The corrections are those of Burbank and Knox.’O 
A least-squares procedure is used to  find film-to-film scale factors 
for the corrected data. An over-all temperature factor is calcu- 
lated by the method of Wilson,ll and the final scaled set of data 
is punched onto cards for structure calculations. 

The absorption corrections are made on the basis of the cylin- 
drical approximation. The crystal was of dimensions 0.5 X 
0.2 X 0.07 mm. A mean radius, R, for the cylinder was esti- 
mated as 0.11 mm.; this together with the value of 1.1 = 112 
cm.+ yields p R  for the cylinder of 1.3. The data were first run 
with the original XCIT without absorption corrections to  pro- 
duce input for a Patterson synthesis. 

Structure Determination.-Since there were only four cobalt 
atoms per cell, the Patterson function’% was fairly featureless. 
The seven most intense peaks were in the range 315-218 on an 
arbitrary scale. With this small number of peaks it was feasible 
to  try all possible vector combinations. Kone of thesc gave 
completely satisfactory results with either the two positions of P i  
or the four positions of P1. However, the two P i  positions 
0.125, 0.775, 0.742 and 0.037, 0.039, 0.100 gave by far the most 
promising fit to  the vector map. The four vector peaks arising 
from these positions were second, third, fifth, and eighth in 
order of magnitude on the map. The last was only one-half the 
height of the most prominent peak. This sort of difficulty in the 
solution of the Patterson was not considered alarming since the 
cobalt atoms represent only 20.3y0 of the electrons. 

Signs of the structure factors’s were estimated from the con- 
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sity Treatment for I B M  709/7090/7094” (1963). 

tributioiis of the cobalt atoms, and a Fourier synthesis was then 
computed. The Fourier map showed reasonable positions for 
oxygen atoms, octahedrally surrounding the cobalt atoms. I t  
was impossible to determine the location of the carbon atoms. 

A second Fourier synthesis was computed using signs assigned 
on the basis of the cobalt and oxygen positions. All of the atoms, 
with the exception of hydrogen atoms, were found on the second 
electron depsity map. Some of the assignments mere rather 
tentative, but all made good sense chemically and gave approxi- 
mately the expected bond lengths.l4 A structure factor calcu- 
lation gave a residual of 0.36 once the scale factor was 
adjusted, where the residual, R, is the usual discrepancy factor 
R = Z~ F,, - F, /Zi F,I and theweightedresidual = Z/Zw( F, - Po)%/ 
Z / Z z o z .  At this stage in the structure determination, the 
set of data which had been corrected for absorption was intro- 
duced. Two cycles of refinement on the cobalt atoms, followed 
by one cycle in which all positional parameters werc varied, 
yielded a rcsidual of 0.30. Four cycles of refinement of scale 
factors and all positional parameters reduced the residual to 0.25. 
At this stage the movements of the atoms were about equal t o  the 
standard deviations, which were large. An attempt to  refine the 
temperature factors met with disaster as the cobalt factors 
reached 5 A.%, and those for six of the light atoms became nega- 
tive. 

