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Summary

The solid state structure of u-ethylthio-u'-carbonylbis(n-cyclopentadienyl-
carbonyliron) hexafluoroantimonate has been determined by a single crystal
X-ray analysis. Crystals of this compound are monoclinic, space group ¢2/¢ with
a=18.111(6), b = 16.450(5), ¢ = 13.292(4) A, B = 92.2(1)°, Z = 8. The deter-
mination was by Paitefson and Fourier methods. A full matrix least-squares
refinement resulted in a final R value of 0.044 for 1505 independent reflections.
The two cyclopentadienyl groups are cis disposed with respect to the Fe—Fe
vector while both the sulphur atom of the ethylthio group and the carbon
atom of the bridging carbonyl group are equidistant from the two iron atoms.
The latter are separated by a distance of 2.580(2) A corresponding to a two
electron Fe—Fe bond. The solution IR and NMR data are consistent with the
cation retaining its cis structure in solution.

Introductit_)n

- Considerable atteéntion has been devoted to the study of the structural proper-
" ties of [ {Fe(n-CsHs)(CO)2 1.1 [1—11]. Both the cis (I) and trans (II) isomers of
this-.compound have been isolated and their crystal structures determined

[6,7]. In solution this derivative is present as a mixture of these isomers, as
established by IR and 'H and '*C NMR spectroscopy [5,7—11], with intercon-

* For Part XX, sceref. 1.
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-version of the two forms being extremely rapid at room temperature. This
facile intramolecular rearrangement has been explained in terms of a pathway
involving a non-bridged isomer as intermediate [10,11]. [ {Fe(n-CsHs)(CO)-
(SEK)}.1 (R = alkyl or aryl group) can also be isolated in two isomeric forms,
IIT and IV [12], but, in contrast to [ {Fe(n-CsHs)(CO); }.1, the cis isomer (II1)
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is thermodynamically more stable. Further each isomer can exist indepen-
dently in solution with elevated temperatures heing required to convert the
trars to the cis form. This conversion is thermally irreversible although the

trars species can be produced from the cis by irradiation with UV light. The
structural behaviour of the metal—metal bonded species [ {Fe(n-CsHs)(CO)-
(SR) }.1** (V), obtained by two-electron oxidation of [ {Fe(n-CsHs)(CO)(SR) },1
[13], has not been investigated in any detail but it is expected that intercon-
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version of the cis and frans isomers will be more difficult than that for the two
forms of [ {Fe(n-CsH;)(CO)(SR) }.1.

It has been recently shown that [ {Fe(n-CsH)(CO), }(SC,H;)T" is readily
decarbonylated to produce [Fe,(n-CsHs),(CO)s:(SC,Hs)1" (Fig. 1) [14]. Because
the latter can be regarded as being intermediate between [ {Fe(n-CsHs)(CO), },]
and [ {Fe(n-CsHs)(CO)SC.H;) },1?*, it was considered that a study of its struc-
tural properties in both solution and the solid state would be appropriate.

