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The crystal structure of 1,2-bis(ferrocenyl)ethane, (C,H,)Fe(C, H,)CH,CH,(C,H,)Fe(C,H,), has been determined from 
three-dimensional X-ray data collected on an automatic four-circle diffractometer at room temperature. The compound 
crystallizes in the orthorhombic space group Pbca with four molecules in a cell of dimensions a = 10.063 ( 8 )  A, b = 10.434 
(4) A, and c = 16.226 (5) A. The experimental density was found to be 1.45 g/cm3. Least-squares refinement of absorp- 
tion-corrected intensity data lead to a final value for the conventional R factor of 0.045 based on 1202 present reflections. 
The molecular structure of the compound is such that the two ferrocene moieties are symmetrically equivalent by virtue of 
an inversion center at the midpoint of the carbon-carbon bond in the ethane fragment. Thus, the compound adopts a 
transoid configuration in the solid state. The cyclopentadienyl rings in the respective ferrocene moieties are parallel and 
separated by 3.34 A. Iron-ring carbon distances are equivalent and equal to 2.030 A while inner ring carbon-carbon dis- 
tances are also equal and average 1.41 3 A. The cyclopentadienyl rings are rotated 8.5" from the fully eclipsed configuration. 

Introduction 
Ferrocene and formaldehyde undergo reaction in either 

concentrated sulfuric acid' or liquid hydrogen fluoride3 to 
yield 1,2-Bis(ferrocenyl)ethane (C H,)FeC 5H4CH2CH2C5 - 
H4Fe(C5H5). The compound was initially assigned the struc- 
ture illustrated by Figure l(a).273 Later Nesmeyanov and 
coworkers revised the predicted structure to that illustrated 
in Figure l(b).4 In 1959 Rinehart and coworkers' reported 
infrared, synthetic, and general chemical evidence in strong 
support of the structure illustrated in Figure l(c). 

In an effort to determine the correct structure for the com- 
pound, a single-crystal X-ray study was begun in this labora- 
tory. Approximately 1900 independent reflections were 
measured by standard moving-film and visual techniques and 
standard heavy-atom methods were used to solve the struc- 
ture which was refined by conventional least-squares meth- 
ods to a finalR value of 0.166. This refinement was based 
on unit weights and anisotropic temperature factors for car- 
bon and iron atoms. The results of the study indicated that 
the molecular structure was that illustrated by Figure l(c) 
as Rinehart and coworkers had claimed,' but the high R value 
prevented the definitive assignment of accurate bond distances 
as well as the relative configuration of the cyclopentadienyl 
rings (staggered or eclipsed). The low accuracy of these re- 
sults was not surprising since many X-ray structural invest- 
igations involving ferrocene and ferrocene derivatives have 
been characterized by high standard errors (R generally great- 
er than 0.10). These high errors have generally been attri- 
buted to extinction, absorption, and possible disorder factors. 

The advent of the common usage of automated X-ray dif- 
fractometers has served to improve greatly the quality of data 
obtained in single-crystal X-ray diffraction studies over that 
previously obtainable with standard moving-film techniques 
and visual estimation of intensity data. The possibility of 
obtaining significantly improved X-ray intensity data through 
the use of an automated X-ray diffractometer and subsequent 
additional refinement of the data obtained in this manner 
from a single crystal of 1,2-bis(ferrocenyI)ethane was thought 
to be useful in two respects. First, improved data would re- 
sult in a more accurate assignment for the crystal and molecu- 

(1) Based in part on the Ph.D. thesis of R. L. D., 1972. 
(2) A. N. Nesmeyanov and I .  I .  Kriskaya, Zzv. Akad. Nauk SSSR, 

(3) V. Weinmayr, J. Amer. Chem. Soc., 77,  3009 (1955). 
(4) A. N. Nesmeyanov, L. A. Kozitsyna, B. V. Lokshin, and I. I. 

(5) K. L.  Rinehart, Jr., C. J .  Michejda, and P. A. Kittle, J. Amer. 

Ser. Khim., 253  (1956). 

Kritskaya, Dokl. Akad. NaukSSSR, 1 1 7 , 4 3 3  (1957). 

