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Mild thermolysis of a toluene solution of [(η5-C5H5)Mo(CO)3(C���CPh)] and [Fe3(CO)9(µ3-E)2] (E = S, Se) resulted
in the formation of mixed-metal clusters, [(η5-C5H5)2Mo2Fe3(CO)8(µ3-E)2{µ5-CC(Ph)CC(Ph)}] (E = S, 1; Se, 2), [(η5-
C5H5)2Mo2Fe4(CO)9(µ3-E)2(µ4-CCPh)2] (E = S, 3; Se, 4) and [(η5-C5H5)2Mo2Fe3(CO)7(µ3-E)2{µ5-CC(Ph)C(Ph)C}]
(E = S 5; E = Se 6) which feature head-to-tail coupling of two acetylide groups, two acetylide groups which remain
uncoupled and a tail-to-tail coupling of two acetylide groups, respectively, on the chalcogen-bridged Fe/Mo cluster
framework. Under similar conditions, the reaction of [(η5-C5H5)W(CO)3(C���CPh)] and [Fe3(CO)9(µ3-E)2] formed the
clusters [(η5-C5H5)2W2Fe3(CO)7(µ3-E)2(µ3-η

2-CCPh)(µ3-η
1-CCH2Ph)] (E = S, 7 or Se, 8) and [(η5-C5H5)WFe2(CO)8-

(µ-CCPh)] (9). All compounds have been characterised by IR and 1H and 13C NMR spectroscopy. The Se-bridged
compounds have been further characterised by 77Se NMR spectroscopy. The crystal structures of 1, 3 and 5–9
were elucidated by X-ray diffraction methods.

Introduction
Mononuclear acetylide complexes are versatile building blocks
in cluster growth reactions and numerous types of mixed-metal
clusters have been prepared by this route.1–5 This approach has
been particularly fruitful for the formation of clusters contain-
ing multisite-bound polycarbon units resulting from coupling
of acetylide units. Although head-to-head and head-to-tail
coupling of acetylides are the usual forms observed, recently, an
unusual tail-to-tail coupling has also been reported.6 Coupling
has been observed to take place with, or without, incorporation
of a carbonyl group. In our previous reports, we have described
the synthesis and structures of clusters obtained by using
chalcogen-bridged iron carbonyl clusters with mononuclear
acetylide compounds.7 Our interest in this area stems from
previous work on the use of chalcogen bridges in cluster
synthesis-reactions, and the large variation in reactivity
observed when different chalcogen bridges are used.8–11 While
some variation in the reactivity of the mononuclear acetylide
complexes [(η5-C5R5)M(CO)3(C���CPh)] (where R = H or Me
and M = Mo or W) with [Fe3(CO)9(µ3-E)2] (where E = S, Se or
Te) is expected, we find that the reaction conditions used play
a significant role in influencing these reactions. We have
previously reported two different types of reaction of [Fe3-
(CO)9(µ3-E)2] with mononuclear acetylide complexes: those
carried out under anaerobic conditions 9,10 and the ones under
aerobic conditions.12,13 In the former case, we have isolated
the mixed-metal clusters [M2Fe3(η

5-C5R5)2(CO)6(µ3-E)2{µ-CC-
(Ph)C(Ph)C}] and [M2Fe2(η

5-C5R5)2(CO)4(µ3-E)2{µ-CC(Ph)-
(CO)C(Ph)C}] (M = Mo or W; R = H or Me; E = S, Se or Te)
which feature tail-to-tail coupling of acetylide ligands with and
without CO. In contrast, under aerobic reaction conditions
we were able to isolate complexes containing both oxo and
acetylide ligands in the same molecule, as in [(η5-C5Me5)W(O)-
(Se2)(CCPh)] and [(η5-C5H5)2Mo2WFe2(O)2(S)2(CO)9(CCPh)2].

The reactions of [Fe3(CO)9(µ3-E)2] with [(η5-C5R5)M(CO)3-
(C���CPh)] may be envisaged to occur by mechanisms (a) in
which the first step can be either decarbonylation at the iron

centre and addition of the chalcogen-bridged iron carbonyl
unit to the carbon–carbon triple bond of the metal acetylide
compound, or (b) by loss of one or more carbonyls from the
metal acetylide compound and complexation by lone pairs of
the triply-bridging chalcogen atoms of the tri-iron cluster. Sub-
sequent steps would involve formation of new metal–metal
bonds, acetylide coupling, and rearrangements to give the final
products. The nature of acetylide coupling, whether it be
head-to-head, head-to-tail or tail-to-tail, would depend upon
the relative orientations of the metal acetylide units; this in turn
may be controlled by the positions of the bridging chalcogen
ligands within each cluster. We shall return to this topic after a
discussion of the results.

It is known that, at the temperature of refluxing toluene,
[(η5-C5H5)Mo(CO)3(C���CPh)] undergoes dimerisation to form
[{(η5-C5H5)Mo(CO)2}{µ-1,2-PhC���CC���CPh}] and [{(η5-C5H5)-
Mo(CO)2}{µ-1,2-PhC���C(CO)C���CPh}], while the tungsten
compound, [(η5-C5H5)W-(CO)3(C���CPh)] decomposes under
similar conditions.7,14 Therefore, to prevent such side reactions
of the metal acetylide compounds, we chose to use milder reac-
tion conditions with the goal of obtaining chalcogen-bridged
mixed-metal clusters bearing acetylide bridges. The motivation
for this work is our continuing interest in new acetylide coup-
ling reactions on chalcogen-stabilised mixed-metal clusters,
and our wish to gain a better understanding of the factors
influencing the various types of acetylide-coupling on metal
clusters.

