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Abstract

The reaction of [Fe(CO),(PPh,),(12-CS,)] with two equivalents of [Co(n-CsHg)(PPh,),] gives [{Co(n-CgH o)}, {Fe(CO) (L)} pus-
S u4-C9)] (L = PPh,) as the sole product in good yield. Under the same conditions, [FE(CO),(L),(n>*CS,Me)][SO,CF,] gives
[{Co(1-C5H )} {Fe(CO) (L)} 15-S) 5-CSME)[SO,CF;]. The PPhj, ligand of [{Co(n-CgH 5)},{Fe(CO) (L)} wa-S)(us-CS)] (L = PPhy)
may be replaced by P(OPh); and P(OMe); on UV photolysis to give the complexes where L = P(OPh); and P(OMe),, but no isolable
products were formed when L = CO, CNMe, PMe; or PBu3. The three clusters react with Rl and ROSO,CF; (R = Me, Et or alyl) to
give [{Co(n-CsH )}L{FE(CO) (L)} 3-S)( 5-CSR)]™ sdlts, and there is spectroscopic evidence for the formation of the [{Co(n-
CsH)L{FE(CO),(PPh )} i3-S -CSMe,)I?* cation. The molecular structures of [{Co(n-CgH )} {Fe(CO),(PPh )} us-S)( w5-CS)]
and [{Co(n-C5H g)}L{Fe(CO),(PPh )} 115-SH 15-CSMe}[I] have been determined by X-ray diffraction methods, and shown to be based
on a Co,Fe triangle capped on one face by a w4-S ligand and on the other face by a u;-CSor u,-CSMe™ ligand acting as a two-electron
donor to the cluster. In the salt there are two cations whose structures differ slightly. In general, bond lengths are normal, but those to iron
are always longer than those to cobalt. © 1998 Elsevier Science S.A.
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1. Introduction

In the presence of transition metal complexes, hete-
rocumulenes X=C=Y (X, Y =0, S, NR) often un-
dergo reactions which involve cleavage of CX or CY
bonds. It has been proposed [1] that these reactions
proceed via M(n2-X=CY) derivatives which react (a)
with excess XCY to give coordinated X ,CY and free or
coordinated CY ligands, or with excess M to give
coordinated CY and X ligands (M is a transition metal-
based fragment). The products from route (a) are usu-
ally mononuclear complexes while those from route (b)
are usually trinuclear clusters containing u4-CY and

* Corresponding author.
! This paper is dedicated to Professor Peter Maitlis on the occasion
of his 65th birthday.
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wa-X ligands. If the proposal for route (b) is correct,
then preformed M(n2-XCY) complexes may react with
adifferent fragment M’ to give heteronuclear MM',( u5-
CY)( us-X) clusters. Not only would this support the
proposed reaction pathway, but it is also potentially
useful because routes to complexes containing u4-CY
ligands are not that common.

The first complex to contain a w,-CS ligand acting
as a two-electron donor through carbon, [Co.(n-
C:Ho)a( -9 4-CS)], was reported by Werner and
Leonard [2] and Werner et a. [3]. Although other and
more convenient routes to this and closely related
derivatives (i.e., C;H replaced by MeC;H ,) have been
described [4], the only other compound to be reported
which contains a w©,-CS ligand appears to be
[Fe,(CO),,(S(CY)] [5]. However, in this the CS ligand
which caps the face of a Fe, triangle also bonds through
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Fig. 1. The structures of: (a) [Cos(1-CsH5)3( i3-S us-CS)] [2,3]

S to another Fe(CO), moiety. Both molecules are illus-
trated in Fig. 1.

This paper describes the cleavage of two heterocu-
mulenes, CS, and C(S)SR* in preformed
[Fe(CO),(L),(n?-CS,)] (L =Ph,P and (PhO);P) and
[F&(CO),(PPh,),(n*-CS,Me)][CF,S0,] complexes us-
ing [Co(n-C,H)(PPh,),] as source of the electron-defi-
cient M’ fragment. The structures, spectra and some
chemistry are reported for the products which contain
14-CS or py-CSR™ (R=alkyl) ligands and have the
general formulae [{Co(n-CsH )} {Fe(CO) (L)} w,-
S)(u4-CY)] (Y =Sor SMe™ and L = P(I11) ligand). A
preliminary report of part of this work has been pub-
lished [6].

Table 1

2. Experimental details

Previously published methods or extensions thereof
were used to prepare the [Fe(CO),(L),(n?-CS,)] com-
plexes [7], [FE(CO),(PPh,),(1?-CS,Me)][CF;SO,] [7],
[Co(n-CsH:)(PPh,),][8], and [Co(n-CsH ,Me)(PPh,), ]
[8]. Other chemicals were purchased.

Reactions were carried out under an atmosphere of
nitrogen at room temperature in dried and deoxygenated
solvents unless it is stated otherwise. They were moni-
tored by infrared spectroscopy.

Elemental analyses (Table 1) were determined by the
Analytical Laboratory of University College, Dublin. IR
spectra (Table 1) were run on Perkin-Elmer 1710 and
1720 FTIR spectrometers and NMR spectra (Table 2)
on a JEOL JNM-GX270 spectrometer.

. Preparation of [{Col(y-

2.1
C5 H5)}2{ Fe(CO)z(PPhs)}(,uag's)(ﬂ:g'cs)]

[F&(CO),(PPh,),(nCS,)] (1.0 g, 1.4 mmol) was
added as a solid to a solution of [Co(n-CsHs)(PPh,),]
(1.83 g, 2.82 mmol) in benzene (30 cm®). The mixture
was dtirred for 16 h and filtered. The filtrate was
chromatographed on alumina after its volume had been
reduced to 8 cm®. Hexane—dichloromethane (1:1) eluted
unreacted [Fe(CO),(PPh,),(1n2CS,)], dichloromethane
eluted PPh,;, and dichloromethane—tetrahydrofuran

Melting points, analyses and some IR data for the [{Co(n-CsH )L {FE(CO),(L)} n3-S) n4-CS)] complexes and some of the [{Co(n-

