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The crystal and molecular structure of C12Sn [ x-CiHaFe( CO),] 2 has been determined by X-ray diffraction. Three-dimensional 
isotropic least-squares refinement resulted in an unweighted discrepancy index of 11.27?0. The compound crystallizes in the 
monoclinic space group C2/c with a = 14.98 A ,  b = 7.63 A, c = 15.18 X, and p = 94" 27'. The discrete molecules possess 
crystallographic CZ symmetry. The two chlorine atoms and two iron atoms are bonded to the central tin atom in a distorted 
tetrahedral arrangement; the Fe-Sn-Fe' and C1-Sn-Cl' bond angles are 128.6 and 94.1", respectively. The Sn-Fe and 
Sn-C1 bond lengths are 2.492 and 2.43 A, respectively. Each iron atom exhibits an approximately octahedral environment 
with the cyclopentadienyl moiety occupying three coordination sites; the tin and two carbonyls complete the octahedral 
coordination. The molecular features are compared to  those of rclnted molecules and are shown to he in agreement with thc 
observed infrared spectrum. 

Introduction 
Although a large number of metal cluster compounds 

that contain tin atoms have been prepared, relatively 
few solid-state structures have been reported. 4-10 JVe 
have undertaken the crystal structures of two closely 
related compounds, [~ -CjHjh fo (CO)~]~Sn  [r-CjHjFe- 
(CO)z]zll and ClzSn [ T - C ~ H ~ F ~ ( C O ) ~ ] ~ . ~ ~  This paper 
describes results obtained for the latter compound. 

Experimental Section 
Crystals of C ~ Z S ~ [ T - C ~ H ~ F ~ ( C O ) ? ]  2 were supplied by Dr. S. 

Dighe of Professor M . Orchin's laboratory a t  the University of 
Cincinnati. 

Single Crystal X-Ray Data.-Multiple film equiinclination 
Weissenberg data were collected for the reciprocal levels h0Z 
through 1281 with Mo Ka: radiation (A 0.7107 A) .  The intensities 
of 908 independent diffraction maxima were estimated visually 
and were corrected for Lorentz-polarization effects. The crystal 
chosen for data collection was 0.74 mm in length and 0.20 X 0.19 
mm in width. Because the maximum value of p R  is 0.34 ( p  = 
34.4 cm-l), absorption corrections were neglected. Lattice con- 
stants were determined from hkO and OkZ precession photographs 
which were calibrated by superposition of a sodium chloride 
diffraction pattern (a = 5.627 A). The angle p was determined 
from the ,401 Weissenberg photograph. 

Unit Cell and Space Group.-The crystals of CLSn [a-C5HjFe- 
(CO),], are monoclinic with lattice parameters a = 14.98 =k 
0.03 A, b = 7.63 =k 0.02 A, c = 15.18 i 0.03 A, and fi  = 94" 
27' =k 20'. The volume of the unit cell is 1729 A3. The experi- 
mental density of 2.02 g/cc agrees well with the calculated den- 
sity of 2.08 g/cc based on four molecules per unit cell. Sys- 
tematic extinctions of hkl reflections for h + k odd and ,501 re- 
flections for Z odd indicate the probable space group C, (CSA) or 
C2/c (C2h6). The latter space group was confirmed by the solution 
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of the structure. The tin atoms are located on twofold axes 
corresponding to sets of fourfold positions (4e) and the reinainiiig 
atoms occupy general eightfold positions (81). The positions are: 
4e (0, 0, 0; l / 2 ,  ] / 2 ,  0) & (0, y ,  l / ~ )  and 8f (0, 0, 0; 0)  i 
( x ,  y, z; x ,  -y ,  ' / 2  f 2).13 The total number of electrons per 
unit cell, F(000),  is 1048. 