Results and discussion

Reaction of [(�5-C5H5)Mo(CO)3(C���CPh)] and [Fe3(CO)9(�3-E)2]

(E � S, Se)

When a toluene solution containing [(η5-C5H5)Mo(CO)3-
(C���CPh)] and [Fe3(CO)9(µ3-E)2] (E = S, Se) was heated at 90 �C
for 3 h, under a nitrogen atmosphere, the following new
acetylide-coupled mixed-metal clusters were obtained: [(η5-
C5H5)2Mo2Fe3(CO)8(µ3-E)2{µ5-CC(Ph)CC(Ph)}] (E = S, 1 or Se,
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Scheme 1

2), [(η5-C5H5)2Mo2Fe4(CO)9(µ3-E)2(µ4-CCPh)2] (E = S, 3 or Se,
4) and [(η5-C5H5)2Mo2Fe3(CO)7(µ3-E)2{µ5-CC(Ph)C(Ph)C}]
(5: E = S; 6: E = Se) (Scheme 1, Table 1). The new clusters are
stable in the solid state but gradually decompose in solution
over a period of hours at room temperature. The solid state
structures of 1, 3, 5 and 6 were established by single crystal
X-ray diffraction studies. Identification of 2 and 4 was made by
comparison of their spectroscopic features with those of 1 and
3, respectively.

The infrared spectra of compounds 1 and 2 show an identical
CO stretching pattern in the range 1787–2062 cm�1 indicating
the presence of bridging as well as terminal carbonyl groups.
The 1H NMR spectra display two signals for the two non-
equivalent Cp groups and multiple peaks assignable to the
phenyl ring. The 77Se NMR spectrum of 2 shows two signals,
indicating non-equivalence of the two Se ligands.

Dark red crystals of 1 were grown by slow evaporation of a
hexane–dichloromethane solution and a single crystal X-ray
analysis was carried out. Its molecular structure, shown in
Fig. 1, consists of a Mo2Fe2 butterfly skeleton. The Mo atoms
occupy the hinge-sites, Fe atoms are located at the wing-tips
and each face of the butterfly is capped by a µ3-S atom. One
wing-tip iron atom is attached to an Fe(CO)3 group. While
Fe(1) and Fe(3) each bear three terminal CO groups, Fe(2) has
one terminal CO ligand and a second carbonyl group bridged
to Fe(3). The Mo–Mo bond distance of 2.6867(5) Å in 1 is
slightly longer than the Mo–Mo bond distance of 2.624(2) Å
observed in [(CH3C5H4)2Mo2Fe2(µ3-S)4(CO)6], which has a
planar arrangement of four metal atoms, but shorter than the
Mo–Mo bond distances in other clusters which feature a Mo2Fe2

butterfly core structure: 2.821(1) Å in [Cp�Mo2Fe2(µ3-S)2-
(µ3-CO)2], and 2.846(5) Å in [Cp2Mo2Fe2(µ3-S)2(CO)6(µ-CO)2].

15

It is only marginally shorter than the Mo–Mo bond distances
of 2.7194(12) Å observed in [Cp2Mo2Fe2(CO)6(µ3-S)(µ3-Se) (µ4-
Se)],16 and 2.725(2) Å in [Cp2Mo2Fe2(µ3-S)2(CO)6(µ4-Te)],11 in
which one and both Mo2Fe planes respectively are capped by
µ3-S atoms. The average Fe–Mo bond distance of 2.8164 Å in 1
is shorter than the Fe–Mo bond distance of 2.905 Å in
[H(Cp)MoCoFe(CO)8(µ3-GeBut)],17 but close to the average
Fe–Mo bond distances of 2.835 Å in [Cp2Mo2Fe2(µ3-Se)(CO)7]
and 2.847 Å in [Cp2Mo2Fe2(CO)6(µ3-Se)2(µ4-Se)].18

The most significant structural feature of 1 is the head-to-tail
acetylide-coupled µ5-{CC(Ph)CC(Ph)} unit, which acts as an
eight electron donor to the cluster core. The C–C bond dis-
tances in the C4 fragment in 1 [C(1)–C(2) = 1.400(4), C(2)–
C(9) = 1.467(5) and C(9)–C(10) = 1.351(5) Å], are slightly
longer than the C–C bond distances of 1.332(7), 1.366(7), and
1.321(7) Å observed in the C4 fragment of the head-to-head
coupled complex [Ru4(CO)8(PPh2)2{C(But)CCC(But)}],5 but
closer to the C–C bond distances of 1.48(4), 1.44(5) and 1.36(5)

Å observed in the C4 fragment of the head-to-tail coupled com-
pound [Mo2Os3(η

5-C5H5)2(CO)11{CC(Ph)CC(Ph)}].2

The IR spectra of 3 and 4 display identical carbonyl stretch-
ing patterns indicating the presence of only terminally bonded
carbonyl groups. Their 1H and 13C NMR spectra indicate the
presence of non-equivalent Cp ligands, and the 77Se NMR
spectrum of 4 shows two peaks indicating the presence of two
different selenium environments. Black crystals of compound 3
were grown from a hexane–dichloromethane solvent mixture at
�5 �C, and its structure was elucidated by a single crystal X-ray
diffraction study. The molecular structure of 3 is depicted in
Fig. 2; the basic cluster geometry consists of a Mo2Fe2 butterfly
core whereby the Mo atoms occupy the hinge-sites and two iron
atoms, Fe(1) and Fe(4), are located at the wing-tips. The two
Mo2Fe faces are each capped by a µ3-S atom, and each Mo
atom bears an (η5-C5H5) group. The Fe(4) atom at one wing-tip
is attached to both Fe(2) and Fe(3), while Fe(1) at the other
wing-tip is attached to only one other iron atom, [Fe(2)].
Among the four iron atoms Fe(3) has three terminal carbonyl
groups, while Fe(1), Fe(2) and Fe(4) bear only two terminal
carbonyl groups each.

