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Abstract: The complex (bpy)CdFe(CO)4 crystallizes from hot 1,2,4-trichlorobenzene as a trimer with the stoichiometry [(bpy)-
CdFe(CO)4]S-3ZiC6H3Cl3. The crystals belong to the tetragonal space group S^-PA with eight six-membered metal-metal 
bonded rings and six solvent molecules in a unit cell of dimensions a = b = 29.049 (10),<r = 13.241 (5) A, V= 11 170 A3. Full-
matrix least-squares refinement yielded a final value of the conventional R index (on F) of 0.066 for 5643 reflections having 
F0

2 > Ia(F0
2). The molecular structure consists of nearly planar rings of alternating cis- Fe(CO)4 and (bpy)Cd units. The ring 

is distorted from ideal Du, to approximate Ci symmetry by compression along a Ci axis in the plane of the ring. All Fe-Cd dis
tances are equal within experimental error [2.640 (7) A]. The Cd-Fe-Cd angles vary from 138.81 (15) to 148.40 (15)°, and 
the Fe-Cd-Fe angles from 94.78 (14) to 102.04 (16)c. The iron coordination geometry is significantly distorted from an octa
hedral one toward a tetrahedral one in which cadmium atoms cap two of the faces. There is evidence for a weak semibridging 
interaction between carbonyl carbon and cadmium atoms. The Cd-Fe bonding in [(bpy)CdFe(C0)4]3 appears to be more 
ionic than in [CdFe(CO)4J4. The trimeric compound dissociates in benzene solution. 

In an accompanying article3 we discussed means to purify 
and to crystallize certain classes of oligomeric metal-metal 
bonded materials by employing reversible base-induced 
cleavage reactions. This allowed the crystallization of 
CdFe(CO)4

4 

[CdFe(CO)4]4 + 4nB ^ 4 B n C d + - " F e ( C O ) 4 (1) 

B = acetone, THF, NH 3 

and unambiguous definition of the molecular structure by 
x-ray diffraction.3 The molecule was found to possess an un
usual tetrameric structure consisting of nearly square-planar 
centrosymmetric eight-membered ring of alternating Cd and 
cis-Fe(CO)4 units (A). The nature of the base-induced 
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cleavage products in solution was proposed on the basis of 
cryoscopic molecular weight and infrared spectral studies to 

be B. These measurements, of course, provided no quantitative 
structural details and no information on the solid state geom
etry. They also yielded little information on what features of 
B might provide a driving force for the metal-metal bond 
breaking process. For n = 2 it was not clear why a dimeric 
structure could not exist, as found in the isoelectronic, 
structurally well-characterized group IV metal-iron dimers 
[R2MFe(CO)4]2

5 (C), M = Si, Ge, Sn, Pb. These show little 
tendency to undergo unassisted dissociation.6 The n = 3 species 
are isoelectronic with the group IV cleavage products, B-
R2MFe(CO)4 ,7 the structural details of which have not been 
obtained and can only be inferred from spectral studies7 and 
by comparison with the B'R2MCr(CO)s derivatives.7b'8 For 
these reasons we have undertaken an x-ray diffraction study 
of the BnCdFe(CO)4 adduct where Bn = 2,2'-bipyridyl.9 In 
this compound the base is sufficiently strong and nonvolatile 
so that stable crystals can be grown. Mossbauer data9 sug
gested that the coordination about iron was probably cis oc
tahedral, but provided no further structural information. Di
meric and polymeric states of (bpy)CdFe(CO)4 aggregation 
were recognized as possibilities.9 We discuss here our results 
on the rather complex crystal structure of this molecule. Our 
data reveal the presence of unusual six-membered metal-metal 
bonded rings and somewhat different Cd-Fe interactions than 
were found in the base-free eight-membered ring of 
[CdFe(CO)4J4. 

Experimental Section 

X-Ray Diffraction Study of (bpy(CdFe(CO)4. The compound was 
synthesized as described previously.3 Attempts at crystallization (by 
slow cooling) from a number of solvents (benzene, toluene, 
CFhCh/hexane) yielded well-formed single crystals which became 
opaque and crumbled on isolation owing to loss of occluded solvent. 
However, stable crystals could be obtained from less volatile solvents, 
such as 1,2,4-trichlorobenzene, by very slow cooling of hot saturated 
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solutions. In this case, very slow cooling was achieved by enclosing the 
hot solution (under nitrogen in a Schlenk tube) in a covered Dewar 
flask containing oil at the same temperature. This procedure resulted 
in the formation of large, well-formed, orange-red needles in a size 
suitable for x-ray diffraction. Even larger crystals could be obtained 
by further insulating the Dewar, or by controlling the rate of cooling 
with a heating element connected to a variable ac voltage regulator. 
When the cooling process was completed, the supernatant liquid was 
removed by syringe, and the crystals allowed to dry on filter paper in 
the air. The product so obtained contains 1,2,4-trichlorobenzene of 
crystallization. 

Anal. Calcd for Ci4H8CdFeN2O4-
1AC6H3Cl3: C, 38.64; H, 1.83; 

N, 5.81; Cl, 5.52. Found: C, 38.95; H, 1.80; N, 5.30; Cl, 5.61. 
IR data (Nujol mull): 1970 vs, 1905 vs, 1875 vs, 1590 mw, 1565 

w, 1320 w, 1250 vw, 1175 vw, 1160 w, 1100 w, 1035 w, 1015 mw, 895 
w, 870 w, 818 m, 810 m, 755 s, 738 m, 725 w cm"1. The bands at 1035, 
810, and 722 cm-1 are assigned to 1,2,4-trichlorobenzene by com
parison with a spectrum of the pure compound. 

A crystal of approximate dimensions 0.15 X 0.25 X 0.70 mm was 
mounted on a glass fiber, with [001] coincident with the spindle axis. 
Preliminary film data exhibited primitive Ajm symmetry in the te
tragonal system with no true extinctions, although the 00/ reflections 
were very weak for / odd. No unambiguous assignment of space group 
was possible at this time. 

Intensity measurements were made with Mo Kaj radiation using 
a Picker FACS-I computer-controlled four circle x-ray diffractometer 
equipped with a scintillation counter and pulse height analyzer. Cell 
constants and their standard deviations were derived from a least-
squares refinement of 19 hand-centered reflections, using the Mo Ka i 
peak at 0.709 300 A. The unit cell parameters are a = b = 29.049 (10), 
c = 13.241 (5) A, V = 11 170 A3. The calculated density for 
24KbPy)CdFe(CO)4-V4(C6H3Cl3)] is 1.72 g/cm3, which agrees with 
the experimental value of 1.74 g/cm3 measured by flotation in aqueous 
zinc chloride solution. 

The data crystal displayed acceptable mosaicity for the 8-28 scan 
technique. Mo Kai radiation was monochromatized using the 002 face 
of mosaic graphite. In order to avoid multiple diffraction, the crystal 
orientation was adjusted so that the [001] direction was approximately 
12° from the spindle axis. Scans were from 0.7° below to 0.7° above 
the Mo Ka i peak at a rate of 2°/min. The takeoff angle was 2.3°, the 
aperture was set at 4.5-mm high by 1.5-mm wide, and the counter was 
positioned 32 cm from the crystal. Data were collected in the range 
3° < 28 < 42° with background counts of 10 s for 28 < 32° and of 20 
s thereafter. The intensities of six standard reflections were monitored 
every 100 reflections and showed only slight monotonic increases or 
decreases, which are assumed to result from slow loss of solvent of 
crystallization. 

All data were processed as described previously;10 a value of 0.04 
was used for p in the estimation of Cr(F0

2). A total of 8036 reflections 
was processed, yielding 6372 unique reflections, of which 5643 had 
F0

2 > 3er(F0
2), and were used in subsequent calculations. 

With 24 cadmium atoms and 24 iron atoms in the unit cell, resort 
was made to direct methods for a structure solution. Trial solutions 
were first sought in space group PA/m using the LSAM" programs. 
All of the 16 solutions produced had nearly identical signs for the 
majority of reflections. Fourier syntheses of the more likely solutions 
(those with the highest figures of merit) yielded unreasonable, nearly 
identical, structures. 

A Patterson synthesis revealed that no mirror plane was present 
perpendicular to the z axis, and that the metal atoms were not present 
in high symmetry positions, both contradicting the solutions in PA/m. 
The next most likely space group was considered to be PA. Using the 
MULTAN" programs, eight trial solutions were produced. However, 
the figures of merit among the solutions were nearly identical, and no 
correct solution could be readily found, although the highest electron 
density was now present in general positions. On the basis of the nearly 
extinct 00/, / odd reflections, we considered that there could be psuedo 
42 symmetry present. Solutions were then sought in space group PA 
using MULTAN, as it is known that translational symmetry greatly 
aids in obtaining a correct solution by direct methods. 

Four trial solutions were obtained, and the correct one was clearly 
indicated by the figures of merit. A Fourier synthesis revealed the 
positions of the six independent cadmium atoms. The six independent 
iron atoms were also located, although some of them were of relatively 
low intensity in the Fourier map. The solution consisted of two inde
pendent, nearly planar six-membered metal-metal bonded rings. Two 

cycles of isotropic refinement resulted in R = 0.42, Rw = 0.55. 
Throughout these and subsequent refinements, full-matrix least-

squares techniques were employed. The function minimized was 
2w(|F0 | - |FC[)2, where |F0 | and |FC | are the observed and calcu
lated structure amplitudes, and the weight, w, is AF0

2Ia[F0
1). The 

agreement indices R and Rw are defined as R = 2( |F 0 | — |FC | )/ 
S|F0 | and Rw = (2w(\F0\ - IFcI)2ZSwF0

2)1/2. The atomic scat
tering factors were taken from the new tabulation,12 as were the 
anomalous dispersion terms12 for iron, cadmium, and chlorine. 

A difference Fourier synthesis indicated the positions of eight un
resolved peaks for the 24 independent carbonyl ligands. Attempts to 
refine these positions proved fruitless. Moreover, the metal-metal 
distances also varied in a random fashion, from ca. 2.2 to 3.1 A. Ex
amination of thejwo independent trimers showed that they were 
nearly related by 4 symmetry. The metal positions were averaged to 
give transformed coordinates in the space group PA, and then slightly 
distorted to break the Ai symmetry. Two cycles of isotropic refinement 
yielded agreement indices of R = 0.44, Rw = 0.52, and it was observed 
that the metal-metal distances were much more uniform, varying from 
ca. 2.4 to 2.7 A. A difference Fourier map yielded positions of 22 of 
the 24 independent carbonyl ligands, again each carbonyl appearing 
as a single unresolved peak. Parts of the bipyridyl groups seemed to 
appear, although they were poorly resolved. The 12-membered planar 
bipyridyl ligands were assumed to be rigid bodies and were placed in 
idealized positions on each cadmium atom. The carbonyl carbon and 
oxygen atom positions were extrapolated from the single carbonyl 
peaks. The final two carbonyl groups were found on a subsequent 
difference Fourier map. With these atoms in place values of ?̂ and 
Rw of 0.38 and 0.46 were obtained. One cycle of isotropic refinement 
of the metals and the six bipyridyl units (with one temperature factor 
per group) brought these indices down to 0.34 and 0.42, respectively. 
The bipyridyl ligands were next assumed to consist of rigid six-
membered rings, and two cycles of full isotropic refinement (including 
the carbonyl positions) led to values of R = 0.18 and Rw = 0.25. A 
major characteristic of the early refinements was the tendency of some 
of the atoms to become ill-defined, and considerable difficulty was 
experienced in the replacement of these atoms. The problems probably 
arose from the presence of pseudosymmetry. 