Results and discussion

Spectroscopic studies
[Fex(n-CsHs)2(CO)1(SC,Hs) 1 can exist in three possible isomeric forms fora
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planar FeSFe'C ring system. These are illustrated in Fig. 1. The cis isomers A and
B will give rise to single cyclopentadienyl resonances in their NMR spectra
whereas the trans isomer will afford two. Two infrared-active terminal C—O
stretching modes are predicted for all three isomers which belong to the molec-
ular point groups c¢;, c,, and c; respectively. However, in the case of the cis
isomers, for parallel or near-parallel terminal carbonyl groups, the asymmetric
mode will be very weak while for the trans isomer the symmetric mode will be
of negligible intensity. Also, on the basis of the spectra of [ {Fe(n-CsHs)(CO).},]
[5,7] and [ {Fe(n-CsH;)(CO)(SR) }:]1" (n =0, +1, and +2) {12,13], the frequency
of the symmetric mode for the cis isomers is expected to be reasonably differ-
ent to that of the asymmetric mode for the trans isomer. The IR spectrum of
[Fe.(n-C:Hs).(CO)1(SC,.H;5)1" measured in CH,Cl, as the tetrafluoroborate or
hexafluoroantimonate salts, contains a strong terminal carbonyl! stretching peak
at 2032 cm™, a band of medium intensity at 1848 cm™ assigned to the bridging
carbonyls and a weak shoulder at 2004 cm™. The solid state spectrum reveals a
similar band pattern in the C—O stretching region but with increased intensity
of the peak at ca. 2000 cm™. The proton NMR spectrum of this species contains
single cyclopentadienyl, methylene and methyl resonances down to tempera-
tures of —60°C. This spectroscopic evidence is interpreted in terms of the cation
existing as one of the cis isomeric forms A or B in both solution and the solid
state. This contrasts with [ {Fe(n-CsH;5)(CO), }.] which, as described above, occurs
as a mixture of its cis and trans isomers in solution in rapid equilibrium with
each other [8]. Irradiation of [Fe,(1-CsH;)>(CO);(SC,H;)]BF, in THF with

UV light did not appear to convert it to the trans isomer, as determined by
monitoring with IR, unlike that observed [12] for cis-[ {Fe(n-CsHs)(CO)SR) }.1
under similar conditions.

X-Ray crystallographic studies

Crystals of [Fe,(1-CsHs),(CO);(SC,H;)]SbFs were chosen for the X-ray
diffraction study. The molecular geometry of the cation and the atomic nomen-
clature utilised in its description are shown in Fig. 2; hydrogen atoms have been
omitted for clarity. The structure is highly symmetrical with an approximate
mirror plane through the bridging sulphur and carbon atoms and the methylene
carbon of the —SC,H; ligand. The Fe(1)C(3)Fe(2)S ring is slightly puckered
(Table 1) with the dihedral angles between the planes defined by Fe(1)C(3)S
and Fe(2)C(3)S and those defined by Fe(1)Fe(2)C(3) and Fe(1)Fe(2)S being
19.2 and 15.6° respectively. The essentially planar cyclopentadienyl rings
(Table 1) are cis disposed with respect to the Fe—Fe vector but trans to the
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Fig. 1. Possible structures of [Fe2(n-CsHs)2(C0)3(SC2H)T .
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Fig. 2. The molecular geometry of [Fez(n-CsHs)2(C0)3(SCyHs)IT showing the atomic number scheme
used in the analysis; hydrogen atoms have been omitted for clarity but are numbered according to their
parent carbon atom, i.e. H(6) is bonded to C(6) etc., except for the ethyl hydrogens where H{(41) and
H(42) are bonded to €C(4) and H(51)—H(53) are bonded to C(5).

TABLE 1

LEAST—SQUARES PLANES AND THE PERPENDICULAR DISTANCES FROM EACH ATOM TO THE
PLANE in A

The equations of the planes arc expressed in orthogonalized space as lx + my + nz = P, Atoms marked *
were not included in the least-squares calculation.

Plane ©

(17.349)x + (—1.408)y + (3.152)z = 3.369

C(6) 0.012 C(8) 0.005 Cc(10) —0.011
C(7) —0.012 C(9) 0.004 Fe(1) * 1.733
Plane 2

(0.267)x + (15.811)y + (3.653)z = 7.267

C(i1) 0.004 C(13) —0.004 C(15) —0.007
Cc(12) - 0.000 Cc(14) 0.006 Fe(2) * 1.724
Plane 3

(12.863)x + (10.040)y + (4.298)z = 10.875

Fe(1)  —0.002 3 0.008 sy * 0.467
Fe(2) —0.002 C(3) —0.005

Plane 2 .

