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Summary 

The structure of [(PPh,)PdFe(SC,H,),] . O.SC,H,CH, has been determined by 
X-ray crystallography. This compound crystallizes in the monoclinic space group 
C2/c with a 39.258(S), b 10.548(2), c 13.612(4) A, fl 101.69(2)“, I/ 5519.7 A3 and 
Z = 8. On the basis of 3255 unique observations the structure has refined to 
R = 0.040 and R, = 0.046. The complex is an unusual heterobinuclear Fe-Pd 
species in which the two metals are held together by the bridging cyclopen- 
tadienethiolato groups and what appears to be a dative Fe --) Pd bond (2.878(l) A). 

Introduction 

There is considerable current interest in the chemistry of binuclear, mixed-metal 
complexes [l-4]. Not only should such species be capable of generating unique 

chemistry by virtue of the adjacent metals [5], but the different reactivities of the 
inequivalent metal centers should allow further modifications to the chemistry. For 
the adjacent metals to interact in a cooperative manner with substrate molecules it is 
imperative that they remain in close proximity during the reaction, and to ensure 
this, a variety of bridging groups has been utilized which hold the metals together 
and prevent fragmentation of the complexes [1,3,6-111. 

An unusual heterobinuclear complex, in which the metals are bridged by two 
cyclopentadienethiolato groups, was prepared by Seyferth and coworkers [12] 
according to eq. 1. Although the expected product was the bisphosphine complex 1, 
elemental analyses, NMR and mass spectral data suggested that the actual product 
was the monophosphine complex 2. Such a species would have a 14 electron Pd 
center unless Fe --f Pd dative bonding were invoked, and the lack of reactivity of 2 
with PPh,, CO and NO supported the dative-bonded formulation [12]. Owing to the 
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TABLE 1 

SUMMARY OF CRYSTAL DATA AND INTENSITY COLLECTION DETAILS 

Compound (PPh,)PdFe(SC,H,),.O.SC,H,CH, 
Formula weight 662.9 

Formula 

Space group 

Cell parameters 

a (A) 

h (A) 

c (A) 

P (“) 

v (K) 

Z 

Density (g cm- a) 

Crystal dimension (mm) 

Crystal shape 

PdFeS2PC3d2, 
c;h -c2/c 

39.258(5) 

10.548(2) 

13.612(4) 

101.69(2) 

5519.7 

8 

1.595 (talc), 1.59 (obs) 

0.052 x 0.293 x 0.262 

Crystal volume (mm’) 

Temperature ( o C) 

Radiation 

I-L (cm-‘) 
Range in absorption 
correction factors 

Receiving aperture 

Scan speed (O min-‘) 

Scan width ( o ) 

219 limits ( ’ ) 

Unique data measured 

Unique data used 

(Pa2 > 30(Fe2)) 
Final number of 

parameters varied 

Error in observation 

of unit weight (GOF) 

Ra 

RW 

monoclinic plate with short 

distance along (I* and faces of the 

forms (loo), {lOl), (Oil}, (111) 
0.0475 

23 

MO-K, (X 0.71069 A) graphite-monochromated 
13.905 

0.646-0.924 

2.00 + O.Stanfl mm wide by 4.0 mm 

high, 173 mm from crystal 

10.058 to 0.891 

0.50 + 0.350 tans, in omega 

1.0-52.0 

5713 

3255 

205 

1.136 

0.040 

0.046 

Structure solution and refinement 

The structure was solved in space group C2/c using standard Patterson, Fourier 
and least-squares techniques. All atoms, excluding the toluene methyl hydrogens, 
were ultimately located. Atomic scattering factors for non-hydrogen atoms [20] and 
hydrogen [21] were taken from the usual sources. Anomalous dispersion terms [22] 
for Pd, Fe, S and P were included in &. The carbon atoms of the PPh, phenyl 
groups wete refined as rigid groups having idealized Dhh symmetry, C-C distances 
of 1.392 A and independent isotropic thermal parameters. All hydrogen atoms 
except the toluene methyl hydrogens, which were found to be disordered (vide 
infra), were input as fixed contributions. Their idealized positions were calculated 
after each cycle of refinement from the geometries of their attached carbon atom 
using a CH distance of 0.95 A. These hydrogen atoms were assigned isotropic 