Fig. 1 Molecular structure of [(η5-C5H5)2Mo2Fe3(CO)8(µ3-S)2{µ5-
CC(Ph)CC(Ph)}], 1. Selected bond lengths [Å] and angles [�]: Mo(1)–
C(1) 2.029(3), Mo(1)–S(2) 2.3721(9), Mo(1)–S(1) 2.3806(10), Mo(1)–
Mo(2) 2.6867(5), Mo(2)–Fe(1) 2.8025(5), Mo(2)–Fe(2) 2.8774(6),
Fe(1)–C(1) 2.027(3), Fe(1)–S(1) 2.2410(10), Mo(1)–Fe(1) 2.7614(6),
Fe(2)–S(2) 2.1653(11), Fe(2)–Fe(3) 2.5856(7), C(1)–C(2) 1.400(4), C(2)–
C(3) 1.504(5), Mo(1)–Fe(2) 2.8246(6), Mo(2)–C(1) 2.166(3), Mo(2)–
S(2) 2.3888(10), Mo(2)–S(1) 2.4064(10), Mo(2)–C(2) 2.490(3);
Fe(1)–S(1)–Mo(1) 73.31(3), C(1)–Mo(2)–C(2) 34.12(11), Fe(1)–S(1)–
Mo(2) 74.08(3), Mo(1)–S(1)–Mo(2) 68.28(3), Fe(2)–S(2)–Mo(1)
76.85(3), Fe(2)–S(2)–Mo(2) 78.20(3), Mo(1)–S(2)–Mo(2) 68.71(3).

J. Chem. Soc., Dalton Trans., 2002, 619–629 621



The terminal carbon atom, C(1) of one of the two phenyl-
acetylene groups acts as µ4 bridging (three Fe’s and one Mo)
[Fe(1)–C(1) = 2.028(3) Å, Fe(2)–C(1) = 2.264(3) Å, Fe(4)–
C(1) = 2.221(3) Å and Mo(2)–C(1) = 1.995(3) Å]. The other
terminal carbon atom, C(9), is µ3 bridging (two Fe’s and one
Mo), while each of the two inner carbon atoms is bonded to
two Fe atoms as well as bearing a phenyl group. The Mo–Mo
bond distance of 2.8416(4) Å in 3 is longer than the Mo–Mo
bond distance in 1 [2.6867(5) Å] but comparable with the
Mo–Mo bond distance of 2.846(4) Å in [Cp2Mo2Fe2(µ3-S)2-
(CO)6(µ-CO)2].

15 The average Mo–Fe bond distance of 2.8026
Å in 3 is similar to the average Mo–Fe bond distances of 2.8164
Å in 1. It is shorter than the average Mo–Fe bond distance of
2.902 Å in [Cp2Mo2Fe2(CO)6(µ4-Te)(µ3-Se)2].

16 The average
Mo–C bond distance of 2.0145 Å in 3 is also very close to the
average Mo–C bond distances of 2.0975 Å in 1. Spectroscopic
features indicate that compound 4 is isostructural with 3.

The IR spectra of 5 and 6 display identical carbonyl stretch-
ing patterns in the range 1965 to 2036 cm�1, indicating the
presence of only terminally bonded carbonyls. The 1H NMR
spectra of 5 and 6 each show two signals revealing the presence
of two non-equivalent Cp ligands, as well as a multiplet for the
phenyl group protons. The 77Se NMR spectrum of 6 exhibits
two peaks for the two types of selenium atom in the molecule.
Dark brown crystals of 5 and 6 were grown from a hexane–
dichloromethane solvent mixture at �5 �C, and an X-ray
diffraction study was undertaken. As shown in Figs. 3 and 4,
respectively, clusters 5 and 6 are isostructural. The basic cluster
geometry can be described as consisting of a twisted bow-tie
type Fe3MoE unit, one face of which is capped by the second
Mo atom, and the second face is capped by one terminal carbon
atom of an {(CC(Ph)C(Ph)C} unit. Each molybdenum atom is
bonded to an (η5-C5H5) ligand. Among the three iron centres,
Fe(2) has one terminal carbonyl group, while both Fe(1) and
Fe(3) atoms each bear three terminal CO groups. The second E
atom in the molecule acts as µ3 bridging and caps the triangle
formed by two Mo atoms and the middle Fe atom of the
bow-tie. An unusual feature of these molecules is the {(CC(Ph)-
C(Ph)C} unit, in which one terminal carbon atom, C(9), triply

Fig. 2 Molecular structure of [(η5-C5H5)2Mo2Fe4(CO)9(µ3-S)2(µ4-
CCPh)2], 3. Selected bond lengths [Å] and angles [�]: Mo(1)–Fe(4)
2.7453(5), Mo(1)–Mo(2) 2.8416(4), Mo(1)–Fe(1) 2.9574(6), Mo(2)–
Fe(1) 2.7214(6), Mo(2)–Fe(4) 2.7763(5), Fe(1)–Fe(2) 2.6487(7), Fe(2)–
Fe(3) 2.5296(6), Fe(2)–Fe(4) 2.6008(7), Fe(3)–Fe(4) 2.7418(7),
C(1)–C(2) 1.362(4), C(2)–C(3) 1.481(4), C(9)–C(10) 1.391(4); Fe(1)–
S(1)–Mo(1) 80.68(3), Fe(1)–S(1)–Mo(2) 72.25(3), Mo(1)–S(1)–Mo(2)
74.61(3), Fe(4)–S(2)–Mo(2) 75.18(3), Fe(4)–S(2)–Mo(1) 73.67(3),
Mo(2)–S(2)–Mo(1) 74.99(3), C(2)–C(1)–Mo(2) 146.8(3), C(2)–C(1)–
Fe(1) 73.2(2), C(10)–Fe(2)–C(1) 119.75(12), Fe(4)–C(1)–Fe(2) 70.78(9),
C(1)–C(2)–C(3) 137.4(3), C(1)–C(2)–Fe(2) 84.4(2), Fe(2)–C(2)–Fe(1)
81.79(12), C(10)–C(9)–Mo(1) 150.0(2).

bridges one face of the Fe3MoE bow-tie: Fe(2), Fe(3) and
Mo(2), and the other terminal carbon atom, C(1), triply bridges
the face described by Fe(1), Fe(2) and Mo(1) centres. The inner
carbon atoms, C(2) and C(9), that bear the phenyl groups
chelate the closer molybdenum atom, Mo(2).

