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The crystal and molecular structure of cis-Cr(dien)( C0)3 (dien = diethylenetriamine) has been determined by single crys- 
tal X-ray diffraction studies. The molecular structure is derived, as expected, from that of octahedral Cr(C0)6, the sub- 
stituents being mutually cis. The compound is crystallographically isostructural with its Mo analog, whose structure was 
recently reported. From the Cr-N bond lengths a single-bond radius of 1.48 f 0.01 A is obtained for Cr(0) in Cr(CO), and 
its derivatives. It is also inferred that the single-bond radius for Mn in derivatives of Mnz(C0)lo is probably about 1.39 A, 
with 1.43 A being a fairly certain upper limit. Comparison of the Cr-CO bond lengths in Cr(dien)(CO)a with those in 
Cr(arene)(CO), compounds implies that the arene rings show little if any ?r acidity toward the Cr(CO)s moiety in the ground 
states of these arene derivatives. 

Introduction 
Recently there has been considerable interest in this 

laboratory3-'j and in the detailed de- 
scription of the bonding of ligands to the metal atoms 
in very low (or zero) formal oxidation states in metal 
carbonyls and their derivatives. Both structural and 
spectroscopic observations are valuable in attempting 
to elucidate the problem. From the purely structural 
point of view, it is necessary to know general struc- 
tures of the molecules, that  is connexity of bonds and 
molecular symmetry, as well as accurate values of 
bond distances, from which such elusive quasi-experi- 
mental, quasi-theoretical parameters as metal single 
bond radii and metal-ligand bond orders can be de- 
duced. 

The present paper reports a structural study of an 
amine-substituted derivative of chromium carbonyl, 
from which information and conclusions pertinent to 
the question of Cr-CO bonding may be obtained. 

Experimental Section 
Preparation of cis-(Diethy1enetriamine)chromium Tricarbonyl. 

-The Cr(dier~)(CO)~ was prepared by heating at  150" for 0.5 hr 
chromium hexacarbonyl, 1.5 g, with an excess of diethylenetri- 
amine, 5 ml, under an atmosphere of nitrogen.ab*10 Slow cooling 
of the reaction mixture to room temperature allowed the forma- 
tion of crystals suitable for X-ray work. The orange-brown 
rhombohedral crystals were washed with ethanol, then pentane, 
and dried in a vacuum desiccator. 

X-Ray Crystallographic Study.-The rhombohedra were found 
to belong to the orthorhombic system with cell dimensions a = 
8.312 =t 0.002, b = 11.81 f 0.02, c = 10.05 i. 0.01 A. The 
compound just floats in iodobutane of density 1.62. Assuming 
the density of the crystals to be 1.60 and using the molecular 
weight of 239 amu the number of molecules per unit cell was 
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calculated to be 3.98. The systematic absences h00 for h # 
2n, OkO for k # 2n, 001 for I #  2n observed on precession pho- 
tographs uniquely determined the space group as P212121. 

The intensities of about 1530 reflections, 0 < 20 5 58', were 
collected using the General Electric XRD-5 X-ray diffractometer 
equipped with a Furnas-Harker eucentric goniometer and a 
scintillation counter, with Mo Ka radiation. The crystal, of 
approximate dimensions 0.4 mm on an edge, was mounted in a 
nitrogen-filled capillary with the c axis vertical and parallel 
to the spindle. The intensities were measured using a modifi- 
cation of the moving crystal-moving counter method of Furnas." 
Lorentz-polarization corrections were applied but absorption 
was neglected (p  = 12 an-'). 

Solution and Refinement of Structure.-A three-dimensional 
Patterson synthesis was computed12 using all reflections. From 
the large peak in each of the Harker sections (I/*, y,  z ) ,  (x, 
l / ~ ,  z ) ,  (x, y,  l/*), the fractional coordinates of the chromium 
atom were estimated to bex = 0.318, y = 0.396, z = 0.811. 

