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The reaction of the phosphido-bridged metal carbonyl [FeRh(CO)ö(At-PBu2)] (1) with dppm
[dppm = bis(diphenylphosphino)methane] leads to the heterobimetallic complex [FeRh(/zCO)(CO)3()U-PBu2)(/i-dppm)] (2) in good yields. The molecular structure of 2 was determined
at room temperature [triclinic, space group Pi, a = 9.509(6), b = 13.637(5), c = 14.926(8) A,
q = 81.38(4), ß = 82.75(4), 7 = 71.25(4)°]. The compound acts as a homogeneous catalyst
precursor in the hydroformylation reaction of ethylene, but it decomposes during this process.

Introduction
Heterobimetallic complexes are of current in
terest in view of their site-selective reactivity and
synergetic effects in catalytic reactions. The lig
and bis(diphenylphosphino)methane (dppm) is one
of the most commonly used diphosphines in “sta
bilizing” the integrity of such di- and polynuclear
transition-metal frameworks [1]. Recently, we re
ported the synthesis and X-ray crystal structure
of the phosphido-bridged heterobimetallic com
plex [FeRh(CO)6 (^-PBu2)] (1) [2,3]. With respect
to the 18-electron rule, the latter compound pos
sesses an electronically unsaturated Rh atom, how
ever, no addition reaction of carbon monoxide to
this metal center could be realized. On the con
trary, substitutions occur instead. For instance, re
action of 1 with ButPH afforded the complex
[FeRh(//-CO)(CO)4 (^-PBu,2 )(Bu^PH)] (3) in quan
titative yield [2]. We therefore became interested
in a reaction with the diphosphine dppm in order
to increase the stability of the bimetallic core to
wards fragmentation in catalytic reactions. Up to
now only few dinuclear dppm-bridged FeRh com
plexes have been described. The number of reports
on phosphido-bridged dinuclear FeRh systems is
generally quite low [3-5].
In this paper we describe the reaction of
[FeRh(CO)6 (^-PBu2)] (1) with dppm resulting in
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the formation of [FeRh(^-CO)(CO)3 (//-PBu 2 )(/idppm)] (2). The molecular structure of 2 is reported,
and attempts to use this compound as a catalyst pre
cursor in the homogeneous hydroformylation reac
tion of ethylene are described.
Results and Discussion
Treatment of 1 with equimolar amounts of dppm
in THF (or hexane) at room temperature results in
effervescence, and the colour of the solution turns
immediately from yellow to orange. Crystalliza
tion from hexane yields an orange powder which
was identified by elemental analysis and spectro
scopic means as [FeRh(^-CO)(CO)3 (/i-PBu2)(^dppm)] (2 ), eq. ( 1 ).
[FeRh(CO)6 (/i-PBu2)] + dppm —■>
1

[FeRh(^-CO)(CO)3 (^-PBu 2 )(/i-dppm)] + 2CO (1)

2
The infrared spectra of 2, recorded in the solid
as well as in solution state show besides the u(CO)
absorptions in the region characteristic for terminal
carbonyls a band indicating a bridging carbonyl lig
and (KBr: 1752, CH2 CI2 : 1758 cm-1 ). This result
could be confirmed by the X-ray analysis (vide in
fra). Since this band is observed both for the solid
and solution, it is reasonable to assume that the
molecular structure of 2 in the solid does not differ
significantly from that in solution.
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Table I. Selected bond lengths [A] and bond angles [°]
for [FeRh(^-CO)(CO)3(/i-PBu2)(^-dppm)] (2).
Fe-Rh
Fe-P(l)
Rh-P(l)
Fe-P(2)
Rh-P(3)
C(l)-P(2)

Fig. 1. The molecular structure of [FeRh(^-CO)(CO)3(^PBujX/x-dppm)] (2).

