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Summary

The reaction of [ Fe(n-CsHs)(CO). 1. with the dialkyl and diaryl disulphides
R.S. (R = CH,;, C.H,, i-C3H,, t-C;Hy, CH.C;H; and C4H;) produces a trinuclear
product characterised as [Fe;{n-C;Hs);{(CO).(S)SR], as well as the dinuclear
derivatives [Fe(n-CSHSS(CO)SR]J. The spectroscopic properties, including Moss-
bauer, and the electrochemical behaviour of the trinuclear species are discussed.
Whereas the alkyl sulphido complexes [ Fe(n-CsH;)(CO)SR]: (R = CH,;, C.H;,
i-C3;H7 and n-C;Hy) can be isolated in two isomeric forms, corresponding deriva-
tives of the bulkier disulphides R.S, (R = t-C:H, and CH,C.H;) are obtained as
single isomers only. On the other hand three isomers of the phenyl sulphido
derivative [ Fe(n-CsH;s){(CO)SCzH;], can be isolated. The nature of the isomernsm
is discussed.

* For Part XVI see ref. 1.
** A preliminary communication of some of this work has appeared [ 2].
*4: To whom correspondence concerning this publication should be addressed.
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Introduction

The first compound of the type [Fe(-CsH;)(CO)SR]. to be reported [ 3]
was the methyl derivative synthesised by reaction of [ Fe(n-CsH;)(CQO), ], with
(CH,),S, in 2,2,4-trimethylpentane under reflux. Subsequent studies [4, 5]
have shown that the ethyl, tertiary butyl and pheny! derivatives may be obtain-
ed similarly or by the thermal or photochemical degradation of [ Fe(n-C;Hs)-
(CO),;SR].

Five stereoisomers or [Fe(n-C;Hs)(CO)SR1; are possible and these are illu-
strated below:

R
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The methyl, ethyl and phenyl derivatives, [ Fe(n-CsH;s)(CO)SR],; (R = CH,;,

C;H; or G4Hj), have been jsolated in two isomeric forms, one of which is ther-
mally unstable with respect to the other [5]. The NMR spectra of all six
compounds were shown to contain only single cyclopentadienyl and methyl or
phenyl resonances, thereby eliminating structures cis-(I1) and trans-(11) as possi-
bilities, and the C—O stretching frequency for the stable isomer was found to

be ca. 20-40 cm™! higher than that for the unstable isomer. Two isomeric forms
have also been isolated for the analogous phosphino and arsino derivatives
[Fe(n-CsHs)(CO)E(CH3): 1, (E = P or As). For each of these compounds one
isomer was shown to give NMR spectra containing just a single methyl resonance;
this is split into a triplet in the case of the phosphino compound as a result of
coupling with the two phosphorus atoms {6]. In contrast the NMR spectra

of the second isomer were shown to contain two methyl resonances and this
was taken to indicate non-equivalence of the two methyl groups bonded to each
phosphorus or arsenic atom. On the basis of these results it was proposed that
the former isomer contains the two cyclopentadienyl rings trans-disposed with
respect to the Fe,E; ring and that the latter contains them cis-disposed [6]. A
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planar Fe,E; ring was assumed. Significantly the C—O stretching frequency for
the cis isomer was found to be 37 cm™ higher than that for the ¢rans isomer.

For a non-planar Fe,S, ring each of the five isomers represented above can
exist in two conformational forms as shown below for isomer cis-(I):

CsHs CsHsg CeHg /C5H 5
Sem S

Fe o Sl o Fe e - 2
r ==

[ o= ) |

co ' co co R R co

(a)
(D)

The crystal structure of the stable isomer of [ Fe(n-C:H;)(CO)SCH;], has baen
determined and a slight puckering of the Fe,S, ring established [7]. The struc-
ture of the compound is that represented by cis-(I) (a). Primarily on the basis
of NMR data for [Fe(n-Cs;H;s)(CO)SR]. (R = C¢H;, p-CH;C H., p-CH,;0C:H,,
p-FC.H,; or p-CIC¢H,), the unstable isomer described above has been proposed
[8] to have the structure shown below:

R R
CsHs ! ' CgHg
e Fe/

<
| \

The kinetics of isomerisation of the unstable isomer to the stable isomer has
been reported [8] for [ Fe(n-CsH;5)(CO)SR]. (R = aryl group).