A Fourier summation was computed12 with all phases the same 
as those given by the chromium atoms, and this gave a fairly 
clear picture of the entire molecule. Two cycles of least-squares 
refinement13 of the over-all scale factor and Cr, C, 0, and N 
atom coordinates produced a residual14 of 0.17. Four cycles of 
refinement of the atom coordinates and the isotropic tempera- 
ture factors lowered the residual to  0.13. A Fourier electron 
density map computed at this time clearly showed this compound 
to be isostructural with Mo(dien)(CO)a.6 An error analysis, 
dividing the reflections into groups of 50 by relative intensity, 
showed nothing unusual, and it was decided best to give all 
reflections equal weights. 

Refining the scale factor and one of the bridging carbon atoms, 
Cq, reduced the residual to 0.12. A difference Fourier a t  this 
stage indicated a need for anisotropic temperature factors and 
showed electron density in the regions where the hydrogen atoms 
would be expected. Working from a model and modifying the 
values to best fit the Fourier map the coordinates of the hydrogen 
atoms were estimated. Two cycles of varying only the hydrogen 
atom coordinates and isotropic temperature factors slightly 
raised the residual and only a few of the hydrogen atom positions 
remained reasonable. The hydrogen atoms were therefore 
dropped from consideration. 
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TABLE I 
CALCULATED, F,, AND OBSERVED, I F,], STRUCTURE FACTORS 

I P 

Two more cycles of refinement of all major atom coordinates 
and anisotropic temperature factors brought the residual t o  0.091. 
Another two cycles of full-matrix refinement in which the scale 

with no significant changes in any of the varied parameters 
from the penultimate to the ultimate cycle. The observed and 
calculated structure factors, IF,, and Fa, are given in Table I. 

, I  

factor was also a variable caused the residual to drop to 0.065 The final atomic positional coordinates are given in Table TI 
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TABLE I1 
FINAL ATOM POSITIONAL PARAMETERS@ FOR dienCr( CO), 

Atom x / a  x / b  z/c 

Cr 0.3095 (2) 0.3900 0.8065 
c1 0.469 0.424 0.688 
cz 0.465 0.404 0.933 
c3 0.293 0.542 0.812 
01 0.570 0,457 0.616 
os 0.572 0.417 1.006 
0 3  0.301 0.642 0.804 
IL'1 0.108 0.358 0.940 
Nz 0.115 0.359 0.665 
N3 0.327 0.207 0.778 
C4 -0.048 0.340 0.875 
CI -0.038 0.393 0.731 
C6 0.112 (2) 0.240 0.614 
c7 0.264 (2) 0.181 0.644 

,------Coordinates------ 

5 Standard deviations are all one unit in the last recorded 
figure except as indicated by a number >1 in parentheses. 

TABLE V 
:BOND ANGLES~ ( DEG) IN dienCr( CO)3 

CICrCz 85.3 f 0 . 4  NICrCl 94.7 f 0 . 3  
C2CrC3 86.5 f 0 .4  AT3CrC~ 97.9 f 0 . 3  
ClCrC8 81.7 f 0.4 NICrCl 176.1 f 0 . 3  
NlCrN2 78.7 f 0.3  NsCrCz 174.6 f 0 . 3  
N2CrN3 78.2 f 0.3 N3CrCa 174.2 f 0 .4  
NlCrN3 87.6 f 0.3 CrCIOl 173.3 f 0 . 8  
NICrCz 97.6 f 0 . 3  CrC20z 174.3 f 0.7 
N1CrC8 95.8 =t 0 .4  CrC303 170.8 f 0.9 
NzCrC1 98.5 f 0.3  CrNC(av) 112 =t 5 

NCC (av) 111 f 3 N2CrC3 97.8 0.3 
a Uncertainty intervals are standard deviations. 

and the components of the anisotropic thermal vibration tensors 
in Table 111. The bond lengths and bond angles are recorded 
in Tables IV and V, respectively. Figure 1 shows a perspective 
view of the molecule with identifying numbers on the atoms. 