A difference Fourier synthesis revealed that the largest remaining 
electron density was present near the metal atoms, and on the twofold 
rotation axis. Six chlorine atoms were found about this axis, each 
chlorine being disordered between two positions. The carbon atom 
positions in the solvent molecules could not be discerned, presumably 
owing to complications arising from the deviation of the ortho chlorine 
atoms from the plane of the benzene ring. The hydrogen atoms of the 
bipyridyl groups were included in calculated positions, and anisotropic 
thermal parameters were assigned to the metal atoms. Two cycles of 
refinement led to values of R = 0.098 and Rw = OAA. A difference 
Fourier map revealed a number of peaks on the two 4 symmetry axes. 
From these, the most likely chlorine atom positions, with occupancy 
factors of 0.25, were chosen. With the cell composition now specified, 
an absorption correction was applied (^ = 20.44 cm-1, transmission 
factors ranged from 0.69 to 0.75). Two more cycles of refinement led 
to convergence at R = 0.066 and Rw = 0.099 and to an error in an 
observation of unit weight of 3.19 e for the 433_ variables and 5643 
observations. Two of the chlorine atoms on the 4 axes had very large 
thermal parameters. A difference Fourier map revealed that the true 
positions of the two chlorine atoms were essentially underneath two 
of the other chlorine atoms (that is, they both occupied symmetry 
related disordered positions). Redefinition of these two atoms led to 
satisfactory thermal parameters, but owing to their relative unim
portance in the structure, final refinement resulted in no significant 
changes except for the chlorine atoms in question. A final difference 
Fourier map contained a number of significant peaks on the high-
symmetry axes (all, however, less than 1.4 e/A3). As no meaningful 
model for the carbon atom disorder was recognized, no further at
tempts were made at improving the description of the structure. 

The final positional and thermal parameters appear in Tables 1 and 
II, and the root-mean-square amplitudes of vibration are given in 
Table III. A listing of 10|Fo| vs. 10|FC| for those reflections used in 
the calculations and a listing of bipyridyl hydrogen atom positions will 
appear in the microfilm edition.13 

Results 
In our hands, crystals of (2,2'-bipyridyl)cadmium tetra

carbonyliron, (bpy)CdFe(CO)4, suitable for diffraction studies 

Ernst, Marks, Ibers / (2,2'-Bipyridyl)cadmium Tetracarbonyliron 
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Table I. Positional and Thermal Parameters for the Nongroup Atoms of [(C10N2H8)CdFe(CO)4J3-
1^C6H3Cl3 
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-C. 

0, 

C, 

3, 

3, 

C, 

0, 

C, 

C, 

3, 

J. 

0, 

C, 

:, 
:, 
c 

C 

C, 

C, 

C, 

B12 

0 . 6 3 ( 2 3 ) 

- 0 . 2 9 ( 2 3 ) 

- 0 . » 6 I 2 » ) 

0 . 6 6 ( 2 2 ) 

3 . 7 2 ( 2 3 ) 

- 0 . 7 2 ( 2 3 ) 

- 1 . 2 » ( 5 1 ) 

0 . 3 » ( » 2 ) 

- 0 . 2 8 ( » 2 I 

- 3 . 8 » < » 9 I 

- 0 . 1 1 U 3 ) 

- 0 . 2 0 ( » 2 ) 

y 

, 0 7 6 7 ( 1 2 1 

, 0 1 0 7 ( 1 1 ) 

, 3 3 6 2 ( 1 0 ) 

, 3 3 1 6 ( 1 O ) 

, 1 7 7 3 ( 1 0 ) 

, 1 3 7 7 ( 1 0 ) 

. 1 0 » 8 ( 1 3 l 

, 1 3 » 6 3 ( 9 2 ) 

. 1 0 7 3 ( 1 0 ) 

. 3 6 1 0 ( 1 0 1 

, 0 3 3 » » ( 9 6 ) 

, 2 7 8 1 ( 1 0 1 

, 1 7 5 9 ( 1 0 ) 

. 5 5 1 » ( 1 2 ) 

, 1 6 » 2 ( 1 C ) 

. 2 6 1 0 7 ( 9 3 1 

, 3 » 9 » ( 1 1 ) 

, 3 8 3 8 ( 1 2 ) 

, » 2 » 6 ( 1 0 ) 

. 3 0 5 3 ( 1 1 ) 

, 2 9 2 2 2 ( 8 0 ) 

, 3 1 8 5 6 ( 9 5 1 

, 2 3 2 7 9 ( 9 3 ) 

. 3 2 7 2 ( 1 3 ) 

, 0 2 5 6 ( 1 6 ) 

, 0 5 0 1 ( 1 9 ) 

. 0 8 2 9 ( 2 1 1 

, » 7 2 » ( 1 5 l 

, » 5 5 7 ( 1 9 1 

, - 4 2 9 6 ( 1 9 1 

B13 

0 . 3 7 ( 5 » ) 

- 0 . » 3 ( 5 8 1 

5 

0 

-0 

-0 

-3 

-3 

-3 

-3 

-0 

-0 

-J 

0 

0 

-3 

3 

0 

-0 

- 3 

-0 

3 

0 

0 

0 

0 

0 

0 

i 

i 

3 

; 

1 . 7 3 ( 5 9 ) 

1 . 3 2 ( 5 » ) 

2 . 6 6 ( 5 6 ) 

2 . 1 » ( 5 8 l 

0 . C ( 1 1 1 

2 . 7 ( 1 1 ) 

0 . 3 ( 1 0 ) 

- 0 . 6 ( 1 0 ) 

0 . 9 ( 1 1 ) 

• 0 . 8 ( 1 0 ) 

Z 

. 0 0 9 0 ( 2 9 ) 

. 0 0 7 2 ( 2 6 ) 

. 0 5 1 3 ( 2 5 1 

. 1 7 7 3 ( 2 6 1 

. 3 0 6 2 ( 2 5 ) 

. » 5 2 2 ( 2 5 1 

. 2 6 » » ( 2 6 l 

. 3 8 9 8 1 2 3 ) 

. 3 1 6 3 ( 2 6 ) 

. » 7 2 » ( 2 5 l 

. 2 7 2 0 ( 2 3 ) 

. 3 9 6 0 ( 2 » ) 

. 5 1 2 3 ( 2 6 1 

. » 9 9 » ( 2 9 l 

. 3 2 6 0 ( 2 8 ) 

. » 5 0 6 1 2 2 ) 

. 2 0 3 3 ( 2 6 ) 

. 0 » 6 3 ( 3 0 ) 

. 1 1 7 3 ( 2 » ) 

. 2 3 6 8 ( 2 7 ) 

. 1 8 0 7 ( 2 2 ) 

. 0 3 » 8 ( 2 3 ) 

. 1 C 6 C I 2 2 ) 

. 2 2 5 5 ( 2 3 1 

. 2 1 3 1 1 » » ) 

. 0 5 » 2 ( » 7 I 

. C 8 » » ( » 9 ) 

. 2 7 8 1 U C ) 

. L . . 1 2 U 6 I 

. » 1 2 5 ( » 6 ) 

823 

- 0 . 5 8 ( 5 2 ) 

- 0 . 3 0 ( 5 6 ) 

- » . 1 7 ( 6 0 ) 

0 . 1 2 ( 5 3 ) 

- 1 . 0 9 ( 5 5 ) 

- 2 . 3 7 ( 5 7 ) 

- 2 . C ( I l ) 

- O . » ( 1 0 l 

- 0 . 1 ( 1 0 ) 

1 . 2 ( 1 0 ) 

1 . 0 ( 1 1 ) 

- 1 . 6 ( 1 0 ) 

2 
P . A 

6 . 2 8 ( 8 C ) 

5 . 2 1 ( 6 9 1 

5 . 0 5 ( 6 8 1 

» . 7 7 ( 6 C I 

5 ; 2 9 ( 6 7 l 

» . 7 3 ( 6 5 ) 

5 . 1 6 ( 6 8 1 

» . 3 5 ( 5 8 1 

» . 9 6 ( 6 5 1 

» . 3 0 ( 6 3 1 

» . 3 » ( 6 0 l 

» . 9 C ( 6 » I 

5 . 2 3 ( 6 9 1 

6 . » 3 ( 6 0 1 

» . 9 5 ( 6 5 ) 

3 . 9 1 ( 5 6 ) 

5 . 6 8 ( 7 3 1 

6 . 0 5 ( 8 3 ) 

» . S 8 ( 6 » I 

5 . 6 6 ( 7 5 1 

3 . 5 2 ( 5 C l 

» . 2 0 1 - 6 0 1 

» . 1 0 ( 5 6 1 

» . » 5 ( 6 1 1 

I C . 6 ( 1 5 1 

1 6 . 1 ( 1 5 1 

1 2 . 8 ( 1 7 1 

I C . 3 ( 1 3 1 

1 3 . 7 ( 1 5 1 

9 . 7 ( 1 5 1 

" Estimated standard deviations in the least significant figure(s) are given in parentheses in this and all subsequent tables, b The form of the 
anisotropic thermal ellipsoid is: exp[-(Buh

2 + Bl2k
2 + B33/

2 + 2B17Hk + 2S13ZJ/ + 2S23W)] • The quantities given in the table are the thermal 
coefficients X 10". 

could only be grown with solvent included in the cell. The 
structure determination was undertaken on a crystalline 
sample grown from and containing 1,2,4-trichlorobenzene. 
This crystal featured a very large unit cell and a number of 
other crystallographic problems which were overcome only 
with great difficulty (see Experimental Section). The solid 
state structure of (bpy)CdFe(CO)4 was found to consist of two 
independent, planar six-membered rings of alternating iron 
and cadmium atoms. In contrast, molecular weight measure
ments3 show both (bpy)CdFe(CO)4 and (Py)2CdFe(CO)4 to 
be unassociated in benzene solution. Figure 1 presents a 
packing diagram of the six-membered rings. The disordered 
solvent molecules fill channels along the twofold rotation axes 
O/2, 0, 2 and 0, '/2. z). as well as pockets between bipyridyl Ii-
gands on the 4 axes (0,0, z for 0.20 > z > -0.20 and V2, V2, z 
for 0.70 S; z £ 0.30). There are no unusually short intermo-
lecular contacts in the unit cell. 

A perspective view of an individual [(bpy)CdFe(CO)4]3 
molecule with the atom numbering scheme is shown in Figure 
2. Within each six-membered ring, the cadmium atoms are 

pseudotetrahedrally coordinated by a bidentate 2,2'-bipyridyl 
moiety, and by two iron atoms. The iron atoms are coordinated 
by four carbonyl groups and two cadmium atoms, in what can 
be described as either a highly distorted octahedral geometry 
or, perhaps more appropriately, as a tetrahedral disposition 
of the four carbonyl groups, with the cadmium atoms capping 
two tetrahedral faces. For reasons of clarity, each carbonyl 
group in Figure 2 has been identified by a single number. Thus, 
carbonyl 11 is composed of C(11) and 0(11). Similarly, each 
bipyridyl ligand is defined by two rigid groups, which are 
identified by letter. The numbering scheme for the atoms in 
these groups is given in Figures 2 and 4. For the second, crys-
tallographically independent six-membered ring in the unit cell, 
the numbering system continues sequentially. Thus, Fe(4) 
takes the place of Fe(I), C(13) takes the place of C(I), 
BPYR(G) takes the place of BPYR(A), etc. 

Pertinent bond distances and angles are set out in Tables IV 
and V; a summary of structural parameters within the 
metal-metal bonded framework is shown in Figure 3. Within 
experimental error, the two independent six-membered rings 
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Table II. Derived Parameters for the Rigid Group Atoms of [(C10NjH6)CdFe(CO)4J3-^C6H3Cl3 

A T O M 

N I l A ) 

C ( I A I 

C I 2 A ) 

C ( 3 A I 

C ( I i A ) 

C ( 5 A I 

N ( I S ) 

C I l B ) 

C I 2 8 I 

C I 3 B I 

C ( I t B I 

C ( 5 8 l 

N ( I C I 

C ( I C I 

C ( S C I 

C ( 3 C I 

C ( I t C I 

C ( S C I 

N ( I O I 

C ( I O I 

C ( 2 D ) 

C ( 3 D > 

C ( I t O I 

C ( S Q ) 

N ( I E ) 

C ( I E ) 

C I 2 E I 

C ( 3 E ) 

C ( I t E ) 

C ( 5 E ) 

N ( I F I 

C ( I F ) 

C I 2 F I 

C ( 3 F ) 

C ( I t F ) 

C ( 5 F ) 

G R O U P 

B P Y R 1 

B P V R 5 

B P Y R J 

B P Y R It 

B P Y R 5 

B P Y R 6 

B P Y R 7 

B P Y R 8 

B P Y R 9 

B P Y R l O 

B P Y R I l 

B P Y R 1 2 

C. 

C. 

C • 

C. 

C. 

C. 

D. 

0 . 

0 . 

C, 

C. 

C. 

C, 

:. 
0 , 

0 . 

0 . 

0 , 

C. 

C. 

:. 
0, 

C, 

0 . 