I t  seemed that the unit weighting which had been used until 
this point might be responsible for the peculiar values of thc 
temperature factors. h weighting scheme suggested by Cruick- 
shank16 was used and several cycles of positional adjustment were 
run. There was little change in the parameters, so adjustment 
of the temperature factors was tried. Again, nonsensical re- 
sults ensued. At this point, it was decided to  make some cor- 
rection for anomalous dispersion. The corrections for the Co 
with Cu Ka radiation16 are -2.2 electrons for the real part of the 
scattering curve and 3.9 electrons for the imaginary part. The 
real part of the correction was subtracted from the cobalt scatter- 
ing curve; the imaginary part was neglected. The scattering 
curve used for cobalt was that  for the dipositive valence state as 
calculated by Watson and Freeman.’7 Those for neutral carbon 
and oxygen were by Hoerni and Ibers.I8 Again the positions werc 
adjusted arid the residual was lowered to  0.20. A cycle of ad- 
justment of the temperature parameters followed by one of posi- 
tional and scale factor adjustment led to  an R value of 0.17 and a 
weighted residual of 0.14. One cycle of adjustment of all parame- 
ters gave 0.125 as the weighted discrepancy factor. A second 
cycle lowered the value to 0.120 and gave 0.154 for the unweighted 
value. As this point, all changes in parameters were less than 
one standard deviation. A Fourier difference synthesis was cop- 
puted. No peaks with densities greater than 1 electron/A.a 
were observed, indicating that no unaccounted atoms other than 
hydrogen atoms were present. I t  was possible to  ascribe several 
of the peaks to hydrogen atoms with reasonable hydrogen-carbon 
bond lengths resulting. However, there was considerable noise 
of the same magnitude as the peaks and some of the hydrogen 
atoms could not be found. It seemed that almost all the useful 
information had been obtained, and although further refine- 
ment with anisotropic temperature parameters might yield a 
lower residual, the parameters would in all probability be mean- 
ingless and would only serve to  account for the uncorrected part 
of the absorption and other systematic errors known to be present. 

The positional and temperature parameters from the last cycle 
are listed in Table I, as are the standard deviations estimated 
in the last cycle by the Prewitt program. The orthogonal co- 
ordinates of all atoms are listed in Table 11. The values of IF,’ 
and F, for each reflection in the last cycle have been listed in 
Table 111. 

____ 

(14) G. J. Bullen, Acta Cryst.,  12, 703 (1959). 
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J. C. Speakman, Ed., Pergamon Press, New York, N .  Y., 1961. 

(16) C. H. Dauben and D. M. Templeton, Acta Cryst.,  8, 841 (1958). 
(17) R. E. Watson and A. J. Freeman, ibid., 14, 27 (1961). 
(18) J. A. Hoerni and J. A. Ibers, i b i d . ,  7 ,  744 (1954). 
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TABLE I 
POSITIONAL AND TEMPERATURE PARA METERS^ 

2 

0.626 
0.469 
0.842 
0.524 
0.069 
0.884 
0.769 
0.604 
0.513 
0.653 
0.672 
0.745 
0.710 
0.762 
0.734 
0.783 
0.399 
0.255 
0.238 
0.252 
0.134 
0.128 
0.996 
0.591 
0.571 
0.710 
0.648 
0.653 
0.624 
0.686 

s.d. x 

1 
1 
3 
3 
7 
6 
5 
5 
4 
3 
3 
5 
6 
5 
4 
5 
3 
2 
5 
6 
7 
5 
4 
4 
3 
5 
5 
4 
4 
5 

y s.d. y 

0.773 1 
0.607 1 
0.872 2 
0.928 2 
0.044 5 
0.980 5 
0.069 4 
0.022 3 
0.130 3 
0.709 3 
0.603 2 
0.599 4 
0.610 5 
0.512 4 
0.526 4 
0.396 4 
0.667 2 
0.646 2 
0.719 3 
0.681 4 
0.695 5 
0.666 4 
0.692 3 
0.784 3 
0.591 2 
0.011 4 
0.867 4 
0.807 4 
0.688 4 
0.651 4 

a 

0.236 
0.407 
0.226 
0.186 
0.177 
0.186 
0.139 
0.143 
0.096 
0.102 
0.304 
0.970 
0.066 
0.144 
0.256 
0.304 
0.274 
0.460 
0.136 
0.247 
0.300 
0,390 
0.470 
0.400 
0.546 
0.434 
0.451 
0.549 
0.598 
0.694 