As part of a general study of the oxidative behaviour of bridged dinuclear
derivatives of iron, in which it was necessary to synthesise compounds of the
type [ Fe(n-CsHs)(CO)SR1., it was found that the reactions of [ Fe{n-Cs;H;)-
(CO):], with dialkyl! disulphides afford tri- as well as di-nuclear products. These
compounds as well as the isomerism of [ Fe(n-Cs;Hs)(CO)SR]; are now discussed.

coO O

Results and discussion

Treatment of [ Fe(n-CsH;)(CO), 1. with the dialkyl disulphides RS, (R =
CH,, C,H;, i-C3H,; or CH.CgHs) in benzene under reflux gave the dinuclear
derivatives [ Fe(n-CsH;)(CO)SR]; in high yield, and a similar reaction in xylene
yielded [Fe(n-CsH;)(CO)S—t-C3Hsl,. The dimer [ Fe(n-CsHs)(CO)SCeHsl, on
the other hand was best obtained by uliraviolet irradiation of a refluxing solution
of [Fe(n-CsHs)(CO),): and (C.H;)S: in benzene. These reactions also afforded
the mononuclear species [ Fe(n-CsH;s)(CO),SR1 and a third type of product in
very low yield which, in the case of the reactions involving dimethyl, diethyl,
di-tert-butyl and dibenzyl disulphide, could be separated from the major
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products by means of column chromatography. The resulting black crystalline
compounds were characterised by means of elemental analysis and molecular
weight measurements as [ Fe;(n-CsH:):(CO).(S)SR]. Trinuclear products of this
type could not be isolated from the reactions of di-isopropy! and diphenyl di-
sulphide with [ Fe(n-CsH:s)(CO).]: but their formation was indicated by means
of infrared spectroscopy.

The melting points and analytical data for all compounds studied are given
in Table 1.

Spectroscopic properties and electrochemical behaviour of the trinuclear species
The formulation of the trinuclear species as [ Fe;(n-CsHs):(CO).(S)SR]
was confirmed for R = CH; and C,H; by the observation of the appropriate parent
molecular ion in the mass spectra. Peaks corresponding to the loss of two
carbonyl groups and to the ion [Fe;(CsH;)3S,]" were also detected, the latter
being the most abundant. In the infrared spectra of these compounds (see Table
2) there are no bands in the terminal carbonyl stretching region, but bands
corresponding to bridging carbonyl groups are present. Table 2 alsc iists the
proton NMR data for these derivatives and it can be seen that there are two
cyclopentadieny! resonances of relative intensity 2/1, indicating non-equivalence
of one of the cyclopentadieny! groups with respect to the other two. On the
basis of the foregoing spectroscopic evidence and bearing in mind the 18-electron