Chem. SOC., 81 ,  3162 (1959). 

lar structure of 1,2-bis(ferrocenyl)ethane. Second, if the R 
factor dropped to  a low level, significant disorder and extinc- 
tion problems as properties of the crystalline state could be 
ruled out for this ferrocene derivative. Instead, some indica- 
tion would exist that the inherent errors in visually measured 
X-ray intensities might be partially responsible for the general- 
ly high standard errors noted in crystallographic studies in- 
volving ferrocene and ferrocene derivatives. 

Such reasoning has recently been supported by the appear- 
ance of two X-ray crystallographic studies involving ferrocene 
compounds. In each case intensity data were obtained using 
modern automated data collection techniques. The first, 
[Fe(C5H~),]+[(CC1,COzH),]-, was refined to an R value of 
0.05@ and the second, diiodocarbonylferrocene-1 ,l-bis(di- 
methylarsine)nickel(II), to an R value of 0.038.6b Both 
studies illustrate that extinction and disorder phenomena are 
not inherent properties of ferrocene compounds and that low 
standard errors are obtainable for X-ray studies involving fer- 
rocene derivatives when modern automated intensity data 
collection techniques are employed. 

Experimental Section 
Crystals of 1,2'ois(ferrocenyl)ethane suitable for X-ray analysis 

were obtained by recrystallizing the compound from dichlorometh- 
ane. Anal. Calcd for Fe,C,,H,,: C, 66.37; H, 5.57. Found: C, 
66.32; H, 5.29. The crystals formed in this manner were deep orange 
rhombohedrons elongated along a .  The crystal of 1,2-bis(ferrocenyl)- 
ethane selected for X-ray analysis measured 1.28 X 0.17 X 0.07 mm 
along the a, b,  and c unit cell axes, respectively. 

Preliminary Weissenberg and precession photographs of the com- 
pound showed orthorhombic diffraction symmetry and exhibited the 
following systematic absences: Okl, k = 2n + 1; h01, I = 2n + 1; hkO, 
h = 2n + 1. These absences allowed the unambiguous assignment of 
the Pbca space group to the compound. The cell dimensions were 
determined on the Picker four-circle automated diffractometer using 
zirconium-filtered Mo Ka, radiation (A 0.7107 A). The results were 
a = 10.063 (8) A,  b = 10.434 (4) A,  and c = 16.226 (5) A. The meas- 
urement temperature was 24'. 

The density calculated from X-ray data is 1.5 3 g/cm3 (mol wt 
398.10, Z =4) .  The measured density obtained by pycnometric 
techniques is 1.45 * 0.03 g/cm3. 

Three-dimensional intensity data were obtained by mounting the 
crystal onto a Picker four-circle automated diffractometer with the 
a* axis approximately coincident with the spindle axis (@ axis) of the 
diffractometer. Intensity data were collected using the 8-28 scan 
mode to (sin O)/h = 0.676 and zirconium-filtered molybdenum radia- 
tion. The scan rate was l"/min and the scan range was l .So for each 
reflection observed. Background intensity was determined by mak- 

(6) (a) A. W. Schlueter and H. B. Gray in "Program and Abstracts 
of the American Crystallographic Association Summer Meeting, 
August 15-20, 1971," Iowa State University, Ames, Iowa, p 41;  (b) 
C. G. Pierport and R. Eisenberg, Znorg. Chem., 11, 828  ( 1  972). 
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Table 11. Fractional Atomic Coordinates and Mean-Square Amplitude Tensors 

Y z Ul 1 

Fe 9956 (0.8) 
C(1) 253 (5) 
C(2) 9492 ( 5 )  
(33) 8418 ( 5 )  
C(4) 8008 (5) 
C(5) 8814 ( 5 )  
C(6) 9718 ( 5 )  
C(7) 1496 (7) 
C(8) 447 (7) 
cis j 217 (8) 
C(10) 1108 (8) 

I964 (0.6) 
4622 ( 5 )  
3389 ( 5 )  
3174 ( 5 )  
1882 (5) 
1294 (5) 
2231 (5) 
2590 (7) 
2172 (7) 

883 (7) 
483 (6) 