Determination of the Structure .-A three-dimensional Patter- 
son functionI4 computed on the IBM 1620 computer provided trial 
coordinates for the tin and iron atoms. A structure factor cal- 
culation with these trial coordinates resulted in an unweighted 
discrepancy factor, RI = [ZlIF,l - IF, / / Z ~ F , / ]  X 100of 277;. 
The phases from this structure factor calculation were used to 
calculate a three-dimensional electron density synthesis. h l l  
other atoms (except hydrogen atoms) were located readily from 
peaks appearing in the synthesis. Addition of these atoms to the 
structure factor calculation lowered the discrepancy index, Rl, 
to 21 yo. A full-matrix isotropic least-squares refinementi6 of 
the twelve nonhydrogen atoms in the asymmetric unit gave a 
final discrepancy index, RI, of 11.27TG and a weighted discrepancy 
index, R2 = [Zwl /F , (  - ~ F o ~ ~ z / Z w / F o ' 2 ] ' ~ z  X 100, of 13.27,. -klI 
parameter shifts on the last cycle were less than 2YG of the corre- 
sponding standard deviation. Unit weights were used in the 
final refinement although two different variable weight schemes 
were tested. Variable weights in the first scheme were as- 
signed as follows: & = 2 0 / F a  if I,, > d%Imin; 4; = Io2/  
F0I,,,i,,* if I, This scheme resulted in RI = 14.5% 
and RZ = 12.7%. Variable weights in the second scheme were 
assigned as follows: .\/-; = 10/Fo 
if I ,  3 (21min)2; and d-i = 15/Fo if 21m,, < I, < (21min)*. This 
scheme gave Rl = 13.1y0 and Rn = 14.7c/o. Thermal parameters 
for Sn, Fe, and C1 were 0.14, 0.96, and 4.1 with the variable 
weights of the first scheme and 0.42, 1.2, and 3.9, respectively, 
with the weights of the second scheme. Carbonyl carbon atoms 
(CI and C,) yielded values of 2.0 and 6.7 in the first scheme and 
1.4 and 4.3 in the second scheme; the cyclopentadienyl carbons 
(C,-C?) had thermal parameters that ranged from 1.0 to 3.7 
and 1.0 to 5.3 in the first and second schemes, respectively. 
Carbonyl oxygen atoms ( 0 1  and 0 2 )  gave thermal parameters of 
3.9 and 7.5 in the first scheme and 4.1 and 6.7 in the second 
scheme. Positional parameters changed only slightly. Bond 
lengths and interatomic angles calculated from the refined models 
of the three weighting schemes were identical within the stand- 
ard deviations assigned. The refinement with unit weights has 
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been reported here since the final thermal parameters for atoms in 
similar chemical environments were most nearly the same with 
this scheme of weights (Table I). 

TABLE I 
ATOMIC PARAMETERS WITH STANDARD DEVIATIONS~ 

Atom X Y Z B, AZ 

Sn O,OOOO(-) 0.0971(4) 0.2500(-) 0 .26(6)  
Fe  0.1127(3) 0.2388(6) 0.3572 (3) 1 . 3  (1) 
C1 0.0785(7) -0.1203(16) 0.1682(7) 3 .9(2)  
Ci 0.140(2) 0.031 ( 5 )  0.402(2) 2 .7 (7 )  
01 0.158(2)  -0.098 ( 5 )  0.427(2) 5 . 2  (7) 
Cz 0.189(2) 0.241 ( 5 )  0.274(2)  2 .8 (7 )  
0% 0.232 (2) 0.244 ( 5 )  0.220 (2) 6 .4  (9) 
CB 0.079(2) 0.506(5) 0.357(2) 2 . 0 ( 6 )  
C* O . O l O ( 2 )  0.414 (6) 0.383 (2) 3 .2  (7) 
Cg 0.037(2) 0.316 ( 5 )  0.459(2) 2 . 6 ( 6 )  
Cg 0.133(2) 0.354 ( 5 )  0.478(2) 3 .4(8)  
C? 0.161(2) 0.475 ( 5 )  0.416(2) 2 .2  (6) 
0 Numbers in parentheses here and in succeeding tables are 

( - ) indicates standard deviations in the least significant digits. 
a fixed parameter. 

TABLE I1 
OBSERVED AND CALCULATED STRUCTURE 

FACTORS SCALED TO F( 000) 

Scattering factors for carbon and oxygen were from Berghuis, 
et al.," for chlorine from Dawson,17 for iron from Freeman and 
Watson,l* and for tin from Thomas and Umeda.18 Final posi- 
tional and thermal parameters with their standard deviations are 
given in Table I. The output from the final least-squares cycle 
was used to calculate a three-dimensional difference Fourier map. 
Appreciable anisotropic thermal motion was observed around 
the tin, iron, chlorine, and oxygen atoms but no other anomalies 
were observed. Anisotropic thermal parameters would undoubt- 
edly reduce the discrepancy index but this further refinement 
was not performed since multiple scale factors were used in the 
isotropic refinement. Table I1 lists the observed and calculated 
structure factors; the eleven most intense reflections, indicated 
by asterisks, were removed from the refinement because of ex- 
tinction. None of the unobserved maxima accessible on the 
films had a calculated intensity greater than the minimum ob- 
served intensity. Unobserved data were not included in the 
structure refinement. Least-squares refinementl6 and bond 
distances and interatomic anglesz0 were calculated on an IBM 
7040 16K computer. 