Fig. 3 Molecular structure of [(η5-C5H5)2Mo2Fe3(CO)7(µ3-S)2{µ5-
CC(Ph)C(Ph)C}], 5. Selected bond lengths [Å] and angles [�]: Mo(1)–
Fe(2) 2.3623(13), Mo(1)–Fe(1) 2.371(4), Mo(1)–Mo(2) 2.9683(4),
Mo(2)–Fe(2) 2.5535(7), Mo(2)–Fe(3) 2.8605(8), Fe(1)–Fe(2) 2.5713(9),
Fe(2)–Fe(3) 2.5942(9), 2.5942(9), Fe(2)–C(9) 2.006(4), Fe(2)–C(1)
2.075(4), C(1)–C(2) 1.447(6), C(2)–C(10) 1.456(5), C(9)–C(10) 1.407(6);
Fe(2)–Mo(1)–Fe(1) 57.48(2), Fe(2)–Mo(1)–Mo(2) 54.42(2), Fe(1)–
Mo(1)–Mo(2) 96.90(2), Fe(2)–Mo(2)–Fe(3) 56.92(2), Mo(2)–Fe(2)–
Fe(1) 114.04(3), Mo(1)–Fe(2)–Fe(1) 65.45(2), Mo(2)–Fe(2)–Fe(3)
67.51(2), Mo(1)–Fe(2)–Fe(3) 135.45(3), Fe(1)–Fe(2)–Fe(3) 148.78(3),
C(2)–C(1)–Mo(1) 141.9(3), C(1)–C(2)–C(10) 110.7(4), C(1)–C(2)–C(3)
122.5(4), C(10)–C(2)–C(3) 126.5(4), C(1)–C(2)–Mo(2) 73.8(2), C(10)–
C(2)–Mo(2) 74.4(2), C(9)–C(10)–C(2) 112.5(4), C(9)–C(10)–Mo(2)
65.2(3).

Fig. 4 Molecular structure of [(η5-C5H5)2Mo2Fe3(CO)7(µ3-Se)2{µ5-
CC(Ph)C(Ph)C}], 6. Selected bond lengths [Å] and angles [�]: Mo(1)–
Fe(2) 2.5811(14), Mo(1)–Fe(1) 2.7996(14), Mo(1)–Mo(2) 2.9844(4),
Mo(2)–Fe(2) 2.5724(14), Mo(2)–Fe(3) 2.860(2), Fe(1)–Fe(2) 2.571(2),
Fe(2)–Fe(3) 2.603(2), Fe(3)–C(9) 1.837(9), C(1)–C(2) 1.467(10), C(2)–
C(10) 1.445(10), C(2)–C(3) 1.472(10), C(9)–C(10) 1.424(10), C(10)–
C(11) 1.509(9); Fe(1)–Fe(2)–Fe(3) 149.08(5), Fe(2)–Se(1)–Mo(2)
63.98(4), Mo(2)–Se(1)–Mo(1) 73.40(4), Fe(1)–Se(2)–Fe(2) 65.49(5),
Fe(1)–Se(2)–Mo(1) 71.03(4), Fe(2)–Mo(1)–Fe(1) 56.92(4), Fe(2)–
Mo(1)–Mo(2) 54.48(3), Fe(1)–Mo(1)–Mo(2) 96.65(4), Fe(1)–Fe(2)–
Mo(2) 114.33(6), Fe(1)–Fe(2)–Mo(1) 65.82(4), Mo(2)–Fe(2)–Mo(1)
70.78(4), Mo(2)–Fe(2)–Fe(3) 67.09(5), Mo(1)–Fe(2)–Fe(3) 134.76(6),
Fe(2)–Fe(3)–Mo(2) 55.94(4), C(10)–C(2)–C(1) 110.7(7), C(10)–C(2)–
C(3) 127.7(6), C(1)–C(2)–C(3) 121.0(7), C(10)–C(2)–Mo(2) 74.1(4),
C(9)–C(10)–C(2) 111.5(6).
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The Mo–Mo bond distance of 2.9844(4) Å in 6 is slightly
longer than the Mo–Mo bond distance of 2.9683(4) Å in 5, and
both are longer than the Mo–Mo bond distances in 1 and 3
[2.6867(5) and 2.8416(4) Å, respectively], but shorter than the
Mo–Mo bond distance of 3.096(1) Å, in the Se-bridged com-
pound, [Cp2Mo2Fe(µ3-Se)2(CO)7].

19 All the C–C bond distances
in the C4 ligand in 5 and 6 are almost equal [1.447(6), 1.456(5),
1.407(6) Å and 1.467(10), 1.445(10), 1.424(10) Å respectively];
these distances are comparable with C–C bond lengths
[1.421(6), 1.428(5), 1.439(5) Å] in the C4 fragment of the
previously reported tail-to-tail coupled product [(η5-C5Me5)2-
W2Fe3(CO)6(µ3-S)2{µ4-CC(Ph)C(Ph)C}].6 In clusters 5 and 6,
both molybdenum atoms and also Fe(1) can be assigned
18 electrons if it is assumed that one chalcogen atom contrib-
utes two electrons to Fe(2); formally Fe(2) and Fe(3) would then
possess 19 and 17 electrons, respectively, but this situation
is alleviated since the single carbonyl on Fe(2) is weakly
semi-bridged to Fe(3).