1534 (8) 
5215 
4397 
3877 
1422 
306 

2083 
3547 
2741 
290 

953% 
1530 

1291 (0.4) 32 (1) 
371 (3) 44 (4) 
489 (3) 43 (3) 

352 (3) 46 (3) 
61 (3) 39 (3) 

1979 (4) 63 (4) 
2498 (4) 69 (4) 
2323 (4) 81 (6) 
1699 (4) 89 (6) 
1491 (4) 44 (4) 

1053 (3) 31 (3) 
974 (3) 32 (3) 

919 
285 

1471 
1327 

136 
4585 
1959 
2953 
2623 
1426 
1021 

U” -- U22 

35 (1) 33 (1) 
44 (3) 37 (3) 
34 (3) 31 (3) 
43 (3) 43 (3) 
50 (3) 48 (3) 
43 (3) 37 (3) 
44 (3) 36 (3) 
57 (4) 69 (5) 
75 (4) 40 (3) 
70 (4) 49 (4) 
50 (4) 62 (4) 

103 (6) 52 (4) 

u, 2 

2 (1) 
-17 (5) 
-11 ( 5 )  

2 (4) 
2 ( 5 )  

-15 ( 5 )  
-3 ( 5 )  

-71 iH) 
-36 (6) 
-29 (8) 
-39 (9) 
-18 (6) 

Fractional coordinates with standard deviations in parentheses (X lo4).  The Uij’s (A’) are given together with standard deviations in 
parentheses (X lo’) and defined such that the atomic temperature factor is given by e ~ p [ - 2 n ~ ( h ~ a * ~ U ~ ~  + k1b*2U,2 + 12c*’U,, t 2hka*h*. 
U,,  + 2hla*c*U13 + 2klb*c*UZ3)]. The isotropic temperature factor B = 3.5 A’ was assigned to hydrogens H(l)-H(6) and B = 5.0 A was as- 
signed to hydrogens H(7)-H(11). 

O( CH2 ) 2 0  
Fe 6 

( C )  

Figure 1. (a) Initial proposed structure for bis(ferroceny1)ethane. 
(b) Revised structure proposed by Nesmeyanov and coworkers.4 
(c) Structure proposed by Rinehart and  coworker^.^ 

ing 10-sec counts at each end of the scan range. In this manner 
15,394 reflections were measured, 2542 of which were independent 
and 2215 of which were symmetry allowed. Of these 2215 symme- 
try-allowed reflections, 1202 were actually observed. Inspection 
showed that the intensities of each of the 327 reflections not allowed 
in the Pbca space group were within three standard deviations of the 
background. Three relatively high-intensity reflections (400, 080, 
and 008) were measured at regular intervals (every 60 reflections) 
and served as standards. The variance in the intensities of these 
standards over the entire data collection period was as follows: 400, 
12%;7 080,2%; 008,1%. 

The standard deviation (S )  of a reflection was determined by two 
procedures: (1) from counting statistics alone 

N 

i=1 
s2 = [ z (Ii + Bi)] /N  

where li is the total measured intensity for one reflection, Bi is the 
measured background adjusted for length of scan time, and the sum 
is over the N symmetry-equivalent or duplicately measured reflec- 
tions; (2) from the equivalent reflections 

N 

i= 1 
s2 = [qci - Cav)”/(N- 1) 

where Ci = l i  - Bi and Cav = [ C i=iNCi]/N. The largest value of s 
was chosen. Method (2) was used only if N > 2. A reflection was 

considered to be unobserved if C,, < ~ S B ,  where ~7~3, = [Z.i,iNBi] / 
N .  

Killean, and LawrenceR where w = l/(S2 + c2F02) .  The term c was 
adjusted to give the error-fit function a value of I .O and in the final 
refinement cycle c z  = 0.0002, where the (error-fit function)2 = 
[ X W ( A F ) ~ ] / ( M - - N ) , M ~ ~  the number of reflections, N is the number 
of parameters varied, and A F  = Fo - F,. 

