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The crystal and molecular structure of Co(Et4dien)Cln, in which Etadien is the bulky ligand 1,1,7,7-tetraethyldiethylenetri- 
amine, has been determined from three-dimensional X-ray data collected from a single crystal. The material crystallizes 
in the space group P i  of the triclinic system, with two molecules in a cell of dimensions a = 7.04 A, b = 12.99 A, c = 9.90 A, 
a = 68.1", p = 80.9', and y = 79.7'. The coordinationgeometryof Co(Et4dien)Clzis distorted and cannot be viewed simply 
as either a square pyramid or a trigonal bipyramid. Various features of the molecular geometry of Co(Et4dien)Clz are coni- 
pared with the structural results reported for other related complexes. The stability order found in polar organic solvents 
for the five-coordinate complexes Ni(Et4dien)Xa ( X  = C1, Br, I )  is interpreted in terms of the observed steric crowding in the 
molccular structure of the five-coordinate Co(Et4dien)Cla complcx. 

Introduction 
Recent studies have produced examples of high-spin, 

five-coordinate complexes of the first-row transition 
metal ions. 2--8 These complexes invariably contain 
u-bonding light-donor-atom ligands which are suf- 
ficiently bulky so that the tendency to attain six-co- 
ordination with central metals such as Ni(I1) and Co(I1) 
is suppressed. 

Two ligands which have played an important role in 
these studies are 1,1,4,7,7-pentamethyldiethylenetri- 
amine (Mesdien) and 1,1,7,7-tetraethyldiethylenetri- 
amine (Etddien). Of particular interest is the fact 
that, whereas both ligands form high-spin, five-coordi- 
nate complexes of the type CoLX2 (X = C1, Br), only 
Mesdien forms high-spin NiLX2 complexes which are 
five-coordinate in the solid state; the Ni(Et4dien)Xz 
complexes are low-spin and four-coordinate in the 
solid and in ethanol solution. It is reasonable to as- 
sume that electronic factors do not change in going 
from Mesdien to Etddien and, therefore, that the ob- 
served change in coordination number for Ni(I1) is 
mainly due to steric factors. Thus, replacement of the 
methyl groups by the more bulky ethyl groups pre- 
sumably tips the balance in favor of a four-coordinate 
form for Ni(Et4dien)Xz. 

Prior to the structural studies described above, the 
ligand Etddien had been employed in studies of steric 
factors in square-planar substitution processes for the 
substrate Pd(Et4dien)Clf.g More recently, these 
mechanistic studies have been extended to include the 
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substrates Pt(Et4dien)Clf loa and Au(Et4dien)CI2+. lob 

Since the proposed pathway for square-planar substitu- 
tion reactions includes a five-coordinate intermediate, l1 

it is clear that the structure of a ground-state five-coor- 
dinate complex containing Etddien would be of consider- 
able interest. In  addition, the striking structural con- 
trast displayed in the Ni(I1) systems with Me5dien and 
Etrdien makes i t  desirable to have detailed structural 
results available in analogous complexes containing 
these ligands. 

We have investigated the structure of Co(Et4dien)- 
Clz by single-crystal X-ray diffraction methods. A 
discussion of the structural and stability patterns of 
complexes containing Mesdien, Etddien, and related 
ligands is presented in this paper. 

Collection and Reduction of the X-Ray Data 
The red-purple crystals of Co(Et4dien)Clz were ex- 

amined by optical, precession, and Weissenberg tech- 
niques and were found to belong to the triclinic system. 
A Delauny reduction failed to suggest the presence of 
hidden symmetry. A convenient cell chosen for the 
indexing of the Weissenberg photographs has the di- 
mensions a = 7.041 =t 0.02 A, b = 12.99 f 0.03 A, 
c = 9.90 f 0.02A, a = 68.1 f 0.3", 6 = 80.9 f 0.3", 
y = 79.7 f 0.3", and cell volume = 826 A3. An ex- 
perimental density of 1.41 g/cm3 obtained by flotation 
in CCld-benzene solution agrees well with the density 
of 1.39 g/cm3 calculated for two molecules in the primi- 
tive cell. A negative piezoelectric test indicated the 
centrosymmetric space group Pi. l2 The satisfactory 
agreement ultimately obtained between observed and 
calculated structure factors confirms this choice. 

