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such studies will provide further useful data on metal- 
nitrogen multiple bonds. 

Thermal Motions of the Atoms 
The principal root-mean-square amplitudes of vibra- 

tion for the atoms that were refined anisotropically are 
listed in Table IX. The directions of vibration can be 
seen in Figure 1. With the possible exception of the 0 
atom and CHI group of the methoxy structure the values 
appear to be physically reasonable. (The 0 atom and 
CHs group are suspect because they lie very close to 
the Cz axis in the disordered model.) 

It is possible to apply “corrections” to the bond 
lengths assuming various vibration The 
most reasonable model in this case would be one in 
which the atoms bonded to the Re atom ride on the Re 
atom. An alternative model allows the atoms to 
vibrate independently. The bond lengths after cor- 
rection with these two models are shown in Table X. 

It is important to keep in mind that generally the 
errors of assumption in the thermal model exceed the 
precision with which the bond lengths have been de- 
termined. The point we wish to make here is that the 

(28) W. R. Busing and H. A. Levy, Acla Cvyst., 17, 142 (1964). 

TABLE X 

VIBRATION (a) ASSUMING RIDING MODEL AND (b) ASSUMING 
INDEPENDENT MOTION 

BOND LENGTHS ( A )  AFTER CORRECTION FOR THERMAL 

P M e t h o x y -  -----Acetyl- 

Re-N 1.709 1.711 1.752 1.690 1.690 1.735 
Re-ClI 2.432 2.444 2.473 2.410 2.420 2.451 
Re-Cl2 2.421 2.432 2.455 2.399 2.409 2.438 
Re-Cla 2.433 2.443 2.472 
Re-P1 2.470 2.473 2.497 2.457 2.459 2.487 
Re-PQ 2.461 2.466 2.494 

Bond Uncor a b Uncor a b 

difference between the Re-N distances in the methoxy 
and acetyl compounds is not substantially affected by 
choice of thermal model. 
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The crystal structure of hexaamminechromium(II1) pentachlorocuprate(II), [Cr(NH&] [CuClj], has been redetermined from 
three-dimensional X-ray data collected by courper methods. The material crystallizes in space group Fd3c of the cubic 
system with 32 formula units in a cell 22.240 (7) A on an edge. The calculated density of 1.908 g/cmS agrees well with that of 
1.892 g/cma measured previously. The structure has been refined by least-squares methods to a final R factor on F of 3.7% 
for the 633 reflections above background. The positions of the hydrogen atoms of the ammine groups were included in this 
refinement. The CT(NH&~+ ion is required crystallographically to 
have 3 site symmetry. The coordination geometry is octahedral. The N-Cr-N angle is 89.65 (12)’ and the Cr-N bond 
length is 2.0644 (25) A. The [CUclK] a- ion is required crystallographically to have 32 site symmetry and is therefore a regu- 
lar trigonal bipyramid. There are two independent Cu-C1 distances, one along the threefold axis and one in the equatorial 
plane. The Cu-C1 bond lengths, uncorrected for the effects of thermal motion, are Cu-Cl,, = 2.2964 (12), Cu-CI., = 
23912 (13) A. This significant shortening of the axial bond lengths in a trigonal-bipyramidal MX6 complex is compared 
with resglts available for other MXK complexes. This shortening may be explained by the stereochemical activity of the 3d 
electrons. 

In addition, the charges on the atoms were determined. 

Introduction 
The number of authentic five-coordinate transition 

metal complexes has increased dramatically during the 
past 4 years.’ I n  trying to formulate a systematic 
basis for those factors which favor a given five-coordi- 
nate structure, one discovers that  most examples are 
complicated by the utilization of polydentate ligands, 

(1) For example, see the relatively recent reviews: (a) J. A. Ibers, Ann.  
Rev. Phys.  Chem., 16, 380 (1965); (b) E. L. Muetterties and R. A.  Schunn, 
Quart. Rev. (London), 20, 245 (1966). 

some of which impose their own stereochemistry on the 
resulting c o r n p l e ~ e s . ~ ~ ~ ~  That  electronic and .rr-bonding 
considerations may be important factors in stabilizing 
five-coordination has become apparent recently from 

(2) Representative polydentate ligands are illustrated in the recent papers: 
(a) G. S. Benner and D. W. Meek, Inorg. Chem., 6, 1399 (1987); (b) G. 
Dyer and D. W. Meek, J .  A m .  Chem. Soc., 89, 3983 (1967); (e )  2. Dori and 
H. B. Gray, {bid., 88, 1394 (1966); (d) M. Ciampolini and N. Nardi, Inorg. 
Chem., 6 ,  41 (1966); (e) L. Sacconi and I. Bertini, J. A m .  Chen. Soc., 88, 
8180 (1966). 