s.d. a B 

1 3 . 8 & 0 . 1  
1 4 . 0 1 0 . 1  
2 5 . 3 f 0 . 8  
1 3 . 5 1 0 . 7  
4 9 . 5 1  1 . 7  
3 7 . 1 &  1 . 5  
2 4 . 2 1  1.1 
2 2 . 6 1  1 .0  
2 4 . 0 &  1.1 
2 5 . 8 1 0 . 8  
2 4 . 8 1 0 . 8  
3 7 . 0 1  1 . 3  
4 8 . 3 f  1 .6  
3 5 . 8 f  1 . 3  
2 2 . 5 1  1 .0  
3 4 . 9 3 ~  1 . 2  
1 3 . 2 1  0 . 6  
1 2 . 9 1 0 . 6  
3 4 . 4 1  1 .2  
3 4 . 2 &  1 . 2  
4 8 . 1 1  1 . 6  
4 6 . l f  1 . 4  
2 4 . 4 1  1 .2  
2 7 . 0 1  0 . 9  
1 3 . 9 1 0 . 7  
3 7 . 4 f  1 . 4  
3 4 . 0 1  1 . 2  
3 3 . 9 1  1 . 6  
3 2 . 5 1  1 . 0  
3 4 . 9 1  1 .2  

a s.d. represents standard deviation X lo3. 

Discussion of Structure 
From the parameters in Table 11, the intermolecular 

distances and bond angles were calculated using 
MGEOM, molecular geometry program for the IBM 
709/7090/7094 computer by Dr. J. S. WoodLg of this 

PR2'"l 

Figure 1.-A projection of the asymmetric unit of tetrameric 
cobalt acetylacetonate onto the (0,1,0) plane. 

TABLE I1 
ORTHOGONAL COORDINATES OF ALL ATOMSa [ C O ( A A ) ~ ] ~  

x coord 

5 272 
3 899 
7 116 
4 417 
9 046 
7 478 
6 515 
5 118 
4 341 
5 529 
5 654 
6 360 
6 029 
6 451 
6 186 
6 592 
3 339 
2 065 
1 997 
2 loa 
1 079 
0 996 

-0 143 
4 939 
4 740 
5 941 
5 424 
5 429 
5 174 
5 665 

y coord. 

7.002 
5.322 
7.758 
8.785 
9.303 
8.857 
9.980 
9.701 

10.982 
6.431 
5.113 
5.282 
5.361 
4.206 
4.283 
2.824 
6.162 
5.955 
7.036 
6.511 
6.770 
6.386 
6.753 
7.022 
4.906 
9.185 
7.771 
7.033 
5.802 
5.230 

z coord 

3 235 
5 574 
3 098 
2 554 
2 423 
2 563 
1 906 
1 979 
1 328 
1 407 
4 169 

-0 404 
0 909 
1 975 
3 513 
4 157 
3 757 
6 302 
1 882 
3 386 
4 105 
5 337 
6 434 
5 493 
7 488 
5 934 
6 188 
7.515 
8 192 
9 494 

R40zC 3 531 3.264 6 194 
cozc  4.372 2.847 8.108 

a The orthogonal Y axis is taken coincident to the cell y axis, 
and the orthogonal Z axis is chosen normal to  the xy plane of the 
cell. 

group. The bond lengths and angles are listed in 
Tables IV  and V, respectively; they refer to the labels 
used in Figure 1. 

Temperature Fact6rs.-Several comments are in 
order concerning the final values for the isotropic tem- 
perature factors. Most important, since the absorp- 
tion corrections were rather approximate (although 
better than no corrections or those of a spherical ap- 
proximation) ,20 the temperature factors undoubtedly 
were partially adjusted to account for uncorrected 
absorption. 

The program, XCIT, utilizes a Wilson" plot of the 
observed intensities to put the data approximately on 
an absolute scale and to derive the average temperature 
factor for the structure. The value of 4.34 was 
obtained for the avetage temperature factor, which is in 
good agreement with the average value of 3.96 1 

0.19 obtained in the least-squares procedure for 
the cobalt atoms. Also the ready sublimation of the 
compound is in agreement with the rather high values of 
B obtained. 

The large standard deviations estimated for the light 
atom temperature factors indicate that they are of 

(19) J. S. Wood, "MGEOM-Molecular Geometry Program for the IBM 

(20) M. J. Buerger, "The Precession Method," John Wiley and Sons, 
709/7090/7094 Computer" (1964). 