Description of structure and discussion 



213 

TABLE 3 

PARAMETERS FOR THE RIGID-GROUP ATOMS OF [(PPh,)PdFe(SC,H,),].O.SCH,C,H, 

Derirvd purameters 

Atom s 

W1) 0.4009(l) 

C(l2) 0.4054(l) 

C(13) 0.4252(l) 

C(14) 0.4406(l) 

C(15) 0.4360(l) 

C(16) 0.4162(l) 

C(21) 0.3519(l) 

C(22) 0.3160(l) 

~(23) 0.29554(7) 

~(24) 0.3110(l) 

C(25) 0.3469(l) 

C(26) 0.36731(8) 

C(31) 0.4134(l) 

C(32) 0.4479(l) 

C(33) 0.47330(8) 

C(34) 0.4641(l) 

C(35) 0.4296(l) 

C(36) 0.40420(9) 

Rigid group parameters 

Y ’ B 

0.1816(4) 0.2796(3) 3.0(l) 
0.0507(4) 0.2839(3) 4.3(2) 

-0.0051(3) 0.3693(4) 5.7(2) 

0.0700(5) 0.4504(3) 5.5(2) 

0.2009(S) 0.4460(3) 5.3(2) 

0.2567(3) 0.3606(4) 4.3(2) 
0.1472(4) 0.0886(3) 2.9(l) 

0.1473(4) 0.0811(3) 3.2(l) 

0.0558(41 0.0233(3) 3.7(l) 

-0.0358(41 -0.0269(3) 3.9(l) 

- 0.0360(4, -0.0193(3) 4.8(2) 

0.0555(4) 0.0385(3) 4.1(l) 

0.2948(4) 0.0969(3) 2.9(l) 

0.2645(4) 0.1364(3) 4.0(l) 

0.2860(5) 0.0803(3) 5.3(2) 

0.3380(5) -0.0154(3) 4.8(2) 

0.3683(4) - 0.0550(3) 4.6(2) 

0.3468(4) 0.0012(3) 3.8(l) 

Xc” K ZC Delta ” Epsilon Eta 

Ring 1 0.42072(7) 0.1258(3) 0.3650(2) ~0.188(3) - 2.733(3) 0.906(3) 
Ring 2 0.33143(7) 0.0557(3) 0.0309(2) - 2.027(3) 2.719(3) - 0.513(3) 

Ring 3 0.43875(8) 0.3164(3) 0.0407(2) 1.094(4) 2.473(2) - 1.0X5(4) 

(1 X,, Y, and Z, are the fractional coordinates of the centroid of the rigid group. h The rigid group 

orientation angles Delta, Epsilon. and Eta (radians) have been defined previously: S.J. La Placa and J.A. 
Ibers, Acta Crystallogr., 18 (1965) 511. 

intermolecular contacts involving either the complex or the solvent molecules. Apart 
from the methyl group disorder, the toluene molecule is well behaved and quite 

unexceptional. A perspective view of the complex, with some relevant bond lengths 
and angles, is shown in Fig. 1. More complete bond length and angle tabulations are 
given in Tables 4 and 5, respectively. 

The complex molecule is a rather unusual heterobinuclear Fe-Pd complex in 
which the metal centers are held together by the cyclopentadienethiolato groups 
(SC,H,) and what appears to be a dative Fe + Pd bond (vide infra). The SC,H, 

ligands are $-bound through the carbon atoms in a pseudo-trans configuration to 
iron (much as in ferrocene and its derivatives) and are u-bound to Pd through the 
sulfur atoms. 