Intensity data were collected a t  room temperature 
by the integrating equiinclination Weissenberg tech- 
nique. Zirconium-filtered Mo Ka! radiation was em- 
ployed. The layers Okl to 6kl were photographed and 
the intensities of 1051 independent reflections accessible 
(10) (a) R Wanguo, Master's Thesis, Northwestern University, 1965, 
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within the angular range 611, < 22.0’ were estimated 
visually. Because of the triclinic symmetry, the in- 
tensity estimates were made from both the top and 
bottom portions of the films, and no correction was 
applied for spot elongation. The usual Lorentz- 
polarization factors Tvere applied to the intensities to 
yield Fo2 (where F, is the observed structure amplitude). 
Because of the smallness of the absorption coefficient 
(p = 13.8 cm-l) and the uniformity of the crystal 
dimensions, no absorption correction was applied. 
The Fo values were subsequently brought to an ap- 
proximate scale through a modification of %:ilson’s 
procedure. 

Solution of the Structure 
The positions of the cobalt and the two chlorine atoms 

were readily determined from a three-dimensional Pat- 
terson function. la  These Fositional parameters, along 
i\-ith variable isotropic temperature factors assigned to 
each of the atoms, were refined through several cycles 
of least squares. A11 nitrogen and carbon atoms were 
then located on subsequent difference Fouriers based 
on phases obtained from the heavy atoms. 

The complete trial structure n.as refined by a least- 
squares procedure. The function minimized was 
Z w ( F ,  - F J 2 ,  where the weights were assigned in the 
following ways: I < 5, w = (1/5)2; 5 < I  < 175) w = 1; 
1 3 175, w = (175/I)  2 ;  I is the average raw intensity for 
the particular reflection. The atomic scattering factors 
for the neutral atoms tatulated by Ibers’* were used. 
The anomalous parts of the Co and C1 scattering factors 
mere obtained from Templeton’s tabulation’j and were 
included in the calculated structure factors.I6 

An initial refinement was carried out in which all 
atoms were assigned individual isotropic thermal param- 
eters. This refinement of ’79 positional scale and ther- 
mal parameters converged to a conventional A factor 
(I< = S / ! F o (  - F o ~ ~ ~ / Z ~ F o ~ )  of 0.16and toaweightedX 
factor A’ (X’ = ( Z w ( F ,  - Fc)2/ZwFo2)”2) of 0.17. After 
correction of several indexing errors the agreement 
factors dropped to R = 0.13 and R’ = 0.13 for 1036 
independent nonzero reflections. A different Fourier 
revealed anisotropic motion of the heavy atoms. 

In  a second round of calculations the Co and C1 
atoms were allowed to vibrate anisotropically, u-hile the 
other atoms were restricted to isotropic vibration. 
The scale factors and anisotropic thermal parameters 
were not refined simultaneously in the least squares. 
The final refinement of 87 positional and thermal 
parameters converged to an X factor of 0.117 and a 
weighted R factor K’ of 0,117. The highest peak on the 
difference Fourier based on this refinement is 0.82 e,/A3< 
about 25% the height of a carbon atom. In Table I 
we list the final parameters obtained from the calcula- 
tions in which Co and C1 were allowed to vibrate aniso- 

(13) Programs for the IBM 7094 used in this work were local modifica- 
tions of Zalkin’s FORDAP Fourier program, the Busing-Levy ORFLS least- 
squares program, and various crystallographic programs w i t t e n  a t  Brook- 
haven Xational Laboratory. 

(14) J. A. Ibers, “International Tables for X-Ray Crystallography,” Vol. 
3 ,  The  Kynoch Press, Birmingham, England, 1962, Table 3.3.1A. 