G, 

0. 

C I 

C, 

0, 

O1 

: 
0, 

C1 

0 . 

0. 

G 

) 

, m i . 6 6 ( 5 8 ) 

1 4 7 2 7 ( 5 5 ) 

1 0 9 8 3 ( 7 6 1 

, 0 6 8 7 7 ( 5 ? ) 

, 0 6 6 3 7 ( 5 7 ) 

1 0 4 9 2 ( 7 5 ) 

2 2 7 6 8 ( 7 7 ) 

, 1 9 1 1 i t ( 5 6 ) 

, 1 9 6 3 3 ( 6 I t ) 

, 2 4 0 2 4 ( 7 9 ) 

2 7 7 2 0 ( 5 7 ) 

2 7 0 0 3 ( 6 ? » 

2 3 6 0 2 ( 7 0 ) 

, 2 6 ^ 6 6 ( 6 0 1 

2 5 7 8 1 ( 6 8 1 

, 2 2 0 5 5 ( 7 4 ) 

, 1 9 1 5 9 ( 6 1 ) 

, 2 0 0 3 6 1 6 4 I 

, 3 1 5 1 2 ( 6 1 ) 

, 3 0 6 1 1 ( 5 7 1 

, 3 3 2 4 0 ( 7 0 ) 

, 3 6 8 7 7 1 6 4 ) 

. 3 7 7 7 1 ( 5 8 ) 

, 3 5 0 3 7 ( 6 6 ) 

, 2 4 5 9 7 ( 6 7 ) 

, 2 7 2 6 0 ( 5 7 ) 

, 2 6 2 5 M 6 6 I 

. 2 2 4 1 2 ( 7 2 ) 

, 1 9 7 2 1 ( 6 0 ) 

, 2 0 8 8 6 ( 6 4 1 

. 3 2 2 2 1 ( 6 7 1 

, 3 1 1 1 8 ( 6 2 ) 

, 3 3 6 8 6 ( 7 7 ) 

, 3 7 1 . 7 5 ( 7 0 ) 

, 3 8 5 7 5 ( 6 2 ) 

. 3 5 8 9 2 ( 7 3 ) 

A 
X 

C 

0 . 1 . - 6 9 

Y 

0 . 0 4 2 2 5 ( 6 3 1 

0 . 0 4 9 2 0 ( 6 9 1 

0 . 0 6 4 3 5 ( 7 6 1 

0 . 0 7 2 4 8 ( 6 7 ) 

0 . 0 6 5 3 4 ( 6 8 ) 

0 . 0 5 0 2 0 ( 7 1 ) 

0 . 0 3 9 8 0 ( 7 4 1 

0 . 0 4 1 1 4 ( 7 0 1 

0 . 0 3 5 6 0 ( 7 5 1 

0 . 0 2 8 5 4 ( 7 9 1 

0 . 0 2 7 2 2 ( 7 2 ) 

0 . C 3 2 9 5 ( 7 0 1 

- 0 . 0 8 8 1 7 ( 6 5 ) 

- 0 . 1 2 2 3 5 ( 7 2 ) 

- 0 . 1 4 5 1 4 ( 6 4 1 

- 0 . 1 3 3 7 1 ( 6 9 1 

- 3 . 0 9 8 9 4 ( 7 2 ) 

- 0 . 0 7 6 6 7 ( 6 0 ) 

- 0 . 1 0 1 1 9 ( 5 3 ) 

- 0 . 1 3 1 8 7 ( 6 7 1 

- 0 . 1 7 1 3 8 ( 6 0 1 

- 0 . 1 7 8 ' 2 ( 5 5 1 

- 0 . 1 4 7 3 9 ( 6 9 ) 

- 0 . 1 0 8 1 6 ( 5 9 1 

0 . 1 5 6 3 0 ( 6 2 1 

0 . 1 9 3 7 8 ( 7 1 ) 

0 . 2 2 4 5 3 ( 6 3 1 

0 . 2 1 6 9 3 ( 6 5 1 

0 . 1 7 8 7 6 ( 7 3 ) 

0 . 1 4 8 9 3 ( 5 8 1 

0 . 1 6 6 2 2 ( 5 7 1 

0 . 2 0 1 4 1 ( 7 4 1 

0 . 2 4 1 4 2 ( 6 3 1 

0 . 2 4 5 1 0 ( 6 0 1 

C . 2 3 9 2 0 ( 7 6 1 

0 . 1 7 0 0 5 ( 6 2 ) 

6 ( 4 7 1 

0 . 2 3 3 7 7 ( 5 1 1 

0 . 2 2 8 4 5 ( 4 7 ) 

C . 3 4 1 7 4 ( 4 4 1 

C . 2 ' 5 2 2 ( 4 6 ) 

0 . 3 4 8 2 7 ( 4 8 1 

0 . 2 6 2 1 7 ( 4 1 1 

0 . 3 « 7 9 

0 . 1 8 1 9 

5 ( 4 7 ) 

0 ( 4 7 ) 

0 . 2 8 8 4 4 1 4 8 ) 

0 . 1 3 1 6 6 ( 4 4 l 

0 . 2 4 3 8 3 ( 4 3 1 

Z 

- 0 . 4 8 8 2 ( 1 6 ) 

- 0 . 5 8 9 2 ( 1 6 ) 

- 0 . 6 4 4 2 ( 1 2 ) 

- 0 . 5 9 3 7 ( 1 7 1 

- 0 . 4 9 1 1 ( 1 7 ) 

- 0 . 4 4 0 0 ( 1 2 1 

- 0 . 5 7 2 5 ( 1 3 ) 

- 0 . 6 3 6 C ( 1 8 1 

- 0 . 7 3 9 0 ( 1 7 ) 

- 0 . 7 7 7 2 ( 1 3 1 

- 0 . 7 1 2 2 ( 1 8 ) 

- 0 . 6 1 0 1 ( 1 6 ) 

- 0 . 0 4 8 C ( 1 3 ) 

- 0 . 0 1 8 2 ( 1 5 ) 

0 . 0 7 1 3 ( 1 7 ) 

0 . 1 3 1 2 ( 1 3 ) 

3 . 1 0 0 3 ( 1 5 ) 

0 . 0 1 0 4 ( 1 6 ) 

- 0 . 1 5 1 3 ( 1 5 ) 

- 0 . 0 7 6 9 ( 1 4 1 

- 3 . 0 6 4 3 ( 1 3 1 

- 0 . 1 3 0 1 ( 1 6 1 

- 3 . 2 C 5 5 I 1 4 ) 

- 0 . 2 1 4 6 ( 1 3 ) 

- 0 . 0 4 2 7 ( 1 3 1 

- 0 . 0 2 5 9 ( 1 5 1 

0 . C F C O ( 1 7 1 

0 . 1 C 9 S I 1 4 ) 

0 . 0 9 2 2 ( 1 5 ) 

0 . 0 1 5 4 ( 1 6 ) 

- 0 . 1 5 6 4 ( 1 7 1 

- 0 . 0 9 3 8 ( 1 6 ) 

- 0 . C 9 1 C ( 1 6 I 

- 0 . 1 5 4 3 ( 1 8 1 

- 0 . 2 1 7 7 ( 1 6 1 

- 0 . 2 1 7 3 ( 1 5 » 

Y 
C 

0 . 0 5 7 3 C ( 3 8 1 

0 . 0 3 4 2 1 ( 4 0 ) 

• 0 . 1 1 0 9 4 ( 4 5 ) 

- 0 . 1 3 9 8 4 ( 4 4 1 

0 . 1 8 6 5 8 ( 4 7 1 

3 . 2 0 5 5 6 ( 4 9 1 

3 . » 8 3 7 8 ( 3 7 1 

3 . 4 5 3 7 0 ( 3 7 ) 

0 . 6 8 1 0 3 ( 4 8 ) 

0 . 6 4 0 8 7 ( 5 0 ) 

0 . 3 3 7 0 4 ( 4 5 ) 

0 . 3 4 9 6 0 ( 4 1 ) 

2 
B tA 

6 . 4 8 1 3 1 ) 

6 . 4 8 ( 3 1 ) 

6 . 4 8 ( 3 1 ) 

6 . 4 8 ( 3 1 ) 

6 . 4 8 ( 3 1 ) 

6 . 4 8 ( 3 1 1 

6 . 7 6 1 3 3 ) 

6 . 7 6 ( 3 3 ) 

6 . 7 6 ( 3 3 ) 

6 . 7 6 ( 3 3 ) 

6 . 7 6 1 3 3 ) 

6 . 7 6 ( 3 3 ) 

6 . 3 2 ( 3 2 ) 

6 . 3 2 ( 3 2 1 

6 . 3 2 ( 3 2 1 

6 . 3 2 ( 3 2 1 

6 . 3 2 ( 3 2 ) 

6 . 3 2 ( 3 2 ) 

5 . 6 4 ( 2 9 ) 

5 . 6 4 ( 2 9 1 

5 . 6 4 ( 2 9 1 

5 . 6 4 ( 2 9 ) 

5 . 6 4 ( 2 9 ) 

5 . 6 4 ( 2 9 1 

6 . 0 8 ( 3 0 ) 

6 . 0 8 ( 3 0 ) 

6 . 0 8 ( 3 0 ) 

6 . 0 8 ( 3 0 ) 

6 . 0 8 ( 3 0 ) 

6 . 3 8 ( 3 0 1 

6 . 5 4 ( 3 3 ) 

6 . 5 4 ( 3 3 ) 

6 . 5 4 ( 3 3 ) 

6 . 5 4 ( 3 3 1 

6 . 5 4 1 3 3 ) 

6 . 5 4 ( 3 3 ) 

R I G I O GROUP 

7 

'c 

- 0 . 5 4 1 0 ( 1 2 ) 

- 0 . 6 7 4 5 ( 1 3 ) 

C . 0 4 1 1 ( 1 1 1 

- 0 . 1 4 0 5 ( 1 3 ) 

0 . 0 3 3 1 ( 1 1 ) 

- 0 . 1 5 5 1 ( 1 1 1 

0 . 1 7 2 6 ( 1 3 1 

0 . 0 3 7 4 1 1 2 ) 

- 0 . 3 3 8 6 ( 1 2 ) 

- 0 . 5 3 1 3 ( 1 2 1 

- 0 . 3 5 8 8 ( 1 0 ) 

- 0 . 5 5 0 1 ( 1 0 ) 

ATOM 

N ( I G I 

C ( I G ) 

C ( 2 G ) 

C ( 3 G ) 

C U G ) 

C ( 5 G I 

N ( I H I 

C ( I M I 

C I 2 H I 

C I 3 H I 

C(4H> 

C ( 5 H ) 

N ( I I I 

C ( I I ) 

C ( S I t 

C ( J I l 

C I 4 I I 

C ( 5 1 J 

N ( U ) 

C ( U I 

C ( 2 J I 

C I 3 J I 

C I 4 J I 

C ( 5 J I 

N ( I K ) 

C ( I K ) 

C I 2 K I 

C I 3 K I 

C ( 4 K ) 

C I 5 K ) 

N ( I L I 

C ( I L I 

C ( 2 L l 

C I 3 L I 

C(I tL I 

C ( 5 L I 

0 . 

0 , 

0 , 

0 , 

C, 

C. 

C. 

0 , 

0 , 

0 , 

C. 

C, 

0 , 

0 , 

0 . 

