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Whereas in the chemistry of acetylene complexes of iron,
compound 1 containing a C2Fe2 tetrahedrane framework and
a FeÿFe double bond was prepared and crystallographically
characterized already in 1976,[1] for the iso(valence)electronic
and isolobal (HC !� P, HC�CH �̂ :P�P :) diphosphadiferra-
tetrahedranes only the complex 2 with a FeÿFe single bond
and additional P-coordination is known.[2]

Diphosphadimetallatetrahedranes of the type [{LnM}2-
(m-h2:h2-P2)] (LnM� 15 valence-electron(VE) fragment)[3]

synthesized to date all display MÿM single bonds, and with
six skeleton electron pairs (SEPs) for the tetrahedral M2P2

framework are considered as nido clusters. According to
theoretical investigations a decrease (5 SEPs) as well as an
increase (7 SEPs) in the number of electrons in the skeleton
lead to changes of the M2P2 framework.[4]

Experimental Section

General procedure for the alkoxycarbonylation of chloroarenes: the
corresponding chloroarene (7 mmol), n-butanol (14 mL), [PdCl2(PhCN)2]
(13.4 mg, 0.035 mmol, 0.5 mol %), and ligand 4 (84.9 mg, 0.140 mmol,
2 mol %) were added to a Schlenk flask under argon (orange solution).
Sodium carbonate (2.226 g, 21 mmol, 3 equiv) and molecular sieves (4 �,
ca. 3 g) were added to the reaction autoclave. Following evacuation and
replacement with argon (three cycles) the reaction mixture was transferred
with a PVC hose (Æ� 2 mm) under a slight excess pressure of argon from
the Schlenk flask into the autoclave. The autoclave was closed and heated
to the reaction temperature (145 8C). The reaction pressure (1 bar CO) was
held constant by means of a CO reservoir, connected to the autoclave by a
pressure regulator. After 16 h reaction time the autoclave was cooled to
room temperature and the yellow orange mixture diluted with dichloro-
methane (70 mL). After washing with water (70 mL) the aqueous phase
was extracted with dichloromethane (2� 20 mL), and the combined
organic phases were dried over magnesium sulfate, filtered, and concen-
trated under reduced pressure. The crude product was then purified by
column chromatography (silica gel, EtOAc/hexane).
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If the thermolysis time for the reaction with butterfly
molecule 3 is reduced from about 3 h to about 45 min, the
diphosphadiferratetrahedrane 4 with a FeÿFe double bond
(formally a diphosphadimetallatetrahedrene) is obtained in
18 % yield together with the known complexes [Cp'''Fe-
(h5-P5)] (5) and [{Cp'''Fe}2(m-h4:h4-P4)] (6) (Scheme 1).[5]

Scheme 1. Preparation of complexes 4 and 7 from the butterfly molecule 3.
[Fe]�Fe(CO)2Cp''', Cp'''� 1,2,4-tBu3C5H2, R� tBu.

Complex 4 forms air- and light-sensitive green crystals,[6]

which are soluble to very soluble in n-hexane, toluene, and
dichloromethane. The m-CO band occurs at 1761 cmÿ1 in the
IR spectrum and a singlet appears at d� 776.3 in the 31P{1H}
NMR spectrum. Compound 4 has 5 SEPs; thus, one less
than 2.[4a]

The crystal structure analysis[7] for the tetrahedral Fe2P2

framwork (Figure 1) of 4 revealed a PÿP bond length of
2.064(2) � (see also ref. [3]), which is therefore slightly
shorter than that in 2 (2.09 �).[2] The FeÿFe bond length of
2.3944(10) � lies in the range for FeÿFe double bonds and is
slightly longer than that in 1 (2.32 �), but considerably shorter
than that in 2 (2.605 �). The iron atoms are almost sym-
metrically bridged (Fe1ÿC1 1.9236(6), Fe2ÿC1 1.914(6) �) by
the CO ligand; their distances to the phosphorus atoms
(2.2867(16) ± 2.2948(17) �) are on average 2.29 � (2.28 � for
2).[2] The planar Cp''' five-membered rings deviate by 16.78
from a parallel arrangement and the Fe1-Fe2-Cp'''centroid as well
as Fe2-Fe1-Cp'''centroid angles by 7.3 and 7.28, respectively, from
linearity.

The P2 building block of 4 is split photochemically under
elimination of CO to a complex with two bent m-P ligands

Figure 1. Structure of 4 in the crystal. Bond lengths [�] and angles [8]: Fe1-
Fe2 2.3944(10), Fe1-P1 2.2915(18), Fe1-P2 2.2867(16), Fe2-P1 2.2890(19),
Fe2-P2 2.2948(17), P1-P2 2.064(2), Fe1-C1 1.923(6), Fe2-C1 1.914(6), Fe1-
Cp'''centroid 1.75, Fe2-Cp'''centroid 1.74; Fe1-P1-Fe2 63.03(5), Fe1-P2-Fe2 63.02(5),
P1-Fe1-P2 53.60(6), P1-Fe2-P2 53.53(6), Fe1-C1-Fe2 77.2(2), Fe1-Fe2-
Cp'''centroid 172.70, Fe2-Fe1-Cp'''centroid 172.80.

