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The crystal and molecular structure of trans-cyano- 
triethylenetetramins cobalt(ZZZ) perchlorate has been 
determined from three-dimensional X-ray diffraction 
data collected on a four-circle diffractometer with 
scintillation counter. The compound crystallizes in 
space group P2Jn with ;I = 9.85, b = 22.35, c = 
6.68 A, fl = 100.9”, and Z = 4. The structure was 
solved by conventional Patterson and Fourier techni- 
ques und full matrix least squares refinement of 3314 
observed reflections (Fobs> 3%) gave a final discrc- 
panty factor of 0.123. The complex has a distorted 
octahedral configuration with the trien ligand equa- 
torially coordinated. The bonding mode of the CN 
group is through the carbon. 

Introduction 

The bonding mode of cyanide to cobalt has been 
the subject of considerable controversy in recent 
years. The energy difference between the cyano and 
isocyano coordinations is small enough to permit 
either to occur.’ However, neutron diffraction stu- 
dies of cyano-cobalt complexes2.3” have regularly 
shown that the cyanide group bonds through car- 
bon. Since it is ofttimes difiicult to distinguish be- 
tween atoms which differ by but one electron by 
X-ray diffraction, bonding via the carbon has some- 
times been assumed.5 

Kuroda and Gentile’ recently have prepared what 
they characterize as an isocyano cobalt complex, cis- 
a-isocyano-triethylenetetrammine cobatt(llI) perchlo- 
rate. Their assignment of the isocyano coordination 
is based on visible and ultraviolet spectroscopy. Be- 
cause there is some doubt as to the correctness of 
this assignment,’ it was decided to carry out an X- 
ray structure determination of this compound. 

Experimental Section 

A sample of the compound, prepared by the method 
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of Kuroda and Gentile,6 was kindly supplied by Dr. 
James H. Espenson. Amber-colored crystals were 
obtained by recrystallization from an aqueous solu- 
tion. High resolution infrared spectra of the initial 
sample and of the recrystallized material, both in 
KBr pellets, were virtually identical, indicating that 
isomerization had not occurred during solution or 
recrystallization. Microscopic examination revealed 
that the crystals have sharply defined faces and are 
needle-like in appearance with a distorted hexagonal 
gross section in which alternate sides are of unequal 
lengths. 

Crystals were selected and mounted on a glag 
fiber with Duco cement thinned with amyl acetate. 
Preliminary Weissenberg and precession photographs 
exhibited 2/m Laue symmetry, indicating a monocli- 
nic space group. The following systematic absences 
were observed: hoe when h+! = 2n+ I, and Ok0 
when k = 2n+l. These absences are only consi- 
stent with the space group P21/n. The unit cell 
parameters at 25°C are a = 9.8544+0.0015, b = 
22.3529+0.0045, c = 6.6766+0.0020 A and fi = 
100.85+0.03’. These parameters and their standard 
deviations were obtained by a least squares fit to the 
20 values of twelve independent reflections whose 
centers were determined by top-bottom, left-right 
beam splitting on a previously aligned Hilger-Watts 
four-circle diffractometer (MoKa radiation, X = 
0.71069 A). Any error in the instrumental zero was 
eliminated by centering the reflection at both +29 
and -20. A calculated density of 1.62 g cc for four 
molecules per unit cell agrees quite well with an ob- 
served density of 1.65t0.01 g/cc, which was de- 
termined by flotation techniques. 

For data collection, a crystal was selected having 
approximate dimensions 0.02 x 0.08 X 0.18 mm -along 
the a, b, and c crystal axes, respectively and was 
mounted such that the c axis coincided with the cp 
axis ot the diffractometer. Data were collected at 
room temperature using a Hilger-Watts four-circle 
diffractometer interfaced to an S.D.S. 910 computer 
in a real time mode, equipped with a scintillation 
counter, and using Zr-filtered MoKa radiation. Whi- 
thin a two-theta sphere of 6O’_(sin 8/X = 0.704 
A-‘,, all data in the hke and hkP octants were re- 
corded using the 0-20 scan technique with a take-off 
angle of 5.5”. Symmetric scan ranges of 1.2” in 20 
at low two-theta values to 2.0’ at large two-theta 
values were used. Stationary-crystal, stationary-coun- 
ter background counts of half the scan time were 
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taken at the beginning and end of each scan. A 
counting rate of 0.4096 seconds per step of 0.01” in 
0 was employed, A total of 5081 reflections were 
measured in this way. 