CSH 5)}2{Fe(co)2(|—)}( I~L3'S)( I-L3'CSR)]X sats

L R; [X]™ M.p. (CC)? Analyses IR spectra(cm™1)°

%C %H %S v(CO) v(CO)
[{Co(n-Cs Hs)}L,{Fe(CO), (L)} (13- (e5-C]
PPh, 162—-163 53.3(53.3) 3.5(3.6) 9.2(9.2) 1934 (7) 1986 (10)©
PPh% dec. 70 54.9 (54.6) 4.0(4.0 8.8(8.8) 1932 (7) 1986 (10)
P(OPh)3 154-155 50.1 (49.9) 35(34) 8.5(8.6) 1948 (6) 1996 (10)f
P(OMe), 149-150 34.2(34.3) 3634 11.5(11.4) 1948 (6) 1996 (10)
[{Co(n-Cs Hg)}L,{Fe(CO), (L)} (115-9(5-CSRI X
PPh, Me; [SO,CF,]- 129-130 46.4 (45.9) 35(33) 10.2(11.1) 1959 (7) 2011 (10)
PPh, Et; [I]~ - 2CH,CIY 97-98 41.0 (41.0) 35(33) 6.8(6.3) 1959 (8) 2009 (10)
PPh, alyl; [1]~ dec. 160 46.8 (47.1) 3434 7.4(7.4) 1957 (8) 2011 (10)
PPh, (HgCl,), dec. 270 29.3(30.0) 2.1(2.0) 5.2(5.2) 1968 (7) 2014 (10)
P(OP|"|)3 Me; [BPh,]™ 121-122 61.2 (62.2) 45 (4.4) 5.8(5.9) 1981 (8) 2025 (10)
F’(OPh)3 Et; [BPh,]~ 97-98 61.8 (62.5) 4.6 (4.6) 6.0(5.9 1981 (9) 2027 (10)
P(OM e)3 Me; [BPh4]7 119-120 54.8 (55.0) 4.7 (4.7) 7.2(7.2) 1975 (7) 2024 (10)
P(OM 6)3 Et; [BPh,]™ 96-97 55.7 (55.5) 47 (4.8) 7.4(7.0) 1979 (9) 2025 (10)

#Determined in sealed tubes; dec. = decomposition.
®Found (calcul ated).

“Peak positions with relative peak heights in parentheses; run in chloroform solution.

4C4H; replaced by MeCgH,.

D(3-CS) = 1020 cm ™~ (KBr disc).

"( us-CS) = 1040, 1072 cm ™.

92CH,Cl, of crystallization confirmed by 'H NMR Spectroscopy.



Table 2
NMR spectra of the complexes and some of the salts described in Section 3
L R: [X]™ Solvent 1H resonances? 13C resonances?
CsHs L R CHs CO L R

[{Co(n-Cs Hy)LL{Fe(CO), (L)} 1153-9(u5-CS)]

3 CsDg 452 7.1-7.8(m) 88.4
PPhS CqDg 47(m)  7.1-7.8(m)
P(OPh), CsDg 434 7.1-7.8(m) 88.3 215.7(d, J=32.8) 120-135
P(OMe)S CeDs 468 3.60(d, J=11.9) 8865  2159(d, J=238)  5265(d, J=34)
[{Co(n-CsHg )} {Fe(CO), (L)} (13- (p3-CSRI X
PPh, Me; [SO,CF;]~ CD,;CN 5.02 7.3-7.7 (M) 3.74 88.4 212.0(d, J=20.5) 129-135 33.9
PPh, Et; [I]- CD,;CN 5.03 7.4-7.8 (M) 4.35(q) 1.93(t, J=7.5) 88.4 212.0(d, J=10.5) 129-135 46.2, 13.6

5.4(d, J=8.2), 6.9(m), 4

PPh, (HgCl),), CD,;CN 5.07 7.4-7.7 (M) 87.9
P(OPh), Me; [BPh,]~ (CD,),CO 4.9 6.7-7.6 (M) 3.70 88.9
P(OPh), Et; [BPh,]™ CD,;CN 4.75 6.7-7.6 (M) 401 (g L.77(t, J=7.5) 88.6 121-131 46.3, 13.9
P(OMe), Me; [BPh,]~ CD,CN 5.03 3.63(d, J=11.9) 3.65 88.1 210.5(d, J=32.6) 54.2(d, J=6.8) 34.1
P(OMe), Et; [BPh,]~ (CD,),CO 511 3.68(d, J=119) 420(q L.79(t, I=7.4) 88.5 210.4(d, J=130.7) 54.4 (d, J = 608) 46.5, 14.0

Chemical shifts given as ppm downfield from Me,Si as an interna standard. All resonances are singlets unless it is stated otherwise. In parentheses, d = doublet, t = triplet, q = quartet,
m = multiplet, coupling constants J in Hertz. For *H NMR spectra, integrations are as required by formulae. Where relevant, spectra show resonances due to [BPh,]~ anion at eg., 6.84, 7.00
and 7.27 ppm (*H spectrain CD,CN solution) and 122.3, 126.0, 126.1 and 137.0 ppm (*3C spectra in (CD,),CO).

bCSH5 replaced by MeC.H, for which 6 Me=2.35 ppm (*H spectra). Complex too unstable for 3C NMR spectrum to be obtained.

“3C NMR spectrum run in (CD,),CO solution.

6YT—6ET (866T) TSS ANssyD d1|fewoued O Jo feunor /e 1 Buluuey y'v
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eluted the product. The solvent was removed at reduced
pressure, and the residue crystallized from tetrahydrofu-
ran—hexane or ethanol—ether mixturesto give dark green
crystals of [{Co(n-CsH )} ,{Fe(CO),(PPh)}( ng-S)( ps-
CS)] in 70% yield.

If [Co(n-CgHs)(PPhy),] is replaced by [Co(n-
C.H,Me)(PPh,),], a similar procedure gives [{Co(n-
CH Me)}L{Fe(CO),(PPh )} pa-S)( 14-CS) as an un-
stable green solid in 50% yield.