I n c  , New York. N. Y . ,  1964. 
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TABLE IV 
[Co(AA)2I4 BOND LENGTHS (A,)  

Primary cobalt keto-oxygen CO-OK( 1) 

COI RiOi 2.00 i 0.02  
COI RiOz 2 . 0 9 f  0 .03  
Coi RzOt 1 . 9 3  % 0.03  
Col RzOz5 2 .14  i 0.03  
COP R301 2.08 f 0.03 
cop R302 2 .07  & 0.03  
COz R40iQ 1.99 dz 0 .03  
Con &Oz" 2.13 rk 0.02 

av. 2.055 

Secondary or bridging cobalt keto-oxygen bonds CO-OK(~)  

COi R301 2 . 1 7 f 0 . 0 3  
Coi R401 2 . 2 8 f  0 .03  
Cot RzOz 2.26 i 0.03  

av. 2.237 

Double bridging cobalt keto-oxygen bond Co-O~c(2)u 

Cop li40eCh 2 , 1 3  f 0 .03  

Oxygen-carbon bonds 

Ri01 RiCz 1 . 2 7 f O . 0 6  RiOz RiC4 1 . 2 9 i O . 0 5  
RzOi RzCz 1 .28  f 0.06 Re02 RzC4 1.18 % 0.05 
R301 R3Cz 1 .34  f 0.06 R30z R3C4 1 .50  i 0.06 
R401 R4C2 1 .13  -f 0.06 RaOz R4C4 1.22 k 0.05  

av. 1.277 

Ring carbon-carbon bonds 

RlCz R1C3 1 .62  i 0 .07  RiC3 RiC4 1 .43  f 0.07 
RzCz RzC3 1 . 6 3  f 0 .07  RzC3 RzC4 1.56 i 0.06 
Race R3C3 1 . 2 8 3 ~  0.08 R3C3 R3C4 1 .29  i 0.08 
R4CZ R4C3 1 . 5 2 f O . 0 7  R4C3 R4C4 1.43 f 0 . 0 6  

av.  1.469 

Terminal carbon-p-carbon bonds 

KiCi RiCz 1 . 6 4 %  0 .08  R1C4 Rice 1 . 6 3 i  0.06 
KzCi KzCz 1.36 i. 0.07 KZC4 RzC6 1 .65  f 0.06 
KaCi Ii3Cg 1 .60  % 0.06 KaC4 K3Ce 1 , 6 2  % 0.07 
K4C1 K4Cz 1.52 f 0.07  K4C.1 K4Cj 1.50 f 0.06 

av. 1.565 

Cobalt-cobalt distances 

C O l  COZ 3.19 3Z 0.01 
cog cozc  3.573Z 0.01 

a These oxygens form secondary bonds also. All atoms 
labeled with a terminal C are generated by a center from the 
atom without the C. 

limited significance. However, several general trends 
can be noted and may be physically meaningful. 
Thus, the oxygen atom factors are higher than those 
for the cobalt atoms, and those of the carbon atoms 
are higher still. In general, there is a correspondence 
of the temperature factor for a p carbon atom to that 
of the oxygen atom to which it is bound. The terminal 
methyl group seems to have a higher value in almost 
all cases than the more tightly held 0 carbon atom. 
The progression of the temperature factors in ring 
number two is entirely consistent with the additional 
restrictions on the vibration of the bridging oxygen 
atom; however, the difference in the values for the 
two oxygen atoms is probably not significant. The 
carbon atoms of ring three show this same trend with 
higher factors in the terminal (C,) end of the ring. 
However, the large differences in ring four are not 

TABLE V 
BOND ANGLES J D E G . )  

Angle ABC 

91 .8  
101 ,5  
101.5 
85.6 

104.7 
92.5 
8 9 . 8  
73.3 
66 .5  
97.3 

103.3 
68.6 
76.1 
69.4 
89 .8  

102.4 
95 .3  

103.5 
8 6 . 8  
72 .7  
68.0 

125.7 
102.7 
192.2 
122.8 
126.8 
115.3 
133.7 
118.4 
121.3 
116.0 
124.4 
131.0 
120,9 
114.1 
129.6 
121.8 
130.6 
97.4 