The X-ray intensity data obtained in the above manner were cor- 
rected for Lorentz and polarization effects’ using the IBM 360/65 
computer facilities at the University Computer Center, University of 
Iowa, Iowa City, Iowa. The data were corrected for absorption 
based upon p = 17.5 cm‘’ using the method of Alberti and 
Gottardi.’O The value of the absorption correction varied from 
0.616 to 0.864. 

the structure factor computations were obtained from ref 11 ; both 
real and imaginary dispersion corrections were used for iron during 
the refinement. All atoms were assumed to be neutrally charged. 

The general structure of the compound bad been solved previous- 
ly in this laboratory using photographic data and conventional heavy- 
atom techniques. Thus, the atomic coordinates for the iron and car- 
bon atoms determined previcrusly weie used for the initial cycle cjf 

Each reflection was weighted by the procedure outlined by Grant, 

The atom scattering factors and dispersion corrections used in 

(7) The relatively high per cent standard deviation (12%) for the 
(400) standard reflection was ignored for the following reasons. A 
partial data set was collected on  the crystal (e  == 3- !7’ ) ,  and subse- 
quently a more complete data set was collected (6  = 3--28.8O) on the 
same crystal. The magnitude of the intensity of (400) reflection 
increased during the collection of the first data sat and eventually 
reached a stable value. The per cenr, standard deviation f o r  the first 
data set was 5.6% for the (4.00) reflection; the  other standard reflec. 
tions did not show this trend, When the (400) reflection stabilized, 
a second set of data was collected and the per cent standard devia- 
tion for the (400) reflection in this set was 3.8%. Examination of  
both data sets indicated that the major discrepancy occurred with 
the (400)  reflection and the two data sets were then combined and 
averaged. The average per cent standard deviation of the combined 
data for all reflections larger than Fn,ax/S was 4.45%, and the com- 
bined data set was used for the solution of the structure. The aver- 
age standard deviation of 12%was due to the larger fluctuation in 
intensity of (400) in the first data set and ihe difference in the in- 
tensity for this reflection between data sets. We can only speculate 
that the observed increase in  the value o f  the (400) reflection as the 
data collection proceeded may have been due to decrease in primary 
extinction which particularly influenced the (400) reflection. 

(8) D. F. Grant, K. C. G. Killean, and J .  L. Lawrence, Acta Crys- 
tallogr,, Sect. B,  25 ,  374 (1969).  

(9) Locally written FORTRAN computer programs. 
(10) A. Alberti and G. Gottardi,Acia CryslaUogr., 21 ,  833  (1966). 
(1 1)  “International Tables for X-Ray Crystallography,” Vol. 111, 

Kynoch Press, Birmingham, England, 1959, p 204. 
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Figure 2. ORTEP plot of 1,2-bis(ferrocenyl)ethane. Thermal ellipsoids are plotted at the 20% probability contour. The projection is basically 
on the 001 plane but has been rotated 10” about the a and b axes to avoid overlap of atoms. 

Figure 3. ORTEP plot of the symmetrically unique atoms (hydro- 
gen atoms omitted) in 1,2-bis(ferrocenyl)ethane as viewed along the 
normal to the cyclopentadienyl rings. 
full-matrix least-squares refiiement.’ The previously determined 
anisotropic temperature factors for the iron and carbon atoms were 
also used in the initial refinement. The progress of the refinement 
was followed using theR,  factor: R, = [~w(AF)*/18w(Fo)’ ]”’ ,  
where AF = Fc - F,. The function minimized was Zw(AF)’ and 
any intensity below the minimum observable intensity was assigned 
w = 0.0 (unless F ,  < Fc in which case it was assigned w = 1.0). The 
conventional R factor (R,), where R, = ZAF/ZF,,  was also calculated 
and observed as the refinement progressed. 

The initial refinement cycles used experimentally determined 
weights and did not include positional parameters for hydrogen atoms. 
R, was found to be 0.0629 and R, was 0.0586. Experimentally 
determined weights were then replaced by weights determined by the 
method of Grant, KiUean, and Lawrence’ as described above and the 
refinement was resumed. The new R, value was 0.0875 and R ,  = 
0.0775. 