As a general check on electronic and crystal stabi- 
lity, the intensities of three standard reflections were 
remeasured periodically during the data collection 
period. These reflections did not vary to any signi- 
ficant degree during the entire period of data col- 
lection. 

Based on a linear absorption coefficient of p = 
14.982 cm-‘, the maximum and minimum transmis- 
sion factors* were 87.86% and 85.96% respectively, 
and no absorption correction was deemed necessary. 

The intensity data were corrected for Lorentz-pola- 
rization effects. The estimated error in each inten- 
sity was calculated by 

where CT, CI, and Co are the total count, ;he net 
count and the background count respectively. The 
factor 0.03 represents an estimate of non-statistical 
errors. The estimated deviations in the structure 
factors were calculated by the finite difference me- 
thod? Of the 4678 independent reflections, 3314 
were considered observed ( > 3cF). 

Solution and Refinement 

The positions of the cobalt and chlorine atoms 
were obtained from analysis of a sharpened Patterson 
function.” The remaining non-hydrogen atoms were 
found by successive structure factor and electron den- 
sity map calculations.” These atomic positions were 
then refined by a full-matrix least squares procedure, 
minimizing the function Ew( 1 F, I - 1 F, 1)’ where w = 
l/a?. to a conventional discrepancy factor of R = 
C 11 F, I - 1 F, II/X 1 F, I = 0.170. The scattering fac- 
tors used were those of Hanson, at al.‘l with the co- 
balt and chlorine scattering factors modified for the 
real and imaginary parts of anomalous dispersion.13 

An electron density difference map verified that all 
the non-hydrogen atoms had been accounted for, but 
indicated that some anisotropic motion, particularly 
of the cobalt and chlorine atoms, was present. Ac- 
cordingly, anisotropic refinement was begun and af- 
ter six cycles of refinement, values of R and wR 
(= IZw(l F, I - I F, ])*/Cw 1 F, I’]“) of 0.154 and 
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0.169, respectively, w&e obtained. The positions of 
the hydrogens bonded to carbons in the triethylenete- 
tramine ligand were calculated with an H-C-C angle 
of 109.5” and a C-H distance of 1.07 A. The hydro- 
gen atoms were assigned isotropic thermal parame- 
ters of 3.0 A*. Two cycles of refinement with aniso- 
tropic thermal parameters for all non-hydrogen atoms, 
varying only the positional and thermal parameters 
of the non-hydrogen atoms and the overall scale fac- 
tor, followed by a recalculation of the hydrogen atom 
positions and two further cycles of least squares re- 
finement, yielded values for R and wR of 0.123 and 
0.156, respectively. 

A final electron density difference map showed no 
peaks greater than 1.2 e/A3. A final statistical ana- 
lysis of the F, and F, values as a function of the 
scattering angle and magnitude of F, revealed no 
unusual trends and suggests that the relative weight- 
ing scheme used is a reasonable one. 

Temperature factors of the atoms in the isocyanide 
group (assuming bonding via the nitrogen) indicated 
the assignment of carbon and nitrogen should be 
reversed. To further verify this, the atom multipliers 
of these atoms were allowed to vary under two sets 
of conditions. In the first of these, carbon scattering 
factors were ass&cd to C(7) and C(8) and nitrogen 
scattering factors were assigned to N(5) and N(6). 
In the second instance, the scattering factor assign- 
ments were reversed. All four atom multipliers 
were initially set at a value of 1.00. The results of 
these refinements are shown in Table I, and clearly 
indicate the correct assignments. 

The final positional and thermal parameters for 
the non-hydrogen atoms are listed in Table Il. The 
standard deviations were calculated from the inverse 
matrix of the final least squares refinement cycle. 
The calculated hydrogen atom positions are listed 
in Table Ill. Bond lengths and bond angles, and 
significant non-bonded distances are listed in Tables 
IV and-V, respectively, along with their standard de- 
viations.‘” The final values of the observed and cal- 
culated structure factors are listed in Table VI. 

Shortly after the data had been collected and the 
crystal removed from the diffractometer, the instru- 
mcnt was found to be slightly misaligned. Thus the 
data arc somewhat poorer than might be expected. 
However, since all the stereochemical features of in- 
lcrcst wcrc well determined and the electron density 
difference map was rather featureless, the data were 
not retaken. 