0 , 

0 , 

0 , 

C, 

C, 

C, 

C, 

C, 

0, 

0 , 

0, 

C, 

C 

0, 

0, 

0 

C 

C 

C, 

C 

0 

PARAMETERS 

X 

, 2 6 8 3 6 ( 7 6 ) 

, 3 0 4 2 5 ( 5 4 1 

, 2 9 8 9 5 ( 6 4 1 

, 2 5 5 6 1 ( 7 9 ) 

, 2 1 9 3 0 ( 5 6 ) 

, 2 2 6 5 5 ( 6 2 ) 

, 3 4 9 7 4 ( 5 6 1 

, 3 4 8 2 8 ( 5 6 ) 

, 3 8 6 2 9 ( 7 8 1 

, 4 2 6 6 5 ( 5 9 1 

, 4 2 7 8 8 ( 5 6 1 

, 3 8 8 9 3 ( 7 4 1 

, 2 G 1 9 4 ( 6 9 I 

, 2 1 7 4 0 ( 6 2 1 

, 1 9 7 8 2 ( 7 6 ) 

, 1 6 1 4 9 ( 7 4 1 

, 1 4 5 9 6 ( 6 3 1 

, 1 6 6 7 7 ( 7 1 1 

, 2 7 5 9 1 ( 7 3 ) 

, 2 5 3 6 1 ( 6 4 1 

, 2 6 5 5 5 ( 7 6 ) 

, 3 0 1 3 1 ( 7 8 ) 

, 3 2 3 8 1 ( 6 6 1 

, 3 1 0 4 6 ( 7 2 1 

, 1 6 2 1 6 ( 5 9 ) 

. 1 6 7 9 7 ( 5 6 ) 

. 1 3 7 7 4 ( 6 9 1 

. 1 C C 7 3 ( 6 1 1 

. 0 9 5 0 5 ( 5 7 ) 

, 1 2 6 2 6 ( 6 6 ) 

. 2 3 8 2 6 ( 6 4 ) 

. 2 0 5 9 5 ( 5 2 ) 

. 2 1 0 7 2 ( 5 » ) 

. 2 4 9 7 3 ( 6 7 ) 

. 2 8 2 4 3 ( 5 3 ) 

. 2 7 5 9 0 ( 5 6 ) 

B 
OELTA 

- 2 . 1 3 9 ( 2 5 1 

- 1 . 4 4 1 ( 3 5 ) 

3 . 3 6 6 ( 1 6 1 

0 . 2 3 8 ( 1 3 ) 

- 0 . 2 4 2 ( 1 4 ) 

- 0 . 1 8 8 ( 1 3 1 

1 . 3 1 9 ( 3 7 1 

1 . 1 2 5 ( 2 7 ) 

3 . 1 9 2 ( 1 4 ) 

0 . 1 6 0 ( 1 6 ) 

- 0 . 3 2 8 ( 1 2 1 

2 . 7 0 5 ( 1 4 ) 

C. 

0 . 

0 . 

0 , 

0 , 

0 . 

0 . 

C, 

0 , 

C, 

0 . 

0 . 

C, 

0 . 

0 . 

0 . 

0 . 

0 . 

0, 

0 , 

3 , 

0 , 

0, 

0 , 

:, 
0. 

0, 

C, 

:, 
0, 

o 
0, 

3, 

C, 

0, 

0, 

Y 

, 4 8 3 3 6 ( 7 7 ) 

4 7 5 2 7 ( 7 0 ) 

, 4 7 5 4 9 ( 7 4 ) 

, 4 8 4 2 7 ( S O ) 

, 4 9 2 4 6 ( 7 0 ) 

, 4 9 1 8 3 ( 7 0 ) 

4 6 7 1 6 ( 6 3 ) 

, 4 6 3 6 6 ( 6 8 ) 

, 4 4 9 9 7 ( 7 8 ) 

, 4 3 9 9 0 1 6 3 1 

4 4 3 7 4 ( 7 0 ) 

, 4 5 7 5 5 ( 7 4 ) 

, 6 3 8 4 0 ( 5 3 1 

6 6 9 6 7 ( 7 3 ) 

7 1 2 8 6 ( 6 6 ) 

, 7 2 3 9 4 ( 5 5 ) 

, 6 9 1 9 9 ( 7 5 1 

, 6 4 9 4 1 ( 6 4 ) 

, 4 1 5 3 2 ( 7 0 ) 

, 6 5 5 0 3 ( 7 6 1 

, 6 8 1 3 9 ( 6 2 1 

, 6 6 6 4 1 ( 7 3 ) 

, 6 2 6 0 5 ( 7 8 ) 

, 6 0 1 3 9 ( 6 0 1 

, 3 7 3 0 0 ( 5 5 ) 

. 3 3 8 8 5 ( 6 8 ) 

, 3 0 2 2 4 ( 5 9 1 

, 3 0 0 9 2 ( 5 8 ) 

, 3 3 5 7 4 ( 6 9 ) 

. 3 7 1 4 4 ( 5 7 1 

. 3 7 7 0 8 ( 5 8 ) 

. 3 4 5 3 9 ( 6 6 ) 

, 3 1 7 2 6 ( 6 S l 

, 3 2 2 0 4 ( 6 1 ) 

, 3 5 4 3 3 ( 6 7 1 

. 3 9 1 4 7 ( 5 6 1 

0 , 

3 . 

0 . 

0 , 

0 , 

o ( 

- 0 . 

0 , 

G, 

3 , 

- 0 . 

- 3 , 

- 3 . 

-C , 

- C . 

- 0 , 

- 3 , 

- 3 , 

- 0 , 

-:, 
- 0 . 

- J , 

- 0 , 

- C , 

- J , 

- C , 

- C , 

- 3 

- 3 

- 3 

- 0 

- 3 

- J 

- 0 

- 3 . 

- 3 

E P S I L C N 

1 . 0 5 0 ( 1 3 1 

1 . 1 7 1 ( 1 3 1 

- 3 . 7 1 9 ( 1 2 1 

- 0 . 5 0 7 ( 1 1 1 

- 2 . 6 0 5 ( 1 2 1 

- 2 . 7 6 7 ( 1 3 ) 

- 1 . 1 7 1 ( 1 3 1 

- 1 . 0 6 1 ( 1 3 1 

0 . 4 3 9 ( 1 3 1 

2 . 5 2 5 ( 1 3 1 

0 . 4 3 3 ( 1 1 1 

2 . 5 0 4 ( 1 1 ) 

Z 

, J 7 0 0 ( 1 3 l 

1 3 2 8 ( 1 8 1 

2 3 6 5 ( 1 7 ) 

, 2 7 6 0 ( 1 3 ) 

, 2 1 1 7 ( 1 8 1 

, 1 : 8 9 ( 1 6 1 

0 1 5 4 ( 1 6 1 

, 0 8 6 5 ( 1 6 ) 

, 1 4 1 5 ( 1 2 ) 

, 0 9 0 1 ( 1 7 ) 

0 1 3 5 ( 1 7 1 

, 0 6 4 6 ( 1 2 ) 

, 3 3 2 1 ( 1 8 1 

, 4 0 0 0 ( 1 6 ) 

4 4 8 0 ( 1 5 ) 

, 3 4 4 5 ( 1 8 ) 

, 2 7 5 6 ( 1 6 ) 

, 2 7 1 0 ( 1 3 1 

, 4 4 8 7 1 1 4 ) 

, 4 7 0 8 ( 1 6 ) 

, 5 5 3 6 ( 1 8 ) 

, 6 1 4 7 ( 1 4 ) 

, 5 9 1 8 ( 1 6 1 

, 5 0 8 3 ( 1 8 ) 

, 3 5 4 3 ( 1 5 ) 

, 4 2 2 8 ( 1 4 1 

, 4 2 8 9 ( 1 4 ) 

, 3 6 2 7 ( 1 5 ) 

. 2 9 3 4 ( 1 4 ) 

, 2 9 0 6 ( 1 3 ) 

. 4 6 6 6 ( 1 2 ) 

. 4 9 1 3 ( 1 4 ) 

. 5 7 4 8 ( 1 5 ) 

, 6 3 4 3 ( 1 2 ) 

. 6 0 9 0 ( 1 4 ) 

. 5 2 4 8 ( 1 5 ) 

B . A 2 

6 . 7 6 ( 3 2 ) 

6 . 7 8 ( 3 2 ) 

6 . 7 8 ( 3 2 ) 

6 . 7 6 ( 3 2 ) 

6 . 7 4 ( 3 2 1 

6 . 7 4 ( 3 2 ) 

6 . 3 3 ( 3 C ) 

6 . 3 3 ( 3 0 ) 

6 . 3 3 I 3 C ) 

6 . 3 3 ( 3 0 ) 

6 . 3 3 ( 3 0 1 

6 . 3 3 ( 3 C ) 

6 . 5 5 ( 3 2 ) 

6 . 5 5 ( 3 2 1 

6 . 5 5 ( 3 2 ) 

6 . 5 5 ( 3 2 ) 

6 . 5 5 ( 3 2 ) 

6 . 5 5 ( 3 2 ) 

6 . 4 8 ( 3 4 1 

6 . 9 6 1 3 4 1 

6 . 8 8 ( 3 4 1 

6 . 8 6 ( 3 4 ) 

6 . 8 8 ( 3 4 ) 

6 . 4 8 1 3 4 ) 

5 . 5 9 ( 2 9 ) 

5 . 5 8 ( 2 9 ) 

5 . 5 8 ( 2 9 ) 

5 . 5 8 ( 2 9 1 

5 . 5 4 ( 2 9 ) 

5 . 5 8 ( 2 9 ) 

5 . 4 8 ( 2 8 ) 

5 . 4 6 ( 2 8 ) 

5 . 4 9 1 2 4 ) 

5 . 4 8 ( 2 8 ) 

5 . 4 4 ( 2 4 ) 

5 . 4 4 ( 2 4 1 

ETA 

1 . 4 9 6 ( 2 7 ) 

- 1 . 4 3 9 ( 3 6 ) 

0 . 4 7 9 ( 1 6 1 

- 2 . 3 5 0 ( 1 4 1 

- 0 . 7 3 5 ( 1 4 1 

2 . 4 4 2 1 1 5 ) 

1 . 5 2 3 ( 3 8 ) 

- 1 . 7 4 6 ( 2 9 ) 

2 . 4 1 6 ( 1 5 1 

2 . 3 3 1 ( 1 6 1 

0 . 7 6 C ( I J I 

0 . 7 9 8 ( 1 4 ) 

axc,y0, and zc are the fractional coordinates of the origin of the rigid group. * The rigid group orientation angles delta, epsilon, and eta 
(radians) have been defined previously: S. J. LaPlaca and J. A. Ibers, Acta Crystallogr., 18, 511 (1965). 

have essentially identical structures. The Fe-Cd distances are 
nearly equal and fall in the range 2.631 (4)-2.653 (5) A. This 
is markedly longer than found in [CdFe(CO)4]4,

3 2.562 (3) 
A. The distance is comparable to Fe-Sn distances in isoelec-
tronic species such as [(CH3)2SnFe(CO)4]2 (2.631 (11) and 
2.647 (8) A].5a The ring defined by the iron and cadmium 
atoms in [(bpy)CdFe(CO)4]3 is very nearly planar, and 
as can be seen in Table VI no metal atom deviates from the 
mean-square plane by more than 0.158 (39) A. In spite of 
the planarity there is considerable distortion of the ring sys
tem from Dih symmetry. There appears to be significant 
compression along the z direction of the unit cell and the 
angle Cd(2)-Fe(l)-Cd(3) (102.04 (16)°) is considerably 
greater than zCd(l)-Fe(2)-Cd(3) (94.78 (14)°) and 

ZCd(I )-Fe(3)-Cd(2) (95.22 (13)°). Similarly, the angle about 
Cd(I), /Fe(2)-Cd(l)-Fe(3) (148.40 (15)°), has opened in 
comparison with /Fe(l)-Cd(2)-Fe(3) (138.81 (15)°) and 
/Fe(l)-Cd(3)-Fe(2) (139.93 (15)°). Besides describing the 
ring geometry, these parameters reveal the changes, in com
parison with [CdFe(CO)4J4,

3 which coordination of 2,2'-
bipyridyl has brought about at the individual metal atoms. 
First, the valence angles about iron have increased from the 
original,3 nearly octahedral values of 87.76 (5) and 89.31 (4)". 
The present metal-iron-metal valence angles of 94.78 (14) 
-102.04 (16)° are still smaller than found in the acyclic system 
[(CHj)3Si]2Fe(CO)4,

14 111.8 (2)°, but larger than in the 
five-membered ring of [(j75-C5H5)Co(CO)]2(GeCl2)2-
Fe(CO)4

15 (88.2 (2)°) and in the acyclic complex [(C6H5)3-

Ernst, Marks, Ibers / (2,2'-Bipyridyl)cadmium Tetracarbonyliron 
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Fe(I) 

Figure 1. Packing of the [(bpy)CdFe(CO)4]3 Cd-Fe rings in the unit cell. 
The x axis is horizontal to the right, the y axis is vertical, and the z axis 
points out of the plane of the page. The rings arranged in vertical columns 
are centered near z = 0.75, while those arranged in horizontal rows are 
centered near z = 0.25. 