(3) G .  Dyer, J. G. Hartley, and L. M. Venanzi, J .  Chem. Soc., 1293 (1965). 
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the structural data on CO(PH(CF,H&&B~~,~ Ni(CN):3-,6 
and Ni [ P ( O C E I ) ~ ( C H Z ) ~ ] ~ ~ + , ~  where the monodentate 
ligands exert no specific steric requirements. The 
last two and the CuClj3- ion are examples of a very 
limited number of five-coordinated complexes contain- 
ing only one kind of unidentate ligand. These are of 
especial interest because of their simplicity. 

On the basis of an earlier X-ray examination, which 
was based on visually estimated data and refined by trial 
and error:7 the CuClj3- ion r a s  assigned a trigonal- 
bipyramidal structure in which the axial Cu-C1 bond 
distance (2.32 f i )  was "the same order of magnitude" as 
the equatorial Cu-C1 bond distance (2.35 A). Mori 
and Fujiwarae then observed a symmetrical single-line 
electron paramagnetic resonance spectrum for CuClj3-, 
and they interpreted the results in terms of five equal 
chlorine atoms. Subsequently, crystal fieldg-'l and 
molecular orbita112'13 calculations based on a trigonal- 
bipyramidal CuClj8- ion gave reasonable but not 
exceptionally good agreement with the observed elec- 
tronic absorption spectrum of the CuClj3- ion. Re- 
cently, however, Adams and LockI4 questioned the 
existence of the pentachlorocuprate(I1) anion. 

Since a symmetric five-coordinate CuClj3 - ion would 
provide an ideal case for additional theoretical calcu- 
l a t i o n ~ ' ~  and because of the possibility of unequal axial 
and equatorial bond lengths in a trigonal-bipyramidal 
transition metal complex, an accurate determination 
of the crystal structure of [Cr(NH3)6] [CuCls] was 
undertaken. This study confirms that the CuC1s3- 
ion is trigonal bipyramidal and that the equatorial 
Cu-C1 bonds are significantly longer than the axial 
Cu-C1 bonds, in contrast to what is expected on the 
basis of electrostatic or ligand-ligand repulsion argu- 
ments.lb 

Determination of the Unit Cell and 
Collection of Intensity Data 

Large yellow crystals of [Cr(NH3)6] [CuCl5] were 
prepared as described previ~us ly .~  The crystals mere 
all octahedra or octahedral fragments. A series of 
precession photographs was taken with Cu K a  radi- 
ation, using a crystal approximately 0.8 mm in diam- 
eter. These photographs exhibited Laue symmetry 
m3m. The only systematic extinctions observed on 
overexposed photographs from this large crystal were : 
hkl, h + k Z 2n, k + 1 Z 2n; hkl, 1 Z 2n; Okl, k 4- 1 # 
4n. These extinctions are consistent only with space 
group Oh8-Fd3c. Photographs were also taken along 

(4) J. A. Bertiand and D. L. Plymale, I n o i p .  Chenz., 5, 879 (1966). 
( 5 )  K. N. Raymond, P. W. R. Corfield, and J. A. Ibers, ibid., 7,842 (1968). 
(6) E. B. Riedel, J. G. Verkade, and R. A. Jacobson, to  be submitted for 

publication. See Abstract P-10, American Crystallographic Association 
Meeting, Minneapolis, Minn., 1967. 

( 7 )  M. Mori, Y .  Saito, and T. Watanabe, Bull. Chenz. Soc. JnBai7, 34, 295 

(8) M Mori and S. Fujiwara, i b i d . ,  36, 1636 (1963). 
(9) P. Day, P?*oc. Chenz. Soc., 18 (1964). 
(IO) W. E. Hatfield and T. S. Piper, Inorg.  Chein., 3, 841 (1964). 
(11) G. C. Allen and Y. S. Hush, i b i d . ,  6, 4 (1967). 
(12) W. E. Hatfield, H. D. Beldon, and S. M, Homer, ibid., 4, 1181 (1965). 
(13) P. Day and C. K.  Jgrgensen, J .  Chem. Soc., 6226 (1964) 
(14) D. M. Adams and P. 5. Lock, ibid., A ,  620 (1967). 
(15) C. A. L. Becker, Ph.D. Dissertation, The  Ohio State University, 

(1961). 

Columbus, Ohio, 1967. 

diagonals and at half -integer reciprocal lattice inter- 
planar distances in an attempt to find additional zones. 
T\Tone was observed. 

The single lattice constant was determined by least- 
squares refinement of the setting angles of 19 reflections 
that had been carefully centered on a Picker automatic 
X-ray diffractometer, using procedures previously de- 
~ c r i b e d . ~ ~ ~ ~ ~  With the use of Mo Kal radiation (A 
0.70930 8) the lattice constant was found t o  be 22.240 
(7) 8 a t  22'. This value is in good agreement with 
that of 22.266 (10) A reported earlier.7 For 32 formula 
units in the cell, the calculated density is 1.908 g/cma, 
This agrees very well with the observed density of 
1.892 g / ~ m ~ . ~  

Intensity data were collected in the manner pre- 
viously d e ~ c r i b e d . ~ ~ , ' ~  The crystal chosen for data 
collection was an octahedron, with an average trigonal 
face to trigonal face distance of 0.26 mm. The crystal 
was mounted so that the 121 axis was approximately 
along the spindle direction. In  this way the effects of 
multiple reflections should be minimized. l8  The pulse 
height analyzer was set to admit about 90% of the 
M o  K a  window. The diffracted beams were filtered 
through 3.0 mils of Zr foil. The receiving aperture 
was 6 mm wide by 5 mm high and was positioned 
30 cm from the crystal. A take-off angle of 1.5' was 
used; a t  this angle the heights of selected peaks were 
about 70% of their maximum values as a function of 
the take-off angle. 