Results and Discussion 
Dichlorobis(dicarbony1-n-cyclopentadienylir on)  t in-  

(IV) consists of discrete molecules (Figure 1) of crys- 
tallographically required point group symmetry 2 ((2,). 
The two chlorine atoms and two iron atoms are bonded 
to the central tin atom in a distorted tetrahedral ar- 
rangement. Each iron atom exhibits an approximately 
octahedral environment with the cyclopentadienyl 
moiety occupying three coordination sites; the tin and 
two carbonyls are located a t  the three remaining sites. 

The most unusual features of the molecule are the 
bond lengths and interatomic angles associated with 
the coordination environment of the tin atom (bond 
lengths and interatomic angles are given in Tables I11 
and IV, respectively). The Sn-Fe bond length of 2.492 
A is shorter than any previously reported tin to transi- 
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tion metal atom bond. Bond distances of 2.53 and 2.536 
A are found in Sn[Fe(C0)4]d and n-C5HsFe(CO)Sn- 
( C O H ~ ) ~ ; ~  in the compound (CH3)4Sna [Fe(C0)4]4,8 two 
different Sn-Fe bond lengths of 2.747 and 2.625 A are 
observed. The Sn-Fe bond distance is also shorter than 
the tin to  transition metal bond lengths of 2.674, 2.70, 
2.63, and 2.54 A reported in ( C ~ H B ) ~ S ~ M ~ ( C O ) ~ , ~  
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1 
Figure 1 .-The molecular configuration of C1,Sn [T-C;H:,Fe- 

(C0)'lA. 

a > 

TABLE IV 
BOND ANGLES IS C ~ & ~ [ T - C ~ H ~ F ~ ( C O ) Z ] Z  

\YITH THEIR ESTIMATED STASDARD DEVIATIONS 
Atoms Angle, deg Atoms Angle, deg 

C1-Sn-C1' 94 .1  (0 .6)  cs-C4-cB 110.2(3.2) 

Fe-Sn-C1 107.4 (0 .3 )  cj-c6-c7 109.0 (3.1) 
Fe-SIi-C1' 107.0 (0 .3 )  CB-C,-CB 103.8 (2 .9 )  

C7-Cs-G 111.3 ( 3 .  I ) 
Sn-Fe-Ci 89.0 (1.2)  
Sn-Fe-Cz 89.0 (1 .2 )  Sn-FeCa 105.8 (0 .9)  
C1-Fe-G 98.4 ( 1 . 7 )  Sn-FeC4 86 .2  (1 .0 )  

Sn-Fe-Cj 103.2 (1 .0)  
Fe-C1-O1 177.5(3 .6)  Sn-Fe-Cs 145.2 (1.1) 
Fe-(2-02 176.0 (3 .5)  S n - F e c i  146 .7(0 .9)  

2 .374  found in the series of compounds SnC14,2' CH3- 
SnC13,*2 (CH3)2SnC12,22 and (CH3)3SnC1.22 The Fe-Sn- 
Fe' angle of 128.6' and the C1-Sn-C1' angle of 94.1' 
show the largest deviation from ideal tetrahedral co- 
ordination yet observed for a tin atom. An Mn-Sn- 
>In angle of lli' has been observed in the compound 
( CFH6) &n [hf n (CO) 5 12. 

Fe-Sn-Fe' 128.6 (0 .3 )  c4-cj-c6 105.7 (3.2)  

Figure 2.-[OlO] projection of t h e  unit cell. 

TABLE I11 
BOSD LESCTHS IS ClzSn[r-CsHnFe( CO)a]z 

WITH THEIR ESTIMATED STANDARD DEVIATIONS 
Bond Distance, A Bond Distance, A 

Sn-Fe 2,492 (8) Fe-C, 2.11 (4) 
Sn-C1 2 .43  (1) c1-01 1.08  (5) 

Fe-CZ 1 .76 (4 )  c3-c4 1.33(5)  
Fe-C3 2.09 ( 4 )  c4-cs 1.40 ( 5 )  
Fe-C4 2.10 (4) cj-c6 1.48 (5) 
Fe-C5 2 .08 (4 )  c6-c7 1 .41  (5) 
F e C e  2.04 (4) c7-c3 1.47  (5) 

Fe-CI 1.76 (4)  cz-02 1.09 (4) 