Figure 2. Perspective view of [(DpV)CdFe(CO)J3 showing atom num
bering scheme. The 50% probability vibrational ellipsoids are shown. 

Sn]2Fe(CO)4 (96.O0).16 The bipyridyl coordination has also 
altered the geometry about cadmium, which was only slightly 
distorted from linearity in [CdFe(CO)4J4 (ZFe-Cd-Fe = 
170.25 (5) and 189.85 (5)°). The present Fe-Cd-Fe angles 
are 138.81 (15)-148.40 (15)°, somewhat larger than values 
reported for /Mn-Cd-Mn in BCd[Mn(CO)S]2 derivatives 
where B is diglyme17 (135.9 (I)0), 2,2'-bipyridyI18 (127.7 
(2)°), 1,10-phenanthroline18 (131.4 (2)°), or 2,2':6'2"-ter-
pyridyl19 (132.4 (2)°). The average Cd-N distance that we 
find (2.373 (18) A) is comparable with those found in the 
above-mentioned bipyridyl18 [2.358(10) and 2.349 (9) A] and 
phenanthroline18 (2.382 (14) and 2.342 (14) A) derivatives, 
but shorter than in the terpyridyl complex19 (2.475 (14), 2.405 
(12), 2.493 (14) A). 

The disposition of the nonmetallic ligands about iron in 
[(bpy)CdFe(CO)4]3 also deviates appreciably from an octa
hedral configuration. We define the equatorial carbonyl li
gands as the six CO groups which lie essentially in the plane 

Cd(I) 

Figure 3. Important structural parameters in the Fe-Cd ring of [(bpy)-
CdFe(CO)J 3. Within experimental error, all Fe-Cd distances are 
equal. 

Figure 4. Numbering scheme and assumed (rigid body refinement model) 
bond distances and angles in 2,2'-bipyridyl ligands. 

of the ring (e.g., CO(I)) and the axial carbonyls as the six 
which are out of the plane (e.g., CO(3)). The average C(ax-
ial)-Fe-C(axial) angle is 139.5 (14)°, compared with 154.7 
(3)° in [CdFe(CO)4]4

3 and 180° for an ideal octahedron 
(Table VII). This angle is frequently somewhat less than 180° 
in related systems, viz [(CH3)2SnFe(CO)4]2(156(4)and 165 
(4)°);5a [(*;5-C5H5)Co(CO)]2(GeCl2)2Fe(CO)4 (172.0 
(1)°);15 and (CHj)4Sn3[Fe(CO)4J4 (158 (2)-165(2)°),20 but 
seldom in this range. Only in [(CHa)3Si]2Fe(CO)4

14 is a 
comparably small C(axial)-Fe-C(axial) angle observed: 141.2 
(2)°. In [(bpy)CdFe(CO)4]3, the average C(axial)-Fe-
C(equatorial) angle expands to 103.4 (14)°. This can be 
compared with an average value of 99.4 (4)" in [CdFe(CO) 
4 ] 4 . 3 In the present case, the C(equatorial)-Fe-C(equatorial) 
angles average 96.3 (15)°, the expansion, at first glance, ap
pearing to be constrained by the cadmium atoms which occupy 
the same plane. However, the average C(equatorial)-Fe-Cd 
angle is surprisingly small, 83.2 (17)°. The average C(axial)-
-Fe-Cd angle is even smaller, 76.8 (20)°, and suggests possible 
Cd-C interaction (vide infra). The Fe-C(equatorial) and 
Fe-C(axial) distances in [(bpy)CdFe(CO)4]3 are essentially 
identical and average 1.727 (7) A, while the average C-O 
distance is 1.178 (9) A. In [CdFe(CO)4J4, the average Fe-C 
and C-O distances of 1.779 (3) and 1.152 (3) A are slightly 
longer and shorter, respectively, than those found in the present 
complex. These differences are in accord with infrared spec
troscopic data which indicate lower C-O force constants for 
the base adduct in solution3 and in the solid state (see Exper
imental Section). The average Fe-C-O angle is 175.2 (28)° 
(176.3 (9)° in [CdFe(CO)4J4

3). Table VIII presents a com
parison of average bond distances and angles in these two 
compounds. 
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Table IV. Selected Bond Distances in KbPy)CdFe(CO)4J3-
3ZtC6H3Cl3 

2103 

Cd(I) 
Cd(I) 
Cd(2) 
Cd(2) 
Cd(3) 
Cd(3) 
Cd(4) 
Cd(4) 
Cd(5) 
Cd(5) 
Cd(6) 
Cd(6) 
Cd(I) 
Cd(I) 
Cd(2) 
Cd(2) 
Cd(3) 
Cd(3) 
Cd(4) 
Cd(4) 
Cd(5) 
Cd(5) 
Cd(6) 
Cd(6) 

-Fe(2) 
-Fe(3) 
-Fe(I) 
-Fe(3) 
-Fe(I) 
-Fe(2) 
-Fe(5) 
-Fe(6) 
-Fe(4) 
-Fe(6) 
-Fe(4) 
-Fe(5) 
-N(IA) 
-N(IB) 
-N(IC) 
-N(ID) 
-N(IE) 
-N(IF) 
-N(IG) 
-N(IH) 
-N(II) 
-N(U) 
-N(IK) 
-N(IL) 

2.631 (4) 
2.649 (4) 
2.653 (5) 
2.638 (5) 
2.632 (5) 
2.640 (5) 
2.640 (4) 
2.630 (4) 
2.648 (5) 
2.642 (4) 
2.643 (5) 
2.637 (5) 
2.362(18) 
2.358(18) 
2.394(18) 
2.393(17) 
2.392(18) 
2.409(18) 
2.334(18) 
2.327(18) 
2.391 (17) 
2.406 (20) 
2.346(17) 
2.363(17) 

Fe(I)-C(I) 
Fe(l)-C(2) 
Fe(I)-CO) 
Fe(l)-C(4) 
Fe(2)-C(5) 
Fe(2)-C(6) 
Fe(2)-C(7) 
Fe(2)-C(8) 
Fe(3)-C(9) 
Fe(3)-C(10) 
FcO)-C(Il) 
Fe(3)-C(l 2) 
Fe(4)-C(13) 
Fe(4)-C(14) 
Fe(4)-C(15) 
Fe(4)-C(16) 
Fe(5)-C(17) 
Fc(5)-C(18) 
Fe(5)-C(19) 
Fe(5)-C(20) 
Fe(6)-C(21) 
Fe(6)-C(22) 
Fe(6)-C(23) 
Fe(6)-C(24) 

1.79(4) 
1.72(3) 
1.74(3) 
1.78(3) 
1.66(3) 
1.76(3) 
1.72(3) 
1.77(3) 
1.67(3) 
1.80(3) 
1.66(3) 
1.73(3) 
1.72(3) 
1.72(4) 
1.75(3) 
1.77(3) 
1.69(3) 
1.75(4) 
1.76(3) 
1.69(3) 
1.68(3) 
1.72(3) 
1.72(3) 
1.69(3) 

C(D-O(I) 
C(2)-0(2) 
CO)-OO) 
C(4)-0(4) 
C(5)-0(5) 
C(6)-0(6) 
C(7)-0(7) 
C(8)-0(8) 
C(9)-0(9) 
C(IO)-O(IO) 
C(H)-O(Il) 
C(12)-0(12) 
C(13)-0(13) 
C(14)-0(14) 
C(15)-0(15) 
C(16)-0(16) 
C(17)-0(17) 
C(18)-0(18) 
C(19)-0(19) 
C(20)-O(20) 
C(21)-0(21) 
C(22)-0(22) 
C(23)-0(23) 
C(24)-0(24) 

1.12(4) 
1.21 (4) 
1.16(4) 
1.14(4) 
1.28(4) 
1.15(4) 
1.15(4) 
1.15(4) 
1.33(4) 
1.10(4) 
1.18(4) 
1.19(4) 
1.18(4) 
1.17(5) 
1.20(4) 
1.13(4) 
1.19(4) 
1.21(5) 
1.10(4) 
1.21(4) 
1.19(3) 
1.16(4) 
1.13(3) 
1.20(4) 

C(IA)-C(IB) 
C(IC)-C(ID) 
C(IE)-C(IF) 
C(IG)-C(IH) 
C(Il)-C(U) 
C(IK)-C(IL) 
C1(1)-C1(2) 
Cl(I)-ClO) 
C1(2)-C1(3) 
C1(4)-C1(5) 
C1(4)-C1(6) 
C1(5)-C1(6) 
C1(7)-C1(8) 
C1(7)-C1(9) 
C1(8)-C1(9) 
Cl(IO)-Cl(Il) 
C1(10)-C1(12) 
C1(11)-C1(12) 

1.44(2) 
1.46(3) 
1.45(3) 
1.46(3) 
1-47(3) 
1.44(2) 
3.34(4) 
6.10(4) 
5.66(5) 
3.31 (5) 
5.72(5) 
5.31 (5) 
3.03(8) 
5.64(8) 
5.17(8) 
3.25(8) 
5.83(8) 
5.23(8) 

As mentioned in the Experimental Section, each 2,2'-bi-
pyridyl ligand was treated as two rigid six-membered rings in 
refinement. The dimensions of each ring were taken from 
structural studies of other 2,2'-bipyridyl complexes.2Ia This 
approach still yields three independent parameters which can 
be defined by reference to Figure 4. The average C(I)-C(I) 
distance (Table IV) was found to be 1.453 (13) A, which is in 
good agreement with published values in the neighborhood of 
1.460 (15) A'8'21 and supports the validity of the rigid body 
refinement model. The dihedral angle between the two rings 
in the bipyridyl ligands varies from 6.2 (10) to 17.8 (10)° and 
probably results from repulsions between the C(2) hydrogen 
atoms21 and from packing forces. Such distortions of 6-12° 
are not uncommon for this ligand,18'21 but 17.8 (10)° is the 
largest twisting observed to date. Another distortion which is 
found in the present case is a 4.2 (9)-7.0 (9)° deviation from 
collinearity of the two C(l)-C(4) vectors in each bipyridyl 
ligand. The bending is in the direction which increases the 
Cd-N overlap and flexing of this magnitude has been reported 
in other structures.18'21 The bending and twisting parameters 
are summarized in Table IX. 

The disorder in the trichlorobenzene molecules has ham
pered accurate location of the carbon and hydrogen atoms. It 
was possible to locate the chlorine atoms, and the interatomic 
distances (Table IV) are in good agreement with distances 
obtained by electron diffraction22 on other polychloroben-
zenes. 

Discussion 

This study has afforded the first opportunity to examine the 
molecular structure of a 82CdFe(CO)4 molecule in the solid 
state and to compare it with the base-free, square 
[CdFe(CO)4J4 structure.3 In the present case of B2 = 2,2'-
bipyridyl the molecule is a trimer, with smaller (by ca. 30°) 
Fe-Cd-Fe bond angles, longer (by ca. 0.08 A) Fe-Cd bond 
distances, and a marked distortion of the iron coordination 
sphere from an octahedral configuration. The coordination by 
the 2,2'-bipyridyl unit no doubt has caused the decrease in the 
Fe-Cd-Fe bond angles. This is in accord with simple valence 
bond hybridization arguments.23 A similar, though slightly 
larger bending (ca. 45-60°) is observed in the analogous 
B2Cd[Mn(CO)5]2 derivatives.17"19 The lengthening of the 

Fe-Cd bonds over those in [CdFe(CO)4J4 can also be ex
plained by hybridization considerations, since cadmium 
changes approximately from an sp to an sp3 configuration. 
Related to the present case is the lengthening of the Sn-Cr 
bond observed in [(py)(?-C4H9)2Sn]-Cr(CO)5 (Sn-Cr = 
2.654 (3) A)8b over that in the complex where no base is 
coordinated to tin, ([((CHa)3Si)2CH]2Sn)-Cr(CO)5(Sn-Cr 
= 2.562 (5) A).24 In this compound and in [(bpy)CdFe(CO)4]3 
it is also possible that the Lewis base stabilizes an ionic reso
nance hybrid such as E involving less metal-metal interaction. 

B—*Cd 

(CO)4 (CO)4 

. ~ F \ 
• C d 

D E 
The importance of this contribution was noted in infrared 
spectral results in the C-O stretching region.3 It may also help 
to explain the distortion of the iron coordination sphere ob
served in the diffraction study. 