Data mere collected by the 8-28 technique at a scan 
rate of l.O'/min. The scan was asymmetric to allow 
for the tails of the peaks on the high-angle side. The 
scan width was increased with scattering angle to ac- 
count for the separation of the Kal and Kaz peaks. 
The scan was taken from -0.60' from the 20 value cal- 
culated for Kal to 3.0.80' from the 20 value calculated 
for Kaz. Possible overlapping reflections were looked 
for, using procedures previously described . I 9  The 
parameters employed were Aep = 1.2-1.6', 6, = 1.15'. 

For m3m symmetry independent reflections may be 
taken as 0 6 h 6 k 6 1. As a general check on crystal 
and electronic stability and in order to obtain more 
reliable results, dependent reflections were also ob- 
served.20 The reflections LE1 and hzZ were collected 
out to 26' < 60'. Additional reflections and 2kh 
were collected only for those reflections that had 
I > 2 u ( I ) ,  where u ( I )  is the estimated standard devi- 
ation of the intensity I .  A value of p = 0.03 was used 
in the calculation of these standard deviations.16 
Between 60 and 76' in 20 the h& reflections were col- 
lected, and the additional three dependent reflections 
indicated above were collected if I > 2 4 1 ) .  At higher 
angles there were very few peaks above background 
and these all had h, k ,  1 = 4n. All four reflections 
described above were collected for such reflections be- 

(16) P. W. R. Corfield, R .  J. Doedens, and J, A; Ibers,lnovg.  CAP^., 6, 197 
(1967). 

(17) R. J. Doedensand J. 4 .  Ibers, ib id . ,  6, 204 (1967). 
(18) W. H. Zachariasen, Acta Cvysl., 18, 705 (1963). 
(19) J. H. Enemark and  J. A. Ibers, I n o u g .  Chem , 6, 1575 (1907). 
(20) J .  A. Ihers, Acta Cvyst., 22, SO4 (1967). 
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tween 75 and 90’. A total of 3347 reflections were ob- 
served; of these 759 were in the range 0 < I < u(I) 
and 329 were in the range u(I) 6 I 6 2u(I). Standard 
reflections were measured periodically to test crystal 
stability. A very small uniform drop of 1.9% between 
the first standards and the last standards was found, 
and account was taken of this drop in bringing all 
reflections to a common scale. 

The dimensions of the crystal were determined with 
the use of a micrometer eyepiece attached to a polariz- 
ing microscope. An absorption correction was then 
applied.21 For a linear absorption coefficient of 33.6 
cm-l the transmission factors ranged from 0.45 to 
0.53. The data were then averaged. The predicted 
weighted R factor on F2 is 6.1%. Before absorption 
correction the value was 6.970. The improvement is 
significant. A total of 1065 independent reflections 
were processed, of which 633 were greater than their 
standard deviations. These latter reflections we de- 
scribe as being above background, and these reflections 
were used in the refinement of the structure. 

Refinement of the Structure 
Refinement of the structure was carried out by least- 

squares techniques. The function minimized was 
Zw(/Fol - / F e / ) 2 ,  where IFo/ and IF,( are the observed 
and calculated structure amplitudes. The weights 
were taken as 4F02/a2(Fo2).  The atomic scattering 
factors used were those tabulated by IbersZ2 for C1 and 
N, those of Cromer and WaberZa for Cu and Cr, and 
those of Stewart, et for H. The effects of anom- 
alous dispersion were included in the calculated 
structure fact01-s.~~ The values of Af’ and Af” for 
Cu, Cr, and C1 were those given by Cromer.26 

The initial parameters were those reported earlier.’ 
Refinement of the atomic positions and isotropic ther- 
mal parameters gave values of R1 and Rz (or weighted 
R factor) of 12.1 and 14.27,, where R1 = 2 Po - 
IF,/ [ /Zl Fo/ and RZ = (Zw(1 Fo/ - ]Fc])z /ZwFo2)J’ .  Lhe 
poor agreement of this model is due primarily to the 
large anisotropy in the thermal vibrations of the equa- 
torial C1 atom. Anisotropic refinement brought R1 
and Rz down to 4.5 and 6.0%. 

