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Abstract

UV photolysis of the phosphinidine-bridged cluster complex [Fe3(CO)9(H)2(PtBu)] (9) in the presence of 1,3-cyclohexadiene
gives the complex [Fe3(CO)8(h4-1,3-cyclohexadiene)(m3-P

tBu)] (13) in 20% yield. As a side-reaction, hydrogenolysis of cyclohexa-
diene occurs to give the complexes [Fe3(CO)8(2-5-h-2,4-hexadiene)(m3-P

tBu)] (14) and [Fe3(CO)8(1-4-h-1,3-hexadiene)(m3-P
tBu)]

(15) in about 5% yield each. The crystal and molecular structures of 13, 14 and 15 were determined. The (cyclo)hexadiene ligands
are bonded to the Fe3P clusters in the apical coordination mode; of the carbonyl ligands two are semi-bridging. The composition
[Fe3(m2-H)(CO)7(m-1-3-h:4,5-hexadienyl)(m3-P

tBu)] (16) is tentatively assigned to a fourth product (2% yield), based on IR and
NMR spectroscopic data. On heating to 80°C, a mixture of the complexes 14 and 15 is quantitatively converted into 16. Complex
13 is also formed in lower yield (15%) from [Fe3(CO)10(PtBu)] (10) and 1,3-cyclohexadiene in a thermal reaction. UV irradiation
of complex 13 in benzene solution gives [Fe3(CO)7(h-C6H6)(m3-P

tBu)] (18a) in low yield. In toluene, a 3:7 mixture of 18a and
[Fe3(CO)7(h-C6H5Me)(m3-P

tBu)] (18b) is obtained, proving the dehydrogenation of the cyclohexadiene ligand in 13 to give an
h6-benzene. The apical (h6-) coordination of the toluene ligand in 18b is confirmed by a crystal structure analysis, which also
shows the presence of a face-capping carbonyl ligand. © 2000 Elsevier Science B.V. All rights reserved.

Keywords: Cyclohexadiene; Cluster complexes; Arene ligands

1. Introduction

In recent years, multicentre metal bonding of arenes
has developed into a flourishing area [1]. Not many
years ago, this type of coordination was considered
rather exotic. Naturally, it is unavailable for mononu-
clear complexes, and most likely to occur in metal
cluster complexes. The face-capping (m3) coordination
mode of an arene is now well established [2]. However,
the known cluster complexes with face capping ligands
are still restricted to a very few classes of compounds:
(i) carbonyl metal clusters of ruthenium and osmium,
mainly of nuclearity 3, 5 and 6, e.g. 1 [3] and 2 [4], (ii)
trinuclear cyclopentadienyl metal clusters of cobalt and
rhodium, e.g. 3 [5] and 4 [6], and (iii) most recently

complexes with a [(h-C5Me5)Ru(H)]3 frame, e.g. 5 [7].
The complexes 3 are still the only m-arene clusters in the
first transition metal series. In an early theoretical
study, an analogous triiron carbonyl system, [{(CO)3-
Fe}3(m3-benzene)] (6) was considered unstable, based on
extended Hückel molecular orbital calculations [8].
Judging from the remarkable stability of the tricobalt
clusters of type 3 we felt that m-arene clusters with an
oligonuclear iron carbonyl frame might not be exces-
sively labile and isolatable, provided that synthetic
routes can be found.
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During the syntheses of 3 and 4, the metal cluster is
assembled on the arene using reactive (C5R5)M frag-
ments (M=Co, Rh), which are generated in situ. Only
rhodium is capable of attacking the arene ring directly
[6,9]. In the case of cobalt, an unsaturated side chain has
to provide a landing stage which actively assists in the
metal complexation of the arene nucleus [5,10]. Both
routes are not feasible for iron. On the one hand, the
affinity of carbonyl iron fragments for an arene is too low
to give stable products or intermediates [11]. On the other
hand, reaction of alkenylbenzenes with carbonyl iron
fragments stops at the dinuclear stage, with the products
7 not undergoing further reaction [12].

During the syntheses of 1 and 2, a cyclohexadiene
molecule is attached to a pre-formed trinuclear carbonyl
metal cluster, and subsequently transformed into m3-cy-
clohexadienyl and finally m3-benzene. An analogous pro-
cedure seemed feasible for an iron cluster, but only if
degradation of the metal cluster can be inhibited during
the reaction. This essentially eliminates [Fe3(CO)12] as a
starting material, the chemistry of which is dominated by
fragmentation processes [13]. Capping of a trinuclear
iron cluster with a main group element substantially
reduces its tendency to fragment. Such complexes should
therefore be suitable precursors for the synthesis of arene
iron clusters. Here we report on reactions of
[Fe3(CO)9(H)(StBu)] 8, [Fe3(CO)9(H)2(PtBu)] (9) and
[Fe3(CO)10(PtBu)] (10) with cyclohexadiene.

2. Results and discussion

2.1. General

There is an important prerequisite for the facial
coordination of an arene to a metal cluster: the topology

of the potential coordination site must match the elec-
tronic and steric requirements of the facial ligand. Face-
capping cyclohexadienyl and arene ligands are formally
donating 5 and 6, respectively, electrons, which must be
accommodated within the cluster complex. The geomet-
ric constraints of a carbocyclic ligand on a facial coordi-
nation site on the cluster ‘surface’ are considerably more
severe than those on an apical site. Therefore, the
presence of sterically demanding ligands on the metals
that constitute the facial coordination site will be coun-
terproductive.