As was noted above, the geometry adopted by the 
Cd2Fe(CO)4 moiety deviates appreciably from octahedral 
symmetry. The distortion is toward a bicapped tetrahedral 
configuration with the cadmium ions occupying the capping 
vertices X, as pictured in eq 2. The extent to which the dis-

CO8 

,COe 

•COe 

COa 

(2) 

tortion in [(bpy)CdFe(CO)4]3 reaches an idealized bicapped 
tetrahedron is summarized in Table VII. The observed ge
ometry is approximately midway along the potential energy 
surface connecting the two extremes. The reasons for such 
distortions in octahedral complexes such as X2Fe(CO)4 have 
recently been discussed by Hoffmann, Howell, and Rossi.25 

It appears that strongly cr-electron releasing X substituents will 
stabilize the Fe(CO)4 tetrahedral array. This can be pictured 
as forcing the iron electronic configuration toward d10. The 
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Table V. Selected Bond Angles in [(6Py)CdFe(CO)4I3-
3AC3H3CI3 

Cd(2)-Fe(l 
Cd(l)-Fe(2 
Cd(l)-Fe(3 
Cd(5) Fe(4 
Cd(4)-Fe(5 
Cd(4)-Fe(6 
Fe(2) Cd(I 
Fe(l)-Cd(2 
Fe(l)-Cd(3 
Fe(5) Cd(4) 
Fe(4)-Cd(5 
Fe(4)-Cd(6 
Fe(2)-Cd(l 
Fe(2)-Cd(l) 
Fe(3)-Cd(l 
Fe(3)-Cd(l 
Fe(l)-Cd(2) 
Fe(l)-Cd(2 
Fe(3)-Cd(2 
Fe(3)-Cd(2 
Fe(l)-Cd(3 
Fe(l)-Cd(3 
Fe(2) Cd(3 
Fe(2)-Cd(3 
Fe(5)-Cd(4 
Fe(5)-Cd(4 
Fe(6)-Cd(4 
Fe(6)-Cd(4 
Fe(4) Cd(5 
Fe(4)-Cd(5 
Fe(6) Cd(5 
Fe(6)-Cd(5 
Fe(4)-Cd(6 
Fe(4) Cd(6 
Fe(5)-Cd(6 
Fe(5)-Cd(6 
Cd(2)-Fe(l 
Cd(2)-Fe(l 
Cd(2)-Fe(l 
Cd(2) Fe(I 
Cd(3)-Fe(l 
Cd(3) Fe(I 
Cd(3)-Fe(l 
Cd(3) Fe(I 

-Cd(3) 
-Cd(3) 
-Cd(2) 
-Cd(6) 
-Cd(6) 
Cd(5) 

-Fe(3) 
Fe(3) 
Fe(2) 

-Fe(6) 
-Fe(6) 

Fe(5) 
-N(IA) 

N(IB) 
-N(IA) 
-N(IB) 
N(IC) 

-N(ID) 
N(IC) 

-N(ID) 
-N(IE) 
-N(IF) 
-N(IE) 
-N(IF) 
N(IG) 

-N(IH) 
-N(IG) 

N(IH) 
-N(II) 
N(U) 

-N(II) 
-N(U) 
-N(IK) 
N(IL) 

)-N(lK) 
-N(IL) 

I C(I) 
)C(2) 
)-C(3) 
)-C(4) 
)-C(l) 
>C(2) 
)-C(3) 
)C(4) 

102.04(16) 
94.78 (14) 
95.22(13) 

102.31(15) 
94.94(14) 
95.54(13) 

148.40(15) 
138.81 (15) 
139.93(15) 
148.39(15) 
138.61 (14) 
139.46(15) 
99.0 (5) 

102.4 (5) 
105.5 (5) 
105.0(5) 
103.0 (5) 
107.2 (4) 
111.2(5) 
106.2(5) 
102.2 (4) 
109.0(5) 
110.5(5) 
104.3 (5) 
103.2 (6) 
99.0 (5) 

104.1 (6) 
105.2(5) 
109.1 (5) 
100.9 (5) 
105.3 (5) 
112.4(5) 
110.3 (4) 
101.5(4) 
102.8 (5) 
111.9(4) 
175.4(12) 
82.9(11) 
76.1 (10) 
77.9 (9) 
82.2(12) 

174.5(11) 
72.7(10) 
78.5 (9) 

Cd(l)-Fe(2)-C(5) 
Cd(l)-Fe(2)-C(6) 
Cd(l)-Fe(2)-C(7) 
Cd(l)-Fe(2)-C(8) 
Cd(3)-Fe(2)-C(5) 
Cd(3) Fe(2)-C(6) 
Cd(3)-Fe(2)-C(7) 
Cd(3)-Fe(2)-C(8) 
Cd(l)-Fe(3)-C(9) 
Cd(l)-Fe(3) C(IO) 
Cd(l)-Fe(3)-C(ll) 
Cd(l)-Fe(3)-C(12) 
Cd(2)-Fe(3) C(9) 
Cd(2) Fe(3)-C(10) 
Cd(2)-Fe(3)-C(ll) 
Cd(2)-Fe(3)-C(12) 
Cd(5)-Fe(4)-C(13) 
Cd(5)-Fe(4)-C(14) 
Cd(5)-Fe(4)-C(15) 
Cd(5) Fe(4)-C(16) 
Cd(6)-Fe(4)-C(13) 
Cd(6)-Fe(4)-C(14) 
Cd(6)-Fe(4)-C(15) 
Cd(6)-Fe(4)-C(16) 
Cd(4) Fe(S)-C(17) 
Cd(4)-Fe(5)-C(18) 
Cd(4)-Fe(5) C(19) 
Cd(4) Fe(5) C(20) 
Cd(6) Fe(5)-C(17) 
Cd(6)-Fe(5) C(18) 
Cd(6) Fe(5) C(19) 
Cd(6)-Fe(5)-C(20) 
Cd(4)-Fe(6)-C(21) 
Cd(4)-Fe(6)-C(22) 
Cd(4) Fe(6) C(23) 
Cd(4)-Fe(6)-C(24) 
Cd(5)-Fe(6)-C(21) 
Cd(5)-Fe(6)-C(22) 
Cd(5)-Fe(6)-C(23) 
Cd(5)-Fe(6)-C(24) 
N(IA)-Cd(I)-N(IB) 
N(lC)-Cd(2) N(ID) 
N(1E)-Cd(3)-N(1F) 
N(IG) Cd(4) N(IH) 

176.7(10) 
87.4(10) 
78.5 (10) 
72.8 (9) 
83.0(11) 

177.5(10) 
78.0(11) 
78.6(10) 

177.9(12) 
83.9 (9) 
76.7(10) 
78.3(10) 
83.5(11) 

176.9(10) 
74.6(10) 
76.9(11) 

174.2(11) 
82.5(12) 
78.9(10) 
71.9(9) 
81.9(11) 

175.2(12) 
78.4 (10) 
78.0 (9) 

174.6(11) 
84.6(12) 
75.8(10) 
77.6(11) 
80.8(11) 

177.7(12) 
78.7 (10) 
76.8(12) 

177.2(10) 
83.1 (9) 
77.4 (9) 
76.3(10) 
81.8(9) 

178.6(10) 
78.0(10) 
77.0(10) 
68.6 (7) 
68.7 (7) 
68.3 (7) 
69.6 (7) 

N(lI)-Cd(5)-N(U) 69.4(7) 
N(IK) Cd(6)-N(1L) 69.0(6) 
C(I)-Fe(I) C(2) 
C(I)-Fe(I)-CQ) 
C(l)-Fe(l)-C(4) 
C(2)-Fe(l)-C(3) 
C(2)-Fe(l)-C(4) 
C(3)-Fe(l)-C(4) 
C(5)-Fe(2)-C(6) 
C(5)-Fe(2)-C(7) 
C(5)-Fe(2)-C(8) 
C(6)-Fe(2)-C(7) 
C(6)-Fe(2)-C(8) 
C(7)-Fe(2)-C(8) 
C(9) Fe(3) C(IO) 
C(9)-Fe(3)-C(U) 
C(9)-Fe(3)-C(12) 
C(10)-Fe(3)-C(ll) 
C(10)-Fe(3)-C(12 
C(ll)-Fe(3)-C(12 
C(13)-Fe(4)-C(14] 
C(13)-Fe(4)-C(15 
C(13)-Fe(4) C(16 
C(14)-Fe(4)-C(15) 
C(14)-Fe(4)-C(161 

C(15)-Fe(4) C(16 
C(17)-Fe(5)-C(18] 
C(17)-Fe(5)-C(19) 
C(17)-Fe(5)-C(20 
C(18)-Fe(5)-C(19 
C(18)-Fe(5)-C(20) 
C(19)-Fe(5)-C(20 
C(21)-Fe(6)-C(22 
C(21)-Fe(6)-C(23) 
C(21)-Fe(6)-C(24 
C(22)~Fe(6)-C(23 
C(22)-Fe(6)-C(24) 
C(23)-Fe(6)-C(24 
Fe(I)-C(I)-O(I) 
Fe(l)-C(2)-0(2) 
Fe(I) C(3)-0(3) 
Fe(l)-C(4)-0(4) 
Fe(2)-C(5)-0(5) 
Fe(2)-C(6) 0(6) 

92.8(16) 
104.0(15) 
104.6(15) 
106.4(15) 
105.2(14) 
135.8(15) 
94.9(15) 

103.3(15) 
104.4(14) 
101.2(15) 
103.4(14) 
140.9(14) 
97.5(15) 

101.4(15) 
103.0(14) 
108.0(14) 
100.0(14) 
139.7(14) 
93.4(16) 

106.1 (15) 
105.4(14) 
102.1 (16) 
104.4(15) 
137.1 (14) 
99.6(16) 

100.1 (14) 
104.4(16) 
99.1 (16) 

105.3(17) 
141.8(15) 
99.6(13) 

102.7(12) 
102.2(13) 
101.8(14) 
102.5 (14) 
141.5(13) 
173.4(34) 
176.5(29) 
169.9(29) 
177.8(27) 
179.3(29) 
176.9(27) 

Fe(2)-C(7)-0(7) 
Fe(2)-C(8)-0(8) 
Fe(3)-C(9)-0(9) 
Fe(3)-C(10)-O(10) 
Fe(3)-C(l l )-O(ll) 
Fe(3)-C(12)-0(12) 
Fe(4)-C(13)-0(13) 
Fe(4)-C(14)-0(14) 
Fe(4)-C(15)-0(15) 
Fe(4)-C(16)-0(16) 
Fe(5)-C(17)-0(17) 
Fe(5)-C(18)-0(18) 
Fe(5)-C(19)-0(19) 
Fe(5)-C(20)-O(20) 
Fe(6)-C(21)-0(21) 
Fe(6)-C(22)-0(22) 
Fe(6)-C(23)-0(23) 
Fe(6)-C(24)-0(24) 
C(2A)-C(IA)-C(IB) 
C(2B) C(IB)-C(IA) 
C(2C)-C( IC)-C(I D) 
C(2D) C(ID) C(IC) 
C(2E)-C(1E)-C(1F) 
C(2F)-C(1F)-C(1E) 
C(2G)-C(1G)-C(1H) 
C(2H)-C(1H)-C(1G) 
C(2l) C(II)-C(U) 
C(2J)-C(1J)-C(1I) 
C(2K) C(IK)-C(IL) 
C(2L)-C( IL)-C(I K) 
N(IA)-C(IA)-C(IB) 
N(IB)-C(IB)-C(IA) 
N(IC)-C(IC)-C(ID) 
N(ID)-C(ID)-C(IC) 
N(IE)-C(IE)-C(IF) 
N(IF)-C(IF)-C(IE) 
N(IG)-C(IG)-C(IH) 
N(IH)-C(IH)-C(IG) 
N(II)-C(II)-C(U) 
N(U)-C(U)-C(II) 
N(IK)-C(IK)-C(IL) 
N(IL)-C(IL)-C(IK) 