(15) D. H. Templeton, ref 14, Table 3.3.2C. 
(16) J. A. Ibers ilnd W. C. Hrrmilton, A r l n  c‘i.ys/., 17, 781 11064). 

TABLE I 
POSIl’IONA4L A S D  THERMAL PARAXETERS FOR Co(Et~diC1l)Clp 

pu“ or 
Atom 2: Y z A ,  A2 

CO 0.0230 (4 jb  0.2119 ( 8 )  0.2137 (3) 0.0093 (6) 
Cli -0.2261 (6) 0.3475 (4) 0.1075 (5) 0.0207 (2) 
Clz - 0.1278 (S) 0.0481 (4) 0.3003 ( 5 )  0.0151 ( 2 )  
h-1 0 .084 (2) 0 305 (I) 0.345 (1) 1 . 7  13) 
K? 0.263 ( 2 )  0 OB9 (1) 0.823 (1) 2 i ( X i  

0 .022  ( I )  0 0 (2) SS 0 220 ( 2 )  0.204 (1) 
C1 0.231 ( 5 )  0.481 ( 2 )  0.301 ( 8 )  0 .  I ( 7 )  
Cr 0 .  1T8 ( 3 )  0.401 ( 2 )  0 . 2 3 3  (2) 2 . 8  (4) 
c3 0.092 (4) - 0 . 3 4 1  ( 2 )  -0.420 (2) 4 . 1  (5) 
C.I 0 .227 (4) -0 .251  (2)  -0.499 ( 3 )  4 . 8  (4) 
CS 0 046 (4) -0.187 (2) 0.116 (2) r3.s ( 5 )  
Ca 0 154 ( 3 )  0 .  135 (2) -0 0521 (1) 2 . 0  (4) 
c7 0.232 (1) 0 . 3 2 4 ( 2 )  -0 .087(2)  2 6 ( 4 )  
CS 0 . 3 7 7  (2) 0 .326 (1) -0.227 (2) 3 . 8  ( 5 )  

ClO 0.390 (1) 0.052 (1) 0.219 (2) 2 .9  (4) 
c11 0.379 (2) 0.15; (1) 0 ,389 (2) 2 . 3  (4) 
C12 0.216 (2) 0 ,227 (2) 0,454 (2) 3 . 3  ( 5 )  

Cn 0.407 (1) 0.143 (1) 0.073 (2) 2.6:  (4) 

Atom p n  8 3 3  P I 2  Pi3 0 1 3  

Co 0 0033 (2) 0.0047 (3) - 0 . 0 0 2 8 ( 3 )  0.0004 (1) -0.0014 (2) 
C11 0 0042 (4) 0.0079 ( 8 )  0 0001 (2) -0 0033 (6) -0.001R (5) 
Cl? 0.0047 (4) 0.0081 ( 7 )  -0.0054 ( 7 )  0.0004(3) -0.0010(4)  

a The form of the anisotropic thermal ellipsoid is exp [ - (Pllh2 + 
fTrk2  + P8rZ2 + 2P12hk + 2pi3hZ + 2p23kl)l. Sumbers in parcii- 
theses here and in succeeding tables are estimated standard 
deviations in the least significant digits. 

tropically. The final values of observed and calcu- 
lated structure amplitudes are listed in Table 11. 

The final R value of 0.117 is somewhat higher than we 
would normally expect, and we attribute this mainly to 
intensity errors arising from spot elongation and con- 
traction. 