Iron clusters with arene ligands are extremely rare [13].
To our knowledge, only one complex, [Fe3(CO)6(h6-
C6H6)(m3-CCl)(m3-CC(O)OEt)], has been structurally
characterised [14]. A facial coordination site for the
benzene ligand is not available in this bicapped triangular
triiron cluster. A few triiron cluster complexes with a
cyclohexadiene ligand have been reported [15,16]. In all
cases, an apical h4 coordination of the 1,3-cyclohexadi-
ene ligand is attained.

2.2. Reaction of [Fe3(CO)9(H)(StBu)] (8) with
cyclohexadiene

The preparation and crystal structure of the cluster
complex [Fe3(CO)8(h4-cyclohexadiene)(m3-S)] has been
reported [15]. However, this complex was only obtained
in very small yield from [Fe3(CO)12], 1,3-cyclohexadiene
and sulphur. The complexes [Fe3(CO)9(H)(m3-SR)] [17]
were thought to be more readily accessible starting
materials for the synthesis of organometallic complexes
with an Fe3(m3-S) frame. Under thermal or photochem-
ical reaction conditions up to three carbonyl groups may
be replaced by donor ligands EPh3 (E=P, As, Sb) [18].

In the presence of 1,3-cyclohexadiene, the cluster
complex [Fe3(CO)9(H)(m3-StBu)] (8) was stable in hexane
solution for hours at 70°C. Only decomposition to
mainly insoluble products was observed when 8 was
heated in toluene–1,3-cyclohexadiene at 120°C. Addi-
tion of three equivalents of Me3NO to a solution of 8 in
dichloromethane in the presence of excess 1,3-cyclohexa-
diene led to a product which was insoluble in n-hexane.
According to IR (nCO) and 1H-NMR spectral data this
product consisted of mainly the anion [Fe3(CO)9(StBu)]−

(11) [18], the deprotonation product of 8. Addition of
trifluoroacetic acid regenerated the starting material 8.
Similar results were obtained when 8 in acetonitrile was
first treated with three equivalents of Me3NO, followed
by addition of 1,3-cyclohexadiene. Complex 8 is known
to be fairly acidic [18]. Deprotonation by Me3NO is
therefore not surprising. The negative charge of 11
reduces the elctrophilicity of the carbonyl ligands, and so
effectively blocks further reaction with the aminoxide.
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UV irradiation of 8 in n-hexane–1,3-cyclohexadi-
ene, followed by chromatography on silica, gave three
product fractions in very small yield. Using NMR
spectroscopy, the presence of coordinated cycohexadi-
ene was detected only in the second, purple fraction.
The number of resonances could only be accounted
for by at least two different substitution products.
Attempts to further separate the material into pure
compounds were unsuccessful.

2.3. Reaction of [Fe3(CO)9(H)2(m3-PtBu)] (9) and
[Fe3(CO)10(m3-PtBu)] (10) with 1,3-cyclohexadiene

Under thermal reaction conditions, no substitution
product of [Fe3(CO)9(H)2(m3-PtBu)] (9) [19] with 1,3-
cyclohexadiene could be obtained. At temperatures up
to 70°C no reaction took place even with a large
excess of cyclohexadiene. At 100°C in toluene decom-
position of the cluster was observed.

Chemical activation of 9 with Me3NO (3.5 equiva-
lents) in the presence of 1,3-cyclohexadiene also did
not lead to substitution. The reaction product was
insoluble in non-polar solvents. Using IR and 31P-
NMR spectroscopy, it was shown to mainly consist
of the deprotonation product of 9, [Fe3(CO)9(H)(m3-
PtBu)]− (12). This assignment was confirmed by addi-
tion of CF3COOH, which nearly quantitatively
regenerated the starting material 9. The anion 12 did
not further react with Me3NO.

UV irradiation of 9 in the presence of 1,3-cyclo-
hexadiene led to nearly complete consumption of
the starting material within a few hours. Using
medium pressure column chromatography, four Fe3P
cluster complexes could be isolated from the product
mixture. The main product (21% yield) was the red
complex [Fe3(CO)8(h4-1,3-cyclohexadiene)(m3-PtBu)]
13. Two further products, the purple complexes
14 and 15, were isolated in about 5% yield each.
These cluster complexes both contain an open chain
hexadiene, functioning as a 2-5-h-2,4-hexadiene
(complex 14) and a 1-4-h-1,3-hexadiene (complex 15)
ligand, respectively. As no hexadiene was detected
in the cyclohexadiene reagent, formation of 14 and
15 clearly results from hydrogenolysis of a car-
bon carbon bond of cyclohexadiene. An olive-green
solid was isolated as the fourth product in about 2%
yield. Structure 16 is tentatively assigned to this clus-
ter on the basis of spectroscopic data (see below).
This complex was generated in higher yield when the
reaction mixture was heated to 80°C after photolysis.
After about 1 h, the complexes 14 and 15 were com-
pletely converted into 16, with 13 remaining unaf-
fected.