TABLE 2

INFRARED AND NUCLEAR MAGNETIC RESONANCE SPECTROSCOPIC DATA

Compound? C—O Stretching Proion reson:mcesd' €

frequencies™’ ¢

(cm™1) CgHs Cthers
cts-| FeCp(CO)SMel, 1957 5, 1926 w 5.66 8.575(CH3)’
trans-[ FeCp(CO)SMela 1946 ms, 1932 s 5.66 8.314s(CH3)
cis [FeCp(CO)SEt] 1955 s, 1926 w 5.84 9.20L[J(HH)7.5H2](CH3)g
trans-{ FeCp(CO)SELtla 1944 ms, 1931 s
cis-| FeCp(CO)S-i-Prl» 1953 5. 1925 w 5.86 9.17d[J(HH)6.0Pz (CH3)¢
trans-[ FeCp(CO)S-1-Pr]a 1946 ms, 1931 s
cis-[ FeCp(CO)SBula 19545, 1926 w 5.83r
trans [FeCp(CO)SBula 1943 ms, 1930 s 5.66r
cis-[ FeCp(CO)5-t-Bulz 1952 s, 1924 w 5.78 8.91s(CH3)¢
cis-[FeCp(CO)SBz]a 1954 s, 1921 w 6.14 6.98(CHJ): 2.8k(C6HS)'g
cis-[ FeCp(CO)SPh]a (A) 1983 s, 1974 (sh)! 5.41 2.88(CgHs)
cis [ FeCp(CO)SPh]3 (C) 1983 (sh), 1974 ¢ 5 38 2.80%(CeHs)f
trans-| FeCp(CO)SPh]; (B) 1953 ms, 1938 s 5.86 2.42; 2.82(C6H5)f
[Fe3Cp3(CO),(5)SMel 1801 s, 1763 w 5.485,6.01 s 9.405(CH3)3
[Fe3Cp3(CO)3(S)SEL} 1800s, 1762 w
[Fe3Cp3(CO)2(S)S-t-Bul 1801 5, 1764 w 5.26 s, 5.64 s 9.275\'CH3)f
[Fe3Cp3(CO)2(S)SBz] 1802 5, 1766 w 5.205, 5.88 s  8.15(CH3z): 2.86(CgHs)

@ Abbreviations. Me, CHj; Et, CaHg, i-Pr, 1-C3H7; Bu, n-C43Hg; t-Bu, t-C43Hg; Bz, CHCgHs, Ph, CgHs5: Cp,
(n-CsHs). b Abbreviations: s, strong; m, medium; w, weak, sh, shouiaer. € Measured in cyclohexane. © 7

scale (TMS reference); measured at 38°. % Abbrewviations: s, singlet: d, doublet: t, triplet. f Measured 1n CDCl3.
€ Measured in CgDg. ! The shoulder at 1974 cm~! could be due to isomer C as impurity.’ The shoulder at
1983 cm™! could be due to 1somer A as impunty. k centre ot multiplet.
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rule, the structure represented below is proposed for these trinuclear compounds.
S CgHg

A5
\//

The iron-57 Mossbauer spectra of [ Fes(17-CsHs)3(C0O).(S)SR1 (R = t-C3H,
and CH, C,H;) contain only two resonance lines, with the peak at lower velocity
being slightly broader and less intense than the other component. Inequivalence
of the iron environments is therefore indicated but the individual components
which contribute to the quadrupole doublet do not differ sufficiently in their
chemical isomer shifts and quadrupole splittings to allow the intensity ratio of
ca. 2/1, required by the structure proposed above, to be visually confirmed.
The benzyl derivative was studied at 4.2, 77, and 295 K, whereas the butyl
derivative was studied at 77 K only. All of the spectra gave acceptable chi-squar-
ed values when fitted with only two Lorentzian lines and the Méssbauer param-
eters derived on this basis are given in Table 3. The spectrum of the benzyl
derivative at 295 K did show a slightly more pronounced asymmetry than did
the other spectra, and attempts were therefore made to curve fit this room-
temperature data with four peaks. The most realistic fit was that given in Table
3 and shown in Fig. 1. In this attempt the halfwidths of all four peaks were
held equal but their intensities were totally unconstrained. The chi-squared
value (266 on 240 degrees of freedom) is slightly smaller than that for the
two-line fit (281 on 243 degrees of freedom) but there is clearly little to chose
between the two models on this criterion. However the most encouraging aspect
of the four-line fit is that the intensities emerge in the ratio 1.6/1.1/1.0/2.0:
The outer two lines can therefore be tentatively assigned to the two equivalent
iron atoms in the proposed structure and the inner pair of lines to the unique
iron atom. Attempts to fit the 77 and 4.2 K spectra with four peaks proved less
successful. Realistic line intensities could only be obtained by imposing quite
severe constraints, and in such cases the chi-squared values were much higher
than those for the simple two-line fits. This was also found to be the case for
the related trinuclear species [ Fe;(C0)S.1, which has been shown by X-ray
crystallography to contain one iron atom in different environment from the
other two [9]. This compound also gives only a sharp Massbauer doublet over a
wide range of temperature. The parameters at 85 K (see Table 3) are in good
agreement with data of Crow and Cullen who recorded the spectrum at 80 K
only [10]. The much lower value of 6 for this compound compared with the
values for the cyclopentadienyl derivatives reflects the superior m-accepting
capacity of the terminal carbonyl groups over that of the n-CsH; group.