Reaction of [(�5-C5H5)W(CO)3(C���CPh)] and [Fe3(CO)9(�3-E)2]

(E � S, Se)

On thermolysis of a toluene solution of [(η5-C5H5)W(CO)3-
(C���CPh)] and [Fe3(CO)9(µ3-E)2] (E = S, Se or Te) at 90 �C,
under a nitrogen atmosphere, for 3 hours, the following three
compounds were isolated: [(η5-C5H5)2W2Fe3(CO)7(µ3-E)2(µ3-η

2-
CCPh)(µ3-η

1-CCH2Ph)] (7: E = S; 8: E = Se) and [(η5-C5H5)-
WFe2(CO)8(CCPh)] (9) (Scheme 2, Table 1). Reaction with
the Te-bridged starting compound, [Fe3(CO)9(µ3-Te)2] led to
substantial decomposition and only trace amounts of the
starting materials were isolated after 3 hours.

The infrared spectra of 7 and 8 display identical CO stretch-
ing patterns indicating the presence of only terminally bonded
carbonyl groups. There is a shift of the corresponding carbonyl
stretching bands to lower frequencies for the selenium-bridged
compound, 8, as compared to its sulfur-bridged analogue, 7.
The 1H NMR spectra of 7 and 8 each show two signals attrib-
utable to the presence of two non-equivalent Cp ligands, as well
as a multiplet for the phenyl ring. Two sets of doublets for both
compounds are seen for the non-equivalent (diastereotopic)
protons of the CH2 group. The 77Se NMR spectrum of 8 shows
two signals at δ 657.1 and 729.7, indicating the presence of two
types of Se ligand. Dark brown crystals of 7 and 8 were grown
from a hexane–dichloromethane solvent mixture at �4 �C, and
single crystal X-ray diffraction experiments were carried out.
As depicted in Figs. 5 and 6, respectively, clusters 7 and 8 are
isostructural. The basic cluster geometry can be described as
consisting of a FeW2E tetrahedron (E = S or Se). A second
chalcogen atom, E, bridges the W–W bond and also forms a
bond to the iron atom of an Fe(CO)3 unit which bridges one of
the W–Fe edges of the basic tetrahedron. This Fe(CO)3 unit
is also bonded to a CCH2Ph unit which in turn also bridges
the same Fe–W tetrahedron edge. The CCH2Ph group thus
functions as a carbyne group capping a Fe2W face. The second
Fe–W edge of the tetrahedron also has a bridging Fe(CO)3 unit,
thus forming another Fe2W face which has a µ3-η

2-CCPh group
above it. These compounds feature a (µ3-η

1-CCH2Ph) group, in
which the terminal carbon atom triply bridges two Fe and one
W atoms, while the inner carbon atom attached to the phenyl

group has apparently abstracted two hydrogen atoms. Suspect-
ing that these two extra hydrogen atoms might have been
derived from the toluene solvent, perhaps via radical inter-
mediates, the reaction was repeated in deuterated toluene. The
product is spectroscopically identical except that the 1H NMR
resonances for methylene protons are now absent, confirming
the solvent as the origin of the CH2 group.

Fig. 5 Molecular structure of [(η5-C5H5)2W2Fe3(CO)7(µ3-S)2(µ3-η
2-

CCPh)(µ3-η
1-CCH2Ph)], 7. Selected bond lengths [Å] and angles [�]:

W(1)–Fe(2) 2.6726(12), W(1)–Fe(1) 2.7131(11), W(1)–W(2) 2.8259(5),
W(2)–Fe(2) 2.6577(13), W(2)–Fe(3�) 2.76(2), W(2)–Fe(3) 2.95(3),
Fe(1)–Fe(2) 2.601(2), Fe(2)–Fe(3) 2.51(3), C(1)–C(2) 1.535(12), C(2)–
C(3) 1.523(13), C(9)–C(10) 1.330(12); C(10)–C(11) 123.6(6), Fe(3)–
Fe(2)–Fe(1) 139.7(5), C(2)–C(1)–Fe(1) 123.6(6), C(3)–C(2)–C(1)
116.1(8), C(10)–C(9)–Fe(2) 71.0(5), W(2)–C(9)–Fe(2) 83.5(3).

Fig. 6 Molecular structure of [(η5-C5H5)2W2Fe3(CO)7(µ3-Se)2(µ3-η
2-

CCPh)(µ3-η
1-CCH2Ph)], 8. Selected bond lengths [Å] and angles [�]:

W(1)–Fe(2) 2.6972(11), Fe(1)–Fe(2) 2.6075(15), W(1)–Fe(1) 2.7443(10),
W(1)–W(2) 2.8747(4), W(2)–Fe(2) 2.6831(12), W(2)–Fe(3) 2.8397(14),
Fe(2)–Fe(3) 2.5761(15), C(1)–C(2) 1.548(11), C(2)–C(3) 1.514(11),
C(9)–C(10) 1.331(11), C(10)–C(11) 1.470(10); Fe(3)–Fe(2)–Fe(1)
137.11(6), C(2)–C(1)–Fe(1) 122.3(5), C(3)–C(2)–C(1) 116.9(7), C(9)–
C(10)–C(11) 139.3(8), C(9)–C(10)–Fe(2) 72.0(4), C(11)–C(10)–Fe(2)
143.4(6), C(9)–C(10)–Fe(3) 68.5(4), C(11)–C(10)–Fe(3) 125.8(6).

Scheme 2
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The W–W distance of 2.8259(5) Å in 7 is shorter than the
W–W distance of 2.8747(4) Å in 8, but is closer to the W–W
distance of 2.8277(4) Å observed in [(η5-C5H5)2W2Fe2(CO)4(µ3-
E)2{µ-CC(Ph)COC(Ph)C}].7 In compound 8, the average W–Fe
bond distance of 2.7855 Å is slightly longer than the average
W–Fe bond distance of 2.7484 Å in 7. These distances are
shorter than the W–Fe bond distances of 2.802(4) and 2.829(4)
Å in [Fe2W(CO)10(Se)2].