If [Fe(CO),(PPh,),(n3CS,)] is replaced by
[Fe(CO),{P(OPh),},(12-CS,)], asimilar procedure gives
a ca 1:1 mixture of [{Co(n-CsH )} {FE(CO),(L)}( pa-
S u3-CS)] where L = PPh, and P(OPh),. They were
not separated, but were identified by spectroscopic tech-
niques.

[Fe(CO),(L),(n?-CS,)] where L =PMe, or PBuj
did not react with [Co(n-C¢H ;)(PPh;), ] under the above
conditions, and when L = CNMe, a black unidentifiable
precipitate was formed.

If [Fe(CO),(PPh,),(n%-CS,)] is replaced by
[F&(CO),(PPh,),(n2-CS,Me)[SO,CF;] (1 g, 1.14
mmol), the reaction with [Co(n-C H)(PPh,),] (1.47 g,
2.28 mmol) in benzene (30 cm?®) gives a green-brown
precipitate. After 2 h, it was filtered off and recrystal-
lized from tetrahydrofuran—hexane mixtures to give
green-brown crystals of [(Co(n-
CsH )}, {Fe(CO),(PPh )} w5-S)(p5-CSMe)[SO,CF,]
in 70% yield.

2.2. Phosphine substitution reactions of [{Co(n-
Cs Hy)}L{Fe(CO),(PPh, )} ns-9)(1n5-CS)]

A solution of [{Co(n-CH)},{Fe(CO),(PPh)}( w4
S)( u4-C9)] (0.25 g, 0.36 mmol) and P(OPh), (0.56 g,

1.8 mmol) in chloroform (20 cm®) was irradiated with a
Philips HPR 125 W UV lamp until reaction was com-
pleted (ca. 2 h). The solution was filtered and chromato-
graphed on alumina after its volume was reduced to 3
cm?®. Unreacted P(OPh), and PPh, were eluted with
dichloromethane. A green band was eluted with tetrahy-
drofuran. Removal of the solvent and recrystallization
of the residue from tetrahydrofuran—hexane mixtures
gave dark green crystals of [{Co(n-
C5H5)}2{Fe(co)2(P(OPh)3)}( IJ«3'S)( /.L3-CS)] in 80%
yield.

If P(OPh), is replaced by P(OMe),, the same proce-
dure gave [{Co(n-CsH)},{Fe(CO),(P(OMe),)}( w,-
S)( w4-CS)] in 85% yield.

Under the same conditions, [{Co(n-
CH)}L{Fe(CO),(PPh )} s-S)( -CS)] gave decom-
position products with PMe;, PBuj, CNMe or CO.

2.3. Reactions of [{Co(n-C;H;)},{Fe(CO),(PPh,)}(u,-
(u;-C] with alkyl iodides, alkyl trifluoromethane-
sulphonates and related reagents

Mel (0.5 g, 3.6 mmol) was added to a solution of
g, 0.36 mmol) in benzene (20 cm®). After 2 h, a black
precipitate formed. It was filtered off, and washed with
benzene and hexane. It was identified as [{Co(n-
CH)}L{FE(CO),(PPh )} s-S)( uy-CSME)]l and re-
quired no further purification. The same procedure was
used to prepare [{Co(n-CzH 5)},{FE(CO),(PPh )} ws
S)(u3-CSEVII, [{Co(n-C5H5)},{Fe(CO) (PP )} -
S)(p,-CSC,H Il (CaH, = allyl), [{Co(n-

Fig. 2. Molecular structure and atom labelling of [{Co(n-CsH 5)},{Fe(CO),(PPh )} u5-S)X p4-CS).
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CsH )}, {Fe(CO),(P(OPh))}( n4-S)( uws-CSM eI,
[{Co(n-CsH )}, {FE(CO),(P(OPN)3)}( u5-S)( p4-CSED]I,
[{CO(T]'CSH 5)}2(Fe(CO)2(HOM 6)3)}( /.L3'S)( ,LL3'CSM e)]l ’
and [{CO('T]-C5H 5)}2{Fe(CO)Q(P(OM e)g)}( IJ«3'S)( M3
CSED]I which were further purified by recrystallization
from dichloromethane—hexane mixtures. Yields were
70%—80%.

If Mel is replaced by MeOSO,CF; or EtOSO,CF;,
the reactions with [{Co(n-CgH)}{FE(CO),(L)}( pt4-
S)(u4-C9)] are virtualy instantaneous. The [{Co(n-
CsH )}, {Fe(CO),(PPh)}( p5-S)( 5-CSR)SO,CF;]
complexeswere isolated and purified as described above,
but when L = P(OPh), or P(OMe), the products were
oils, so they were dissolved in a saturated solution of
N&aBPh,] in ethanol (15 cm®). After 20 min, the black
precipitates were filtered off, washed with ethanol and
dried. The [{Co(n-CsH )}, {Fe(CO),(LI}( us-S) -
CSR)][BPh,] (R = Me or Et) thus obtained required no
further purification.

[{CO(T}-C5H 5)}2{Fe(CO)2(PPh3)}( I-L3'S)( Mg'cs)]
(0.3 g, 0.43 mmol) was dissolved in benzene (20 cm?®)
and HgCl, (0.12 g, 1.3 mmol) added. The mixture was
stirred for 3 h. The black precipitate was filtered off,
washed with benzene then hexane and dried. It analysed
as [{Co(n-CgH )} ,{Fe(CO)(PPh )} 4-S)( u4-CS -
Hg,Cl ,)] without further purification (yield of 45%).

Table 3

The structure of [{Co(y-

2.4.
C5 H5)}2{ Fe(CO)Z(PPh3)}(,LL3'S)(M3-CS)]

The crystal was grown from a tetrahydrofuran—
hexane mixture, and the data collected on a Enraf-Non-
ius CADA4F diffractometer. The structure was solved by
direct methods, SHEL XS-86 [9], and refined by full-ma-
trix least squares using SHELXL-93 [10]. Data were
corrected for Lorentz and polarisation effects but not for
absorption.Hydrogen atoms were included in calculated
positions with thermal parameters 30% larger than the
atom to which they were attached. Nonhydrogen atoms
were refined anisotropically. All calculations were per-
formed on a VAX 6610 computer. The ORTEX pro-
gram [11] was used to obtain the drawings (Figs. 2 and
5). The crystal data is given in Table 3, and selected
bond angles and lengths in Table 4. Supplementary
material includes a complete list of bond lengths and
bond angles, atom positions, thermal parameters, and
observed and calculated structure factors.