Heating [Fe3(CO)10(m3-PtBu)] (10) [20] in the pres-
ence of 1,3-cyclohexadiene at 120°C for 6 h gave a
15% yield of the h4-cyclohexadiene cluster complex
13. In contrast to 9, no reaction with cyclohexadiene
was observed when 10 was irradiated with a mercury
lamp in n-hexane or THF. Treatment of 10 with
Me3NO in the presence of 1,3-cyclohexadiene in
methylene chloride, acetonitrile or THF only gave the
anion 12. This amounts to a substitution of a car-
bonyl by a hydride (H−) ligand. An analogous reac-
tion was observed when [Os6(CO)18] was treated with
Me3NO in the absence of further ligands [21]. Substi-
tution of CO by Me3N, followed by transfer of a
hydride from the coordinated amine and loss of
[Me2NCH2]+ was suggested as a mechanism [21].

2.4. Molecular structures of
[Fe3(CO)8(h4-1,3-cyclohexadiene)(m3-PtBu)] (13),
[Fe3(CO)8(2-5-h-2,4-hexadiene)(m3-PtBu)] (14) and
[Fe3(CO)8(1-4-h-1,3-hexadiene)(m3-PtBu)] (15)

Single crystal X-ray structure determinations were
carried out for complexes 13, 14 and 15. Crystals of
complex 14 were found to contain two independent
molecules with similar structure. Unfortunately, owing
to the poor crystallinity of 14, the quality of the dif-
fraction data did not allow a complete refinement of
this structure. Hence, beyond the atomic connectivi-
ties no detailed statements about the structure of 14
can be made. The molecules of 13, 14 and 15 are
depicted in Figs. 1–3. Important bond lengths and
angles are collected in Tables 1 and 2.
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The molecules consist of pseudo-tetrahedral Fe3P
cluster cores. The (cyclo-)hexadiene ligand is coordi-
nated to an iron atom (Fe(1)) in the h4 bonding mode.
Three terminal carbonyls are bonded to each of the two
remaining iron atoms. The remaining two CO ligands
bridge the two iron iron bonds involving Fe(1) in a very
asymmetric fashion. They are closer to Fe(1) than to
Fe(2) and Fe(3) (Tables 1 and 2). The phosphinidine
group is slightly displaced from a position above the
centre of the Fe3 triangle, away from Fe(1). There is
little variation in the iron–iron bond lengths, both
within the same molecules and between 13 and 15

Fig. 3. Molecular structure of [Fe3(CO)8(1-4-h-1,3-hexadiene)(m3-
PtBu)] (15).

Fig. 1. Molecular structure of [Fe3(CO)8(h4-1,3-cyclohexadiene)(m3-
PtBu)] (13).

Table 1
Selected bond lengths (A, ) and angles (°) for [Fe3(CO)8(h4-1,3-cyclo-
hexadiene)(m3-P

tBu)] (13) with e.s.d. values in parentheses

2.7009(18)2.6814(15) Fe1–Fe3Fe1–Fe2
2.203(2)Fe1–P1Fe2–Fe3 2.6805(15)

2.1545(18) Fe3–P1Fe2–P1 2.137(2)
Fe1–C2 2.071(6)Fe1–C1 2.171(6)

2.052(6) Fe1–C4Fe1–C3 2.161(6)
Fe1–C81.844(6) 1.790(7)Fe1–C7

2.214(6) Fe2–C9 1.816(7)Fe2–C7
1.780(7) Fe2–C11 1.745(7)Fe2–C10

1.808(7)Fe3–C12Fe3···C8 2.567
1.792(6)Fe3–C13 1.751(8) Fe3–C14

1.419(9)C1–C2 C1–C6 1.483(8)
C2–C3 1.423(8) 1.381(8)C3–C4

1.534(9)C5–C6C4–C5 1.501(9)

Fe2–P1–C15Fe1–P1–C15 132.9(2)137.4(2)
Fe3–P1–C15 132.3(3) Fe1–C7–O1 151.0(5)

Fe1–C8–O2Fe2–C7–O1 166.2(6)126.7(5)
119.3(5)Fe3–C8–O2

Fig. 2. Molecular structure of [Fe3(CO)8(2-5-h-2,4-hexadiene)(m3-
PtBu)] (14).

(range 2.638(3)–2.701(2)). Iron–iron and iron–phos-
phorus bond lengths compare well with those of other
Fe3 phosphinidine cluster complexes, e.g. [Fe3(CO)10(m3-
PtBu)] (7) [20], [Fe3(CO)9{P(OMe)3}(m3-PtBu)] [20],
[Fe3(CO)9(H)2(m3-PPh)] [19], and [Fe3(CO)9(H)2(m3-
PSiiPr3)] [22]. The coordinated h4-1,3-diene part of the
hexadiene ligands in 14 and 15 is approximately bi-
sected by an approximate plane of symmetry, which
passes through Fe(1), the phosphorus atom and the
middle of the Fe(2)-Fe(3) bond. The open part of the
diene system faces the phosphinidene. In 13, the h4-cy-
clohexadiene is rotated from an analogous position by
about 133°, to minimize steric repulsions between the
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methylene groups and the bulky tert-butyl substituent
on P (Fig. 1). The molecular structure of 13 is similar to
those of [Fe3(CO)8(h4-cyclohexadiene)(m3-NPh)] 17 [16]
and [Fe3(CO)8(h4-cyclohexadiene)(m3-S)] [15]. The
somewhat shorter iron–iron bonds in 17 (average 2.55)
can be explained by the smaller nitrogen atom of the
m3-phenylimido ligand.