10 In both compounds, the C–C bond
distance of 1.331(11) Å in the CCPh fragment, indicating
olefinic bond order, is shorter than the C–C bond distance of
1.470(11) Å in the CCH2Ph fragment.

The infrared spectrum of 9 reveals the presence of only
terminally bonded carbonyl groups. The 1H and 13C NMR
spectra show one signal for the η5-C5H5 ligand, and multiplets
for the phenyl group protons. The 13C NMR spectrum also
shows two signals for the coordinated CCPh group in the region
expected for coordinated C���C atoms, and for the terminal
carbonyl carbon atoms. Red crystals of 9 were obtained from a
hexane–dichloromethane mixture by slow evaporation of the
solvents at �5 �C, and its molecular structure, established by
single crystal X-ray methods, is shown in Fig. 7. This molecule

has a triangular Fe2W core structure, in which the tungsten
atom is associated with an (η5-C5H5) group and two CO
ligands; the CCPh moiety is σ-bonded to the W atom but also
forms a transverse bridge over the Fe–Fe bond. Each Fe atom
has three terminally bonded carbonyl groups. The asymmetric
unit of the crystal structure comprises two molecules and,
although their bond distances are closely similar, they are
markedly different in the torsion angles relating to peripheral
groups. In 9, the WFe2 triangle is nearly isosceles with the bond
distances W(1)–Fe(1) = 2.8362(7) Å, W(1)–Fe(2) = 2.8993(8) Å
and Fe(1)–Fe(2) = 2.4908(12) Å. Overall, the geometry of 9 is
very similar to the previously reported and related compounds
[CpWFe2(CO)8CC(Tol)],20 and [CpWRu2(CO)8(CCPh)].21 The
W(1)–C(1) bond distance of 1.996(5) Å in 9 is similar to the
corresponding bond distance of 1.999(15) Å in [CpWFe2-
(CO)8CC(Tol)], and 1.976(8) Å in [CpWRu2(CO)8(CCPh)]. The
C(1)–C(2) bond distance of 1.294(7) Å in 9 is longer than the
average C–C distance of acetylene molecules (1.20 Å),22 but
close to the C–C bond distance of 1.30(2) Å observed in
[CpWFe2(CO)8CC(Tol)].

Mechanistic considerations

The isolation of a number of subtly different products from a
series of closely related reactions is suggestive of a system in

Fig. 7 Molecular structure of [(η5-C5H5)WFe2(CO)8(CCPh)], 9.
Selected bond lengths [Å] and angles [�]: W(1)–Fe(1) 2.8362(7), W(1)–
Fe(2) 2.8993(8), W(1)–C(1) 1.996(5), Fe(1)–Fe(2) 2.4908(12), Fe(1)–
C(1) 2.042(5), Fe(2)–C(1) 2.046(5), Fe(2)–C(2) 2.161(6), C(1)–C(2)
1.294(7); C(1)–Fe(1)–W(1) 44.72(15), C(2)–Fe(2)–Fe(1) 51.45(14),
Fe(1)–Fe(2)–W(1) 62.96(2), W(1)–C(1)–Fe(1) 89.2(2), W(1)–C(1)–Fe(2)
91.7(2), Fe(1)–C(1)–Fe(2) 75.1(2), C(1)–W(1)–Fe(2) 44.87(15), C(1)–
W(1)–Fe(1) 46.05(14), C(2)–Fe(1)–W(1) 81.50(14).

which an initially common mechanistic pathway diverges at
various points, and leads to apparently disparate, but actually
fundamentally similar, products. We here advance a mechan-
istic scenario which, starting from a common intermediate,
readily accounts for all the observed products. While we fully
recognize the speculative nature of such proposals, we feel that
it is incumbent upon us to try to rationalise this fascinating
chemistry.

We suggest that the initially formed cluster, 10, is one in
which the capping S (or Se) groups of Fe3(CO)9(µ3-E)2 each
coordinate to a CpM(CO)2C���CPh unit, analogous to the
previously known reaction of Os3(CO)9S2 and W(CO)6 which
yields Os3(CO)9(µ3-S)[(µ3-S)W(CO)5].

23 The process can now
continue from 10 in one of two ways: (a) cleavage of each S (or
Se) bond to a terminal iron Fe(CO)3 unit to give 11, or (b)
cleavage of both bonds from the capping atom to the central
Fe(CO)3 moiety to produce 12 (see Scheme 5).

In the first case, as depicted in Scheme 3, elimination of three
carbonyls and formation of four molybdenum (or tungsten) to
iron bonds can give rise to 13 and 14, successively, whereby the
chalcogens cap Fe2M triangular faces. Now, if both S (or Se)
atoms migrate onto M2Fe faces they remain trans to each other
and place the alkynyl units on opposite sides of the cluster, as in
15. Subsequent loss of a CO ligand from the central iron yields
an Fe2C2 tetrahedron. Addition of the second alkyne across the
other Fe–Fe bond is accompanied by migration of an S (or Se)
from the central to a terminal iron, thus generating a carbene-
type intermediate 16. As previously discussed, abstraction of
two hydrogens from the solvent leads to the observed product, 7
or 8. Note that, in this particular case, the double migration of
either S or Se from the Fe2M to M2Fe faces occurs only when
M = W, and is presumably controlled by the strength of the
tungsten–chalcogen bond.

If we return to intermediate 14 in Scheme 3, but allow only
one sulfur or selenium to migrate onto an adjacent Mo2Fe face,
as in 17, the alkynes are now on the same side of the cluster;
addition of both C���CPh moieties across Fe–Fe edges gives two
carbene sites, in 18, that can couple to give the tail-to-tail linked
products, 5 or 6, as depicted in Scheme 4.