2.5. The structure of [{Co(y-
C5 H5)}2{ Fe(CO)z(PPh3)}(M3'S)(M3-CSV|€)] I

The crystal was grown from dichloromethane—hexane
mixtures. It was subjected to an X-ray diffraction study.

Crystal data and structure refinement for (&) [{Co(n-CgH5)}L,{Fe(CO),(PPh )} 5-S) 5-CS)] and (b) [{Co(n-CsH 5)},{Fe(CO),(PPh3)} (g

S uy-CSMO]

Complex a

Empirical formula C;,H,5Co,FeO,PS,
Formula weight 698.31

Temperature 293(2) K
Wavelength 0.71069 A

Crystal system Monoclinic

Space group P2,/n

a=9.4550(10) A
b= 23.161(2) A, B = 95.24(2)°
c=13.119(2) A

Unit cell dimensions

b
Ca,H,5Co,FelO,PS,

840.24

293(2) K

0.71069 A

Triclinic

P1

a=13.276(2) A, a = 112.600(10)°
b= 16.881(2) A, 8 = 104.100(10)°
c=17.228(2) A, 6 = 105.800(10)°

Volume 2860.9(6) A3 3155.3(7) A®

VA 4 4

Density (calculated) 1.621 mgm™3 1.769 mgm™2

Absorption coefficient 1.876 mm™! 2683 mm~1

F(000) 1416 1664

Crystal size 0.2 0.2X 0.35 mm 0.28 X 0.32 X 0.35 mm

0 range for data collection 2.3310 29.96° 2.22 t0 27.97°

Index ranges 0<h<10;,0<k<24, -14<l<14 0<hx<16 —22<k<?2l, -22<1<22
Reflections collected 6639 18433

6229 [ R (int) = 0.0081]
Full-matrix least squares on F?
6229,/0,/352

0.434

R, = 0.0257, wR, = 0.0731

R, = 0.0393, WR, = 0.0909

0.238 and — 0.335 eA 3

Independent reflections
Refinement method
Data/restraints/parameters
Goodness-of-fit on F?

Final Rindices[| > 20 (1)]
Rindices (al data)

Largest difference of peak and hole

14935 [ R (int) = 0.0413]
Full-matrix least squares on F?
14935/0,/736

0.671

R, = 0.1020, WR, = 0.2692

R, = 0.1119, R, = 0.2887

2.169 and —2.187 eA 3

Rindices: R, = [ZI|F,| — IFIll/ZIF,| (based on F), wR, = [[Z,(IF, — F.D?[1/[Z,(IF,D?11*/? (based on F?).

w=g/[(cF,)?*+(a-P)2+b-P+d+esn(d)]
Goodness-of-fit = [X,,(IF2| — [F2))? /(Nobs N parameters)]*/2.
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Data was collected and the structure solved as described
in Section 2.4. One of the cyclopentadienyl rings is
disordered (C(10)-C(14)) over two sites each of which
is 50% occupied. The high R, value is probably due to
the observed disorder which, despite satisfactory rela-
tive site occupancy and thermal parameters for the
disordered ring, may affect the rest of the structure.
Hydrogen atoms were included in calculated positions
on al carbon atoms except those of the disordered
cyclopentadienyl ring. The ORTEX program [11] was
used to obtain the drawings, Figs. 3—6. The crystal data
is given in Table 3, and selected bond angles and
lengths in Table 4. Supplementary material includes a
complete list of bond lengths and bond angles, atom
positions, thermal parameters, and observed and calcu-
lated structure factors.

3. Results and discussion

The reaction of [Fe(CO),(PPh,),(12-CS,)] with two
equivalents of [Co(n-C H)(PPh,),] in benzene solu-
tion at room temperature gave a high yield of [{Co(n-
CH)}L{Fe(CO),(PPh )} s-S)( u-CS)] as the only
metal-containing product. This is a green crystalline
air-stable solid which is soluble in most organic sol-
vents to give moderately air-sensitive solutions. Its
MeC;H, counterpart has been prepared similarly, but it
is much less stable and decomposes spontaneously even

in the absence of air. A smilar difference in thermal
stability has been observed between [Co,(n-
CsHs)a( 13-S)( 13-CNPH)] and [Co,(n-MeCsH ,)4( s
S)( u5-CNPH)] [1].

When [Fe(CO),(PPh,),(n*-CS,)] is replaced by
[F&(CO),{P(OPh),},(1n2-CS,)] the reaction with [Co(n-
C;H)(PPh;),] gives a mixture of two [{Co(n-
CH )} {Fe(CO), L} us-S)(ua-CS)]  products, one
where L = PPh; and the other where L = P(OPh),. This
is attributed to the lability of L = P(OPh), and PPh; in
[Fe(CO),(L),(n?-CS,)] complexes as liberated PPh, re-
places P(OPh),; from unreacted [F&(CO),{P(OPh),} (n*
CS,)] [7]. In contrast, [Fe(CO),(L),(n*CS,)] where
L =PMe, or PBuj faled to react with [Co(n-
CsH)(PPh,),] while when L = CNMe a reaction took
place but the product could not be identified.

[Co(n-CH)(PPh;),] also reacts with
[Fe(CO),(PPh,),(1?-CSSMe)][SO,CF,] with cleavage
of the coordinated C—S bond to give the salt [{Co(n-
C5H)}L{FE(CO),(PPh)}( p3-S)( p3-CSME)[SO,CF, ]
in good yield. This may also be prepared by alkylating
[{CO(‘)’]'C5H5)}2(Fe(CO)2(PPh3)}( Mg'S)( M3'CS)] with
MeOSO,CF; (see below).