In the electron impact mass spectra of 13–15 the
molecular ions are present with low intensity. Consecu-
tive loss of all eight CO ligands is observed. Single
resonances are found in the 31P-NMR spectra in the
region around d=500, typical of m3-phosphinidine lig-
ands. There is only little difference between the 31P
resonances of 14 (d=467.4) and 15 (d=476.4). The
corresponding resonance for 13 is shifted to somewhat
higher field (d=510.2).

The 1H- and 13C-NMR spectral data for 13–15 in
solution show a higher molecular symmetry on the
NMR timescale than was found in the solid state. Only
two multiplets are observed for the ‘inner’ and ‘outer’
CH groups, respectively, of the h4-1,3-diene system in
13, but two separate multiplets are detected for the
methylene groups (due to exo and endo orientations of
the methylene hydrogens). Only one hexadienyl methyl
resonance (d=0.75, JHP=2.1 Hz) is present in the
proton spectrum of 14, again indicating the approxi-
mate mirror symmetry of the coordination site of the
h4-2,4-hexadiene ligand.

2.5. Spectra and proposed structure of complex 16

In the electron impact ionisation mass spectrum of
compound 16, the peak with highest m/z corresponds
to the mass of [14-CO]+ or [15-CO]+, respectively. The
presence of a total of seven CO ligands is indicated by
their sequential loss in the mass spectrum. The IR (nCO)

spectrum is dissimilar from those of 13, 14 and 15, and
shows bands due to terminal and bridging carbonyl
ligands. A 31P-NMR resonance at d=515.9 indicates
the presence of a m3-phosphinidine ligand. The interpre-
tation of the proton NMR data are is complicated by
the overlap of several resonances. The most prominent
feature in the 1H-NMR spectrum is a dublet (JPH=33
Hz) at high field (d= −27.2), obviously due to a
bridging hydride ligand. Apart from the strong reso-
nance due to the tert-butyl group (d=1.95), the rest of
the spectrum consists of five multiplets in the range
4.3]d]−2. Likewise, a large number of 13C-NMR
resonances is observed. Not counting the tert-butyl and
carbonyl signals, six resonances are present in the range
84]d]20.

Based on the mass and NMR spectroscopic data we
assume that 16 is generated from 14 or 15 by loss of
carbon monoxide, followed by intramolecular CH acti-
vation. The presence of a C6 chain in 16 is corroborated
by the results of a series of 1H, 1H double resonance
experiments. The available data do not allow to assign
a unique structure to 16. We propose the presence of a
bridging hexadienyl ligand, coordinated to an iron–
iron edge of the Fe3P cluster core in a 1-3-h3:4,5-h2

fashion. Most likely, the so-called ‘S-conformation’ [23]
of the metal coordinated pentadienyl unit is attained.
The 1-3-h3:4,5-h2 coordination of an unsaturated C5

chain has been observed previously in the cluster com-
plex [Ru5(CO)12(H)(m4-S)(m2-1,5-Me2C5H5)] [24]. The
closely related 1-3-h3:3-5-h3 coordination variant was
found in a similar complex, [Ru6(CO)15(H)(m4-S)(m2-1,5-
Me2C5H5)] [24]. Based on electron bookkeeping rules,
we favour the less symetrical 1-3-h3:4,5-h2 coordination
for 16. In such a structure, all of the iron atoms attain
an 18 valence electron count.

2.6. Reacti6ity of [Fe3(CO)8(h4-1,3-cyclohexadiene)-
(m3-PtBu)] (13)

The formation of the hydrido triiron cluster complex
16 from 14 and 15 shows that intramolecular CH
activation is possible even in a cluster with first-row
transition metals. Therefore, thermal transformation of
the cyclohexadiene ligand in 13 into a cyclohexadienyl
seemed feasible.

When 13 was heated in hexane at 70°C for several
hours, the IR spectra indicated slow decomposition.
Only a small amount of the complex [Fe3(CO)9(H)2(m3-
PtBu)] (9) was isolated after workup. Decomposition of
13 was much faster in boiling toluene. As a product, the
cluster complex [Fe3(CO)9(PtBu)2] [25] was identified.
This complex has been known to be the decomposition
product of many phosphinidene-bridged iron clusters
[26]. Addition of Me3NO to a solution of 13 in methyl-
ene chloride at room temperature did not result in any
changes in the nCO region of the IR spectrum. Heating

Table 2
Selected bond lengths (A, ) and angles (°) for [Fe3(CO)8(1-4-h-1,3-
hexadiene)(m3-P

tBu)] (15) with e.s.d. values in parentheses

2.700(3)Fe1–Fe32.677(2)Fe1–Fe2
2.638(3)Fe2–Fe3 Fe1–P1 2.677(2)
2.161(3)Fe2–P1 Fe3–P1 2.161(3)
2.142(9)Fe1–C1 Fe1–C2 2.042(9)
2.067(9)Fe1–C3 Fe1–C4 2.209(9)
1.784(9)Fe1–C7 Fe1–C8 1.800(9)
2.367(9)Fe2–C7 Fe2–C9 1.797(9)
1.793(9)Fe2–C10 Fe2–C11 1.748(9)

Fe3–C8 1.803(9)Fe3–C122.501(9)
1.773(11)Fe3–C13 Fe3–C14 1.743(10)
1.393(14)C1–C2 C2–C3 1.402(14)
1.356(13)C3–C4 C4–C5 1.494(13)

C5–C6 1.454(13)

136.7(3) Fe2–P1–C15 132.0(3)Fe1–P1–C15
135.2(3)Fe3–P1–C15 Fe1–C7–O1 159.7(8)

Fe2–C7–O1Fe1–C8–O2 121.2(7)163.1(8)
Fe3–C8–O2 121.1(7)
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Fig. 4. Molecular structure of [Fe3(CO)7(h-C6H5Me)(m3-P
tBu)] (18b).

ene ligand in 13 can be transformed into h6-benzene
during the photochemically induced reaction. As a
competing process, substitution of the cyclohexadiene
ligand by the aromatic solvent (benzene or toluene)
takes place. For the reactions carried out in toluene it
also appears likely that substitution of one h6-arene in
18 for another is involved as well.