Cyclic voltammograms of [ Fei(n-CsH:)3:(CO).(S)SR] (R.= t-C;H, or
CH,CyH;) in 1,2-dimethoxyethane were measured and shown to exhibit waves
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Fig. 1. Mossbauer spectrum of { Fe3(n-Cs:Hs)3(C0O)2(S)SCHAC3Hs] at 295 K. showing a possible four-line
fit. The velocily scale i1s relative to metallic ron.

corresponding to two reversible processes. These are assigned to:
[Fe;(n-CsH;)3(CO):(S)SR] — e = [Fes(n-CsHs)3(CO)(S)SR]" and

[ Fe;(n-CsHs)3(CO):(S)SR]" — e = [Fes(n-CsHs)3(CO):(S)SRI*

on the basis of the potentials involved. These species could not be obtained
chemically however. Treatment of [ Fe;(17-CsHs)3(CO):-(S)SR]J (R = t-C,;Hs or
CH,C¢H,;) with iodine gave a product with a C—O stretching frequency at ca.
1835 cm™!' and which is assumed to be [ Fe;(n-CsH;);(CO).(S)SR]" but it
decomposed fairly rapidly to a dinuclear cation of the type [ Fe(n-Cs;H;)(CO)SRI:.
The cyclic voltammogram of [ Fe;(C0O)¢S-.] was also measured and found to
exhibit a wave corresponding to a single redox process. The potentials of this
wave are considerably more cathodic than the potentials associated with the
oxidation of [ Fe;(n-CsH;);(C0O),(S)SR] and a one- or two- electron reduction
is thus presumably involved. The oxidative behaviour of the dinuclear com-
pounds [ Fe(17-C;H;s)(CO)SR]. has been reported previously [14].

Isomerism of the dinuclear species

The major products viz. [ Fe(n-CsH;)(CO)SR 1., of the reaction of
[Fe(n-CsHs)(CO), 1. with the dialkyl disulphides R,S; (R = CH;, C;H; or i-C3H,)
were separated by column chromatography into two isomers (A and B). The
yield of isomer (B) in the reactions described above was very low but it could
be produced in substantial yield by irradiation of isomer A with ultraviolet
light at room temperature; heating of solutions of isomer B readily reconverted
it to isomer A. Two isomers of { Fe(n-CsH5)(CO)S—n-C;3H, ], were also isolated
but in this case the dinuclear product was obtained by treatment of [ Fe(n-CsHs)-
(CO),Br] with NaSC,H, followed by irradiation of the resultant solution at
either 70° or room temperature as appropriate. They were identified by means
of infrared spectroscopy only. In contrast [ Fe{n-C,;H;){CO)S—t-C;Hs ). and
[ Fe(n-CsHs)(CO)SCH,CsHs 1, were obtained in one isomeric form only (A),
and all attempts to convert this isomer to isomer B proved unsuceessful.
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The frequencies of the C—O stretching modes for isomers A and B of
[Fe(n'CSH:)(CO)SR]: (R— = CH:&, CZqu i'C3H7, n'C4H9, t'C.;HQ and CH:CGH_E,)
are recorded in Table 2. It is apparent that the isomers labelled A and B in this
text correspond respectively with the isomers labelled stable and unstable by
Knox et al. for which structures cis-(I) (a) and cis-(111) (a) have been proposed
[5, 8]. The difference in the frequency of these modes between isomers A and
B is of the same order as that found between the two isomers of [ Fe(n-CsHs)-
(CO)ER'.]> (E = Por As; R"' = CH; or C¢Hs) [6]. The NMR data for the isomer
of [ Fe(n-Cs;H;}(CO)E(CH;). 1. with the lower C—O stretching frequency has been
interpreted in terms of trans-disposition of the cyclopentadieny! groups with
respect to the Fe,E, ring* while that for the higher frequency isomer has been
explained in terms of cis-disposition of these groups as described previously in
the text [6}]. By analogy it is now suggested that isomer A of the sulphido
derivatives [ Fe(n-Cs;H;)(CO)SR 1, contains cis-disposed cyclopentadieny! groups
while isomer B contains them trans-disposed with respect to the Fe,S, ring**.
The NMR spectra of the A isomers of [Fe(n-CsH;}(CC)SR]; (R = CH;, C:Hs,,
i-C3H+ or £-C;H,) contain single methyl resonances, thereby eliminating cis-(1I)
as a possible structure. The infrared and NMR data cannot differentiate between
isomers cis-(1) and cis-(111) although as mentioned previously the structure of
the stable isomer of [ Fe(n-CsH;s)(CO)SCgHs]; has been established to be cis-(1)
[7]. The cation in [ Fe(n-CsH;s}(CO)SCH;1.BF, has also been shown to adopt
this structure {13]. A single cyclopentadienyl resonance in the NMR spectrum
of trans-[ Fe(n-CsH;){(CO)SCH,]. is indicative of structure trans-(1).