The coordination about Pd is a slightly distorted square plane in which the sulfur 
atoms are mutually tram, as are the PPh, group and the Fe atom of the ferrocenyl 
moiety. The major distortion from square planar geometry results because Pd lies 
towards the PPh, group, away from Fe such that the S-Pd-Fe angles are acute (see 
Fig. 1). In addition, the PPh, group is bent away from S(2) towards S(1) in order to 
relieve the interactions between phenyl ring 3 and S(2), which are eclipsed 
(S(2))Pd-P-C(31) torsion angle = 8.10”). The most significant such non-bonded 
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TABLE 5 

SELECTED ANGLES (“) IN [(PPh,)PdFe(SC,H,),].0.5CH,C,H5 

Bond ang1e.T 

Fe-Pd-S(1) 

Fe-Pd-S(2) 

Fe-Pd&P 

S(l)pPd-S(2) 

S(l)-Pd&P 

S(2)-Pd&P 

Cp(l)-Fe-Cp(2) u 

Pd-Fe-Cp(1) 

Pd-Fe-Cp(2) 

Pd-S(l)-C(1) 

Pd-S(2)-C(6) 

s(l)~c(l)-c(2) 

S(l)-C(l)-C(5) 

S(2)-C(6)-C(7) 

S(2)-C(6)-C(10) 

C(5)-C(l)-C(2) 

C(l)-C(2)-C(3) 

C(2)-C(3)-C(4) 

C(3)-C(4)-C(5) 

c(4)~c(5)-c(l) 

C(lO)-C(6)-C(7) 

84.09(5) 

85.38(5) 

172.97(5) 

168.60(7) 

93.09(6) 

97.86(7) 

165.20 

98.20 

96.51 

82.6(2) 

81.6(2) 

126.5(5) 

126.3(5) 

126.8(5) 

127.6(5) 

107.3(5) 

108.8(6) 

107.6(6) 

108.7(6) 

107.6(5) 

105.5(6) 

C(l)-Cp(l)-CpWC(6) 1.18 

C(2)-Cp(l)Wp(2)-C(7) 1.24 

C(3)-Q(l)-CpWC(8) 1.19 

C(4)Kp(l)-‘+(2)-C(9) 0.88 

C(5)-Cp(l)-Cp(2)-C(l0) 0.67 

S(l)-CP(l)-CP(2)-S(2) 1.37 

S(l)-C(l)pC(6)-S(2) 1.33 

S(l)pPd&Fe-Cp(1) - 3.88 

S(l)-Pd-Fe-C(l) -1.94 

S(2)-Pd-Fe-Cp(2) 2.14 

S(2)-Pd-Fe-C(6) 0.94 

C(6)-C(7)-C(8) 
C(7)-C(S)-C(9) 

C(S)-C(9)-C(10) 

C(9)-C(lO)-C(6) 

PddP-C(l1) 

Pd&P-C(21) 

Pd-P-C(31) 

C(11 )-P-C(21) 
C(lI)~P-c(31) 

C(21)-P-C(31) 

P-C(ll)-C(12) 

P-C(ll)-C(16) 

P-C(21)-C(22) 

P-C(21)-C(26) 

P-C(3)-C(32) 

P-C(31)-C(36) 

C(40)-C(41)-C(42) 

C(42)-C(41)-C(42)” 

C(41)-C(42)pC(43) 

C(42)pC(43)-C(44) 

C(43)-C(44)-C(43) h 

S(l)-Pd-Fe-Cp(2) 177.76 

S(l)-Pd-Fe-C(6) 176.56 

S(Z)-Pd-Fe-Cp(1) ~ 179.50 

S(2)-Pd-Fe-C(l) - 177.56 

S(l)--Pd-PpC(11) - 48.31 

S(l)pPd-P-C(21) 71.50 

S(l)-Pd-P-C(31) ~ 168.71 

S(2)-Pd-PUJll) 128.50 

S(2)pPd-P-C(21) -111.69 

S(2)-Pd-P-C(31) 8.10 

C(41)pC(42)-C(43)-C(44) 2.47 

109.2(6) 

108.2(6) 

108.4(6) 

108.5(6) 

111.5(l) 

114.0(l) 

118.2(l) 

105.9(2) 

104.0(2) 
102.0(2) 

123.6(2) 

116.2(2) 

119.8(2) 

120.2(l) 

121.7(2) 

118.4(2) 

122.9(7) 

114.2(18) 

122.5(10) 

121.3(10) 