2.7. Structure and spectra of [Fe3(CO)7(h-C6H5R)-
(m3-PtBu)] (18a) (R=H) and (18b) (R=CH3)

The cluster complex 18b was always obtained as a
non-separable mixture with 18a. Repeated recrystallisa-
tion from n-hexane–toluene resulted in a few single
crystals. The specimen which was selected for an X-ray
crystal structure analysis was found to only contain
complex 18b. The molecular structure is shown in Fig.
4, important bond lengths and angles are collected in
Table 3. There are two independent molecules with very

of the mixture to 40°C resulted in complete
decomposition.

UV irradiation of 13 in benzene for 12 h gave a 7%
yield of the h6-benzene cluster complex [Fe3(CO)7(h-
C6H6)(m3-PtBu)] (18a) after chromatographic workup.
This complex was formed in lower yield when the
irradiation of 13 was carried out in n-heptane solution.
After irradiation of 13 in toluene a 3:7 mixture of 18a
and the toluene derivative [Fe3(CO)7(h-C6H5CH3)(m3-
PtBu)] (18b) was isolated. Clearly, the h4-cyclohexadi-

Table 3
Selected bond lengths (A, ) and angles (°) for [Fe3(CO)7(h-C6H5Me)(m3-P

tBu)] (18b) with e.s.d. values in parentheses

Molecule 1 Molecule 2

2.6294(12) 2.6297(12)Fe4–Fe5Fe1–Fe2
Fe1–Fe3 Fe4–Fe62.6395(12) 2.6384(11)

2.7141(11) Fe5–Fe6Fe2–Fe3 2.7177(12)
Fe1–P1 2.1559(12) 2.1529(12)Fe4–P2

Fe5–P2Fe2–P1 2.1704(11)2.1644(12)
Fe3–P1 2.1653(12) Fe6–P2 2.1665(12)

Fe4–C19···C24Fe1–C1···C6 2.106(3)···2.137(3)2.115(3)···2.139(3)
Fe1–C8 1.887(3)Fe4–C261.885(3)

Fe5–C26 2.172(3)2.251(3)Fe2–C8
Fe2–C9 1.808(3) Fe5–C27 1.808(3)

1.775(3)Fe2–C10 Fe5–C28 1.774(3)
Fe2–C11 1.788(3)Fe5–C291.790(3)

Fe6–C26 2.229(3)2.196(3)Fe3–C8
Fe3–C12 1.806(3) Fe6–C30 1.797(3)

1.787(3)Fe3–C13 Fe6–C31 1.782(3)
1.786(3)Fe3–C14 Fe6–C32 1.782(3)
1.401(4)···1.418(4) C–C (ring, h6-toluene)C–C (ring, h6-toluene) 1.401(4)···1.412(4)

136.06(9)Fe1–P1–C15 Fe4–P2–C33 136.97(10)
133.33(10)134.34(9) Fe5–P2–C33Fe2–P1–C15

Fe6–P2–C33 133.90(10)133.75(10)Fe3–P1–C15
Fe1–C8–O1 140.5(2) Fe4–C26–O8 139.5(2)

128.8(2)Fe2–C8–O1 Fe5–C26–O8 130.3(2)
129.7(2)Fe3–C8–O1 Fe6–C26–O8 128.0(2)
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similar structures in the asymmetric unit. The Fe3P
cluster core consists of an isosceles triangle of iron atoms,
capped by the m3-phosphinidene group. The toluene
ligand is coordinated to an iron atom (Fe(1) and Fe(4),
respectively) in the h6-fashion. The iron–iron bonds
originating from Fe(1)/Fe(4) are significantly shorter
(average 2.63 A, ) than the bond between the two Fe(CO)3

groups (average 2.72 A, ). A m3-CO ligand is capping the
face of the Fe3 triangle which is not occupied by the
phosphinidene ligand. This carbonyl ligand is consider-
ably closer to the Fe(h6-toluene) than to the Fe(CO)3

groups (averages over the two molecules: 1.89 A, versus
2.21 A, ). Such an asymmetrically m3-bridging carbonyl
ligand is also present in a related structure, viz.
[Ru3(CO)7(h6-C6H6)(m3-NPh)] [27]. The toluene ligands
in 18b are bonded to Fe(1)/Fe(4) in the h6-fashion; there
is only little variation in length of their endocyclic
carbon–carbon bonds (DCC(average)=1.41 A, ). The ori-
entation of the methyl group of this ligand with respect
to the rest of the molecule minimises steric repulsions
with the tBuP group.