[{Co(n-CsH )} {F(CO),(PPh)}( g-S)( p15-CS)] re-
acted with P(OPh), or P(OMe), on UV irradiation but
not in the dark to give good yields of [{Co(n-
CsH)}L{FE(CO) (L} p3-S) u3-CS)] (L = P(OPh); or
P(OMe),). However under the same conditions PMe,

Fig. 3. Molecular structure and atom labelling of [{Co(n-CsH g)},{Fe(CO),(PPh )} 14-S)( n-CSMe)] ™, cation 1.
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PBuj, CO or CNMe gave black decomposition products
which contained no CO ligands.

As a consequence of back-bonding into the C-S 7 *
orbitals, the S atom of a u4-CS ligand would be
expected to be nucleophilic and to form adducts with
electrophiles. Thus, the reactions of [{Co(n-
CH)}L{F(CO) (L} us-S)( ns-CO] with Rl (R = Me,
Et or alyl) or ROSO,CF; (R=Me or Et) gave 1:1
adducts. The disappearance of absorption bands due to
the »(CS) vibration of the cluster on formation of these
adducts suggests that it is reasonable to formulate them
as [{Co(n-CsH g)},{Fe(CO),(L)}( n3-S)( p53-CSR)IX
salts containing a CS—R bond which are analogous to

Table 4

the known [Coy(1n-CH:)4( pa-S)( uy-CS—E)] adducts
where E is an electrophile or electron-deficient moiety
such as Cr(CO)q [2—4]. The counter-anion X~ is |7,
[SO,CF;]” or, after anion exchange, [BPh,]”. These
green-brown solid salts are air-stable solids soluble in
polar solvents to give dlightly air-sensitive solutions.

If the alkylation of [{Co(n-
CH)}L{Fe(CO),(PPh )} y-SN y-CS)] is carried out
in chloroform solution using a very high concentration
of MeOSO,CF,;, there is spectroscopic evidence (see
below) for the formation of a 1:2 adduct which is
probably best formulated as [{Co(y-
C5H 5)}2{FdCO)2(PPh3)}( M3'S)( IJ~3'CSM eg)][803CF3]2

Selected bond lengths and angles for (a) [{Co(n-CgH 5)},{Fe(CO),(PPh )} p5-S)X u5-CS)], (b) cation 1 of [{Co(n-CgH )}, {Fe(CO),(PPh)} ps-

S 115-CSMO)l and (c) cation 2 of [{Co(n-CgH )b {Fe(CO),(PPh,)}( 15-S)( 15-CSME)]

Complexes
a b c
Bond lengths (A
Co(1)-Co(2) 2.4378(5) Co(1)-Co(2) 2.4273(12) Co(4)—Co(3) 2.4157(12)
Co(1)-Fe(2) 2.5099(6) Co(D)—Fe(1) 2.4771(11) Co(3)-Fe(2) 2.5025(12)
Co(2)-Fe(1) 2.5061(6) Co(2)-Fe(1)? 2.5574(13) Co(4)-Fe(2)? 2.5202(13)
Co(1)-C(1) 1.910(3) Co(1)-C(1) 1.875(6) Co(4)—-C(101) 1.887(6)
Co(2)-C(1) 1.922(3) Co(2)-C(D) 1.870(6) Co(3)-C(101) 1.892(7)
Fe(1)-C(1) 2.085(2) Fe(1)-C(1) 1.987(6) Fe(2)-C(101) 1.957(6)
Co(D-91) 2.1266(7) Co(1)-S(1) 2.136(2) Co(4)-S(3) 2.119(2)
Co(2)-S(1) 2.1370(7) Co(2)-S(1) 2.128(2) Co(3)-S(3) 2.146(2)
Fe(1)-S(1) 2.1925(7) Fe(1D)-S(1) 2.192(2) Fe(2)-S(3) 2.185(2)
Fe(1)-C(2) 1.764(3) Fe(1)-C(3) 1.775(8) Fe(2)-C(103) 1.782(8)
Fe(1)-C(3) 1.764(3) Fe(1)-C(4) 1.784(9) Fe(2)-C(104) 1.784(7)
Fe(1)-P(1) 2.353(7) Fe(1)-P(1) 2.273(2) Fe(2)-P(2) 2.276(3)
C(2-0(D 1.147(3) C(3)-0(1) 1.137(11) C(103)-0(101) 1.141(10)
C(3)-0(2) 1.148(4) C(4-0(2) 1.149(11) C(104)-0(102) 1.140(9)
C(D-S2) 1.638(3) C(D-S2) 1.728(7) C(101)-S(4) 1.723(6)
C(2-92) 1.790(10) C(102)-S(4) 1.803(10)
Bond angles (degrees)
Co(2)-Co(1)—-Fe(1) 60.84(2) Co(2)-Co(1)—-Fe(1) 64.84(4) Co(3)-Co(d-Fe(2) 60.88(4)
Co(1)—Co(2)—Fe(1) 61.001(14) Co(1)-Co(2)-Fe(1D) 59.53(3) Co(4)—Co(3)-Fe(2) 61.62(4)
Co(1)-Fe(1)—-Co(2) 58.15(2) Co(1)-Fe(1)—-Co(2) 57.62(3) Co(4)—Fe(2)-Co(3) 57.49(3)
S(2)-C(1)-Co(1) 133.3(2) S(2)-C(1)-Co(1) 122.5(3) S(4)-C(101)—Co(4) 132.9(4)
S(2)-C(1)-Co(2) 133.0(2) S(2)-C(1)-Co(2) 133.3(4) S(4)-C(101)-Co(3) 125.8(3)
S(2)-C(D)-Fe(D) 133.8(2) S(2)-C(D)-Fe(D) 136.5(4) S(4)-C(101)-Fe(1) 135.2(4)
Co(1)-S(1)-Co(2) 69.75(2) Co(1)-S(1)-Co(2) 69.39(6) Co(4)-S(3)-Co(3) 68.98(5)
Co(D)-S(1)-Fe(D) 71.04(2) Co(D)-S(1)-Fe(1) 69.82(6) Co(4)-S(3)-Fe(2) 71.65(6)
Co(2)-S(1)—Fe(D) 70.73(3) Co(2)-S(1)—Fe(1) 72.59(6) Co(3)-S(3)-Fe(2) 70.57(5)
C(1)-Co(1)-S(1) 93.98(8) C(1)-Co(D-S(1) 90.8(2) C(101)-Co(4)-S(3) 91.4(2)
C(1)-Co(2)-S(1) 93.29(8) C(1)—-Co(2)-5(1) 91.2(2) C(101)—-Co(3)-S(3) 90.4(2)
C(D-Fe(1)-S(1) 87.36(8) C(D-Fe(1)-S(1) 86.3(2) C(10D)-Fe(2)-S(3) 87.6(2)
C(2)-Fe(1)-C(3) 97.75(14) C(3)-Fe(1)-C(4) 94.7(5) C(103)-Fe(2)-C(104) 102.7(4)
C(2)-Fe(1)-P(1) 95.93(9) C(3)-Fe(1)-P(1) 97.3(3) C(103)-Fe(2)-P(2) 91.3(2)
CR)-Fe(D-P(D) 94.12(9) C(4)-Fe(D-P(D) 93.8(3) C(104)—Fe(2)-P(2) 89.0(2)
C(D-Fe(D-P(D) 174.14(7) C(D-Fe(1D)-P(D) 140.1(2) C(101D)-Fe(2)-P(2) 170.2(2)
C(D)-Fe(D-C(2) 127.38(11) C(D)-Fe(D-C(3) 122.6(3) C(101D)-Fe(2)-C(103) 97.5(3)
C(D-Fe(1)-C(3) 86.38(12) C(D-Fe(1)-C(4) 83.1(4) C(101)-Fe(2)—C(104) 85.0(3)
C-Fe(D-S(D 127.38(11) C(3)-Fe(1-5(1) 93.2(3) C(103)-Fe(2)-S(3) 125.5(3)
C(3)-Fe(1)-9(1) 134.38(10) C(4)—-Fe(1)-S(1) 169.1(3) C(104)-Fe(2-S(3) 131.8(3)
P(D)-Fe(D-S(1) 88.13(3) P(D)-Fe(D-S(1) 92.78(7) P(2)-Fe(2)-S(3) 90.71(6)
C(1)-S(2)-C(2) 107.7(4) C(101)-S(4)—C(102) 104.2(3)