(!7, Scheme 1; the question still remains unanswered as to
whether this formally involves the formation of a P2Fe2

tetrahedrane with a FeÿFe triple bond). Although there are
a few complexes with m3-P ligands,[3, 8, 10] the only comparable
example with such a m-P bridging ligand is [{(ArO)2W}2-
(m-P){PCtBuP(OAr)2}] (8), which was prepared from tBuC�P
and [{(ArO)3W}2](W�W).[9]

The dark green crystals of 7 show solubility behavior similar
to that of 4.[6] The 31P{1H} NMR signal of 7 at d�1406.9 is
shifted to extremely low field (see also ref. [10]), and
compared to the signal of the starting material 4 it is shifted
by 630.6 ppm. The crystal structure analysis of 7 (Figure 2)
reveals a rhombic Fe2P2 four-membered ring,[7] in which the

Figure 2. Structure of 7 in the crystal. Bond lengths [�] and angles [8]: Fe1-
Fe2 2.5004(4), Fe1-P1 2.1069(7), Fe1-P2 2.0994(7), Fe2-P1 2.1068(7), Fe2-
P2 2.1015(8), Fe1-Cp'''centroid 1.73, Fe2-Cp'''centroid 1.73; Fe1-P1-Fe2 72.80(2),
Fe1-P2-Fe2 73.06(2), P1-Fe1-P2 107.06(3), P1-Fe2-P2 106.99(3).

atoms deviate from the least squares plane by at most
0.0211 �. The normals of the Fe1-Fe2-P1 plane and that of the
Fe1-Fe2-P2 plane form an angle of 2.88. The Fe1ÿFe2 bond
length of 2.5004(4) � corresponds almost exactly to the
average value from that in 2 (single bond) and that in 4
(double bond). If the bent m-P ligands are each considered as
3eÿ donors, then for the diamagnetic complex 7 the two Fe
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The dimerization of radical ions of conjugated aromatic
systems has been discussed in the literature for more than
20 years.[1±10] In the case of radical cations, experimental data
have led many authors to postulate the formation of weakly
reacting p dimers. This assumption, however, is not able to
fully explain the experimental results. In the case of radical
anions, by contrast, the formation of covalently bonded
s dimers is generally accepted.[2, 11±18] This controversy over
the s or p dimerization of radical ions is unresolved primarily
as a consequence of the widely held view that because of
coulombic repulsion between charged molecules only weak
reactions are possible. This argument overlooked and over-
looks first the presence of the counterions, which drastically
diminish repulsion, and second that even in moderately polar
solutions the level of coulombic interactions is low compared
to the gas phase.

Interpretations of the measurements of radical cations in
connection with the p-dimer hypothesis are based almost
exclusively on the results for UV/Vis spectra obtained at
different temperatures. Contrary to expectations, in UV
spectra dimerization is usually detected in the short-wave

atoms achieve 18 VE when one formally postulates a FeÿFe
double bond. As expected, in the transition from 4 to 7 a
considerable shortening occurs of the FeÿP distances (FeÿP
2.29 and 2.10 � (av), respectively; multiple bond contribu-
tions). In 7 the angles at the P atoms (Fe-P-Fe 72.80(2),
73.06(2)8) are considerably smaller than those at the Fe atoms
(P-Fe-P 107.06(3), 106.99(3)8). The almost ideally eclipsed
Cp''' five-membered rings (Figure 2) deviate only slightly
(2.38) from a parallel orientation and are arranged almost
orthogonal (91.5, 89.28) to the four-membered ring.

Experimental Section

4 : Compound 3 (970 mg, 1.19 mmol) was dissolved in decalin (ca. 150 mL)
and heated under stirring to 190 8C (reflux). After about 45 min the CO
bands of the starting material 3 were no longer visible by IR spectroscopy.[5]

The solvent was removed under vacuum. The red-brown residue was
dissolved in dichloromethane (ca. 10 mL) and the solution was treated with
silylated silica gel (ca. 2 g). The mixture was transferred to a column (20�
2 cm) filled with silica gel and petroleum ether. At ÿ20 8C (cryostat) a pale
green fraction, which contained 5 (60 mg, 12%), was eluted with petroleum
ether. Compound 6 (370 mg, 44 %) was obtained as the second, dark red
fraction with petroleum ether/toluene (20/1). Compound 4 (150 mg, 18%)
was eluted as a dark green solution with petroleum ether/toluene (10/1),
and was recrystallized from hexane.

7: A dark green solution of 4 (150 mg, 0.22 mmol) in toluene (ca. 120 mL)
was photolyzed at room temperature (150-W mercury high-pressure lamp).
After 4.5 h the band for the bridging CO ligand of the starting material was
no longer detected in the IR spectrum of the reaction mixture. The solvent
was removed under vacuum, and the residue was taken up in heptane. A
pale brown insoluble solid was separated on a frit; owing to its poor
solubility this could not be characterized further. Compound 7 (90 mg,
63%) was obtained as a yellow-brown powder from the eluate, and was
recrystallized from hexane.
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