3. Conclusion

The present work demonstrates that dehydrogenation
of cyclohexadiene to form benzene can be brought about
in the coordination sphere of a triiron cluster without
disruption of the metal core. However, the efficiency of
this process is low, compared to ruthenium and osmium
clusters. This is not unexpected, due to the much lower
CH-activating power of the metals in the first transition
series [2c,28]. Furthermore, the benzene ligand does not
become attached to the metal cluster in the facial
coordination mode, but rather prefers an apical (h6)
coordination. Unfortunately, when complex 13 is gener-
ated from 9, one CO and two hydrogen ligands are
substituted by the cyclohexadiene, rather than two car-
bonyls. Hence, the number of carbonyls that remain in
the Fe3P cluster is too large to accomodate a facial
carbocyclic ligand. In particular, there is not enough
space in the arene complexes 18 for both a bridging CO
and a face capping arene.

4. Experimental

4.1. General procedures

All operations were carried out under an atmosphere
of purified nitrogen or argon (BASF R3-11 catalyst)
using Schlenk techniques. Solvents were dried by conven-
tional methods. Silica used as a stationary phase for
column chromatography was heated to 180–200°C un-
der vacuum for several days and then stored under
nitrogen. Medium pressure liquid chromatography was

carried out with a Büchi 680 system using silica (32–63
mm) as the stationary phase. An all-quartz Normag
falling film UV reactor equipped with a Heraeus TQ 150
high pressure mercury lamp was used for photochemical
reactions. Running tap water was employed as a coolant
(10–15°C). The cluster complexes 8 [18], 9 [19] and 10
[20] were prepared according to literature procedures.
NMR spectra were obtained on Bruker AC 200 (200.1
MHz for 1H, 50.3 MHz for 13C) and JEOL FX90Q (36
MHz for 31P) instruments. 1H and 13C chemical shifts are
reported versus SiMe4 and were determined by reference
to internal SiMe4 or residual solvent peaks. 31P spectra
are referenced to external 85% H3PO4. Infrared spectra
were recorded in CaF2 cells with a Bruker IFS-28 Fourier
transform spectrometer (optical resolution 0.5 cm−1).
Elemental analyses were performed by Mikroanalytis-
ches Labor Beller, Göttingen.

4.2. Preparation of
[Fe3(CO)8(h4-1,3-cyclohexadiene)(m3-PtBu)] (13),
Fe3(CO)8(2-5-h-2,4-hexadiene)(m3-PtBu)] (14) and
Fe3(CO)8(1-4-h-1,3-hexadiene)(m3-PtBu)] (15)

A solution of 1.3 g (2.55 mmol) of [Fe3(CO)9(H)2(m3-
PtBu)] (9) and 2 ml (20.8 mmol) of 1,3-cyclohexadiene in
150 ml of toluene was irradiated at ambient temperature
for 20 h. After filtration, solvent was removed from the
reaction mixture under reduced pressure. The residue was
chromatographed on silica (3×25 cm). A reddish frac-
tion (mainly 9) was washed from the column with
n-hexane. With n-hexane–toluene (9:1) an olive–green
fraction was obtained, to give 30 mg (2.1%) of complex
16 as brown needles after removal of solvent and
recrystallisation from little n-hexane. A red–purple frac-
tion was collected next, which was further separated into
three components using MPLC on silica (5×50 cm,
n-hexane). Three product fractions were collected to give
the complexes 13 (300 mg, 21%, red–brown solid), 15 (50
mg, 3.5%, purple solid) and 14 (60 mg, 4.2%, purple solid)
after removal of solvent. The products were recrystallised
from n-hexane at 0°C.

4.2.1. Complex 13
IR (nCO, cm−1, in n-hexane): 2062 (s), 2019 (vs), 1998

(s), 1979 (s), 1962 (m), 1930 (w), 1851 (w). 1H-NMR (in
C6D6): d=1.18 (m, 2H, CH2-endo), 1.39 (d, JPH=17.3
Hz, 9H, tBu), 1.65 (m, 2H, CH2-exo), 3.31 (m, 2H,
CH), 4.47 (m, 2H, CH). 13C{1H}-NMR (in C6D6):
d=23.3 (CH2), 31.9 (d, JPH=2 Hz, CH3), 46.1 (d,
JPH=7.5 Hz, CMe3), 80.8 (d, JPH=2 Hz, CH), 81.6
(CH), 212.0 (CO), 233.2 (d, JPH=2 Hz, CO). 31P{1H}-
NMR (C6D6) d=510.2. EI-MS: m/z=560 (6%, M+),
504 (7, [M-2 CO]+), 474 (4, [M-3 CO-2 H]+, 446 (4,
[M-4 CO-2 H]+), 418 (40, [M-5 CO-2 H]+), 362 (12,
[M-7 CO-2 H]+), 334 (9, [M-8 CO-2 H]+), 278 (24,
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[M-8 CO-H-tBu]+), 200 (42, [Fe3PH]+), 79 (100,
[C6H7]+). Anal. Calc. for C18H17Fe3O8P (559.846): C,
38.62; H, 3.06; P, 5.53; Found: C, 38.81; H, 3.11; P,
5.50%.

4.2.2. Complex 14
IR (nCO, cm−1, in n-hexane): 2059 (s), 2013 (vs), 1994

(s), 1971 (s), 1957 (m), 1923 (w), 1895 (w). 1H-NMR (in
C6D6): d=0.75 (m, 8H, CH3+CH), 1.53 (d, JPH=17.7
Hz, 9H, tBu), 4.66 (d, 2H, CH). 31P{1H}-NMR (C6D6):
d=467.4. EI-MS: m/z=562 (8%, M+), 534 (11, [M-
CO]+), 506 (26, [M-2 CO]+, 478 (11, [M-3 CO]+), 450
(13, [M-4 CO]+), 422 (60, [M-5 CO]+), 392 (24, [M-6
CO-2 H]+), 364 (26, [M-7 CO-2 H]+), 336 (28, [M-8
CO-2 H]+), 280 (33, [M-8 CO-H-tBu]+), 199 (47,
[Fe3P]+), 82 (22, [C6H10]+), 67 (41, [C6H10-CH3]+).