A difference Fourier map was computed after this 
refinement. The maximum electron density was 0.8 
e-/A3. The position of one hydrogen atom was clearly 
visible on it. The positions of the other two hydrogen 
atoms were deduced from geometrical considerations. 
A least-squares refinement with the hydrogens fixed 
a t  these positions gave values of R1 and RZ of 4.4 and 
4.8%. This indicates a significant improvement in 
the model. The atomic scattering factors for the 

(21) I n  addition t o  various local programs for the C D C  3400 computer, 
local modifications of the following programs were employed: Hamilton’s 
GO NO^ absorption program; Zalkin’s FORDAP Fourier program: the Busing- 
Levy ORFLS least-squares and ORFFE error function programs; and John- 
son’s ORTEP thermal ellipsoid plotting program. 

(22) J. A. Ibers, “International Tables for X-Ray Crystallography,” 
Vol. 3, The Kynoch Press, Birmingham, England, 1862, Table 3.3.1A. 
(23) D. T. Cromer and J. T. Waber, Acta Cryst.,  18, 104 (1965). 
(24) R. F. Stewart, E.  R. Davidson, and W. T. Simpson, J .  Chem. Phys., 

(25) J. A. Ibers and W. C. Hamilton, Acta Cryst . ,  17, 781 (1964). 
(26) D. T. Cromer, ibid., 18, 17 (1965). 

43, 3175 (1865). 

neutral and ionized species do not differ much, except 
below 1-1 sin 0 of 0.3 8 - I .  Owing to the large cell of 
the present compound, about 10% of the reflections 
are in this range. Accordingly, the calculation was 
repeated, but with atomic scattering factors for Cu2+, 
Cr3+, and C1- from the same tabulations. The values 
of R1 and Rz decreased to 4.3 and 4.47.. This is a 
significant improvement, as expected. 

The hydrogen positions and their isotropic thermal 
parameters were then refined. The refinements con- 
verged normally, although the hydrogen atom thermal 
parameters were large (5-8 AZ). With the use of 
neutral scattering factors the values of RI and RZ were 
3.7 and 3.470. With the use of ionic scattering factors 
the corresponding values were 3.7 and 3.1%. Thus 
significant improvement is obtained on refinement of 
the hydrogen atom parameters. 

An examination of the individual atomic contribu- 
tions to the structure factors for the low-order reflec- 
tions suggested that neither the neutral nor the ionic 
structure factors give optimum agreement. This is 
also chemically reasonable, since intuitively one does 
not expect the Cr atom to be fully +3 charged nor to be 
neutral. Iffn is the scattering factor for a neutral atom 
a t  a given value of 1-1 sin 6 and f i  is the corresponding 
ionic scattering factor, an interpolated intermediate 
scattering factor is given by f = (1 - a)fn + aifi. 

Here a is a measure of the charge on the atom in 
question. That is, if fi is for the atom with a charge of 
q, f corresponds to an atom with charge qa. Our 
least-squares program was modified to permit the 
refinement of values of CY. In  making these modifica- 
tions account was taken of the relations among certain 
sets of  derivative^.^^ If one assumes that the net 
charge of the complex is zero, that  the axial and equa- 
torial chlorine atoms have the same charge, and that 
the charge on the ions is =k3) then there are only two 
independent values of CY to be determined. The re- 
finement was effected by interpolation between CrO and 
Cr3+, Cuo and Cu2+, Cl0 and C1-, and No and N3+. 
The resultant charges were + l . O O  (25) for Cr and 
$0.15 (20) for Cu. These lead to charges of +0.33 
for N and -0.57 for C1. Refinement of the charge 
parameters without the assumption that the ionic 
charges were + 3  always gave somewhat smaller ionic 
charges, but no significant changes in these parameters. 
For the final least-squares refinements, the ionic charge 
was taken as +2.80, with charges of +1.00, +0.20, 
+0.30, and -0.60 on the Cr, Cu, N, and C1 atoms.28 
Such refinements converged to final values of R1 and RZ 

(27) For example, if Di = bl;/bor computed for f = fl and D, is the analo- 
gous quantity forf = fn, then bF/Da = D ,  - D,  for theinterpolated scatter- 
ing factor. Additional constraints are imposed if the total charge is held con- 
stant. Further details on the program modifications, which are somewhat 
specific to our version of ORFLS, may be obtained from J. A. I. 