As stated at the outset, a second scenario begins with cleav-
age of the bonds between the capping sulfurs (or seleniums)
and the central iron atom as in 12. Loss of three carbonyl
ligands and formation of four Fe–Mo bonds produces the
cluster 19 in which two molybdenums and two irons adopt a
butterfly arrangement. Loss of another CO and migration of
both chalcogens onto the neighbouring M2Fe faces would lead
to the cluster 20 in which both alkynes are poised to add across
Fe–Fe vectors. In 21, one Fe2C2 tetrahedron has been formed,
and once again the mechanism can branch. If the Fe–Fe bond
breaks to give 22, subsequent cleavage of one molybdenum-
alkyne linkage and coupling to the β-carbon of the other alkyne
unit leads via 23 to the observed head-to-tail linked products 1
and 2, as illustrated in Scheme 5.

Finally, returning to cluster 21, loss of two carbonyls and
addition of the second alkyne across the remaining iron–iron
bond, would lead to the closo seven-vertex pentagonal-
bipyramidal system 24, comprised of a Mo2C2Fe five-
membered ring capped by two Fe(CO)2 moieties (Scheme 6).
The required electrons to achieve the 16 skeletal electron count
are provided by the triply-bridging chalcogen and phenyl-
carbynyl units. In fact, this system was not observed in the
present case; instead, addition of an Fe(CO)3 fragment brings
about cluster expansion to the somewhat distorted triangular
dodecahedral eight-vertex closo clusters, 3 and 4.

The cluster framework of 3 is illustrated in Fig. 8 which
depicts a (CpMo)2[(Fe(CO)2]4(C)2 triangular dodecahedron
capped by triply-bridging chalcogens and carbynes. To achieve
the required skeletal electron count of 18, one of the iron
vertices has an extra carbonyl ligand which breaks the intrinsic
two-fold symmetry of the cluster.
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Scheme 3

Scheme 4

Finally, we note that the CpW(CO)2[Fe(CO)3]2(PhCC)
cluster, 9, not only has the skeletal electron count appropriate
for a closo trigonal bipyramid, but also is a motif present in
the clusters 7 and 8. It is evident from Figs. 5 and 6, that the
atoms Fe(2), Fe(3), C(9), C(10) and W(2) make up a trigonal
bipyramidal unit, and cluster 9 presumably arises from frag-
mentation during, or subsequent to, the formation of 7 and 8.

Concluding remarks
The acetylide complexes, [M(η5-C5H5)(CO)3(C���CPh)] (M = Mo
or W) react with [Fe3(CO)9(µ3-E)2] (E = S or Se) under mild
thermolytic conditions to give a variety of acetylide-bridged
mixed-metal clusters. The molybdenum acetylide complex
reacts to form three types of clusters: these products feature

head-to-tail coupling of two acetylides, as in 1 and 2, tail-to-tail
coupling of the two acetylide groups, as in 5 and 6, and a third
product in which the acetylide groups are not directly coupled,
but are bridged head-to-head by an Fe(CO)2 unit, as in 3 and 4.
These products can be envisaged as arising from a common
intermediate in which the triply-bridging chalcogen bonds
initially to a Mo(η5-C5H5)(CO)2(C���CPh) unit, and subse-
quently yields isomeric Mo2Fe3 clusters. Migration of one, or
both, of the S (or Se) atoms such that they cap Mo2Fe faces
now leaves the alkynyl moieties in sites such that different
modes of coupling are sterically viable.

In contrast, the tungsten acetylide compound, (η5-C5H5)-
W(CO)3(C���CPh), reacts to yield clusters whereby acetylide
coupling has not occurred, but in which both sulfurs (or selen-
iums) now triply-bridge W2Fe faces. The W/Fe acetylide-
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Scheme 5

Scheme 6

bridged clusters 7 and 8 also contain a W–W bonded Cp2W2

unit as well as an intact Fe3E2 unit. The two acetylide moieties
remain uncoupled and display different bonding modes; one is
attached to an Fe2W face of the cluster in a µ3-η

2 mode, and this
bonding mode is also seen in the cluster 9, which is formed
in minor yield. The second acetylide group in 7 and 8 caps a
second Fe2W face in a µ3-η

1 mode. The β-carbon atom of this
acetylide group abstracts two H atoms from the solvent and

Fig. 8 Skeletal framework of [(η5-C5H5)2Mo2Fe4(CO)9(µ3-S)2(µ4-
CCPh)2], 3.

thus a µ3-CCH2Ph group is formed. Efforts are in progress
to explore photolytic reaction conditions to gain further
mechanistic insights into the formation of acetylide-bridged
mixed-metal clusters stabilised by chalcogen ligands.

Experimental

1. General procedures

Reactions and manipulations were performed using standard
Schlenk techniques under an atmosphere of pre-purified argon.
Solvents were purified, dried and distilled under an argon or
nitrogen atmosphere prior to use. Infrared spectra were
recorded on a Nicolet Impact 400 FT spectrometer as dichloro-
methane solutions in 0.1 mm path length cells, and NMR
(13C and 77Se) spectra on a Varian VXR-300S spectrometer
in CDCl3. The 77Se NMR measurements were made at an
operating frequency of 57.23 MHz using 90� pulses with 1.0 s
delay and 1.0 s acquisition time and referenced to Me2Se (δ 0).
Elemental analyses were performed on a Carlo-Erba automatic
analyser. The compounds [Fe3(CO)9(µ3-E)2] (E = S, Se) 24 and
[(η5-C5H5)M(CO)3{C���C(Ph)}], (M = W or Mo) 25 were
prepared by established procedures. Conditions used for
preparation of 1–9, and yields of products are summarized
in Table 2.
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2. Reaction of [Fe3(CO)9(�3-E)2] (E � S or Se) with [(�5-C5H5)-
Mo(CO)3(C���C(Ph)]