176.0(28) 
172.2(25) 
175.5(29) 
179.2(26) 
172.3(27) 
174.9(27) 
173.4(28) 
178.5(34) 
177.0(27) 
170.8(26) 
171.6(30) 
171.4(33) 
178.4(28) 
175.7(28) 
176.6(26) 
173.4 (25) 
178.6(25) 
175.2(26) 
121.6(19) 
122.8(18) 
118.8(17) 
123.2(17) 
120.9(18) 
121.9(19) 
121.1 (17) 
123.1 (19) 
120.5(19) 
121.6(19) 
123.5(17) 
120.2(16) 
116.8(17) 
115.6(20) 
119.4(18) 
115.0(17) 
117.5(18) 
116.5(18) 
117.2(20) 
115.4(17) 
117.7(19) 
116.8(19) 
114.9(17) 
118.0(17) 
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Table VI. Best Weighted Least-Squares Planes for [(Ci0N2H8)-
CdFe(CO)4J3 

(a) Defining Parameters of the Planes 
Equation (tetragonal 

Plane Atoms defining plane coordinates) 

1 Cd(l)-Cd(3), Fe(l)-Fe(3) 25.274* + 0.498>> - 6.523z 
= 7.969 

2 Cd(4)-Cd(6), Fe(4)-Fe(6) 25.171* - 2.994.y - 6.467z 
= 6.381 

The dihedral angle between planes 1 and 2 = 6.9° 

Table VIII. Average Bonding Parameters for [(CtoN2Hs)-
CdFe(CO)4J3-

3AC6H3Cl3] and [CdFe(CO)4]4-2C3Hi60« 

Atom 

Cd(I) 
Cd(2) 
CdO) 
Fe(I) 
Fe(2) 
Fe(3) 
C(I) 
C(2) 
C(5) 
C(6) 
C(9) 
C(IO) 
0(1) 
0(2) 
0(5) 
0(6) 
0(9) 
0(10) 

(b) Deviations of Atoms from Best Planes, A 
Plane 1 

0.056(17) 
-0.158(39) 
-0.012(17) 

0.035(17) 
-0.032(17) 
-0.088 (39) 

0.121 
0.002 

-0.018 
-0.089 
-0.227 

0.055 
0.288 

-0.089 
-0.017 
-0.069 
-0.275 

0.147 

Atom 

Cd(4) 
Cd(S) 
Cd(6) 
Fe(4) 
Fe(5) 
Fe(6) 
C(13) 
C(U) 
C(17) 
C(18) 
C(21) 
C(22) 
0(13) 
0(14) 
0(17) 
0(18) 
0(21) 
0(22) 

Plane 2 

-0.050(18) 
0.104(39) 
0.048(18) 

-0.051 (18) 
0.005(18) 
0.127(39) 

-0.034 
-0.145 
-0.054 
-0.092 

0.262 
0.142 
0.079 

-0.197 
-0.097 
-0.001 

0.326 
0.032 

Table VII. Comparison of the Average Bond Angles about Iron 
with Ideal Octahedral and Tetrahedral Coordination 

Angle Frequency Tj Oh Obsd 

*-ax r e - C a x 
V— eq— * C — ^ - e q 

L. e q-re-L- a x 

Cd-Fe-Cd 
Cd-Fe-Ceq(trans) 
Cd-Fe-Ccq(cis) 
Cd-Fe-C3x 

1 
1 
4 
1 
2 
2 
4 

109.5 
109.5 
109.5 
109.5 
180.0 
70.5 
70.5 

180 
90 
90 
90 

180 
90 
90 

139.5 
96.3 

103.4 
97.5 

176.4 
83.2 
76.8 

extreme would be the ionic structure X2
2+Fe(CO)4

2- in which 
the isolated d10 Fe(CO)4

2- moiety is tetrahedral. The structure 
of Na2Fe(CO)4-LSC4HgO2

26 provides an interesting com
parison with [(bpy)CdFe(CO)4]3 since it no doubt represents 
a case very close to the ionic extreme. The geometry of the 
Fe(CO)4

2- ion is distorted from ideal tetrahedral ligation by 
the presence of two sodium ions, which can be viewed as cap
ping two of the faces of the tetrahedron. The result is a C(ax-
ial)-Fe-C(axial) angle of 129.7 (2)° and an Fe-Na distance 
of 3.086 (2) A. These observations indicate that the iron 
coordination geometry in [(bpy)CdFe(CO)4]3 is not incom
mensurate with considerable ionic character in the Fe-Cd 
bonding. As already noted, both the short Fe-C bond lengths 
and the low C-O stretching frequencies are evidence for the 
buildup of negative charge on the Fe(CO)4 moiety resulting 
in higher Fe-C and lower C-O bond orders. The appreciable 
variation in Cd-Fe-Cd bond angles found within the molecule 
also suggests that the Cd-Fe interaction may be less directed 
than in [CdFe(CO)4]4. An alternative explanation for this 
variability derives from observations6'27'28 that a number of 
X2Fe(CO)4 molecules are stereochemically nonrigid: relatively 
little energy is required for molecular deformation along cer
tain normal coordinates. 

Fe-Cd 
Fe-C 
C-O 
Cd-N 
C(I)-C(I) (bpy) 
Cl -Cl (ortho) 
Cl -Cl (meta) 
Cl -Cl (para) 

Cd-Fe-Cd* 

Fe-Cd-Fe* 

Fe-C-O 
Cd-Fe-Ceq (cis) 
Cd-Fe-Ccq (trans) 
Cd-Fe-C3x 
^ a x - r e - C a x 

(~ e q- re -C e q 

*-ax-r"C-L.eq 
Fe-Cd-N 

N-Cd-N 
N(I)-C(I)-C(I)'(bpy) 
C(2)-C(l)-C(l)'(bpy) 

Trimer 

Distances, A 
2.640(7,5, 12) 
1.73(4,3,24) 
1.18(5,4,24) 
2.37(3,2, 12) 
1.453(13,26,6) 
3.29(14) 
5.40 (22) 
5.89 (20) 

Angles, deg 
102.2 (2), 95.4 (2), 
94.9(1) 

148.4(1), 139.7(3), 
138.7(1) 
175.2(28,28,24) 
83.2(17, 11, 12) 

176.4(15, 11, 12) 
76.8(20, 10,24) 

139.5(15, 14,6) 
96.3(30, 15,6) 

103.4(22, 15,24) 
102.7(24,5, 12), 
108.3(34,5, 12) 
68.9(5,7.6) 

116.7(14, 18, 12) 
121.6(14, 18, 12) 

Tetramer 

2.562(3,2,4) 
1.779(8, 10,8) 
1.152(6, 10,8) 

88.6(11) 

170.20(7) 

176.3(9,8,8) 
86.8(15,3,4) 

174.9(18,3,4) 
81.1 (15,3,8) 

154.7(3,4,2) 
97.8(5,4,2) 
98.3(19,4,8) 

" The first number in parentheses is the standard deviation of a 
single observation as estimated on the assumption that the n values 
averaged are from the same population. The second and third num
bers, when given, are the average standard deviation (as estimated 
from the final least-squares refinement) and the number n of obser
vations, respectively. The standard deviation of the mean may be 
obtained by dividing the first deviation by vH. * For the trimeric ring, 
the three angles refer to average values of the pseudo-related bond 
angles. See Figure 3. 

Another feature of note in the [(bpy)CdFe(CO)4]3 molec
ular structure and one that may influence the iron coordination 
geometry is the evidence for weak attractive interaction be
tween the carbonyl carbon atoms and cadmium atoms. Dis
tances for Cd-C as short as 2.69 (3) A are observed (Table X), 
slightly beyond the range of 2.1-2.55 A assigned to semi-
bridging29'30 interactions in a number of polynuclear first-row 
transition-metal carbonyl complexes. This effect can also be 
seen in the Cd-Fe-C bond angles (Tables V and VIII) which 
are in the range 71.9 (9)-87.4 (10)°. Bending of the carbonyl 
ligands toward cadmium was also noted in the 
B2Cd[Mn(CO)s]2 complexes'7-19 and was ascribed to an at
tractive interaction. Here the minimum Cd-C distance was 
2.822 A18 and the minimum Cd-Mn-C angle 78.9 (6)0.18 The 
deviation, 6, of the Fe-C-O angles from 180° in [(bpy)-
CdFe(CO)4J3 is in the range 0-10 (2.9)°. The bend invariably 
displaces the oxygen atom away from the cadmium atom (F), 

O 

180' 

Fe "Cd 

as commonly observed for a semibridging interaction.29 For 
MnY(CO)S compounds, Y = a halogen, a slight bending of the 
equatorial carbonyl groups toward Y17-31 could be attributed 
to electron donation from filled halogen p orbitals to the car
bonyl 2ir (IT*) orbital.32 Similarly, the attraction in polynuclear 
complexes has been ascribed29 to an intermetal charge com-

Ernst, Marks, Ibers / (2,2'-Bipyridyljcadmium Tetracarbonyliron 
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Table IX. Bipyridyl Ligand Distortions 

Rings 

AB 
CD 
EF 
GH 
IJ 
KL 

Ring-ring 
dihedral angles, deg 

17.8(10) 
12.6(9) 
8.9(10) 
6.2(10) 

11.3(10) 
12.3(9) 

Noncollinearity of 
C(l)-C(4) vectors, deg 

Table X. Intramolecular Contacts between Cadmium Atoms and 
Neighboring Carbonyl Carbon Atoms. 

7.0(9) 
5.6(8) 
4.7 (9) 
6.9 (9) 
4.2 (9) 
5.3 (8) 

pensation process employing the electron acceptor properties 
of the carbonyl ligand. It is unlikely that cadmium functions 
as an electron donor in the present system. However, in a 
complex with such high ionic character, x back-bonding will 
place considerable electron density in the carbonyl 2ir orbital 
(localized principally on carbon33) which could interact with 
the dipositively charged cadmium ion. Again the driving force 
for semibridge formation is intermetal charge compensa
tion. 

In accord with the trimeric solid state structure, the solution 
molecular weight data3 indicate that [(bpy)CdFe(CO)4]3 is 
trimeric in benzene. The related base adduct (py)2CdFe(CO)4 
was found to be dissociated (monomeric) in benzene solution,3 

while (phen)CdFe(CO)43 was insufficiently soluble for mo
lecular weight measurements. 

The size and shape of the heterometallic ring in [(bpy)-
CdFe(CO)4J3 compared with the eight-membered square in 
[CdFe(CO)4]43 no doubt reflects the changes in bond angles 
at iron and especially at cadmium. Neither structure has been 
previously observed in metal-metal bonded systems involving 
transition metals.34 An interesting analogy does exist between 
these structural results and those for transition metal pen-
tafluorides and oxytetrafluorides where the metal is six coor
dinate and where fluoride bridges can be linear or bent. The 
compounds MF5, M = Nb, Ta, Mo, and W adopt the 
[CdFe(CO)4]4-type structure, G, as do NbCl4F, TaCl4F, 

F F F F 

F — M - F — M - F 
F / I F / \ 
I/ F | / F 

F — M - F — M - F 
jf\ Jf \ 

SbCl4F, and WOF4.
35 Several others are tetrameric with bent 

(ZM-F-M « 130-145°) bridges (MF5, M = Ru, Os, Rh, Ir, 
Pt;35 [Ru(CO)3F2J4

36). On the other hand, the hexagonal 
forms of TcOF4 and MoOF4 adopt the planar [(bpy)-
CdFe(CO)4J3 structure, H.35-37 Polymeric structures with the 

metal atom in the cis-octahedral configuration and with 
slightly bent bridges (e. g., ZV-F-V = 150° 38) are found for 
MF5, M = V, Cr, Tc, Re, ReOF4, and the monoclinic forms 
of TcOF4 and MoOF4.