130.9 
102.5 
146.4 
115.0 
109.6 

SLd. dev. 
ABC 

1 . 1  
1 .2  
1.1 
1 . 2  
1.1 
1 . o  
1 . 2  
1 . 0  
1 .1  
1 . 2  
1.1 
1 . o  
1 . 1  
1 . 2  
1 . 2  
1 . 1  
1 . 0  
1 . 0  
1 . 0  
1 . 0  
1 . 4  
1.1 
1 . 0  
1 . o  
4 . 3  
4 . 3  
3 . 7  
3 . 6  
3 . 5  
4 . 7  
4 . 3  
3.8 
3 . 8  
3 . 6  
3 . 4  
4 . 2  
4 . 8  
4 .2  
3 . 2  
1 . 5  
4 .0  
4 . 2  
3 . 6  
3 . 7  

All atoms labeled with a terminal C are generated by a center 
from the atom without the C. 

subject to this interpretation, as both oxygens are 
bridging and should both have relatively low B values 
in contrast to the actual case. 

Intermolecular Contacts.-The intermolecular dis- 
tances were calculated using DISTAN, a FORT- 
RAN program of Shoemaker.21 Two rather short 
methyl-methyl contacts were found. One distance 
(R~CL-R~CB centered 1/2,0,0) was 3.65 A.,  and a 
second ( R ~ C I - R ~ C ~ )  was 3.75 A. Aside from these 
rather close approaches, the distances are those pre- 
dicted on the basis of van der Waals radii,22 and so 
all further discussion will be about the tetramer itself. 

Discussion of the Molecular Structure.-As reported 
earlier2 the structure of tetrameric anhydrous cobalt 

(21) D. P. Shoemaker, "DISTAN-Crystallographic Bond Distance, Bond 

(22) L. A. Pauling, "Nature of the Chemical Bond," 3rd Ed. ,  Cornell 
Angle, and Dihedral Angle Computer Program" (1963). 

University Press, I thaca,  N. Y., 1960, p. 260. 
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W K 
Nickel Acetylacetonate Trimer 

Figure 2.-A schematic drawing illustrating the ring arrange- 
ments in [ C O ( ~ ~ X ) , ] ~  and [Ni(AA)2]d 

Cobalt Acetylacetonate Tetramer 

acetylacetonate is similar in some respects to that of 
trimeric nickel acetylacetonate. The compounds both 
achieve six coordination through sharing of oxygen 
atoms between adjacent metal atoms. Both struc- 
tures are illustrated schematically in Figure 2 .  In 
[Ni(AA)?]3 trimerization occurs by sharing of tri- 
angular faces of octahedra. It has been shown that a 
trimer is the only polymer which can result if all of the 
units are bridged by the method of sharing a common 
triangular face4b and if all the metal atoms are to be 
six-coordinate. However, the structure of [Ni(AA)?I3 
is only one of the nine possible trimeric structures. 

There are three possible ways to position two chelate 
rings to fill four of six coordination positions. First, 
the ligands can be placed so that the oxygen atoms 
are all coplanar and the two vacancies are trans to 
each other, t;  second, the two vacancies may be cis 
to each other and the rings adopt a d configuration, d; 
third, the vacancies may be cis again but the rings ar- 
ranged in the mirror image of the second case, 1. 
With these distinctions the structure of [Ni(Ah)2]3 
may be represented dtl .  The nine different structures 
possible and their highest symmetries are listed in Table 
VI. 