An electron density difference map was then computed and the 
positions of only two hydrogen atoms were apparent; consequently, 
the positions of these and the other nine hydrogen atoms were calcu- 
lated based on an assumed carbon-hydrogen bond distance of 1.09 A. 
Ideal trigonal and tetrahedral coordinations were assumed for the 
aromatic and methylene carbon atoms, respectively. The positional 

Table 111. Bond Lengths and Anglesa 

Distances, A 
Fe-Fe‘ 7.599 ( 1 )  C(l)-C(l)’ 1.528 (9) 
FeC(2)  2.030 (5) C(1)4(2)  1.509 (7) 
FeC(3)  2.034 (5) C(2)-C(3) 1.433 (7) 
Fe-C(4) 2.028 (5) C(3)-C(4) 1.417 (7) 
FeC(5)  2.033 (5) C(4)-C(5) 1.433 (7) 
Fe-C(6) 2.029 (5) C(5)-C(6) 1.416 (7) 
Fe-C(7) 2.018 (6) C(6)-C(2) 1.413 (7) 
FeC(8)  2.033 (6) C(7)<(8) 1.419 (9) 
FeC(9)  2.037 (6) C(8)C(9) 1.393 (9) 
Fe-C(l0) 2.042 (6) C(9)C(IO) 1.416 (9) 
Fe-C(l1) 2.009 (6) C(IO)-CJ(ll) 1.382 (IO) 

C(ll)-C(7) 1.410 (9) 

Bond Angles, Deg 
C(l)’C(I)-C(2) 111.78 (35) C(3)-C(4)-C(5) 107.77 (50) 
C(I)-C(2)-C(3) 126.66 (60) C(4)€(5)€:(6) 107.66 (49) 
C(l)-C(2)-C(6) 125.82 (61) C(7)4(8)-C(9) 107.43 (86) 
C(2)4(3)-C(4) 108.16 (55) C(7)-C(Il)-C(lO) 109.34 (73) 
C(2)-C(6)4(5) 108.88 (55) C(8)€(7)-C(ll) 107.13 (56) 
C(3)-C(2)4(6) 107.51 (48) C(8)C(9)-C(IO) 108.95 (75) 

C(9)-C(lO)-C(ll) 107.14 (81) 

a The estimated standard deviation in the last digit is given in 
parentheses. 

parameters for the hydrogen atoms were fixed and when added to the 
least-squares refinement R ,  became 0.0814 while R , became 0.0737. 
The fiial refinement step involved the removal of the 1013 absent 
reflections. The new value of R, became 0.0534 whereas R ,  be- 
came 0.045. The ratio of the largest shift in the last refinement cycle 
to the standard deviation in the positional parameters was 3%. The 
average change in all parameters was 1%. 

A final electron density difference map based on parameters ob- 
tained from the final refinement cycle showed two weak peaks. The 
fractional coordinates of the peaks were 0.50,0.19, and 0.37 (1 e/A’) 
and 0.47,0.22, and 0.86 (1 e/A3). Both sets of coordinates lay near 
the positions of iron atoms. This “excess” electron density cannot 
be assigned to any such species as hydrogen atoms but more likely 
represents some error in the assumption of completely neutral iron 
and carbon atoms or simply residual error in the fit between the data 
and the proposed model. 

The observed and calculated structure factors for each reflection, 
as well as their relative weights, are seen in Table I.” 

Results 

I1 and final bond angles in Table 111. Iron to ring carbon 
The final positional parameters are summarized in Table 

(12) See paragraph at end of paper regarding supplementary ma- 
terial. 
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Figure 4. ORTEP plot of the molecular packing in the unit cell of 1,2-bis(ferrocenyl)ethane as projected onto the 001 plane. The upper layer 
is omitted for clarity. 

distances average 2.031 ( 5 )  A for the unsubstituted cyclo- 
pentadienyl ring. The individual bond distances differ by 
less than one standard deviation and can be considered equal. 
The distance between the cyclopentadienyl rings along a line 
normal to  both C5 planes is 3.34 A. This distance is similar 
to the ring spacing noted for other ferrocene derivatives, e.g., 
3.32 a in both b i f e r r~ceny l '~ , ' ~  and ferrocene itself." The 
five carbon atoms of the respective cyclopentadienyl rings 
were fitted to  the best plane passing through them by the 
method of Blow.I6 The equations of the planes are 
-0.658351' + 0.274491'- 0.70088k =-5.87012 for the sub- 
stituted cyclopentadienyl ring and -0.668492' + 0.26242j - 
0.69579k = -2.5284 for the unsubstituted cyclopentadienyl 
ring, where i, j ,  and k are unit vectors of the a, b, and c unit 
cell axes, respectively. These planes intercept the a, b, and 
c axes at the angles 13 1.57,74.42, and 134.29'. The two 
cyclopentadienyl rings are thus parallel with the calculated 
angle between their normals being less than 1'. The non- 
aromatic carbon atom, C(1), is virtually coplanar with the 
cyclopentadienyl ring to which it is bonded, the calculated 
perpendicular distance between C(l) and the plane of that 
cyclopentadienyl ring being 0.02 A. 