In the 3 IP {'H } NMR spectrum (C6 Ö6 ) complex
2 exhibits signals with chemical shifts at 6 252.2
(ddd), 69.2 (dd), and 27.4 (ddd). The peak pattern
at <5 = 252.2 illustrates couplings of the phosphidobridging phosphorus to the Rh atom (7piRh = 188.9
Hz) and the remaining two P atoms of dppm (Vpip3
= 120.8 Hz; 27 pip2 = 44.8 Hz), respectively. The
signal at 6 = 69.2 is assigned to the P atom bonded
to iron (2Jp\p2 = 44.8 Hz; 27 p2 p3 = 102.4 Hz) and the
resonance at 6 = 27.4 to the P atom coordinated to
rhodium (./p3 Rh = 189.8 Hz; ~./pip3 = 120.8 Hz; ~Jp2 P3
= 102.4 Hz). The coupling of the rhodium nucleus
with the P atom of the dppm bonded to iron is very
small. These 31P NMR data agree well with those
observed for the compounds [FeRh(//-CO)2 Cl2 (/idppm)(r/5 -MeCp)] (4)[4], [FeRh(CO)5 Cl(/i-dppm)]
(5) [6], [FeRh(/i-CO)2I2(M ppm)Cp] (6) [7] and
[FeRh(CO)4(Ai-PCy2)(PPh3)2] (7) [8], The molecu
lar core of the latter is closely related to that of 2,
but for 7 a cis orientation of the phosphine ligand
at the rhodium to the phosphido bridge was found.
Therefore a small coupling 7(pp)(M_Rh) of 19.4 Hz is
observed for 7 [8] (vs. 120.8 Hz for 2).
The 1H NMR spectrum of compound 2 shows the
expected signals corresponding to phosphido bridge
and the dppm ligand with relative peak areas of 1 : 1
(vide infra). In the mass spectrum (70 eV El) of
2 no molecular ion peak could be observed (peak
detected with the largest mass: m/z = 716, probably
[M -3CO]+).

2. 565(2)
2. 278(3)
2. 276(3)
2. 223(3)
2. 318(3)
1. 865(9)
Fe-Rh-P(l)
55.76(8)
Rh-Fe-P(l)
55.68(7)
Fe-Rh-C(5)
45.5(3)
Rh-Fe-C(5)
54.2(3)
Rh-P(3)-C(l) 112.3(3)
Fe-P(2)-C(l)
114.0(3)
P(l)-Fe-P(2)
154.19(11)
P(l)-Rh-P(3)
150.08(10)
Rh-Fe-P(2)
98.89(8)
Fe-Rh-P(3)
96.02(8)
P(2)-C(l)-P(3) 116.2(5)
Fe-C(2)-0(2) 177.1(8)
Fe-C(3)-0(3) 175.8(9)
Fe-C(5)-0(5) 155.8(8)

Molecular structure
PBujX/i-dppm)] (2)

C(l)-P(3) 1. 860(9)
Fe-C(2)
1.775(11)
Fe-C(3)
1.776(13)
Fe-C(5)
1.855(11)
Rh-C(5) 2. 110(9)
Rh-C(4)
1.827(13)
Rh-C(4)-0(4) 173.0(9)
Rh-C(5)-0(5) 123.4(7)
C(2)-Fe-C(5) 106.0(4)
C(2)-Fe-C(3) 100.2(4)
C(3)-Fe-C(5) 153.5(4)
C(3)-Fe-P(l)
93.7(3)
C(2)-Fe-P(l) 101.1(3)
C(5)-Fe-P(l)
85.4(3)
C(4)-Rh-C(5) 124.1(4)
C(4)-Rh-P(l) 105.7(3)
C(4)-Rh-P(3) 104.0(3)
C(5)-Rh-P(l) 80.0(3)
C(5)-Rh-P(3) 86.3(3)
C(5)-Fe-P(2)
81.6(3)