®Eclipsed Fe—Co bonds in cations (see Section 3.2).
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by analogy with the related [Co,(n-CH g)( ps-S)( s-
CN(H)(Me)Et}]** salts[1].

The only other Lewis acid which was investigated
was HgCl, which with [{Co(n-
CsH)}L,{FE(CO),(PP,)}( 15-S)( 5-CS)] gave [{Coln-
CsH)}L{FE(CO),(PPh )} w3-S) 5-CSHG,Cl ). The
frequencies of its »(CO) vibrations suggest that al-
though it is a 1:2 adduct, it contains only one CS—Hg
bond and not two. In a related reaction, [Coy(n-
CHo)s(ng-S)(u,-CS)] gave a 11 adduct, [Coy(n-
CsHg)s( pg-S)( ug-CSHYCI )] [4].

3.1. Spectroscopic data

The infrared spectra of the [{Co(n-
CH}{F(CO) (L)} p5-S)( 3-CS)] complexes show
a number of absorption bands due to the n-C;Hg and L
ligands, and two due to the v(CO) vibrations of their
Fe(CO),(L) moieties (Table 1). These lie at 1934 and
1986 cm~*! (CHCI, solution) when L = PPh,. As ex-
pected, when L = P(OPh), or P(OMe), they lie at higher
frequencies, i.e., ca. 1948 and 1996 cm™*. In the KBr
disc spectra of the clusters where L = PPh, and P(OPh),
there are respectively one (1020 cm™1) and two (1040
and 1072 cm™ 1) absorption bands of moderate intensi-
tiesin the 1000-1100 cm ™~ region which disappears on
alkylation with RI. Their frequencies compare with
those of two bands 1039 and 1075 cm™? in the spec-
trum of [Coy(n-CsHg)a( p4-S)( ny-CS)] [2—-4] and they
are attributed to the »(CS) vibration of the u,-CS

C(102) od

c(110)

ci1)

i(2)

ligands of the various clusters, but it is not clear why
there should be two absorption bands for some com-
pounds when only one would be expected. When L =
P(OMe), the »(CS) band could not be identified.

The v(CO) vibrations of the [{Co(n-
CH)F(CO),(L)}( p5-S)N 4-CSR)] ™ salts have fre-
quencies which are ca. 25-35 cm™! higher than those
precursors. This is because the u,-CSR™ ligand would
be expected to be a better 7r-acceptor than w,-CS and,
consequently, reduce the back-bonding to the CO lig-
ands in the molecule. The IR spectra of these salts do
not contain absorption bands in the 1000-1100 cm™*
region due to the »(CS) mode of the w4-CS ligand, but
it has not proved possible to identify any bands due to
the two »(CS) modes of the u,-CSR ligand.

The v(CO) bands of the second species formed on
reaction of [{Co(n-CH )} ,{Fe(CO),(PPh)}( pg-S)( ps-
CS)] with excess MeOSO,CF, have frequencies of
1979 and 2031 cm™ %, 20 cm™! greater than those of
[{CO(TI'C 5 H 5)}2{Fe(CO)2(PPh 3)}( M 3'8)( M3
CSMe)][SO,CF;]. This implies strongly that it is a
dication, probably containing a u,-CSMe5" ligand (see
above).

On the other hand, the »(CO) vibrations of [{Co(n-
C4H )}L,{Fe(CO),(PPh )} ws-S)( m4-CS)] - 2HQCI,
have frequencies close to those of the [{Co(n-
CH)}L{Fe(CO),(PPh)}( s-S)( wy-CSMe)]™  cation.
Therefore, it probably contains one w,-CS-Hg bond
and not two (see Section 3).

¥

c(128)

P

Fig. 4. Molecular structure and atom labelling of [{Co(n-CsH )} ,{Fe(CO),(PPh )} 153-S)( 5-CSMe)]™, cation 2.
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c(2)

Fig. 5. The structures of: (&) [{Co(n-CgHg)}L{Fe(CO),(PPh)}( pi4-
S)(u3-C); (b)) [{Co(n-CsH )}, {Fe(CO),(PPh )} w3-S)( ps-
CSMe)]™, cation 1; (¢) [{Co(n-CsH 5)},{Fe(CO),(PPh)}( w3-S) pq-
CSMe)]*, cation 2, when viewed along an axis from Fe to the
midpoint of the Co—Co bond perpendicular to the FeCo, plane.