A il/ 

TABLE I11 
ANISOTROPIC 'rHERMAL PARAMETERSa ( x 10') FOR dienCr( c o ) ~  

Atom Pii P 2 2  Baa 012 P I 3  P28 

Cr 6.6 2.9 4 . 7  0 .2  0 .0  0 . 1  
Cl 9 4 7 0 . 3  -0.1 -0.6 
cz 10 3 6 0 .2  -0.5 0 .1  
c3 8 4 11 1 -0.4 -0.6 

0 2  15 7 9 -0.5 -5 -1 
01 15 6 11 -1 4 0 .6  

0 3  16 4 26 0 .4  -2 -0.9 
Ni 10 5 7 -0.5 0 .7  -0.1 
Nz 9 6 6 0 .3  -3 -0 .3  
N3 13 3 8 0 .6  -0.4 0.2 

9 11 9 -0.1 0 .2  2 C4 
c5 7 9 14 2 -0.5 2 
C6 22 6 17 4 -10 -5 
CI 15 6 10 1 -2 -4 
Standard deviations for Cr, 1 X for all other atoms, 

1-2 x 10-8. 

TABLE IV 
BOND LENGTHS (A) IN dienCr( CO)S 

Bqnd Length' Bond Lengtha 

Cr-C1 1.822 f 0.008 Ci-01 1.173 f 0.011 
Cr-C2 1.822 f 0.008 Cz-02 1.162 f 0,011 
Cr-C3 1.804 f 0.007 Ca-08 1.183 f 0.009 
Cr-N1 2.185 f 0.007 N1-G 1.467 + 0.012 
Cr-N2 2.187 zlz 0.007 N2-G 1.495 f 0.012 
Cr-N3 2.183 f 0.006 Ns-Ce 1.488 f 0.013 
C4-C6 1.579 f 0.016 NaC7 1.474 f 0.012 
CrC7 1.478 f 0.016 

Mean values 

Cr-N(av) 2.185 f 0.004 
Cr-C(av) 1.816 f 0.005 

a Uncertainty intervals are standard deviations of individual 
values or of the mean, as appropriate. 

Discussion 
The symmetry of the CrN3(C0)3 portion of Cr- 

(dien) (CO)3 is approximately C3". The three Cr-N 
and the three Cr-CO distances are equal within the 
experimental uncertainties, as would be expected. 
The crystal and molecular structures of this compound 

Y C6 w w  - 
L/ 

Figure 1.-A perspective view of the diex~Cr(CO)~ molecule, 
There are no crystal- with atoms numbered as in Tables 11-V. 

lographic symmetry elements present. 

are practically identical with those of Mo(dien) (CO)3, 
which were recently reportedS5 It is to be noted, 
however, that  the structure of the chromium compound 
was solved independently without any reference to 
that of the molybdenum compound. 

The mean Cr-CO distance in Cr(dien)(C0)3, 1.817 f 
0.006 A, is markedly shorter than that in Cr(CO)6 
(1.91 f 0.02 A), and a substantial increase in the ex- 
tent of metal-carbon ir bonding is unmistakeably 
demonstrated, as expected.ls 

Finally, it  is to be noted that the mean of the Cr-N 
distances in the compound is 2.185 f 0.004 A. This 
mean value will be used in all subsequent discussions. 

The Single-Bond Radius of Chromium(0) .-One of 
the fundamental but difficult problems in connection 
with formulating detailed descriptions of the bonding 
in metal carbonyls and other compounds of formally 
zerovalent metals is the estimation of appropriate single- 
bond radii of the metals. One of the major objectives 
of the investigation reported here was to do this for 

(15) A semiquantitative interpretation similar to that given earlier6 for 
the molybdenum compounds could also be made here. However, in view of 
the suggestions made by Dobsons for modification of the numerical values to 
be assumed for the a-bond orders, with which we at least partially agree, 
further quantitative discussion will be deferred. 
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Cr(0). Formally zerovalent metal atoms can be 
expected to occur only when surrounded by a consider- 
able number of ligands capable of accepting electroils 
from d a  orbitals of the metal (that is, ligands which are 
a acids), and, of course, the lengths of such bonds, 
which have multiple bond character, cannot be used to 
derive a single-bond radius for the metal. 