(11.214)x + (8.633)y + (7.443)z = 12.373

Fe(l) 0.0 S(@1) 0.0 o) * 0.687
Fe(2) 0.0 c(3r* 0.396

Angles Setween normals to planes
Plane1 Plane 2 89.6°
Flane 3 Plane 4 15.2°
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ethyl of the ethylthio group. The structure illustrated in Fig. 1B is thus that
adopted by the [SbF¢]™ salt of [ Fe,(n-CsHs),(CO)3(SC,Hs)]" in the crystalline
state. The coordination of each iron atom is approximately octahedral, assuming
the convention that a cyclopentadienyl group occupies three coordination posi-
tions. The cation can thus be considered as two octahedra sharing an edge defined
by the two vertices occupied by the bridging sulphur and carbon atoms.

Selected interatomic distances and angles are tabulated in Tables 2 and 3
respectively. The Fe—Fe distance of 2.580(2) A and the Fe—5—Fe bond angle -
of 71.7(1)° is consistent with the presence of an Fe—Fe two electron bond [15],
in accordance with the magnetic properties of this complex. The two terminal
carbonyls show considerable deviation from a possibie parallel configuration as
revealed by the C(1)—Fe—Fe and C(2)—Fe—Fe bond angles of 102.6(4) and
101.5(4)° respectively. This will explain the moderate intensity of the asymmetric
C—O stretching mode in the solid state IR spectrum. Significantly the carbonyl
groups in cis-[ {Fe(n-CsHs)(CO)(SCeHs) } 2] are, within experimental error, parallel
[16] and, consistent with this, this compound [12] exhibits a single C—O stretch-
ing band in its IR spectrum. For comparison purposes, relevant bond lengths and
angles have also been set out in Table 4 together with those of a number of struc-
turally related derivatives. No deviations from established patterns are observed.
Thus the Fe—S(bridg), Fe—CO(bridg), Fe—CO(term), and Fe—ct(cp) (ct(cp) =
centroid of the cyclopentadienyl group) distances correspond with those found
in similar compounds as do the Fe—S—Fe and Fe—C—Fe bridging angles.

A value of 82.6(5)° for the Fe—C—Fe bond angle is however worthy of com-
ment. Considerable evidence is now available to suggest that bridging carbonyl
groups will only span metal atoms which are separated by relatively short dis-
tances [21]. For instance while [ {Co(CO), }.] with a Co—Co distance of 2.545(2)
A contains two symmetric bridging carbonyl groups [22], [FeCo(CO)g]™ with
an Fe—Co distance of 2.585(3) A contains a single asymmetric bridging carbony!
[23] and [ {Fe(CO),}.]*" with an Fe—Fe bond of 2.787(2) A contains terminal

TABLE 2 _ )
BOND LENGTHS (A) WITH e.s.d.’s IN PARENTHESES

Fe(1)—Fe(2) 2.580(2)

Fe(1)—S(1) 2.202(3) Fe(2)—S(1) 2.205(3)
Fe(1)—CQ) 1.77(1) Fe(2)—C(2) 1.77(1)
Fe(1)—C(3) 1.96(1) Fe(2)—C(3) 1.95(2)
Fe(1)—C(6) 2.10(D) Fe(2)—C(11) 2.11Q1)
Fe(1)—C(7) 2.13(1) - Fe(2)—C(12) 2.09(1)
Fe(1)—C(8) 2.10(1) ’ Fe(2)—C(13) 2.08(1)
Fe(1)—C(9) 2.09(1) Fe(2)—C(14) 2.08(1)
Fe(1)—C(10) 2.11() Fe(2)—C(15) 2.11(1)
5(1)—C(4) 1.84(1) C(4)—C(5) 1.48(2)
C(1)—0(1) 1.14(1) C(2)—0(2) 1.13(1)
C(3)—0(3) 1.16(1)

C(6)—C(7) 1.43(2) C(11)—C(12) 1.41(2)
C(6)—C(10) 1.39(2) C(11)—C@15) 1.40(2)
C(7)—C(8) 1.40(2) C(12)—C(13) 1.38(2)
C(8Y—C(9) 1.40(2) C(13)—C(14) 1.41(2)
C(9)—C10) 1.41(2) C(14)—-C(@15) 1.38(2)

Sb—F(mean) ) 1.855(20)
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TABLE 3
BOND ANGLES (°) WITH e.s.d.’s IN PARENTHESES

Fe(1)—S(1)—Fe(2) 71.7(1) .