Flg 6. The structures of (a) [{co(n'csH5)}2{Fe(co)2(PPh3)}( M3
S)(u3-CSMe)]l*, cation 1; and (b) [{Co(n-
C5H )L {Fe(CO),(PPh )Y u3-S)( ms-CSMe)]™, cation 2, when
viewed along an axis perpendicular to the FeCo, plane.

The "H NMR spectra of the neutral clusters and the
salts are unremarkable and show resonances appropriate
to the n-C;H. and L ligands of al compounds, the R
group of the cations, and the [BPh,]~ anion where it is
present (Table 2). The *C NMR spectra were much
more difficult to obtain due to the relative instability of
the neutral compounds and the relatively low solubili-
ties of the salts. The singlets due to the C.H¢ ligands
were always observed as, in many cases, were the
resonances due to the CO and PPh,;, P(OPh), or
P(OMe), ligands, and the group R. Where they were
observed, the first were invariably doublets due to
$p_13C coupling. However, the **C resonances due to
the u;-CS and u,-CSR™ ligands have not been de-
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tected. This is not surprising as they are quaternary
carbon atoms which would be expected to have long
relaxation times and, therefore, weak resonances.

The 'H NMR spectrum of [{Co(n-
CH)}L{Fe(CO),(PPh )} ws-SN s-CS)] is  indepen-
dent of temperature between —30 and +60°C. The
single n-C.H, resonance in the spectra of al [{Co(n-
CHI{F(CO) (L)} p5-S) p5-C9)] indicates that in
solution the clusters retain the mirror-plane of symmetry
found in the solid state or that rotation of the Fe(CO),(L)
moiety is fast on the NMR time scale even at — 30°C.
The spectra of the [{Co(n-CsH)}{Fe(CO), (L)} s
S 3-CSR)]* aso show a single n-CH . resonance,
and when R = Me, a single CH; resonance or, when
R = Et, a conventional triplet,/quartet for CH; and CH,
protons. As the C—S—R moiety is nonlinear (see Section
3.2), this implies that the rotation of the Fe(CO),(L)
moiety and inversion at S of w,-CSR are fast on the
NMR time scale. The presence of two structuraly dis-
tinct cations in the unit cel of solid matter [{Co(n-
CHI{F(CO) (L)} p5-S)( y-CSME)]l (see Section
3.2) is consistent with this suggestion.

3.2. The structures of [{Co(n-
C5 Hs)}z{Fe(CO)z(PPhg)}(,Ufs'S)(IJ/Q,'CS)] and [{CO(‘)’]-
C5 H5)}2{ Fe(CO)Z(PPh3 )}(l—Lg'S)(/-Lg'CSVle)] I

The molecular structure and atom labelling of
[{CO(T]'CSH5)}2{FG(CO)2(PPh3)}( Mg's)( IJ«3'CS)] are il-
lustrated in Figs. 2 and 5. Selected bond lengths and
bond angles are listed in Table 4. The crystal of the salt
contains well-separated |1~ anions and two different
[{CO(?]'CSH 5)}2{Fe(CO)Z(PPh3)}( M3'S)( Mg'CSM e)]+
cations. The structures of the latter and their atom
labelling are illustrated in Figs. 3-6. Selected bond
lengths and bond angles are listed in Table 4.

The three clusters have structures which are similar
but different in detail. They are based on a FeCo,
triangle capped on one face by a u4-S and on the other
by the C atom of a w;-CS or w,-CSMe* ligand,
bonding more or less equally to all three metal atoms.
Each Co atom is also n°-bonded to a C,H, ligand
which has its centroid lying more or less in the FeCo,
plane. The coordination polyhedron about Fe is com-
pleted by three terminal ligands, one PPh; and two CO,
in a cisFe(CO),(PPh;) arrangement. In both cations
the triply-bridging C—-S—Me ligand is bent at S. When
the cations are viewed aong the perpendicular to the
Co,Fe plane (Fig. 6), it can be seen that the S—-Me bond
lies over a Fe—Co bond; more or less centrally so in
cation 1 but oriented towards the Fe atom in cation 2.

In [{Co(n-C5H )} ,{Fe(CO),(PPh)}( p5-S)( p5-CS)]
the Fe(CO),(PPh,) moiety is oriented such that P—Fe—
Cu isamost linear with an angle of 174°. The molecule
almost possesses a plane of symmetry which bisects the
Co—Co bond and includes Fe, P, C(1), S(1) and S(2)

(Fig. 5. The two Co-Fe bonds are amost equal,
2.5099(6) and 2.5061(6) A, and longer than the Co—Co
bond, 2.4378(5) A. It is noticeable that the bonds from
C(1) and S(1) to Fe are also longer than those to the two
Co atoms which are simijar. Furthermore, the Fe-C
bond to w,-CSisca 0.3 A longer than those to t-CO.
As Fe(CO),(L) isisoloba with Co(n-C¢H,), this struc-
ture and those of the two cations may be compared with
those of related 48-electron clusters of the genera type
[Cox(m-CsHg)a( pa-X)(us-CY) (X or Y = O, NR, or S
[12—-14]) where the Co—Co bond lengths are dependent
on the size of the u;-X ligand. In [Cog(n-CsHg)s( g
S w,-CS)] where X = S, they are 2.43-2.44(1) A [2,3].

The Fe(CO),(PPh;) moiety is oriented differently in
the two cations. Cation 2 has a conformation which is
very similar to that of [{Co(n-
CsHo)}L{Fe(CO) (PPN )} 5-S)( p5-CO)] with P(2) al-
most lying on the plane which includes S(4), C(101),
Fe(2) and S(3) and an almost linear P(2)—Fe(2)—C(101)
(170.2(2)°) (Fig. 5). In cation 1 the Fe&(CO),(PPh,)
moiety has been rotated through 60° (Fig. 5) so that one
Fe—Co bond differs from the other, i.e., F&(1)-Co(1) is
trans and Fe(1)—Co(2) is cis to PPh, (Fig. 3).