The phenylsulphido derivative [ Fe(n-CsH;)(CO)SC¢H; 1., obtained by
irradiating a refluxing solution of [ Fe(n-CsH;)(CO).], and (C,H;).5, in benzene
with ultraviolet light for ca. 12 h followed by irradiation at 5°, was separated
into three isomers (A, B, and C). From their infrared spectra isomers A and C
are thought to correspond to two of the cis-isomers represented by cis-(1),
cis-(11), and cis-(I11), whereas the infrared and NMR data suggest that isomer B
adopts structure trans-(I1). These compounds occlude solvent very readily (as
revealed by NMR), and are therefore difficult to isolate solvent-free.

Experimental

The infrared and NMR spectra were recorded on a Perkin—Elmer model
621 grating spectrophotometer and on the Varian A60A and HA100 instruments
respectively. The Mdssbauer spectrometer comprised an MVT 3 transducer, an
MD3 drive amplifier, and an MFG3 waveform generator from Elscint Ltd.,
Israel. These units were coupled with a Northern Scientific Inc. NS630 multi-

* In this discussion puckenng of the FezE, or FeSa ring is not taken 1nto consideration In any case
the exchange between wne possible conformations of the Fe,E3 or Fe,51 ring is likely to be very rapid
1n solution as found for instance for { Fe(CO)3P(CH3)2132" [11]. Although equivalent exchange for
[Fe(CO)3P(CH3)2]2 is much slower [11] this can be attnbuted to the preseuce of a metal—metal bond.
Further the presence of a single methyl resonance 1n the NMR spectra of trans-{ Fe(n-CsHg)(CO)E-
(CH3)212 can only be explained in terms of a planar or fluxional Fe2Ej; ring.

¢* The possibility of isomers A and B diffening only in the relative onentations of the alky! groups

attached to the sulphur atoms as previously suggested 1s also considered to be Lighly unhikely on the
basis that the C—O stretching frequencies for syn- and anti-{ Fe(C0O)3SR 17 are almost identical {12].
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channel analyser. The radioactive source was a nominal 25 mCi of 7Co diffused
into a rhodium matrix, as supplied by the Radiochemical Centre, Amersham.
The source and powdered absorbers were maintained at the same temperature
(295, 77, or 4.2 K) in a cryostat manufactured by Elscint.

All experiments were performed under nitrogen. The photochemical
reactions employed a Hanovia medium pressure arc photochemical reactor.
Chromatographic separations were carried out on an alumina column (50 X 1.5
cm; Merck basic alumina, activity 111). The elemental analyses and molecular
weight determinations were performed by Alfred Bernhardt Microanalytical
Laboratory, Elbach-uber-Engelskirchen, West Germany.