The tetramer may be considered to be composed of 

TABLE VI 
POSSIBLE" STRCCTURES FOR TRIMERS WITH Two CHELATE KINGS 

ABOUT EACH METAL ATOM 
Structuie Sym. elem Structuie Sym elem 

ddd 2-fold axis d d l  Asymmetric 
Ill ?-fold axis lld Asymmetric 
dtd %fold axis dld Asymmetric 
It1 2-fold axis Id1 Asymmetric 

dt l  Center of symmetry 

Q All of the structures except the centric one exist in right- 
and left-handed forms making 17 types possible if the enantio- 
morphs are to be considered 

two diastereoisomeric fragments which are joined 
along an edge common to two octahedra. Each 
of the fragments is formed by sharing a common 
octahedral face between two cobalt atoms. The over- 
all structure may be represented as ddll .  Thus the two 
major differences between the nickel trimer and the co- 
balt tetramer are first, no cobalt atom adopts the t 
configuration ; second, one cobalt-cobalt bridge is 
effected by sharing a common octahedral edge. 

Cobalt-Oxygen Bonds.-Although we report a large 
variation in bond lengths which seem to be chemically 
equivalent, a large number of independent deter- 
minations have been made, and, therefore, the average 
values obtained are undoubtedly of considerable value. 
In the structure of [Co(AA)2I4 there are three signifi- 
cantly different types of cobalt atom to  oxygen atom 
bond. The first type is that between a nonbridging 
oxygen atom and a cobalt atom. This is the same type 
as the bond which occurs in Co(AA)?(H20)2. Also 
included in this class of bond, C o - 0 ~ ( 1 ) ,  is the primary 
bond between a bridging oxygen atom and the cobalt 
atom x-hich the particular ligand chelates. However, 
these bond lengths have been differentiated by a 
superscript b in Table IV. The second type is then 
the bridging or secondary bond, C 0 - 0 ~ ( 2 ) ,  which is 
formed between an oxygen atom of the chelate and a 
cobalt atom not chelated by the ligand. It should be 
noted that the direction of the C0-0~(2)  bond is 
nearly a t  right angles to the plane of the ligand in all 
cases except one. The bridge bonds in the center of 
the tetramer are approximately coplanar with the che- 
late ring. They are labeled C 0 - 0 ~ ( 2 ) ~ .  The length 
of these bonds and their average standard deviations23 
are listed in Table VI1 along with the relevant data 
from the structures of Co(AA)2.2H?O, [Co(AA)zH~O]?, 
and [Ni(AA)2]3. 

TABLE VI1 
METAL-OXYGEN BOND LENGTHS (A , )  

Bond Type Distance 

C o - 0 ~ ~ 0  in [Co(AA)*H20]2 2.197 
c o - 0 ~ ~ 0  in Co(AA)n(H20)2 2.23 
Co-01<( 1) in [ C O ( ~ M ) ~ ] ~  2.055 
Co-01<( 1) in [CO(AA)~H~O]Z 2.021 
Co-01<( 1) in Co(AA)2( 2.055 
S i - O K ( 1 )  in [Ni(AA)2]3 2.056 
C 0 - 0 ~ ( 2 )  in [Co(AA)2]4 2,237 
N i - 0 ~ ( 2 )  in [I\'i(AA)2]3 2.123 
Co-O~(2)p in [Co(AA)2]4 2.13 
CO-OK(Z)P in [Co(AA)2Hz0]2 2.162 

Std.  dev. 

0.018 
0.01 
0.026: 
0.017 
0.01 
0.05 
0.026 
0 .05  
0.03 
0.016 

The agreement between lengths for Co-OB( 1) bonds 
is rather close. The most interesting comparison, 
however, is between the cobalt-water oxygen atom 
bond, Co-0, and Co-0~(2) .  Bullen reasoned that the 
tetragonal distortion of Co(AA)2,2H?O was due to 
the asymmetry of the 3d, and/or the 3d, subshell which 
resulted in extremely long c o - 0 ~ ~ 0  lengths. In this 

(23) The average standard deviation is listed as a measure of the degree 
t o  which t h e  structure was refined. I n  general there are not sufficient inde- 
pendent crystallographic determinations t o  allow a meaningful standard 
deviation of t h e  average to  be computed. T h e  latter will usually have a 
gveater value. 
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case, however, there is no tetragonal distortion. The 
longer bonds CO-oK(2) are cis to each other and thus 
an alternate explanation must be sought. 