Discussion 
The structure described by the space group, the 

atomic parameters, and the unit cell constants consists 
of the packing of discrete molecules of Co(Et4dien)C12. 
The closest Co-Co approach is 8.04 A and all inter- 
molecular contacts appear normal. Figure 1 is a per- 
spective drawing of an isolated molecule of the com- 
plex. 
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TABLE 11 
CALCULATED AND OBSERVED STRUCTURE AMPLITUDES FOR Co(Etrdien)Clz 
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In the molecule, cobalt is coordinated to the two chlo- 
rine and the three nitrogen atoms. The molecular geom- 
etry is quite irregular and could be viewed as either a 
distorted square pyramid or a distorted trigonal bipyra- 
mid. However, we find it more convenient in compara- 
tive structural discussions to utilize the "distorted 
square pyramid" description. The important intra- 
molecular distances and angles are given in Table 111. 
Co, N1, Nz, and C11 are coplanar. The equation of the 
best least-squares plane through these atoms is 4 .438~ 
+ 4 . 2 3 2 ~  - 5.0752 = -8.291 (triclinic coordinates). 
The deviations of the four atoms from this plane are 
presented in Table IV.  The atom Clz is very sig- 
nificantly displaced from the ideal apical position of a 
square pyramid based on the least-squares plane. 
This is logically the result of nonbonded repulsions be- 
tween Clz, the terminal methyl group C4, and CI1. The 
c12-c4 distance of 3.76 A is shorter than the sum of 3.8 
A from the van der Waals radii of chlorine and a methyl 
carbon. Placing the atom Clz in the ideal apical posi- 
tion would shorten the C12-Cd distance to about 3.2 A. 
The CI+212 distance is 3.62 A and the Cl~-Co-Clz bond 

............... 

........ *...... 
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TABLE I11 
SELECTED INTRAMOLECULAR DISTANCES AND ANGLES 

Intramolecular distances, A Angles, deg 

CO-Cli 2,319 (6) Cl1-Co-Cl2 101.8 (3) 
CO-Cl2 2.357 (7) Ni-Co-N2 80.1 (3) 
CO-N~ 2.21 (1) NI-CO-NJ 120.4 (4) 
CO-Nz 2.16 (2) Nz-CO-NI 80.7 (2) 
Co-Ns 2.19 (2) CL-Co-Ni 93.1 (3) 
CIi-CIz 3.62 (2) Cli-Co-Nz 173.4 (3) 
NI-N~ 2.81 (6) Cli-Co-Ns 101.9 (3) 
N2-NS 2.82 ( 5 )  Clz-Co-Ni 126.8 (2) 
ClrC2 3.56 (3) Clz-Co-NZ 83.3 (3) 
Cl1-C3 3.36 (3) C12-Co-Na 105.9 ( 2 )  
C11-Ce 4.07 (3) 
CL-C, 3.51 (3) 
c12-c4 3.76 (4) 
c12-cb 3.83 (3) 

TABLE I V  
DEVIATION OF THE ATOMS OF c o ,  c11, NI, 
AND Nz FROM THE LEAST-SQUARES PLANE 

Distance, A 

c o  -0.002 (2) 
CI1 0.005 (4) 
Ni 0.00 (2) 
N.4 0.03 (2) 

Atom 
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angle is 101.8’. The Clz atom further distorts the co- 
ordination geometry by moving NB drastically from the 
basal plane of the pyramid. It should also be noted 
that  the distances between Cll and the four CHa groups 
-C2, C3, CS, and C7-are all shorter than the van der 
Waals radii sum of 3.5 A.17 UTe view the extremely 
distorted geometry of the complex as a direct result of 
these strong nonbonded repulsions. Six-coordination 
in Co(Et4dien)Clz is effectively suppressed by these 
same steric factors; the methylene group, Cz, com- 
pletely blocks the sixth coordination site of the cobalt. 

The importance of steric crowding in determining 
the coordination geometry of these types of complexes 
is confirmed on comparing the structures of the com- 
plexes Co(Mesdien)Clz and Co(Etidien)Clz. There are 
significant differences in the coordination geometries 
in these two cases, including a considerably larger 
(135’) NI-CO-NB angle in the Co(Mesdien)Clz ~ o m p l e x . ~  
Replacement of the ethyl groups by the smaller methyl 
groups should decrease the repulsions between the 
chlorine atoms and the terminal alkyl groups. As a re- 
sult, me expect a smaller displacement of N3 from the 
plane determined by the atoms Co, N1, K2, and Cll, 
as is o b ~ e r v e d . ~  Furthermore, the complex Ni(Mej- 
dien)Cln is known to be five-coordinate in the solid 
state, whereas Ni(Et4dien)Clz is four-coordinate in 
that state. Assuming that the electronic factors do 
not change in going from Mejdien to Etidien, we at- 
tribute this different behavior to a steric effect, namely, 
an increase in steric crowding in the inner coordination 
sphere in the case of Etddien. In  addition, in polar or- 
ganic solvents where both the four- and five-coordinate 
forms of the complexes Ni(Et4dien)Xz are observed, 
the fractional concentration of the five-coordinate form 