However, it is reasonable to assume that when one 
or several P acid ligands, such as CO, are replaced by 
ligands which are simple donors but not T acids, such 
as NH3 and amines, and sufficient T acid ligands remain 
to stabilize the molecule, the bonds to the amine ligands 
will be simple single bonds and their lengths will be the 
sum of the nitrogen tetrahedral ra,dius,16" 0.70 A, and 
the nietal atom single-bond radius. Thus, from the 
average of the Cr-N distances in Cr(dien)(CO)3, 2.18 f 
0.01 A, we estimate a Cr(0) single-bond radius of 
1.48 f 0.02 A. This may be compared with a single- 
bond radius of about 1.62 A, which can be estimated 
in the same may for Mo(0) in Mo(dien)(CO):< from the 
structural data recently published for that  compound.j 

It has been shown4 from the CO stretching force 
constants that the extent of back donation in analogous 
carbonyl derivatives of Cr, Mo, and W is approxi- 
mately the same. Thus the difference in radii, 0.14 -4! 
should be approximately reflected in the differences 
between Cr-CO and Mo-CO distances in analogous 
pairs of compounds. This is the case in both the M- 
(dier~)(CO)~ compounds, where the difference is 1.94 - 
1.82 = 0.12 A, and the hexacarbonyls, where it is 

Finally, i t  may be noted that the Cr-CO and Mo-CO 
bonds are about 0.27 and 0.35 A shorter than would be 
expected for M-C single bonds in the M(CO)6 and 
M(dien) (CO)3 compounds, respectively. These short- 
enings are considerably greater than the -0.1 A pro- 
posed by PaulinglGb on the basis of unspecified assump- 
tions as to the single-bond radii and suggest that  his 
statement that  "the bonds have some double-bond 
character" might well be made more emphatic. 

The Radius of Mn  in Derivatives of Mn(C0)S.-The 
Cr radius in dienCr(C0)a can be obtained by sub- 
tracting the nitrogen radius, 0. iO A, from the mean 
Cr-N distance, 2.18 f 0.01 A, giving 1.48 A, as noted 
above. Since we should naturally assume that the 
manganese atom is inherently smaller than the chro- 
mium atom due to its greater nuclear charge, we must 
regard this as an upper limit on the Mn(0) radius. 
More specifically, comparing the mean Mn-CO dis- 
tance" in HMn(CO)5 with that1* in Cr(C0)DH3,  in 

2.04 - 1.92 = 0.12,4. 
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which all factors save the inherent size of the metal 
atom should be essentially the same, i t  is found that 
the M n  radius is, in fact, about 0.05 A smaller than 
that of Cr Thus, we may establish an upper limit 
of -1.43 A for the Mn radius. This is in substantial 
agreement with one-half the Mn-Mn distance in Mn,- 
(CO)lo, 1.46 A, which is also to be considered an upper 
limit because of some repulsive force between the dT 
electrons of the two metal atoms.6n1g 

It is even possible, using the CO stretching force 
constants for HMn(CO)s20 and for Cr(CO)jNH321 and 
the relations between M-C bond lengths, M-C and 
C-0 bond orders, and CO stretching force constants 
which have been previously described, 3-- j  to estimate 
that Mn-C bond lengthening relative to the Cr-C 
bonds, because of lower back donation, is probably 
about 0.05 A. Thus, the Mn radius would seem likely 
to be about 1.39 A. 

Relevance to Metal-Arene Bonding.-The present 
results, specifically the metal-to-carbon bond lengths in 
dienCr(C0)3, afford some information concerning the 
electron distribution in chromium-to-benzene bonding, 
a t  least as i t  occurs in the (C&)Cr(CO).? and [(CH&)6]- 
Cr(C0)3 molecules. Each of these has recently been 
studied by Bailey and DahLZ2 Aside from the general 
similarity of the dimensions of the Cr(CO)3 groups in 
these two compounds to each other and to those of the 
Cr(CO)3 group in Cr(dien) (C0)3, the essential equality 
of the mean Cr-C distances in the three compounds is 
especially noteworthy. For the benzene, hexamethyl- 
benzene, and dien compounds, the mean Cr-C dis- 
tances and the standard deviations of the mean are, 
respectively, 1.842 =t 0.007, 1 814 f 0.007, and 1.816 f 
0.005 A. If i t  be accepted that the dien group entirely 
lacks the capacity to back-accept d a  elections from the 
metal atom, then these results imply that the benzene 
and hexamethylbenzene rings fail to do so even though 
they may in principle be capable of doing so by means 
of their e2 orbitals. Of course, this conclusion is only 
valid provided one also assumes that the Cr-CO u bond- 
ing is very similar in character in both the arene and 
dien complexes, but such an assumption seems plau- 
sible and there are no data available which contradict 
it. 
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