35 This structure is idealized as I. In-

Contact 

Cd(l)-C(6) 
Cd(l)-C(7) 
Cd(l)-C(8) 
Cd(I)-C(IO) 
Cd(I)-C(Il) 
Cd(l)-C(12) 
Cd(2)-C(2) 
Cd(2)-C(3) 
Cd(2)-C(4) 
Cd(2)-C(9) 
Cd(2)-C(ll) 
Cd(2)-C(12) 
Cd(3)-C(l) 
Cd(3)-C(3) 
Cd(3)-C(4) 
Cd(3)-C(5) 
Cd(3)-C(7) 
Cd(3)-C(8) 

F 
F I F \l' IV l 

/ I V ] 
F I F 

/ F >v 

Distance, A 

3.10(3) 
2.84(3) 
2.70 (3) 
3.04(3) 
2.78 (3) 
2.85 (3) 
2.98 (3) 
2.80(3) 
2.87(3) 
2.96(3) 
2.72(3) 
2.81 (3) 
2.98 (4) 
2.69(3) 
2.87(3) 
2.94(3) 
2.83(3) 
2.87 (3) 

F 
F I F 

N/ I V l 

F jf \^> I F I F ^ 

Contact 

Cd(4)-C(18) 
Cd(4)-C(19) 
Cd(4)-C(20) 
Cd(4)-C(22) 
Cd(4)-C(23) 
Cd(4)-C(24) 
Cd(5)-C(14) 
Cd(5)-C(15) 
Cd(5)-C(16) 
Cd(5)-C(21) 
Cd(5)-C(23) 
Cd(5)-C(24) 
Cd(6)-C(13) 
Cd(6)-C(15) 
Cd(6)-C(16) 
Cd(6)-C(17) 
Cd(6)-C(19) 
Cd(6)-C(20) 

F F 

Iy F s \ / JVi 
F ^ " > 

F 

Distance, A 

3.03 (4) 
2.79(3) 
2.81 (3) 
2.96(3) 
2.81 (3) 
2.77 (3) 
2.96 (4) 
2.88 (3) 
2.69(3) 
2.92(3) 
2.84(3) 
2.80(3) 
2.94 (3) 
2.86(3) 
2.86(3) 
2.89(3) 
2.87(3) 
2.79(3) 

F F 
\ / 

— F — M — F — M — F — 

y \ F F y v 
F F 

I J 
terestingly, a-UFs appears to have the polymeric trans-octa
hedral structure J.39 Those factors which dictate the molecular 
geometries of these compounds are not well understood and 
may involve subtle combinations of ligand -» metal n bond
ing,40 electrostatic considerations,353 and packing forces.35a 

For the present metal-metal bonded systems, given the 
choice of a ring rather than a polymer, the gross structural 
features can be easily rationalized. The nearly linear Fe-Cd-Fe 
bond angles in [CdFe(CO)4J4 ensure, for any physically rea
sonable Cd-Fe-Cd angle, that the smallest possible ring will 
be a tetramer. In [(bpy)CdFe(CO)4]3, the Fe-Cd-Fe angles 
ofca. 140° and Cd-Fe-Cd angles of ca. 100° are well-suited 
for a trimer, but contractions of these angles by ca. 35 and 20°, 
respectively, would be required for a dimer of the [(CH3)2-
SnFe(CO)4J2

5 type. The small bipyridyl "bite" angle of 68° 
(Table V) probably prohibits this by requiring greater p 
character in the Cd-N bonding, and correspondingly less in 
the Cd-Fe bonds. Thus, for CdFe(CO)4 and its derivatives it 
seems unlikely that various oligomeric structures are stabilized 
or destabilized to any degree by overriding collective electronic 
factors, but rather by local bond angles and distances, as well 
as by more intricate effects such as crystallization conditions 
and packing forces. Further work to learn how to manipulate 
these factors is in progress.41 

Acknowledgment. We are grateful to the Northwestern 
Materials Research Center (NSF-GH33575) and to the Paint 
Research Institute (TJ.M.) for generous support of this work. 
We thank Professors R. Bau and W. A. G. Graham for 
structural data in advance of publication. 

Supplementary Material Available: a listing of root-mean-square 
amplitudes of vibration (Table III), bipyridyl hydrogen atom positions, 
and structure amplitudes (40 pages). Ordering information is given 
on any current masthead page. 

References and Notes 
(1) NSF Predoctoral Fellow, 1973-present. 

Journal of the American Chemical Society / 99:7 / March 30, 1977 



2107 

(2) (a) Fellow of the Alfred P. Sloan Foundation; (b) Camille and Henry Dreyfus 
Teacher-Scholar. 

(3) R. D. Ernst, T. J. Marks, and J. A. Ibers, J. Am. Chem. Soc., preceding paper 
in this issue. 

(4) F. Feigl and P. Krumholz, Z. Anorg. AIIg. Chem., 215, 242 (1933). 
(5) (a) C. J. Gilmore and P. Woodward, J. Chem. Soc, Dalton Trans., 1387 

(1972); (b) J.-C. Zimmer and M. Huber, C. R. Acad. Sci., Ser. C, 267, 1685 
(1968). 

(6) (a) T. J. Marks and G. W. Grynkewich, J. Organomet. Chem., 91, C9 (1975); 
(b) G. W. Grynkewich and T. J. Marks, lnorg. Chem., 15, 1307 (1976). 

(7) (a) T. J. Marks and A. R. Newman, J. Am. Chem. Soc, 95, 769 (1973); (b) 
G. W. Grynkewich, B. Y. K. Ho, T. J. Marks, D. L. Tomaja, and J. J. Zuck-
erman, lnorg. Chem., 12, 2533 (1973); (c) A. B. Cornwell, P. G. Harrison, 
and J. A. Richards, J. Organomet. Chem., 108, 47 (1976). 

(8) (a) T. J. Marks, J. Am. Chem. Soc, 93, 7090 (1971); (b) M. D. Brice and 
F. A. Cotton, J. Am. Chem. Soc, 95, 4529 (1973). 

(9) (a) A. T. T. Hsieh, M. J. Mays, and R. H. Piatt, J. Chem. Soc A, 3296 (1971); 
(b) bpy = 2,2'-bipyridyl. 

(10) R. J. Doedens and J. A. Ibers, lnorg. Chem., 6, 204 (1967). In addition, 
modified versions of the following programs were employed; Zalkin's 
FORDAP Fourier summation program, Johnson's ORTEP thermal ellipsoid 
plotting program, Busing and Levy's ORFFE error function program, and 
Dewar's FAME normalized structure factor program. Our absorption pro
gram, AGNOST, incorporates the Coppens-Leiserowitz-Rabinovich logic 
for Gaussian integration. Our full-matrix least-squares program, NUCLS, 
in its nongroup form, closely resembles the Busing-Levy ORFLS program. 
Structure refinement was achieved through remote hookup with the Law
rence Berkeley Laboratory CDC 7600 computer. The diffractometer was 
operated under the disk-oriented Vanderbilt system [P. G. Lenhert, J. Appl. 
Crystallogr., 8, 568 (1975)]. 

(11) The Main, Woolfson, and Germain programs LSAM (for centrosymmetric 
space groups) and MULTAN (applicable also to noncentrosymmetric space 
groups) were used for generating trial solutions by direct methods. 

(12) D. T. Cromer and J. T. Waber in "International Tables for X-Ray Crystal
lography", Vol. IV, Kynoch Press, Birmingham, England, 1974, Table 2.2A; 
D. T. Cromer, ibid., Table 2.3.1. 

(13) See paragraph at end of paper regarding supplementary material. 
(14) M. J. Bennett, W. A. G. Graham, C. E. Jones, A. C. Sarapu, R. A. Smith, and 

L. Vancea, lnorg. Chem., in press. 
(15) M. Elder and W. L. Hutcheon, J. Chem. Soc, Dalton Trans., 1705 

(1972). 
(16) R. K. Pomeroy, H. P. Calhoun, L. Vancea, and W. A. G. Graham, submitted 

for publication. 
(17) W. Clegg and P. J. Wheatley, J. Chem. Soc, Dalton Trans., 424 (1974). 
(18) W. Clegg and P. J. Wheatley, J. Chem. Soc, Dalton Trans., 511 (1974). 
(19) W. Clegg and P. J. Wheatley, J. Chem. Soc, Dalton Trans., 90 (1973). 
(20) R. M. Sweet, C. J. Fritchie, Jr., and R. A. Schunn, lnorg. Chem., 6, 749 

(1967). 
(21) (a) C. W. Reimann, M. Zocchi, A. D. Mighell, and A. Santoro, Acta Crys

tallogr., Sect. B, 27, 2211 (1971); (b) I. M. Procter and F. S. Stephens, J. 

Chem. Soc A, 1248 (1969); (c) V. G. Albano, P. L. Bellon, and M. Sansoni, 
lnorg. Chem., 8, 298 (1969); (d) G. A. Barclay, B. F. Hoskins, and C. H. L. 
Kennard, J. Chem. Soc, 5691 (1963). 

(22) (a) L. O. Brockway and K. J. Palmer, J. Am. Chem. Soc, 59, 2181 (1937); 
(b) O. Bastiansen and O. Hassel, Acta Chem. Scand., 1, 489 (1947). 

(23) (a) F. A. Cotton and G. Wilkinson, "Advanced Inorganic Chemistry", 3rd 
ed, lnterscience, New York, N.Y., 1972, Chapter 3; (b) L. Pauling, "The 
Nature of the Chemical Bond", 3rd ed, Cornell University Press, Ithaca, 
N.Y., 1960, Chapter 7. 

(24) J. D. Cotton, P. J. Davidson, D. E. Goldberg, M. F. Lappert, and K. M. 
Thomas, J. Chem. Soc, Chem. Commun., 893 (1974). 

(25) R. Hoffmann, J. M. Howell, and A. R. Rossi, J. Am. Chem. Soc, 98, 2484 
(1976). 

(26) H. B. Chin and R. Bau, J. Am. Chem. Soc, 98, 2434 (1976). 
(27) (a) L. Vancea, R. K. Pomeroy, and W. A. G. Graham, J. Am. Chem. Soc, 

98, 1407 (1976); (b) L. Vancea, Ph.D. Thesis, University of Alberta, April 
1976. 

(28) T. J. Marks and G. W. Grynkewich, unpublished results. 
(29) (a) F. A. Cotton, Prog, lnorg. Chem., 21, 1 (1976); (b) F. A. Cotton and J. 

M. Troup, J. Am. Chem. Soc, 96, 1233 (1974); (c) ibid., 96, 5070 
(1974). 

(30) (a) G. Dettlaf and E. Weiss, J. Organomet. Chem., 108, 213 (1976); (b) M. 
R. Churchill and M. V. Veidis, Chem. Commun., 529 (1970); (c) ibid., 1470 
(1970). 

(31) P. T. Greene and R. F. Bryan, J. Chem. Soc. A, 1559 (1971). The Cl-Mn-C 
angles here are 88.1 (2) and 88.4 (2)°. 

(32) M. B. Hall and R. F. Fenske, lnorg. Chem., 11, 1619 (1972). 
(33) (a) R. F. Fenske, Prog, lnorg. Chem., 21, 179 (1976); (b) P. S. Braterman, 

Struct. Bonding (Berlin) 10, 57 (1972). 
(34) (a) R. D. Johnston, Adv. lnorg. Chem. Radiochem., 13, 471 (1970); (b) B. 

R. Penfold, Perspect. Struct. Chem., 2, 71 (1968). (c) The structure of 
[(r)5-C5H5)2Mo(H)Li]4 consists of a folded (C2) eight-membered ring: F. W. 
S. Benfield, R. A. Forder, M. L. H. Green, G. A. Moser, and K. Prout, J. Chem. 
Soc, Chem. Commun., 759 (1973). (d) For structures of other cyclic in
organic compounds see, F. Armitage, "Inorganic Rings and Cages", Crane, 
Russak, New York, N.Y., 1972. 

(35) (a) A. D. Peacock, Adv. Fluorine Chem., 7, 113 (1973); (b) J. M. Winfield, 
MTP Int. Rev. Sci., lnorg. Chem., Ser. One. 5, 271 (1972); (c) A. D. 
Beveridge and H. C. Clark in "Halogen Chemistry", Vol. 3, V. Gutmann, 
Ed., Academic Press, New York, N.Y.,1967, p 179. 

(36) C. J. Marshall, R. D. Peacock, D. R. Russell, and I. L. Wilson, Chem. 
Commun., 1642(1970). 

(37) (a) A. J. Edwards, G. R. Jones, and R. J. C. Sills, Chem. Commun.. 1177 
(1968); (b) I. R. Beattie, K. M. S. Livingston, D. J. Reynolds, and G. A. Ozin, 
J. Chem. Soc. A, 1210(1970). 

(38) A. J. Edwards and G. R. Jones, J. Chem. Soc A, 1651 (1969). 
(39) W. H. Zacharaisen, Acta Crystallogr., 2, 296 (1949). 
(40) J. H. Canterford and R. Colton, "Halides of the Second and Third Row 

Transition Metals", lnterscience, London, 1968, p 19. 
(41) T. J. Marks, R. D. Ernst, and I. Chuang, research in progress. 

Ernst, Marks, Ibers / (2,2'-Bipyridyl)cadmium Tetracarbonyliron 