o f [FeRh(fi-CO)(CO)T,(ii-

Compound 2 crystallizes from ethyl acetate /
ethanol mixtures in the triclinic space group Pi
with two molecules in the unit cell. Two phenyl
groups, with the ipso carbon atoms C26 and C38,
are disordered and were assumed to lie in two dif
ferent orientations with the same probability. Figure
1 shows one of the possible orientations. Selected
bond lengths and angles are listed in Table I.
The FeRh unit is triply-bridged by a carbonyl,
a phosphido group and a /i-dppm ligand. The
P(l)FeP(2)P(3)Rh core is nearly planar with a di
hedral angle of 171.6° between the planes Fe, P(2),
P(3), Rh / Fe, P( 1), Rh. Inspection of the other planes
defined by the FeRh vector and one or two bridging
phosphorus atoms and the C(5) atom, respectively
[Fe, P (l), Rh / Fe, C(5), Rh = 112.0° and Fe, P(2),
P(3), Rh / Fe, C(5), Rh = 76.4°], shows that the
bridging carbonyl group moves aside due to the sterical demands of the phosphido ligand. Neglecting
the FeRh bond, the overall geometry for this com
plex can be considered as combination of a distorted
trigonal-bipyramidal coordination sphere at the Fe
atom and a quite irregular coordination geometry
at the Rh center. Obviously, the bridging dppm lig
and prevents the formation of a nearly square-planar
coordination geometry at Rh as observed in other
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closely related complexes like 3, 5 and 7. Despite
the presence of the bulky phosphido bridge the FeRh
distance of 2.565(2) A in 2 is shorter than those
observed for similar dppm-bridged compounds (4,
2.611(2); 5, 2.699(4); 6 , 2.616(3) A) and compara
ble phosphido-bridged FeRh systems (1, 2.618(1);
3, 2.670(1) [9]; 7, 2.660(1) A), respectively. This
shortening is probably caused by the triple-bridge
including ß -PR2 and //-dppm.
Another remarkable feature in the solid state
structure of 2 is the semibridging carbonyl ligand.
Note that in the infrared spectrum (both solid and
solution) a strong band more indicative of a bridg
ing carbonyl group is observed (vide supra). With
the exception of compounds 1 and 5, the infrared
spectra of other related complexes (3, 4, 6 and 7)
show bands suggesting consistently semibridging
carbonyls. We assume that the low value of the
semibridging u(CO) of 2 is caused by an increased
electron density induced by the presence of the ßPBu2 group (in combination with the bridging dppm
ligand). Using the criterion of the “asymmetry pa
rameter” a for semibridging carbonyls (defined as
a = {d.2 ~d\ )/d 1 , where d\ is the shorter and ^2 is the
longer M-C distance, with 0.1 < a < 0.6 [10]) re
sults in a = 0.137 for the ligand C(5)-0(5). The bond
angles Fe-C(5)-0(5) = 155.8(8) and Rh-C(5)-0(5)
= 123.4(7)° and the angle Rh-Fe-C(5) of 54.2(3)°
are additional indicators of a semibridging nature
of this carbonyl group [11]. Generally, the distinc
tion between bridging and semibridging (see 2 ) or
semibridging and terminal (see 1 ) is very nebulous
near the extremes. Structures of many metal car
bonyls show a smooth gradation from one extreme
to the other with no discontinuities [ 1 0 , 1 1 ].
With respect to the explanation of this semi
bridging effect, the following general remarks can
be made for complexes 1 - 7. In order to satisfy
the 18e/16e rule at the Fe(0) and Rh(I) centers, re
spectively, the FeRh bond is formulated best as a
donor / acceptor interaction (dative bond from a
filled orbital on Fe to an empty coordination site at
Rh). The imbalance of charge induced by this dative
bond is redressed by the semibridging nature of one
(or more) carbonyl ligand(s) [ 1 2 ].
Catalytic investigations
By introducing a dppm ligand we expected to ob
tain a dinuclear species more stable towards frag

mentation in catalytic reactions. The short FeRh
bond observed in the X-ray diffraction study (vide
supra) is indeed suggesting a strong metal metal in
teraction. The compound was therefore investigated
as a catalyst precursor in the homogeneous hydroformylation reaction of ethylene. Experiments with
2 at 15 bar C 2 H4 , 15 bar CO and 10 bar H2 in
benzene for 24 h showed catalytic activities even
at room temperature with turnover numbers (TON)
up to ca. 90. Increasing the reaction temperature
to 65°C (during 6 h) resulted in TON up to ca.
530. Exclusive formation of propionaldehyde could
be detected by gas chromatography. The investi
gation of the reaction residues by 31P NMR spec
troscopy (after evaporation of the volatile compo
nents) showed a complete decomposition of 2 , prob
ably in mononuclear compounds even for the reac
tion at room temperature. These residues showed
comparable activities in this process, and therefore
it appears that mononuclear complexes are the catalytically active species. Carbon monoxide alone is
probably not responsible for the fragmentation of
the bimetallic core since no reaction of CO with 2
has been observed even at elevated pressure (e.g. 65
bar CO, 4 h, 25°C, benzene).
Experimental
General
All reactions were performed under argon using con
ventional Schlenk techniques. Solvents were dried over
sodium benzophenone ketyl or over molecular sieves and
distilled in an argon atmosphere prior to use. Starting ma
terials were either commercially available or were pre
pared as described elsewhere: [FeRh(CO)6(//-PBu 7)] ( 1 )
[2], IR spectra were obtained using a Mattson 5000 in
strument. 1H NMR and 31P NMR spectra were recorded
on a UNITY 500 spectrometer ( 1H at 499.88,31P NMR at
80.95 MHz). The mass spectra were obtained on a Hitachi
Perkin Elmer RMU 6 , Nermag R 30-10 instrument. The
elemental analyses were performed by the Analytisches
Laboratorium des Pharmazeutischen Institutes, MartinLuther-Universität Halle.
Catalytic hydroformylation reactions were carried out
in a 100 ml steel autoclave (Roth) equipped with manome
ter and heating jacket combined with a magnetic stir
rer. Hydroformylation products were identified by gas
chromatography using the gas chromatograph Dani 86 .10
(FID, carrier gas helium; column: SPB1, 60m x 0.25 mm,
0.25 mm film).
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Table II. Crystal data and details of intensity collections
and structure refinement for complex 2.
Empirical formula
Formula weight
Crystal system
Space group (No.)
Unit cell dimensions
«[A ]
M A]
c [A]
a[°]
ß[°]
7 n

v [A3]