Description of the Structure 

Our results indicate that the bonding of cyanide 
to the cobalt is through the carbon and not the ni- 
trogen, and that these groups are fruns and net cis to 
one another contrary to the predictions of Kuroda 
and Gentile.6 Hence, the compound is trans-dicya- 
notriethylenetetramine cobalt(Il1) perchlorate, and is 
illustrated in Figure 1.” This configuration has been 
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Tablo IV. Selected Bond Distances and Angles in Angstroms 
and Decrees for cis-(CN)&en Co”‘ClQ. 

Cl-O(l) 
Cl-O(2) 

Es; 
&N(l) 
&N(2) 

E::I:; 
co-C(7) 
G-C(8) 
C(7)-N(5) 

O(l)-C&O(2) 
O( 1).Cl-O(3) 
O( 1 WLO(4) 
0(2)X1-0(3) 
O(2)-Cl-O(4) 
O(3).Cl-O(4) 
N( I)-&N(2) 
N( 1 )-Co-N(3 1 
N( 1 )-Co-N(4) 
N( 1)X0-C(7) 
N( 1).CO-C(~) 
N(2)-G-N(3) 
N(2)-&-N(4) 
N(2)-CC&(~) 
N(2)-Co-C(8) 
N(3)-Co-N(4) 
N(3)-Co-C(7) 
N(3)-C&(8) 
N(4)-&-C(7) 

1.427(9) 
1.424(8) 
1.456(g) 
1.392(10) 
1.978(8) 
1.951(8) 
1.922(8) 
2.001(8) 
1.909(12) 
1.894(12) 
1.161(14) 

110.7(6) 
109.1(6) 
109.3(6) 
107.1(6) 
112.3(7) 
108.4(6) 
88.0(i) 

172.5(4) 
99.4(4) 
89.2(4) 
89.2(4) 
84.5(4) 

172.6(4) 
91.8(4) 
89.6(4) 
88.1(4) 
90.7(4) 
91.0(4) 
87.3(4) 

CWN(6) 
N(l)-C(1) 
WWW 
N(2)-C(3) 
N(3)-C(4 
N(3)-C(5) 
N(4)-C(6) 
C(l)-C(2) 
C(3)-C(4) 
C(5)-C(6) 

N(4)-Co-C(8) 
C(7)-CO-C(~) 
Cc+N( 1 )-Cl 1) 
C*N(2)-C(2) 
Co-N(2)-C(3) 
Co-N(3)-C(4) 
Co-N(3)-C(5) 
Co-N(4)-C(6) 
C&(7)-N(5) 
co-C(8)-N(6) 
N( 1).C( 1)-C(2) 
N(2)-C(2)-C( 1) 
N(2)-C(3)-C(4) 
N(3)-C(4)-C(3) 
N(3)-C(5)-C(6) 
N(4)-C(6)-C(5) 
C(2)-N(2)-C(3) 
C(4)-N(3)-C(5) 

1.180(13) 
1.462(15) 
1.488(12) 
1.476(13) 
1.484(14) 
1.444(15) 
1.506(15) 
1.527(16) 
1.551(17) 
1.536(18) 

91.5(4) 
177.9(4) 
106.7(6) 
108.1(7) 
108.9(7) 
110.8(7) 
109.0(7) 
106.3(7) 
173.7(10) 
174.1(9) 
111.3(9) 
105.9(8) 
I1 1.4(8) 
110.2(9) 
108.3( 10) 
109.1(9) 
116.8(8) 
114.5( 10) 

Table V. Significant Non-bonded Distances in trans-(CN)r 
trien Co”‘Cl0 o I . 

C(7>H(BC3) 2.780( 10) 
C(7)-H(AC4) 2.884( 10) 
C(8)-O(2) 2.694(13) 
C(8)-O(3) 3.601(13) 
N(4)-O(3) 
O( 1).H(AC5)’ 

3;W;) 

O(4)-H(BC1)’ 2:49(l) 

a Primed atoms indicate atoms in another molecule. 

with an exceedingly sharp band for the C-N stretch- 
ing frequency at 2145 cm-‘, with no evidence of 
splitting. 