All carbon-carbon bond distances within both cyclopenta- 
dienyl rings differ by no more than 3a  and can be considered 

(13) A. C. MacDonald and J. Trotter, Acta Cvystallogr., 17, 872 

(14) Z. L. Kaluskii and Y. T. Struchkow, Zh.  Strukt. Khirn., 6, 

(15) J. D. Dunitz, L. E. Orgel, and A. Rich, Acta Crystallogv., 9, 

(16) D. M. Blow,Acta Crystallogr., 13, 168 (1960). 

(1964). 

745 (1965). 

373 (1956). 

equal. However, the thermal parameters listed in Table I1 
clearly show that the carbon atoms comprising the unsub- 
stituted cyclopentadienyl ring are undergoing considerably 
more thermal motion than those carbon atoms contained in 
the substituted cyclopentadienyl ring. This motion accounts 
for the slightly larger standard errors associated with the 
carbon atoms of the unsubstituted cyclopentadienyl ring. 

Using the data contained in Tables I1 and I11 in conjunc- 
tion with the ORTEP computer program17 a diagram of the 
molecule was produced and is seen in Figure 2. Twenty 
per cent of the root-mean-square displacement is shown. 
The configuration of the molecule includes an inversion 
center at the midpoint of the carbon-carbon bond in the 
ethane fragment. I t  is noteworthy that the general configura- 
tion of the molecule is not unlike that found for dibenzyl.18 

Figure 3 views the symmetrically unique half of the mole- 
cule along the normal to the cyclopentadienyl rings (hydro- 
gen atoms omitted). This view illustrates that the cyclo- 
pentadienyl rings are in neither a fully eclipsed nor a fully 
staggered configuration, the calculated angular rotation from 
the fully eclipsed configuration being 8.5 +_ 0.8". This value 
compares with the fully staggered configuration (36") in fer- 
rocene and diindenylir~n, '~ 17" in biferr~cenyliron,"?~~ 10" 
in 1,l  '-tetramethylethyleneferrocene?' 8.8" in diiodocar- 

Crystal Structure Illustrations," Report ORNL-3794, Oak Ridge 
National Laboratory, Oak Ridge, Tenn., 1965. 

(18) G. A. Jeffrey, Proc. Roy. SOC., Ser. A ,  188,222 (1947). 
(19) J. Trotter, Acta Crystallogr., 11, 355 (1958). 
(20) M. B. Laing and K. N.  Trueblood, Acta Cvystallogr., 19, 

(17) C. K. Johnson, "A Fortran Thermal Ellipsoid Plot Program, 

373 (1965). 



Potassium Heptacyanovanadate(II1) Dihydrate 

bonylferrocene-1 ,1 '-bis(dimethylarsine)nickel(II),' 5" in di- 
ferrocenyl ketone2' and dichlorodiferroceny1,22 4' in di- 
ethyldiferr~cenyl;~ and the fully eclipsed configuration in 
1,1',3,3'-bi~(trimethylene)ferrocene~~ and the ferrocenium 
ion.' Figure 4 illustrates the packing of the molecule in the 
unit cell. 