The bent w,-C—S—-R™ ligands in the cations might
be expected to distort the FeCo, triangle in the same
way that the bent wu,-CNR ligand distorts the Co,
triangle in the related complex [Coy(n-CgHg)a( pq-
S)( u5-CNTy)] (Ty = p-MeC4H,) with an increase in
the length of the M—M bond which is eclipsed by R
[15]. In cation 2 it does becayse the eclipsed Fe(2)-Co(4)
is the longer by 0.0177 A, but the effect is small
compared to that observed in [Coy(n-CsHg)a( ws-
S)(15-CNTy)], 0.088 A. However, a much larger dif-
ference is found in cation 1 (0.0803 A), but this may be
due to the differing environments of the two Fe—Co
bonds (see above).

Replacing u,-CS by the stronger r-acceptor p,-
CSMe* ligand does not greatly change the bonding
within the Co,FeS part of the cluster. The sums of the
metal—metal bond lengths and metal—sulphur bond
lengths are respectively 7.4564 A and 6.4561 A in
[{Co(n-CsH )} ,{Fe(CO),(PPh)}( 1 3-S)( u5-CS)],
7.4618 A and 6.456 A in cation 1, and 7.4384 A and
6.450 A in cation 2. However, the metal—carbon dis-
tances appear to be significantly shortened, perhaps due
to increased metal—carbon 7-bonding. Their sum is
reduced from 5.917 A in [{Co(n-
CsH )} ,{Fe(CO),(PPh )} 4-S)( us-CS)] to 5.732 A in
cation 1 and 5.736 A in cation 2.

In going from [{Co(n-C.H )} ,{Fe(CO),(PPh)}( s
S)( 4-C9)] to the cations 1,/2, the Cu—S bond length
increases from 1.638(3) A to 1.728(7)/1.723(6) A.
They are shorter than the S-Me distances of
1.790(10) /1.803(10) A. These bond lengths should be
compared with the teyminal thiocarbonyl ligand C-S
bond length of 1.512 A in [Ir(PPh;),(CO),(CS)]* [16],
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155 A in CS,, the C=S bond lengths of 1.611(5) Ain
the thioketone C;H;C;H ,(Ph)C=S, 1.712 A in thio-
phene and 1.819 A in thioalkanes [17]. They imply that
the order of the w,-C—S bond is close to 2 in [{Co(n-
CsH)}L{Fe(CO),(PPh )} ws-S)( us-CS)] and that it de-
clines markedly on formation of the S—-Me* bond
though it is still greater than in a normal C-S single
bond involving a sp® hybridised carbon atom as is
found in the CS-Me* ligand. These arguments are
consistent with the observed w-C—S—Me bond angle of
107.7(4) /104.2(3)° which lies between the values of ca.
100° in thioalkanes or cycloakanes and 136.8(2)° for
the u-C—NC(O)Ph angle in the closely related [{Co(n-
CsH )}, (FE(CO),(PPh )} us-S)( us-CNC(O)Ph]  [18].
They point to a sulphur atom at which the orbita
hybridisation is closer to sp* than sp.

3.3. Pathway and limitations of the reaction

When the reactions of [Co(n-C H:)(PPh,),] with
RNCS were investigated, it was proposed that they
proceeded via an undetected and reactive [Co(n-
CsH)(PPh,)(n2-SCNR)] complex which with excess
RNCS gave [Co(n-C H)(PPh,)(S,C,N,R,)] and with
excess [Co(n-CsH)(PPh,),] gave [Coy(n-CeH g5 pyr
S 13-CNR)] [1]. The second, with its S—C bond cleav-
age and cluster formation is a specific example of the
general reaction summarised in Eq. (1), and the present
work describes two others.

(LM(7%SCX) + M'(L),
= MM5( 15-S) ( ug"CX) + L +2U (1)

M and M’ are 14e transition metal-based fragments,
L and L' are 2e donor ligands, and X = O, S, SR*, NR
or arelated isolobal moiety. In principle this reaction is
capable of wide application with variations of the transi-
tion metals, their ancillary ligands and X. However, the
present work has revealed that it has limitations inde-
pendent of the stability of the final product. Thus the
reagent incorporating M’ must be capable of providing
a 14e fragment with ease, and the substrate (L)M(n?-
SCX) must have one labile ligand and be able to
provide a 16e fragment. Thus, athough [Co(n-
CH)(PPh,),] is capable of performing its role, the
same is not true for al [F&(CO),(L),(n3CS,)]. Those
which do not have labile L capable of undergoing facile
exchange, i.e.,, when L = CNMe or trialkylphosphines
[5] do not react with [Co(n-CsH)(PPh,), 1.

The actual course of the reactions is more problemat-
ical. [Fe(CO),(PPhMe,),(n*-CS,)] reacts with [Mn(x-
CH:)(CO),(THF)] to give [Fe(CO),(PPhMe,),(n*
SCSMn(n-C;H-)(CO),] [19] so it would be reasonable
to assume that the first step of the reactions with

[Co(n-C H)(PPh,),] are the formation of
[Fe(CO), L ,(n?-SCSCo(n-CH )(PPh,)]. However such
a proposal is not reasonable for the
[FdCO)Q(PPhg)z(nz'SCSM e)]+/[co(n'C5H5)(PPh3)2]
reaction.

Conseguently we suggest that the reaction proceeds
with the coordination of Co(n-C;H.) moieties to the
two faces of a (L)(CO),FeSC(X) triangle to give a
trigonal bipyramidal intermediate with apical Co atoms.
This is a closo deltahedron as defined by the Wade—
Mingos skeletal electron pair rules. This can rearrange
to the observed trigona bipyramidal complex with api-
cal CX and S groups. Perhaps it does so by way of a
closo—nido—closo process similar to that proposed for
alkyne cleavage in a similar situation [20], and may be
driven by the well known tendency of more electronega
tive fragments (i.e., those based on main group ele-
ments) to occupy cluster apices of lower connectivity
whereas those fragments of lower electronegativities
(i.e., those based on transition metals) occupy cluster
apices of higher connectivities.
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