(28) The interpretation of the chemical significance of the charges ob- 
tained by least-squares refinement should be made with recognition of the 
large standard deviations involved and the relatively few reflections which 
strongly affect these parameters. However, virtually all theoretical calcu- 
lations of the charge density on metals in complexes show much smaller 
formal charges than given by  their valence. This charge is expected t o  be 
diminished further if the  complex has a net negative charge, if the metal is 
not very electropositive, and if the ligands are not very electronegative. 
Since Cr is very electropositive and Cu less so, the charges obtained are 
reasonable from a chemical point of view. 
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TABLE I 
OBSERVED AND CALCULATED STRUCTURE AMPLITUDES (IN ELECTRONS x 2.5) FOR [Cr(NH3)B] [CUc16] 

TABLE I1 
Ammc PARAMETERS FOR [Cr(h-I-Ta)a] ICUCI:,] 

Site 
Posi- sym- 

Atom tion metry X y z flu" or 13" i r Z 2  035 PlZ Pia 823 
Cr 32c SG-3 0 0 0 7 7 7 ( 5 )  Pll 81 1 -35 ( 7 )  PI2 PI2  

CU 32b D3-32 '/4 1/4 1/4 1159 (6) PII PI1 -77 (7) PI2 PlZ 

CI,, 64e C-33 0,190387 (26) n: x 1286 (8 )  PII PI1 -127 (9) Pin PI2 

C l j  

96g '22-2 

[/4 

0.076026 (32) - y  4570 (44) 1120 (11) 822  640(17) PIZ 

0.062 ( 2 )  0.085 (2) - 0.038 (2) 8 . 3  (14) 
0.082 (1) 0.041 (2) -0.059 (1) 4.4(10) 

H3 0.095 ( 2 )  0,050 (2) -0.012 (I) 4.5(10)  

temperature factor in A*. 

184 (15) 
0.07113(11) 0.05139(13) -0.03026(13) 978(44) 1406(56) 1473 (53) -171(39) 69(38) 116(41) 

a Multiplied by IO6: The form of the thermal ellipsoid is exp[ - (P l lhZ  f &k2 4- P& $- 2P,& $- 20,ZhZ f 2 p ~ & l ) ] .  Isotropic 

of 3.7 and 3.1y0. The ratio of the value of Rz in this 
model to that for the fully ionic model is 0.99. In  
effect only two additional parameters are involved and 
so the improvement is probably significant. There 
was marked improvement in some of the low-angle 
reflections, but, of course, no change in most of the 
reflections. 

Attempts to refine the hydrogen atoms with aniso- 
tropic thermal parameters reduced R1 and Rz to 3.5 and 
2.9%, but generally one or more of the hydrogen ellip- 
soids was nonpositive definite. Examination of the 
ellipsoid orientations showed that they were longer in 
the direction expected for NH3 rotation. That is, this 
may be a case of a severely hindered rotor. The motion 
of the hydrogen atoms gives an electron density cloud 
(or probability envelope) that is shaped like a banana, 
with the Cr-N bond the oscillation axis. An ellip- 
soidal shape is not, apparently, an adequate approxi- 
mation. 

The final error in an observation of unit weight is 
0.04, which indicates that  the value of p of 0.O3lG 
chosen for the determination of individual standard 
deviations of the intensities is a reasonable one. An 
error analysis as a function of scattering angle, Fo, and 

indices shows no unusual trends. The final calculated 
value of Rz on F2 is 6.2%, in excellent agreement with 
that predicted from the averaging of the observations. 
There is no evidence for extinction effects in the data. 

Final values of the observed and calculated structure 
amplitudes are given in Table I. These may be 
brought to an absolute scale in electrons by dividing by 
2.5. None of those reflections for which I < a ( I )  had 
IF,\ greater than 1.51Fo!. The final values of the 
atomic parameters along with their standard deviations 
estimated from the inverse matrix are given in Table 11. 
Table I11 lists the important bond distances and angles 
that may be derived from these parameters. 

Description of Structure 
The salt consists of discrete Cr(NH3)63* and CuClj3- 

ions. The CuClb3- ion is a regular trigonal-bipyra- 
midal five-coordinated complex (Figure 1). The 
axial bond length of 2.2964 (12) -k is significantly 
shorter than the equatorial bond length of 2.3912 (13) 
A. 

The crystallographic site symmetry is 32, but the 
symmetry of the CuClb3-- ion as given by the atom 
positions is rigorouqly Gin. The lower symmetry of 

The difference is 0.0948 (14) 8. 
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TABLE 111 
BOND LENCTHS AND ANGLES IN [Cr(NH&,] [CUClo] 

Bond 

Cu-Cl,, 
cu-Cl,, 
Difference 

Cr-N 
N-HI 

N . . ' Cl,, 
N .  * ' Cl,, 
N * * . Cl,, 

Distance, A 
2,2964 (12) 
2.3912 (13) 
0.0948 (14) 

2.0644 (25) 
0.80 (5) 
0.72 (3) 
0.67 (3) 
3.3262 (30) 
3.3962 (33) 
3.3122 (32) 

Atoms 
N-Cr-N 

Cr-N-HI 
Cr-N-H2 
Cr-N-Ha 
Cr-N + . . Cl,, 
Cr-N. * .Cleq 
Cr-N . . . Cl,, 
Cu-Cl,,. . . H 
Cu-Cl,,. - H  
CU-Cleq.. . H  
NT-H3 * * * CIS, 
N-HZ. * * Cl,, 
N-Hi. . . Cleq 

Angle, deg 

89.65 (12) 

1 13a 
111 
113 
116.46 (8) 
98.34 (8) 

94 
134 
108 
172 
157 
160 

100.95 (8) 

a No error estimate is assigned to  bond angles involving the H 
atoms because the positions of the H atoms are systematically 
in error, as discussed in the text. 

the ion in the lattice, as shown in Figure 1, is due en- 
tirely to the asymmetric nature of the vibrational and 
librational modes of the complex ion which, in turn, are 
caused by asymmetric perturbations of the environ- 
ment. That is, the environment of the complex does 
not have 6m symmetry; hence the vibrational modes 
of the complex cannot have symmetry this high. 