4.2.3. Complex 15
IR (nCO, cm−1, in n-hexane): 2060 (s), 2014 (vs), 1995

(s), 1973 (s), 1959 (m), 1916 (w), 1899 (w). 1H-NMR (in
C6D6): d= −0.06 (m, 1H, CHendo), 0.59 (t, 3H, CH3),
0.82 (m, 2H, CH2), 1.03 (m, 1H, CHexo), 1.50 (d,
JPH=17.8 Hz, 9H, tBu), 4.59 (m, 1H, CH), 4.95 (m,
1H, CH). 13C{1H}-NMR (in C6D6): d=16.7
(CH2CH3), 26.5(CH2CH3), 33.1 (d, JPH=2 Hz,CCH3),
44.3 (d, JPH=3 Hz, CMe3), 74.8 (CH), 77.2 (d, JPH=2
Hz, CH), 85.6 (CH), 91.3 (CH), carbonyl carbons were
not detected. 31P{1H}-NMR (C6D6) d=476.4. EI-MS:
m/z=562 (1%, M+), 534 (1, [M-CO]+), 506 (3, [M-2
CO]+, 478 (1, [M-3 CO]+), 450 (1, [M-4 CO]+), 422 (6,
[M-5 CO]+), 392 (3, [M-6 CO-2 H]+), 364 (4, [M-7
CO-2 H]+), 336 (4, [M-8 CO-2 H]+), 280 (5, [M-8
CO-H-tBu]+), 199 (9, [Fe3P]+), 82 (51, [C6H10]+), 67
(100, [C6H10-CH3]+).

4.2.4. Complex 16
IR (nCO, cm−1, in n-hexane): 2042 (s), 2012 (vs), 1989

(vs), 1972 (m), 1961 (m), 1936 (br,w). 1H-NMR (in
C6D6): d= −27.16 (d, JPH=33 Hz, 1H, FeHFe), −
1.95 (t, 1H, CH), 1.84 (d, 3H, CH3), 1.95 (d, JPH=18.2
Hz, 9H, tBu), 2.7 (m, 3H, CH), 3.80 (m, 1H, CH), 4.28
(d, 1H, CH). 13C{1H}-NMR (in C6D6): d=20.4 (CH3),
32.5 (d, JPH=4 Hz, CCH3), 36.9 (CH), 45.8 (d, JPH=3
Hz, CMe3), 60.0 (CH), 75.5 (CH), 76.3 (CH), 83.6
(CH), 212.6 (CO). 31P{1H}-NMR (C6D6) d=515.9.
EI-MS: m/z=534 (1%, M+), 506 (6, [M-CO]+), 478 (4,
[M-2 CO]+, 450 (2, [M-3 CO]+), 422 (12, [M-4 CO]+),
392 (8, [M-5 CO-2 H]+), 364 (9, [M-6 CO-2 H]+), 336
(10, [M-7 CO-2 H]+), 280 (11, [M-7 CO-H-tBu]+), 199
(18, [Fe3P]+), 82 (10, [C6H10]+), 67 (23, [C6H10-CH3]+).

4.3. Con6ersion of Fe3(CO)8(2-5-h-2,4-hexadiene)-
(m3-PtBu)] (14) and Fe3(CO)8(1-4-h-1,3-hexadiene)-
(m3-PtBu)] (15) into complex 16

An approx. 5:1:1 mixture of the complexes 13, 14 and

15 (360 mg) was heated in n-hexane at 80°C for 1 h. IR
analysis of the reaction mixture indicated complete
conversion of 14 and 15 into 16. The product 16 (50
mg) was separated from unreacted 13 (300 mg) by
column chromatography on silica (3×25 cm; n-hex-
ane–toluene, 9:1).

4.4. Preparation of
[Fe3(CO)8(h4-1,3-cyclohexadiene)(m3-PtBu)] (13) from
[Fe3(CO)10(PtBu)] (10) and 1,3-cyclohexadiene

A toluene solution (50 ml) of 10 (200 mg, 0.4 mmol)
and 1,3-cyclohexadiene (0.5 ml, 5.2 mmol) was heated
to 120°C for 6 h. Solvent was removed under vacuum
to give an oily residue, which was chromatographed on
silica (3×25 cm). A reddish band was washed from the
column with n-hexane–toluene (9:1). With n-hexane–
toluene (1:1) a dark-red fraction was obtained, to give
13 (30 mg, 14%) as dark-red crystals after removal of
the solvent under vacuum and recrystallisation from
n-hexane.

4.5. Photolysis of
[Fe3(CO)8(h4-1,3-cyclohexadiene)(m3-PtBu)] (13).
Preparation of [Fe3(CO)7(h6-C6H5R)(m3-PtBu)] (18a)
(R=H) and 18b (R=Me)

A solution of 13 (150 mg, 0.3 mmol) was irradiated
with a mercury lamp for 12 h. Solvent was removed
under vacuum and the residue chromatographed on
silica (3×25 cm). Unreacted 13 was washed from the
column with n-hexane–toluene (1:1). With toluene a
brown fraction was obtained which gave the product(s)
18 as brown platelets after removal of solvent and
recrystallisation from n-hexane/toluene.