In a typical reaction, a toluene solution (50 mL) containing
[(η5-C5H5)Mo(CO)3{CC(Ph)}] (150 mg, 0.433 mmol) and one
equivalent of [Fe3(CO)9(µ3-E)2] (E = S or Se) was heated at
90 �C for 3 h. The solution was allowed to cool to room tem-
perature, filtered through Celite to remove insoluble material
and the solvent was removed in vacuo. The residue was dis-
solved in dichloromethane and subjected to chromatographic
work-up on silica-gel TLC plates. Elution with a CH2Cl2–
hexane (30/70 v/v) mixture yielded the following, in order of
elution: red [(η5-C5H5)2Mo2Fe3(CO)8(µ3-E)2{µ5-CC(Ph)CC-
(Ph)}] [E = S (1; 14 mg, 20%), or Se (2; 11 mg, 15%)], black
[(η5-C5H5)2Mo2Fe4(CO)9(µ3-E)2(µ4-CCPh)2] [E = S (3; 23 mg,
30%), or Se (4; 16.7 mg, 20%)] and dark brown [(η5-C5H5)2-
Mo2Fe3(CO)7(µ3-E)2{µ5-CC(Ph)C(Ph)C}] [E = S (5; 31 mg,
30%), or Se (6; 29 mg, 26%)].

3. Reaction of [Fe3(CO)9(�3-E)2] (E � S or Se) with [(�5-C5H5)-
W(CO)3(C���C(Ph)]

In a typical reaction, a toluene solution (50 mL) containing
[(η5-C5H5)W(CO)3{C���C(Ph)}] (200 mg, 0.461 mmol) and one
equivalent of [Fe3(CO)9(µ3-E)2] (E = S or Se) was heated at
90 �C for 3 h, under an atmosphere of nitrogen. The solution
was allowed to cool to room temperature, filtered through
Celite to remove any insoluble material and the solvent was
removed in vacuo. The residue was dissolved in dichlorometh-
ane and subjected to chromatographic work-up on silica-gel
TLC plates. Elution with a CH2Cl2–hexane (30/70 v/v) mixture
yielded the following, in order of elution: dark brown [(η5-
C5H5)2W2Fe3(CO)7(µ3-E)2(µ3-η

2-CCPh)(µ3-η
1-CCH2Ph)] [E = S

(7; 46 mg, 35%), or Se (8; 42 mg, 30%)] and red [(η5-C5H5)-
WFe2(CO)8(CCPh)] (9, 19 mg, 18%).

X-Ray crystal determinations of 1, 3 and 5–9

X-Ray crystallographic data were collected from single crystal
samples of 1 (0.32 × 0.30 × 0.05 mm3), 3 (0.26 × 0.22 × 0.08
mm3), 5 (0.22 × 0.16 × 0.12 mm3), 6 (0.30 × 0.25 × 0.08 mm3),
7 (0.25 × 0.22 × 0.16 mm3), 8 (0.30 × 0.22 × 0.06 mm3) and 9
(0.42 × 0.28 × 0.16 mm3), mounted on glass fibres. Crystal data
and structure refinement details for 1, 3 and 5–9 are listed in
Table 3. Data were collected using a P4 Bruker diffractometer,
equipped with a Bruker SMART 1K charge coupled device
(CCD) area detector, using the program SMART,26 and a rotat-
ing anode, using graphite-monochromated Mo-Kα radiation
(λ = 0.71073 Å). The crystal-to-detector distance was 4.987 cm,
and the data collection was carried out in 512 × 512 pixel mode,
utilising 2 × 2 pixel binning. The initial unit cell parameters
were determined by a least-squares fit of the angular settings of
the strong reflections, collected by a 12� scan in 40 frames over
three different sections of reciprocal space (160 frames in total).
A complete sphere of data was collected, to better than 0.8 Å
resolution at 298 K. Upon completion of the data collection,
the first 50 frames were recollected in order to improve the
decay correction analyses. Processing was carried out using the
program SAINT,27 which applied Lorentz and polarisation
corrections to the three-dimensionally integrated diffraction
spots. The program SADABS,28 was utilised for the scaling of
diffraction data, the application of a decay correction, and an
empirical absorption correction based on redundant reflections
for all data sets except the twinned compound 5, for which no
absorption correction was applied. The structures were solved
by using the direct-methods procedure in the Bruker SHELXL
program library,29 and refined by full-matrix least squares
methods on F 2 with anisotropic thermal parameters for all
non-hydrogen atoms. Hydrogen atoms were added as fixed
contributors at calculated positions, with isotropic thermal
parameters based on the carbon atom to which they were
bonded.
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Compound 5 was a non-merohedral twin, solved using
GEMINI,30 by integrating and indexing the data for each
component independently. The data were subsequently com-
bined and flagged, and the calculated intensity contribution of
the secondary component was subtracted from the overlapped
data, scaled by using its refined fractional contribution. Com-
pound 6 crystallized as a multiple crystal. GEMINI,30 was used
to separate the diffractional contributions of each of the two
single crystals comprising the sample examined. The diffraction
data from the predominant crystal were used to solve the
structure, while the remaining data were discarded since there
was very little overlap. Only 41 data were suppressed due to
their high Fo/Fc ratio from intensity contributions by the second
crystal fragment. The Fe(CO)3 moiety of Fe(3) in compound 7
contained a positional disorder. The two disordered units were
restrained with similar thermal parameters and refined to two
slightly different positions on the face of the WFeC2 cluster.
The relative occupancy of the major component was 0.63(2).
Compound 9 crystallised with two crystallographically
unrelated molecules in the unit cell.

CCDC reference numbers 168671–168677.
See http://www.rsc.org/suppdata/dt/b1/b107090h/ for crystal-

lographic data in CIF or other electronic format.
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