The cyanide groups are within a degree of being 
perpendicular to the nitrogens of the trien ligand 
(Table IV), and the variations from an ideal octahe- 

Figure 2. Bond distances and angles within the trien ligand. 

dral configuration displayed by the N-Co-N angles 
appear to simply reflect the restrictions imposed by 
the quadradentate ligand (.Figure 2). This trien li- 
gand coordinated to cobalt in a cis configuration has 
heen investigated by Freeman and Maxwell,16 and 
Dwyler and Maxwell;” their results have been used 
as the basis of many of the comparisons which fol- 
low. 

The N(l)-CO-N(~) and N(3)-CO-N(~) angles of 88.0 
and 88.1’ are reasonable and consistent with similar 
results obtained in other investigations of the trien 
ligand. A slight compression of the Co-N(2)-C(3)- 
C(4)-N(3) ring due to the equatorial coordination of 
the ligand adequately explains the somewhat small 
value of 84.5” for the N(2)-CO-N(~) angle. Nydro- 
gen-hydrogen repulsions would be expected to produ- 
ce an increase in the N( 1).CO-N(~) angle compared 
to the nominal 90’, and the 99’ angle found is quite 
rcasouable. A similar result was obtained during 
the investigation of a cobalt compound containing 
a homologous ligand.” The bond angles within the 
trien ligand, with the exception of the C-N-C angles, 
do not differ from the expected tetrahedral angles by 
more than three standard deviations. In addition, 
they fall within two standard deviations of the range 
of values of 108.4’ to 112.3” for Co-N-C bonds, and 
of 105.2’ to 111.4’ for N-C-C bonds reported by 
other investigators of this ligand. The C-N-C bond 
angles of 116.8” and 114.6” are also reasonable in 
view of the fact that the Co-N-C angles are, on the 
average, somewhat less than tetrahedral. These C- 
N-C angles also agree within three standard devia- 
tions with other results obtained in investigations of 
this ligand. 

The bond distances within the trien ligand range 
from I .92 to 2.00 A for Co-N bonds, from 1.44 to 
1.51 A for N-C bonds and from 1.53 to 1.55 A for 
C-C honds, with average values of 1.96, 1.48 and 
1.54 .A, respectively. These distances in no instance 
differ significantly from previously reported values 
for other compounds involving this ligand. 

The four trien nitrogens and the cobalt atom all 
fall within 0.01 A of the least-squares plane. The 
three five-membered rings formed by the quadraden- 
tate ligand and the cobalt atom are not planar how- 

Figure 3. Unit cell showing packing of frans-dicyano trie- 
thylene tetramine cobalt(II1) perchlorate. 

(16) H.C. Freeman and I.E. Maxwell, Inorg. Chem., S(6), 1293. 
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ever, as the carbon atoms are located above and 
below the N-Co-N planes. Nonetheless all of the 
atoms in the trien ligand fall within 0.37 A of a 
least-squares plane. 

As has been described above, the coordination of 
the CN groups to the cobalt is clearly through the 
carbon. The Co-C average bond distance of 1.90 A 
is in good agreement with previously published va- 
lues. The average C-N distance of 1.17 A also agrees 
quite well with the range of previously reported va- 
lues, 1.15 to 1.18 A.2.‘9-2’ The fact that no part of 
the chain N(6)-C(8)-Co-C(7)-N(5) is linear, with bond 
angles of N(6)-C(8)-Co, C(8)-CO-C(~), and CO-C(~)- 

(19) B.M. Chadwick nod A.G. Shnrpc, Adv. Inorg. Chrm. Radio- 
c/tern.. 8. 84-176 (1966). 

(20) W.P. Shaefer, U. Wang, and R.E. Marsh, Inorg. Chem., K?(7), 
1429.1497 (1971). 

(21) A. Wolberg, A& Crysf., B25(pr I), 161.162 (1%9). 

N(5) of 174.1, 177.9 and 173.f, respectively, is some- 
what unusual but not surprising. Curry and Runci- 
man2 have already observed such a phenomenon. 
Much of this can be attributed to steric effects both 
inside the moiety and between moieties (Figure 3). 
Significant non-bonded distances are given in Ta- 
ble V. 

The Cl-0 bond distances in the perchlorate group 
average 1.42 A and the angles average 109.5”. The 
relatively large thermal parameters, possibly due to 
spatial as well as temporal disorder probably account 
for the large individual deviations from the average 
values. However, these average values agree reason- 
ably well with previously published values for this 
anion.‘8 A weak hydrogen bond is possible between 
N(4) and O(3), which are 3.03 A apart. Such a 
hydrogen bond would help stabilize the perchlorate 
group. 
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