Fe(1)—C(3)—Fe(2) 82.6(5)

S(1)—Fe(1)—Fe(2) 54.2(1) S(1)—Fe(2)—Fe(1) 594.1(1)

C(3)—Fe(1)—Fe(2) 48.5(3) C(3)Y—Fe(2)—Fe(1) 48.9(3)

C(1)—Fe(1)—Fe(2) 102.6(4) C(2)y—Fe(2)—Fe(1) 101.5(4)

C(1)—Fe(1—S(1) 96.8(4) C(2)—Fe(2)—S(1) 94.2(3)

C(1)—Fe(1)—C(3) 87.4(35) C(2)—Fe(2)—C(3) 88.4(5)

C(cp)—Fe(1)—C(cp) (mean) C(cp)—Fe(2)—C(cp) (mean)
39.0(4) : 38.9¢(4)

Fe(1)—C(1)—0{1) 178(1) Fe(2)—C(2)—0(2) 176(1)

Fe(1)—C(3)—0(3) 138(1) Fe(2)—C(3)—0(3) 140(1)

Mean internal angle of cp ring bound Mean internal angle of ¢p ring bound

to Fe(l) 108(1) to Fe(2) 108(1)

Fe(1)—S(1)—C(4) 116.1(4) Fe(2)—S(1)—C(4) 112.7(4)

3{1)>—C{4)—C(35) 111(1)

F—Sb--F(mean) 80.0(1)

Torsion angles

C(1)—Fe(1)—Fe(2)—C(2) 2.5

C(1)y—Fe(1)—C(3)—0(3) 72.2

C(2)—Fe(2)—C(3)—0(3) 74.8

carbonyls only [23]. A Mn—Mn distance of 2.923(3) A for [ {Mn(CO); }.] would
also explain the absence of bridging carbonyls in this derivative {24]. It can be
implied that the inability of carbony! groups to bridge metal atoms separated by
slightly longer distances is associated with a reluctance on the part of a bridging
carbonyl to “open up’ its M—C—M bond angle. By comparison the increase in
the Fe—Fe distance of 0.81 A from [Fe,(n-C:H:).(CO)1(SC.H:) 1" to [ {Fe(n-
CsH:)(CO)(SCsHs) 1.1 [16] is accompanied by an increase in the Fe—S—Fe bond

Fig. 3. The molecular packing projected onto (010).
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angle of 26.3°. A similar increase in the Fe—C—Fe bond angle of [Fe,(n-
CsH;)2(CO)5(SC,H;5)]* would afford a value of ca. 109°. This is still some-
what less than that expected for an sp? hybridised carbon atom. A pos-
sible explanation for the apparent inability of bridging carbonyls to increase
their bond angles beyond ca. 85° is that similar to that recognised for terminal
carbonyls, these groups form stable bonds with transition metals by virtue of a
strong w-interaction between the two and that this interaction decreases consider-
ably on expansion of the M—C—M bond angle. This possibility needs further
investigation. A

Figure 3 shows the molecular packing in the unit cell. No intermolecular
close contacts closer than 3.2 A are observed.

Experimenfal

The compound was prepared as described previously [14].