The orientation of the thermal ellipsoids for the 
chlorine atoms can be seen in Figure 1, and the root- 
mean-square amplitudes of vibration along the princi- 
pal axes are given in Table IV. The axial chlorine atom 
is only slightly anisotropic with a root-mean-square 
amplitude of vibration of 0.1609 (15) A along the Cu- 
Cl,, bond and an amplitude of 0.1881 (9) k normal to 
this bond. The copper atom is also only slightly 
anisotropic with an amplitude of vibration of 0.1587 
(11) A along the threefold axis and an amplitude of 
0.1760 (8) A normal to this. 

The equatorial chlorine atom, as mentioned earlier, 
is very anisotropic. The amplitude of vibration along 
the Cu-Cl,, bond is 0.1532 (14) k, and the amplitude 
normal to this bond and in the Cu-Cl,, direction is 
0.1637 (14) A. However, the amplitude of vibration 
that is nearly in the equatorial plane and is normal to 
the Cu-Cl,, bond is much larger, 0.3469 (17) A. The 
angle between this ellipsoid axis and the equatorial 
plane is 20.76 (34)'. It is impossible to say whether 
this motion is due to a libration around the threefold 
axis (ie., the equatorial chlorine atoms move in a more 
or less concerted fashion in this direction) or to an in- 
dependent, very anisotropic vibration. An anisotropic 
vibration of the equatorial chlorine atom is consistent 
with the electronic spectral results of Allen and Hush.ll 
On the basis of the temperature dependence of the 
ligand field transition maxima, they predicted that the 
equatorial bond is more affected by a decrease in tem- 
perature than the axial bond. However, their argu- 
ment that  the lattice contraction per se shortens the 
equatorial Cu-C1 bond length more than the axial 
Cu-C1 bond length is incorrect. A cubic lattice is, 
by definition, isometric, and, assuming that frac- 
tional coordinates remain constant, a lattice contrac- 

/-n 

cU ~ 1 , ~ -  

Figure 1.-A perspective drawing of the CuClj3- ion in [Cr- 
(NH3)$] [CuCle]. The shapes of the atoms in this and following 
drawings, unless noted otherwise, represent 50% probability 
contours of thermal motion. 

TABLE IV 
ROOT-MEAN-SQUARE AMPLITUDES OF VIBRATION ALONG 

PRINCIPAL THERMAL ELLIPSOID AXES 
Axis 2 ,  A Axis 3, A Atom 

c u  0.1587 (11) 0.1760 (8) 0.1760 (8) 
Cr 0.1330 (14) 0.1426 (8) 0.1426 (8) 
c1,x 0.1609 (15) 0.1881 (9) 0.1881 (9) 
C1eq 0.1532 (14) 0.1637 (14) 0.3469 (17) 
N 0.1503 (35) U. 1865 (36) 0.1981 (34) 

Axis 1, A 

tion causes a uniform shift in all bonds whatever their 
orientation. The only way to test the hypothesis 
that  the equatorial Cu-C1 bond contracts more than 
the axial bond on cooling is to determine the changes in 
fractional coordinates. 

The axial and equatorial Cu-C1 bond lengths cor- 
rected for the effects of thermal motionz9 are: riding 
model, 2.298, 2.410 A;  independent model, 2.325, 
2.434 A. Note that the difference in bond lengths is 
relatively independent of the thermal model chosen 
and remains highly significant. 

The 3 site symmetry (Figure 2) of the CT(NH&~+ 
cation is the highest symmetry this complex can have 
without fixing the angular orientation of the NH3 
groups. (There is one orientation, when an N-H bond 
is coplanar with the 3 axis, where the symmetry can be 
3m, which has 3 as a subgroup.) The coordination 
geometry is very nearly "octahedralJJ with an N-Cr-N 
angle of 89.65 (12)'. The Cr-N bond length is 2.0644 
(25) 8. 

The orientation of the hydrogen atoms minimizes 
the nonbonded H-H interactions (Figure 3). The 

- 

(29) W. R. Busing and H. A. Levy, Acta Cvysl., 17, 142 (1964). 
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Figure 2.--A perspective drawing of the Cr(SH8)e31 ion in 
[Cr(iYH3)6] [CuCl:] as viewed down the crystallographic 3 (SS) 
axis, The isotropic thermal factor used for the H atoms in this 
and the following diagram was chosen as 1.0 ?i2 for clarity. 