(17) L. Pauling, “The Xature of the Chemical Bond,” 3rd ed, Cornell 
LJniversity Press, Ithaca, P;. Y . ,  1960, Table 7-20, p 260. 

decreases considerably in the X series C1- > Br- > I-.* 
We have previously suggested steric crowding as the 
principal explanation for this stability order, and the 
observed structure of Co(Et4dien) C1, provides strong 
support. We are now investigating the structure of the 
square-planar complex [Ni(Ft4dien)Br]Br by X-ray 
techniques and we await the result of this study to dis- 
cuss the mechanism of substitution reactions in these 
types of complexes. 

It is of interest to compare the structure of high- 
spin Co(Et4dien)Clz with that of the low-spin five- 
coordinate complex Ni(triars)Brz.I8 In the case of the 
latter, the As donor atoms and the central metal lie 
effectively in the same plane, and the geometry can be 
described as a distorted square pyramid. I t  seems 
reasonable to suggest that electronic factors assume a 
larger structural role in the low-spin complex and that 
the presence of heavy-donor As atoms capable of good 
g(1igand) + p(metal)19 and possibly d,(metal) 4 d,- 
(ligand) bonding n7ill favor an arrangement in which the 
metal and the heavy-donor As atoms are accommo- 
dated in the same plane. The steric strain in this five- 
coordinate structure is then reduced by perturbing the 
metal-halogen bonds. Therefore, the molecular geome- 
try adopted by Ni(triars)Brz can be viewed as a com- 
promise between electronic and steric factors of con- 
parable importance. This is in contrast to the case 
of the Co(Et4dien)Clz complex, where the pr inc ipd  
determinant of molecular geometry is apparently the 
quest for relief of steric strain. 
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The Crystal Structure of Chloropentaamminecobalt(II1) Hexafluorosilicate 

BY J.  A. STASK01 AKD I. C. PALL 

Rereiwd September 16,  1966 

The crystal structurc of chloropentaamminecobalt(II1) hexafluorosilicate, [ C O ( K ; H Z ) ~ C ~ ] S ~ F ~ ,  has been studied by optical 
and single-crystal X-ray methods. The complex crystallizes in the monoclinic system with a = 6.26 i 0.01, h = 8.22 i 
0.01, c = 10.18 i 0.02 A ;  and p = 99” 40’ t 30’. The space group is P21/m with two Formula weights in the unit cell. 
The structure has been determined and refined to  an R factor of 0.12 for 649 reflections. The cation and anion exist as octa- 
hedra. and the measured Co-X distances show no evidence for a “trans effect” induced by the presence of the Cl atom. X 
preliminary examination of the corresponding cyano derivative, [ C O ( N H ~ ) ~ C K ] S ~ F ~ ,  indicates that  it is isomorphous with the 
chloro compound. 

Introduction troscopy we have found those of the hexafluorosilicate 
\&7hile searching for salts of acidopentaammine anion to have many suitable features. NO crystal- 

lographic studies have been reported on this family of 
salts other than an early observation2 on the external 
crystal habit and that the crystals were noticeably di- 
chroic‘ 

(2) S. M. Jorgensen, J .  Piakl .  Chem., 18, 230 (1878). 

cations, [&/1(NH3)&]2+, useful for single-crystal spec- 

(1) (a) This paper is based in par t  on a thesis submitted by J. A. Stank0 
to the Graduate College of t he  University of Illinois in partial fulfillment of 
the requirements for the degree of Doctor of Philosophy in the Department 
of Chemistry; (b) NSF Predoctorsl Fellow, 1‘302- LSG5. 