Crystal data. C;sH,;0;F¢SFe,Sb, Mol. wt. 622.8, crystallises as dark green
monoclinic needles with ¢ = 18.111(9), b = 16.450(7), c = 13.292(6) A, 8
=92.2(2)%, v =3957.13 A%, D,, = 2.10 g cm™ (by flotation; CH,I,/xylene), D,
=2.09 gcm™3, u = 28.02 cm™!, F(000) = 2416, space group c2/c (second setting),
Z = 8.

Collection and reduction of data. Preliminary photography indicated the space
group c2jc or Cc. The former was chosen after inspection of the three dimen-
sional Patterson map, and the refinement has vindicated this choice. Lattice
constants were obtained from a least-squares analysis of the settings of 25 reflec-
tions measured on a Philips PW1100 four circle diffractometer. The intensities
of 1929 reflections were measured on the diffractometer in the v — 28 scan
mode up to 20 = 40° (scan width 1.0°8, scan speed 0.03 8 s ') using graphite-
monochromated Mo-K, radiation (A = 0.7107 A). Throughout the data collec-
tion, three reference reflections were recorded after every 52 reflections. Their
intensities remained constant to within 4%. 306 reflections were rejected as
being systematically absent or space group equivalent. With the criterion I,
> 2.00 (I,.;) for an observed reflection, a further 118 reflections were discarded
as unobserved, leaving 1505 unique reflections to be employed in the determina-
tion of the structure. The data were recorded for Lorentz-polarization effects,
but not for absorption, the maximum value of yR being 0.66 [25].

Structure determination and refinement. The Sb atom and the two Fe atoms
were located from a Patterson map. A difference map based on the coordinates
of these atoms (and assuming the space group C2/c) yielded the positions of
the sulphur atom and six other light atoms. After eight cycles of full matrix
least-squares refinement [261] all non-hydrogen atoms had been located and R
had fallen to 0.11. A further four cycles of least-squares refinement based on
all non-hydrogen atoms with the Sb and Fe atoms anisotropic resulted in an R
of 0.07. A subsequent difference map revealed the positions of all but three
hydrogen atoms. In a final four cycles of full-matrix least-squares refinement
all non-hydrogen atoms were assigned anisotropic temperature factors. The
hydrogen atoms were constrained to ride on their parent carbon atoms with C—H
set at 1.08 A, their positions being dictated by the geometry of the molecule.
‘The isotropic temperature factors of the —CH,—, —CH;, and cyclopentadienyl

(continued on p. 360)
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TABLE 6
FRACTIONAL ATOMIC COORDINATES OF THE HYDROGEN ATOMS (X 10%)

Atom x/a v/b z/c Atom x/a v/b z/e

H(41) 3674(6) 5646(8) 7786(10) H(9) 668(5) 5037(3) . 9269(9)
H(42) 3417(6) 6073(8B) 6607(10) H(10) 767(6) 3753(7) 8040(11)
H(51) 4642(7) 5596(9) 6497(11) H(11) 1753(10) 3035(9) 6622(14)
H(52) 4028(7) 4964(9) 5795(11) H(12) 1823(10) 2590(8) 83567(15)
H(53) 4412(7) 4628(9) 6962(11) H(13) 3236(9) 2427(9) 9129(10)
H(6) 1181(6‘3 4291(9) 6260(10) H(14) 4045(7) 2800(7) - 17543(11)
B(T) 1256(6) 5924(9) 6335(10) H(15) 3127(¢11) 3145(8) 6009(9)
H(8) 972(6) 6375(8) 8216(11) ’

hydrogens were refined as three independent variabies and converged to values
of U =0.073, 0.089, and 0.095 A? respectively. The refinement converged to
R =0.044 and R, = 0.040 with a weighting scheme w = 0.5785/(¢*F + 0.000965-
F?).

The final atomic coordinates and temperature factors are given in Tables 5
and 6. The observed and calculated structure factors and an analysis of variance
computed after the final cycle are available, from the authors; -

All calculations were carried out on a UNIVAC 1106 computer at the Univer-
sity of Cape Town.
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