In conclusion it should be reemphasized that the initial 
intensity data collected by standard moving-film techniques 
and refined to an R value of 0.166 led to  the consideration 
of inherent disorder and large extinction effects as proper- 
ties of 1,2-bis(ferrocenyl)ethane and such possible proper- 
ties have been reported for other related ferrocene com- 
p o ~ n d s . ' ~ , ' ~ ~ ~ ~ ~ ~ ~  The intensity data obtained during this 
study through the use of the automated diffractometer clear- 
ly exclude these phenomena as properties of this compound. 
Instead, those errors inherent to visually obtained intensity 
data resulted in the initial inability to  assign accurately and 
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(21) J. Trotter and A. C. MacDonald, Acta Crystallogr., 21, 

(22) Z. L. Kaluskii and Y.  T. Struchkov, Zh. Strukt. Khim., 6, 

(23) Z. L. Kaluskii and Y.  T. Struchkov, Zh. Strukt. Khim., 6, 

(24) I. C. Paul, Chem. Commun., 377 (1966). 
(25) G. J. Small and J .  Trotter, Can. J. Chem., 42, 1746 (1964). 

359 (1966). 

745 (1965). 

104 (1965). 

refine the structure 1,2-bis(ferrocenyl)ethane. Furthermore, 
this study and the other recent697 X-ray studies involving fer- 
rocene derivatives are indicative that low standard errors may 
be obtainable for ferrocene compounds when modern auto- 
mated intensity data collection techniques are employed. 
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The structure of potassium heptacyanovanadate(II1) dihydrate, K, [V(CN), ].2H, 0, consists of discrete pentagonal-bipy- 
ramidal V(CN), 4- anions. The molecular structure was determined by a single-crystal X-ray crystallographic study using Mo 
KCY radiation. The space group was chosen a s l l  with lattice constants a = 9.229 (l) ,  b = 9.097 (l) ,  c = 9.341 (1) A; CY = 
90.02 (l) ,  p = 92.49 ( l ) ,  y = 90.00 (1)". The observed and calculated densities are 1.77 f 0.02 and 1.80 g cm-', respectively, 
for 2 = 2. A total of 824 independent nonzero reflections were collected by the stationary-crystal, stationary-counter meth- 
od with a General Electric XRD-7 manual diffractometer equipped with balanced zirconium-yttrium filters (sin Omax = 
0.38). The structure was solved by conventional Patterson, Fourier, and least-squares refinement techniques, the final atom 
(conventional) R value being 2.5%. The central vanadium(II1) atom is coordinated to seven cyanide anions in a linear fash- 
ion to produce a structure of approximate D , h  symmetry. The averaged V C  distance is 2.15 (1) A, there being no signifi- 
cant difference between equatorial and axial V C  distances. The two axial cyanides give rise to  Cax-VCax = 171.0'. The 
average C,,-V-Ce, = 72.0 (6)". The standard deviation of the distances of the vanadium and the five equatorial carbons 
from a least-squares plane is 0.03 A with the greatest distance from the plane being 0.05 A for one of the carbon atoms. A 
discussion of the bonding and the factors pertaining to  this geometry is presented. 

Introduction 
There are relatively few examples of seven-coordinate com- 

plexes containing only simple monodentate ligands. Among 
structures proposed as being ideal for this coordination num- 
ber are the pentagonal bipyramid (of symmetry D 5 h ) ,  the 
monocapped trigonal prism (C,,), the monocapped octahe- 
dron (C3,), and the tetragonal base-trigonal base structure. 
Factors which may influence the geometry any given com- 
pound assumes have been discussed by Muetterties.' Defini- 
tive structures of seven-coordinate compounds as determined 
by X-ray crystallography include very few in which there are 
seven identical ligands. To date, the only discrete ( ie. ,  mono- 
nuclear) ML7 (L = monodentate ligand) compounds which 
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are known are those for which L equals fluoride. Among 
these are UF73- (D5h)3a and NbF72- (Czu) .3b  Other seven- 
coordinate structures contain either more than one type of 
ligand (e.g., UOzF53- (D5h)4 )  or multidentate ligands (e.g., 
Z r ( a ~ a c ) ~ C l ~  and the [Fe1I1(OHZ)EDTA]- anion'). In these 
latter examples, because of ligand complexities, it is difficult 
to assess the relative merits of the several seven-coordinate 
geometries. In addition, MF7 complexes reported to date 
have had do electronic configurations, and thus no assessment 
of ligand-electron repulsive effects for seven-coordination 
has been possible. 

The nature of the cyano complex of vanadium(II1) has been 
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