( CsH6)2Sn [Mn (co)ri]2,4 (CsHa)sSnlLln(CO)qP(CsH5)3, lo 

and [Pt(SnC13)6]3-.6 The Sn-C1 bond length of 2.43 A 
is longer than the Sn-CI distances of 2.31, 2.32,2.34, and 

The above observations concerning bond distances 
and angles in ClzSn [Ti-CjH&Fe(C0)2]2 are consistent with 
increased s character in the tetrahedral hybrid orbitals 
used in Sn-Fe bond formation and increased p char- 
acter in the orbitals utilized in Sn-CI bond formation. 
The short Sn-Fe bond length and long Sn-Cl bond 
length are in agreement with this interpretation. 2 3  

Figure 2 shows the [ O l O ]  projection of the unit cell. 
The minimum intermolecular bond distance of 3.13 A 
between O1 and 02' is consistent with normal van der 
Waals interactions. 
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The solid-state structure of ClzSn [ T - C ~ H ~ F ~ ( C O ) ~ ] ~  
is in agreement with the infrared spectral data for the 
carbonyl region3 although Flitcroft, et al., did not con- 
sider the molecular point group symmetry found in the 
solid state. Point groups Cz,, C,, and C1 were con- 
sidered ; group theoretical calculations predict three 
bands (A], B1, and Bz) for CW, four bands (2  A’ and 2 
A’’) for C,, and four bands (4 A) for C1 in the carbonyl 
region. The Czv model may be rejected since four fre- 
quencies are observed. Similar calculations for the 
point group Cz show that four bands (2 A and 2 B) are 
expected in the carbonyl region. The infrared data 

have been measured in solution and the point group 
symmetries C1, C,, and Cz are all possible, but the point 
group symmetry of Cz has been established conclu- 
sively for CI2Sn [n-CbHSFe(CO)z]z in the solid state. 
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The presently available data relating t o  the infrared intensity of CO stretching motion in adsorbed CO and in metal carbonyls 
are reviewed. For adsorbed CO which exhibits higher CO stretching frequency than gaseous CO, it is proposcd that the 
intensity is predominantly controlled by the strength of u-bond interaction. A reversal in sign of dp/drco a t  an intermediate 
CO-adsorbate bond strength accounts for the relationship between frequency and intensity. Adsorbed CO with lower 
frequency than gaseous CO, and metal carbonyls, exhibit enormously enhanced infrared intensity in the CO stretching mode. 
This enhancement arises from extensive *-bond interaction with the adsorbate or central metal. I t  is possible to derive 
certain rules for the ratios of intensities of CO modes of different symmetry species in metal carbonyls, assuming local MCO 
bond moment derivatives, and assuming separability of the CO stretches from other normal modes. These rules are tested 
and found inadequate for substituted octahedral carbonyl systems. Estimation of bond angles in monosubstituted carbonyl 
compounds from intensity ratios is therefore an uncertain procedure. An alternative approach is proposed which makes 
use of data in a series such as M( CO)6, M( CO)sL, trans-M( CO)~LZ. 

Infrared spectroscopy of metal carbonyls has pro- 
gressed from attempts to determine molecular point 
group symmetries via application of selection rules to an 
emphasis on utilization of vibrational data to learn 
about valence electron distribution. Jones2 has out- 
lined valence bond and molecular orbital considera- 
tions which suggest relationships which should obtain 
among the force constants which define the valence 
force field. Cotton and co-worker~~-~  have developed 
a simplified force field model which is related to that of 
Jones, but which considers only the CO stretching 
modes. The force field is assumed to consist entirely of 
CO stretching and CO-CO stretch-stretch interaction 
force constants. Metal-carbon bonding is neglected ; 
internal coordinate space is spanned entirely by the 
CO bond displacements. The model is premised 
upon the overriding importance of T bonding between 
metal and CO in determining variations in the force 
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constants and on a negligible mixing of the CO stretch- 
ing coordinates into other normal modes of the mole- 
cule. Variations in CO force constants which result 
from substitution of one or more carbonyl groups by 
other ligands arise predominantly from variation in 
the extent of T bonding. 

It is well known that carbonyl stretching frequencies 
in substituted carbonyls are sensitive to the nature of 
the substituent; it  is not as widely recognized that the 
intensities of the CO modes are also subject to sizable 
variation. A number of studies of intensities in metal 
carbonyl compounds have already been reported in the 
literature,6-10 and we can expect that more work will 
be done in this area in the near future. The purpose 
of the present contribution is to outline some con- 
siderations which are of value in interpreting the in- 
tensity results and to interpret certain aspects of the 
extant data. 

Dipole Moment Function for CO and +Bonded CO. 
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