The chelate is a charged species and thus might be 
expected to  form a somewhat stronger bond than water. 
The difference in length between co-oK(1) and the 
bridge bond C0-0~(2)  may be explained on the basis of 
r-bonding. The cobalt atom may well form a dr-pa 
bond to the planar ring system and thus shorten the 
co-oK(1) length. The c 0 - 0 ~ ( 2 )  bond is almost a t  
right angles to the planar ring system which should 
allow no effective overlap and thus no shortening. 
The bridge bond, c0-&(2)P, which is coplanar with 
the ligand is indeed shorter than the other bridge bonds 
(2.13 vs. 2.24 A.). This shortening of C 0 - 0 ~ ( 2 ) ~  is 
also observed in the structure of [ C O ( A A ) ~ H ~ O ] ~ . ~  

All of the oxygen atoms are located approximately 
a t  the vertices of octahedra ; however, the require- 
ments of forming the tetramer by sharing of oxygen 
atoms seems to result in considerable angular distortion. 

The bond distances found in the chelate rings agree 
with previously reported values4a~24-31 and are of no 
great interest. The carbon-carbon ring distances 
(1.47 A.) again are seen to be considerably shorter than 
a single bond distance. 

Chelate Ring Distortion.-The distortion of the 
structure such that the metal atom does not lie in the 
plane of the chelate ring has been noted31 in studies of 
several P-diketone complexes. The “best planes” 
for the ligands were calculated using MGEOM. The 
direction cosines for the planes and the distance of the 
five ligand atoms, 01, Cz, CB, Cq, 02, from the plane 
as well as those for other atoms of interest are shown 
in Table VIII. The cobalt atoms range from 0.25 to 
0.47 A. out of the plane. 
(24) H. Koyama, Y. Saito, and H. Kuroya, J .  Inst. Polytech. Osaka City 

(25) V. M. Padmanabhan, Proc. Indian Acad. Sci., 47, 329 (1958). 
(26) A. V. Armithahingam, V. M. Padmanahhan, and J. Shankar, Acta 

Cryst . ,  18, 201 (1960). 
(27) R. P. Dodge, D. H. Templeton, and A. Zalkin, J .  Chem. Phys. ,  86, 

55 (1961). 
(28) J. V. Silverton and J. L. Hoard, I?zovg. Chem., 9 ,  243 (1963). 
(29) H. Montgomery and E. C. Lingafelter, Acla Cryst., 16, 748 (1963). 
(30) R. B. Roof, Jr., ib id . ,  9, 781 (1956). 
(31) F. A. Cotton and J. S. Wood, Inorg. Chem., 8, 245 (1964). 

Univ., C4, 43 (1953). 

TABLE VI11 
DISTANCES OF ATOMS FROM IDEAL LIGAND PLANE (A,,)  

Cosines of best planea 

L = 0.005 M = 0.482 N = 0.876 D = 6.43 

Distances of atoms from plane 

-0 016 
0 015 
0.043 
0 013 

-0 054 
M = 0 412 

0 016 
-0 010 
-0 048 
-0 011 

0 029 
M = 0 947 

0 004 
0 004 

0 086 
-0 048 

-0 049 
M = 0 308 

0.018 
-0 009 
-0 046 

0 021 
0 021 

COl -0.251 
RiCi 0.126 
K1Cs 0.000 

N = 0.147 D = 7.81 

COl 0.288 
RzCi 0.023 

-0.112 RzC; 
N = 0.201 D = 7.42 

coz -0.285 
R3Cl 0.119 
RIGS 0,235 

N = 0.220 D = -1.21 

coz 0.474 
R4Ci -0.146 

-0,323 

a Cosines of best planes are relative to the orthogonal coordi- 
nate system of Table 11. 

Conclusion 
That Co(AA)z is composed of octahedrally coordi- 

nated cobalt atoms in the solid state has been estab- 
lished. The original suggestion of square-planar co- 
ordination in these compounds has been shown to be in 
error. The suggestion of Soderberg and Cotton of 
polymerization to achieve octahedral coordination has 
been borne out, although the detailed structure is not 
the one which was suggested. 
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