118.3(25) 

u Cp(1) and Cp(2) are the centroids of cyclopentadienyl groups 1 and 2. respectively. ‘Atoms C(42)’ 

and C(43)’ are related to C(42) and C(43), respectively, by the symmetry operation 1 - x, JJ, l/2- z. 
’ Torsion angles are the conformation angles about the central bond shown. 

contact (3.332(5) A), between S(2) and C(36), is much smaller than the Van der 

Waals distance of ca. 3.70 A and in the absence of the observed distortion would be 
even less favorable. Atom S(l), on the other hand. is staggered with regard to the 
other phenyl groups (Table 5) resulting in less severe interactions involving these 
groups; the shortest S(l)-phenyl carbon contact (S(l)-C(11) 3.494(5) A) is signifi- 
cantly longer than that observed for S(2). The Pd-S distances (av. 2.302 A) appear 
normal although they are at the short end of the range observed (2.288(3)-2.431(3) 
A) in a variety of mono- and dithiolato Pd” complexes [23-271. Similarly the Pd-P 
distance (2.241(2) A) is one of the shortest observed in typical Pd-PPh, complexes 
(2.230(4)-2.344(2) A) [25,28-331 and is also shorter than such distances obtained in 
several compounds in which the phosphine ligand is coordinated tram to another 





Fe --* Pd -PPh? 

Fe+-- PdtPPh3 

(II ) (III) 

which should be considered are shown in structures II and III. Structure I is the 
electronic form we have considered in our previous discussions; however, structure 
II may also be a significant contributor to the actual electronic structure, having an 
electron-deficient 16-electron iron, until the 2-electron donor bond from the 16-elec- 
tron palladium is considered. Such a structure would certainly explain the somewhat 

shortened C-S bonds (vide supra), which suggest some multiple-bond character, 
and also the tilting of the Cp-S planes, which suggests a weaker bonding of the 
sulfur-bound carbons to the iron. The C--C bond lengths within the Cp rings also 
show tendencies consistent with this canonical structure, but not at a statistically 
significant level; such small differences could well be masked by thermal vibration 
of the ring atoms. Structure II is therefore a plausible alternative. Structure III and 
its obvious “twin” (with the localized double bonds on the other ring) show a more 
conventional metal-metal bond, with one electron contributed from each metal, and 
would be consistent with the same bonding distance trends as structure II. The 
actual structure may in fact have significant contributions from all three resonance 

forms. 
The crystal structures of several [l]-, [2]- and [3]-ferrocenophanes provide useful 

comparisons with the parameters of the present compound. Of these, the [3]-ferro- 
cenophanes generally display significantly smaller tilts of the Cp rings from the 
parallel configuration (8.8-12.5” for C, bridges [53-571, 2.4-6.2” for bridges 
involving large heteroatoms) [11,58-631 than those for [2]-ferrocenophanes (about 
23”) [64-671 or [l]-ferrocenophanes (16.6-27.1”; heteroatom bridges only) [68,69]. 

The tilts for the [l]- and [2]-ferrocenophanes clearly result from the short bridge 
lengths, which pinch the cyclopentadienyl groups together at the bridge location. 
For the carbon-bridged [3]-ferrocenophanes, the smaller tilts are due to the in- 
creased bridge length and flexibility, whereas for the heteroatom-bridged [3]-ferro- 
cenophanes, the rings are actually forced apart very slightly at the bridges, but the 
angles remain small due to the flexibility of the bridges. In the present compound 
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bisthiolato) complex. In either this geometry or the trigonal geometry previously 
mentioned, the palladium atom could pucker away from the FeS, plane, affording 
further relief of steric strain. In addition, it seems that in a cis geometry the strain 
could be further relieved by twisting of the Cp rings to give a staggered arrangement 
as in several of the ferrocenylphosphine species. As noted earlier the Cp rings in the 
present compound are almost exactly eclipsed. 

In conclusion, it seems clear that the structural and chemical [12] evidence 
suggests some form of FeePd bonding. Of the three bonding formulations noted 
(I-III), we favour formulation I, containing an Fe -+ Pd dative bond. 
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