4.5.1. Photolysis in benzene solution
Following the above procedure 10 mg (7%) of 18a

was obtained.
Complex 18a: IR (nCO, cm−1, in n-hexane): 2051 (vs),

2011 (s), 1989 (s), 1975 (m), 1959 (s), 1946 (m). 1H-
NMR (in C6D6): d=1.57 (d, JPH=17.3 Hz, 9H, tBu),
4.81 (d, JPH=0.7 Hz, 6H, C6H6). 13C{1H}-NMR (in
C6D6): d=31.8 (CCH3), 42.0 (CMe3), 92.1 (C6H6),
215.0 (CO). 31P{1H}-NMR (C6D6): d=525.7. EI-MS:
m/z=530 (2%, M+), 502 (9, [M-CO]+), 418 (23, [M-4
CO]+), 390 (7, [M-5 CO]+), 362 (3, [M-6 CO]+), 334
(12, [M-7 CO]+), 278 (23, [M-7 CO-C4H8]+), 199 (51,
[Fe3P]+), 78 (82, [C6H6]+).

4.5.2. Photolysis in toluene solution
Following the above procedure 30 mg of an unsepa-

rable 30:70 mixture of 18a and 18b was obtained.
Complex 18b: IR (nCO, cm−1, in n-hexane): 2051 (vs),

2011 (s), 1989 (s), 1975 (m), 1959 (s), 1946 (m). 1H-
NMR (in C6D6): d=1.62 (d, JPH=17.3 Hz, 9H, tBu),
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Table 4
Details of the crystal structure determinations of [Fe3(CO)8(h4-1,3-cyclohexadiene)(m3-P

tBu)] (13), [Fe3(CO)8(1-4-h-1,3-hexadiene)(m3-P
tBu)] (15)

and [Fe3(CO)7(h-C6H5Me)(m3-P
tBu)] (18b)

13 15 18b

C18H19Fe3O8PFormula C18H17Fe3O7PC18H17Fe3O8P
Crystal system TriclinicTetragonal Triclinic

P1( P1(P41212Space group
Unit cell dimensions

a (A, ) 11.255(6) 8.803(6) 8.729(4)
b (A, ) 9.601(6) 15.495(8)

13.879(10)34.666(17) 15.589(8)c (A, )
a (°) 88.46(6)90 95.01(2)

78.06(6)90 100.57(2)b (°)
90g (°) 84.69(5) 90.10(2)

1146.2(13)V (A, 3) 2064.5(18)4391(4)
28 4Z

559.84Mr 561.85 543.84
Dcalc (g cm−3) 1.649 1.628 1.750

5682256 1096F000

2.07m(Mo–Ka) (mm−1) 1.98 2.19
X-radiation, l (A, ) Mo–Ka, graphite-monochromated, 0.71069

AmbientAmbient −70Data collection temperature (°C)
3–502u Range (°) 3–503–54

h, k, l-Range −105h510, −115k511,−105h514, −75k510, −105h510, −185k518,
−305l544 05l516 05l518

Reflections measured
40403446 7272Unique

2677Observed 2126 6146
Parameters refined 280278 535
R-values

0.040R (observed reflections) 0.061 0.027
0.082wR2 (all reflections) 0.133 0.062

w=1/[s2(F)+(AP)2+BP ]
0.04, 0.5 0.0266, 1.05A, B 0.0213, 4.35

max((Fo
2, 0)+2Fc

2))/3P
GoF 1.0121.081 1.009
Largest difference peak and hole (e 0.46/−0.37 0.42/−0.41 0.29/−0.31

A, −3)

1.78 (s, 3H, PhCH3), 4.68 (m, 3H, toluene), 4.80 (m,
2H, toluene). 31P{1H}-NMR (C6D6) d=525.8.

4.6. Crystal structure determinations

Single crystals were grown from n-hexane solutions
at 0°C (complexes 14 and 15) or by temperature pro-
grammed slow cooling (25–0°C, 1°C h−1) (complexes
13 and 18b). Intensity data were collected on a Siemens-
Stoe AED2 four-circle diffractometer and corrected for
Lorentz, polarisation and absorption effects (Table 4).
A semi-empirical absorption correction was applied
(c-scans).

The structures were solved by direct methods, and
refined by full-matrix least-squares based on F2 using
all measured unique reflections. All non-hydrogen
atoms were given anisotropic displacement parameters.
Hydrogen atoms were input in calculated positions.

The calculations were performed using the programs
SHELXS-86 and SHELXL-97 [29]. Graphical representa-
tions were drawn with SCHAKAL-92 [30].

5. Supplementary material

Crystallographic data (excluding structure factors)
for the structures reported in this paper have been
deposited with the Cambridge Crystallographic Data
Centre, CCDC no. 144808 for compound 13, CCDC
no. 144809 for compound 15 and CCDC no. 144810 for
compound 18b. Copies of this information may be
obtained free of charge from the Director, CCDC, 12
Union Road, Cambridge, CB2 1EZ, UK (fax: +44-
1223-336-033; e-mail: deposit@ccdc.cam.ac.uk or http:
//www.ccdc.cam.ac.uk).
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Pritzkow, Organometallics 10 (1991) 861. (c) H. Wadepohl, T.
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