Cr (NH3)  63* 

Figure 3.--.2 perspective drawing of the Cr(SHdh3+ ion as 
viewed down a Cr-S bond. 

calculated N-H bond lengths are 0.802 (%), 0.717 (32), 
and 0.672 (33) A. X-Ray results tend to give short 
nT-H or C-H bond lengths.30 Hon-ever, in this struc- 
ture the compression of the N-H bond lengths from 
the effect of oscillation (fitting a banana shape with a 
sphere) is probably more important. The Cr-N-H 
angles are 113 ( 3 ) ,  111 ( 3 ) ,  and 113 ( 3 ) O .  The con- 
traction of the N-H bond length acts to make these 
angles systematically too large. 

The closest N-H . . C1 interactions are only slightly 
less than the sum of van der Waals radii, depending 

(30) W. C. Hamilton and J.  A Ibers, “Hkdrogcn Bonding in  Solids.” 
W. A. Benjamin, Inc., New Y o l k ,  N. l’., IY68. 

upon the value chosen for nitrogen. 
N-H . * * C1 hydrogen bonds are weak. 

In  any event, the 

Discussion 
For a five-coordinate complex formed from equivalent 

unidentate ligands, ligand-ligand electron repulsion is 
minimized in a trigonal-bipyramidal geometry. In  
the absence of other stereochemical effects, therefore, 
one expects to find trigonal-bipyramidal rather than 
square-pyramidal geometry for MLs complexes. This 
is true, for example, for PF5 and PCls in the gaseous 
state. However, there is a relatively small distortion 
required to interconvert the two geometries and the 
energy difference between them is expected to be very 
small. This is supported by the rapid intramolecular 
ligand exchange of PF;, and related compounds and by 
the recent isolation of both geometries for the Ni(CN)s3- 
ion.j331 In  addition, although the CuClj3.- ion is trig- 
onal bipyramidal, the MnClj2- ion is square pyra- 
midal. 3 2  

The stereochemical activity of the metal 3d electrons 
acts to stabilize further the square-pyramidal form 
relative to the trigonal bipyramid. This stabilization 
is predicted by crystal field theory calculations. 33 

These calculations are more or less equivalent to the 
explanation offered by Gillespie, 34 who considered the 
interactions of asymmetric metal d-electron clouds with 
ligand electron pairs. For most distributions of metal 
d electrons this interaction favors the square-pyramidal 
form. However, when there is appreciable electron 
delocalization in the metal-ligand bond apprecia- 
ble covalent bonding) the trigonal-bipyramidal geom- 
etry is favored. 

Because of the nonspherical character of the electron 
density in the d orbitals of transition metals, i t  is im- 
portant to determine if a trigonal-bipyramidal AIL: 
complex has different axial and equatorial bond lengths. 
The five trigonal-bipyramidal MLj complexes studied to 
date are listed in Table V. The early structural 
studies seem to indicate that the axial bond length is in 
fact shorter than the equatorial, but the differences in 
bond lengths, even for the recently reported Ni[P- 
(OCH)3(CH2)3]s2f cation, are never more than two or 
three standard deviations. The trigonal-bipyramidal 
Ni(CN)s3- ion is the first case in which the axial 
bond is reliably shorter than the equatorial bond, but 
the distorted geometry of the anion leaves the situation 
still ambiguous. However, the bond lengths of the 
regular trigonal-bipyramidal C U C ~ ~ ~ -  complex un- 
equivocally show that the axial bond lengths are shorter 
than equatorial ones. 

The contraction of the axial bond length relative to 
the equatorial for a trigonal-bipyramidal low-spin da or 
dg  complex was predicted by G i l l e ~ p i e ~ ~  on the basis of 
the electron-pair-repulsion model described earlier. 

By dividing the electron repulsions of a transition 

(31) K. N. Ra)-mond and F. Basolo, Ino ig .  Chcm., 6 ,  040 (1966). 
(32) I. Bernal, private communication. 
(33) F. Basolo and R. G. Pearson, “Mechanisms of Inorganic Reactions,” 

(34) R. J. Gillespie, 1. Chem. Soc., 1679 (1963). 
J o h n  Wile). and Sons, Inc., S e w  York, pi. Y. ,  1967. 
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TABLE V 
AXIAL AND EQUATORIAL M-L BOND LENGTHS OF 

FIVE IDENTICAL LIGANDS 

Fe (CO ) 5  d8 1.81 (2) 1.79 (2) a,  b,  c, d 
CO(CNCH~)S' d8 1.84 ( 2 )  1 88 (2) e 

N ~ [ P ( O C H ) ~ ( C H Z ) ~ ] S ~ +  d8 2.14 (1) 2.19 (1) h 

c u  Cl63 - de 2.2964(12) 2.3912(13) j 
* J. Donohue 

and A. Caron, ibid., 17, 663 (1964). M. I .  Davis and H. P.  
Hanson, J .  Phys. Chem., 69, 3405 (1965). J. Donohue and A. 
Caron, ibid., 70, 603 (1966). * F. A. Cotton, T. G. Dunne, and 
J. S. Wood, Inorg. Chem., 4, 318 (1965). f This is an average of 
chemically nonequivalent bonds. 0 Reference 5. * Reference 6, 