Synthesis of cis-{Fe(n-CsH:)(CO)SR]., (R = CH,, C,Hs;, i-C3H,, t-C3H, and
CH,C¢H;) and [Fe;(n-CsHs)3(CO):(S)SR] (R = CH,, C,Hs, t-C3Hy and CH,CgHs)

A solution of [ Fe(n-C;H;)(CO).]. and excess R,S, (R = CH,;, C,H;s, 1-C;H-,
t-C3Hy or CH,Cy3Hj) in benzene was refluxed for 10-30 h. The solvent was
removed under reduced pressure to afford a brown residue which was dissolved
in a minimum of benzene/petroleum ether (1/3) and transferred to a basic
alumina column. The column was first eluted with petroleum ether and then
with benzene/petroleum ether (1/5) to remove excess ligand and side-products.
Elution with benzene/petroleum ether (1/3) afforded a strong brown bhand
which was coilected. The solvent was removed and the brown residue,
cis-| Fe(n-CsHs)(CO)SR ]1, crystallised from petrcleum ether. Yield of
cis-{ Fe(n-CsH5)(CO)SR |- : > 80%.

The column was eluted with benzene/petroleum ether (1/1) and then with
benzene/dichloromethane (1/1) to afford a black band which was collected.
The solvent was removed to afford a black crystalline residue which was rechro-
matographed as above. The crystalline compound so obtained was recrystallised
a number of times from benzene/petroleum ether to afford pure [ Fe;(n-C;Hs);-
(CO).(S)SR]. Yield of [Fe;(n-CsH;5);3(CO).(S)SR]: ca. 6%.

cis-{ Fe(n-C.,H;)(CO)S—t-C;Hs]. was obtained best however by performing
the above reaction in xylene under reflux conditions for 10 h.

Syntkesis of cis-[| Fe(n-C-H; )(CO)S—n-C.H,].

A solution of [Fe(n-CsH;){CO),S—n-CiHgl, prepared by a previously
reperted method [3], in benzene under reflux was irradiated with ultraviolet
light for 20 h. The solvent was removed under reduced pressure to afford a red-
brown oil. This was purified chromatographically as described above and the
product finally isolated as an o\. Yield: ca. 40%.

Synthesis of trans-[Fe(n-CsH)(CO)SRj. (R = CH;, C,Hs, 1-C3H, and n-C,H,)

A solution of cis-[ Fe(n-CsH;)(CO)SR]. (R = CH;, C.H,, i-C3H, or n-C;H,)
in benzene at 4° was irradiated with ultraviolet light until conversion to the
trans isomer ceased, as determined by monitoring the reaction with infrared.
The solvent was removed under reduced pressure and the residue separated
chromatographically into the cis and ¢rans isomers by the method used for the
purification of the cis isomers described above. Both isomers were eluted with
benzene/petroleum ether mixtures but the cis isomer was always eluted first.
Crystallisation of the trans isomer was from benzene/petroleum ether or
petroleum ether depending on the compound. Yield ca. 10-20%.
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Synthesis of cis- and trans-[Fe(n-C<sHs)(CO)SC.Hs],

A solution of [Fe(n-CsH;s)(CO). 1. and excess (C¢H;),S, in benzene under
reflux was irradiated with ultraviolet light for 14 h. The solution was then
irradiated at + 5° for a further 36 h. The solvent was removed under reduced
pressure and the residue dissolved in a minimum of benzene and transferred to
an alumina column. The column was eluted with petroleum ether to remove
excess (CgH;),S.. Elution with benzene/petroleum ether (1/3) produced a
brown band which was collected. The residue isolated from this solution was
crystallised from dichloromethane/petroleum ether to afford the trans isomer
in pure form. Yield ca. 35%.

Elution of the column with benzene/petroleum ether (1/2) produced a
second brown band. This was collected, the solvent removed under reduced
pressure and the residue crystallised from dichloromethane/petroleum ether.
The product was established to be the A isomer of cis-[ Fe(n-CsHs)(CO)SCsHs -
Yield ca. 25%.

Elution with benzene/petroleum ether (1/1) gave a dark red band which was
collected. The product isolated from this solution was dissolved in benzene
and the solution re-irradiated with ultraviolet hight at = 5 for 20 h. The solvent
was removed under reduced pressure. Careful chromatographic separation of
the reaction mixture produced three bands. The third band was collected and
the product isolated from solution was crystallised from benzene/petroleum
ether. This product was established to be isomer C of cis-[ Fe(n-CsH5)(CO)SCsH;1:.
Yield ca. 10%.
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