Z
Pcalc [gCm_?]
F(000) [e]
Absorption coefficient
)u(M oKq ) [mm-1 ]
Temperature [K]
Radiation [A]
20-range
hkl Range

C37H4oFe04P3Rh
800.05
triclinic
Pi (No. 2)
9.509(6)
13.637(5)
14.926(8)
81.38(4)
82.75(4)
71.25(4)
1806(2)
2
1.435
780
1.028

293
MoKQ, A = 0.71073
1.59 to 20.00°
-8< h < 9, -12 < k < 13,
0 < / < 14
Reflections collected
3359
Independent reflections
3359
Data / restraints / parameters 3345 / 0 / 338
Goodness-of-fit on F 2
1.165
R indices (all data)
R\ = 0.0720,
wRi = 0.1428
Max. / min. residual
0.751 /-0.721
electron density [eA3]
Preparation o f [FeRh(p-CO)(CO)i(p-PBur2)(p-dppm)]
(2)
A sample of [FeRh(CO)6(A<-PBu^] (1) (236 mg, 0.5
mmol) was dissolved in 20 ml of THF in a Schlenk tube
and dppm (192 mg, 0.5 mmol) was added. Effervescence
occured, and the colour of the solution changed imme
diately from slight yellow to deep orange. The mixture
was stirred at r.t. for 1 h. After removal of the solvent to
dryness the residue was treated with 20 ml of pentane,
filtered and dried in vacuo to give an orange powder, m.p.
215-217°C (dec.). - Yield: 340 mg (85%).
C 37H40FeO 4P 3Rh (800.05)
Calcd C 55.50 H5.04 P I 1.61%,
Found C 56.01 H4.96 P I 1.95%.
Spectroscopic data for 2: IR CO): 1937vs, 1876vs
and 1752s (KBr); 1941vs, 1883s and 1758m (CH 2C12)
cm“ 1; 'H NMR (CDCI3): 6 7.63 - 7.02 (m, 20H,
/ >/72PCH 2P/}/J2), 8 3.38 (dd, 2H, 27PH = 12.3 Hz, 27PH
= 8.1 Hz, Ph2PC // 2PPh2), 6 1.20 (d, 18H, 3/ PH = 12.7
Hz, p-PBu'2); 3IP{'H}NMR (C6D6): 6 252.2 [ddd, 2yP,P3
= 120.8 Hz, yP,Rh = 188.9 Hz, 2/ P]P2 = 44.8 Hz, PI, p-
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PBu^], 6 69.2 [dd, 27PIP2 = 44.8 Hz, 2J P2P3 = 102.4 Hz,
P2, Fe-P], 6 21A [ddd, 27PIP3 = 120.8 Hz, 2/ P2P3 = 102.4
Hz, yP3Rh = 189.8 Hz, P3, Rh-P], MS: 716 (M+ - 3CO);
688 (M+- 4 CO); 632 (M+- 4 CO, - Fe).
Catalytic hydroformylation o f ethylene
a) Reaction at r.t.: 2 (100 mg, 0.125 mmol) was dis
solved in 10 ml of benzene and the mixture was trans
ferred into a glass tube containing a magnetic stir bar and
placed into an autoclave. The reaction vessel was closed
and flushed slowly three times with argon and the weight
of the autoclave together with the solution was deter
mined. The mixture was pressurized with 15 bar ethylene
and the autoclave was weighed once more. Then the auto
clave was pressurized with 15 bar carbon monoxide and
10 bar hydrogen and stirred at r.t. for 24 h. During this
period the pressure in the autoclave decreased to 26 bar.
The reaction vessel was vented and the autoclave was
weighed again (/Am = mass of the organic products). For
the GC analysis the mixture was distilled in a vacuum.
b) Reaction at 65°C: The procedure was carried out
as described before. The same gas pressure conditions
were adjusted and the mixture was heated for 6 h at 65°C.
During this period the pressure in the autoclave decreased
to 16 bar and after cooling to r.t. finally to 13 bar.
The hydroformylation products were identified by gas
chromatography using the retention times and calibra
tion standards. Exclusive formation of propionaldehyde
was observed. The TON values were calculated by the
equation: TON = mmol product / mmol precatalyst (with
respect to the reaction time mentioned above).
X-Ray data collection, structure solution and refinement
Crystals of 2 suitable for single crystal X-ray analysis
were grown at r.t. by slow diffusion of ethanol into an
ethyl acetate solution. Crystal data, data collection and
refinement parameters are summarized in Table II [13].
For data collection at r.t. a diffractometer Stoe-Stadi
4 was used. The structures were solved by direct meth
ods (SHELXS-86) and refined on F2 (SHELXL-93) [14],
The disordered phenyl substituents were refined as rigid
groups, all other non-hydrogen atoms anisotropically.
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