R.  D. Cramer, R. V. Lindsey, Jr., C. T.  Prewitt, and U. G. 
Stolberg, J .  Am. Chem. Soc., 87, 658 (1965). 

TRIGONAL-BIPYRAMIDAL COMPLEXES WITH 

Complex dZ Axial, Equatorial, A Ref 

Ni( CN)j3- d8 1.838 (9) 1.941 g 

P t  (Sn C1&3- d8 ? ? i 

a A. W. Hanson, Acta C ~ y s t . ,  15, 930 (1962). 

f This work. 

metal complex into ligand-ligand repulsions and d- 
electron-ligand repulsions one can examine the effects 
of various d-electron distributions on the geometry of 
the complex. From the ligand-ligand repulsions one 
always predicts the axial bond to be longer than the 
equatorial. However, the d-electron-ligand repulsions 
can favor either axial contraction or elongation, de- 

pending upon the d-electron configuration. For a 
low-spin d8 or d9 complex the metal 3d-electron density 
distribution is an oblate spheroid, since the d,, orbital 
is either empty or only half-filled. The metal-ligand 
electron repulsion along the trigonal (2 )  axis is therefore 
weakened and equilibrium is achieved a t  a shorter axial 
bond length than if the d-electron shell had spherical 
symmetry. The difference between axial and equato- 
rial bond lengths is expected to be most pronounced for 
relatively ionic complexes with small ligands. The 
more covalent the metal-ligand bond and the larger 
the ligands, the more important the ligand-ligand 
repulsions become, with a concomitant lengthening of 
the axial bond. 

A similar result can be formulated by using a molecu- 
lar orbital model with either u orbitals or both u and 
T atomic orbitals. However, the additional sophisti- 
cation of this model is not, to date, justified by greater 
predictive powers. 
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A series of pyridine and water adducts to bis(2,4-pentanedionato)cobalt(II), Co(AA)z, where the comnion name of acetyl- 
acetone is abbreviated AA, is reported. From crystallographic evidence these are trans-bis(2,4-pentanedionato)dipyridine- 
cobalt(II), Co(AA)~(py)z (orthorhombic, a = 11.13, b = 16.18, c = 11.91 A, space group C,,,, z = 4, measured density 1.28 
g ~ m - ~ ,  calculated density 1.29 g cm-9, tetrakis(2,4-pentanedionato)pyridinedicobalt(II), [Co(AA)zpy]z (triclinic, a = 9.70, 
b = 11.61, c = 15.03 A, a = 103' 35', p = 103' 40', y = 92' 15', z = 2, measured density 1.40 g calculated density 
1.40 g .ma3), and tetrakis(2,4-pentanedionato)pyridineaquodicobalt(II), [Co(AA)zlzpyH~O (triclinic, a = 8.84, b = 9.42, 
c = 17.37 A, a = 92' 30', p = 96' 15', y = 95' 45', z = 2, measured density 1.38 g calculated density 1.41 g cm-3). 
No crystals of the reported compound tetrakis(2,4-pentanedionato)pyridinedicobalt(II), [ C O ( A A ) ~ ] ~ ~ ~ ,  were obtained. 
The structure of Co(AA)z(py)z has been determined from three-dimensional, single-crystal X-ray data obtained on a Pail- 
red diffractometer. The structure, refined by least-squares methods to a final conventional R factor for nonzero data of 
0.047 and W R  (all data) of 0.048, has molecular symmetry mm. All atoms including hydrogen were found and refined. 
The configuration of the molecule is that of the trans-dipyridine adduct with the planes of the two pyridine rings a t  90" to 
each other. Both the molecular conformation and the cobalt-nitrogen atom bond lengths suggest the possibility of metal- 
nitrogen T bonding. 

Introduction clohexylamine have shown these compounds to be de- 
Studies of the adducts of bis(2,4-pentanedionato)- rived from the structure of the anhydrous tetramer,5 

cobalt(II), CO(AA)~, where the common name of the [Co(AAhl4. The tetramer (see Figure 1) is formed of 
acetylacetonate ligand C6H702- has been abbrevi- four cobalt-oxygen octahedra, where the central bridge 
ated AA, with  don^&-^ such as water, pyridine, and cy- 

( 3 )  J. P. Fackler, Jr., Inoug. Chem., 2, 266 (1963) 
(4) J. A. Bertrand, F. A. Cotton, and W. J. Hart, ibid., 3, 1007 (1964). 
(5) F. A. Cotton and R. C. Elder, ibid., 4, 1145 (1965). 

(1) F. A. Cotton and R. C. Elder, I m r g .  Chem., 5, 423 (1966). 
(2: F. A. Cotton and R.  Eiss, J. Am. Chem. SOL, 90, 38 (1968). 


