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Reaction of [Os(Hbiim),(O=PPhj),](NO3) (H,biim = 2,2'-bi-
imidazole) with [RhCl(cod)], (cod = 1,5-cyclooctadiene) or
[Rh(OH)(cod)], yields biimidazolato-bridged trinuclear Rh!-
Os'-Rh! complexes, which are highly efficient catalysts for
the homogeneous hydrogenation of 1-hexene and cyclohex-
ene. The reactivity of the trinuclear compounds compared
with the mononuclear subunits indicates that this is due to

cooperative effects. This is confirmed by spectroscopic and
electrochemical data. The solid-state structure of
[{RhCl(cod)},(n-Hbiim),{Os(O=PPh3),}](NO3) was deter-
mined by single-crystal X-ray diffraction.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2003)

Introduction

Heterobimetallic complexes are receiving considerable at-
tention in the area of homogeneous catalysis in particular;™!]
the enhanced reactivity of oligonuclear complexes is
thought to be due to synergistic effects.”>~> For homo-
geneously catalysed hydrogenation cooperative effects have
been reported for some binuclear complexes of platinum-
group metals with nitrogen-containing bridging ligands, for
example [{H(CO)(PPhs)Ru}(1u-pz)>{I(TFB)}] (pz = pyra-
zole; TFB = tetrafluorobenzobicyclo[2.2.2]octadiene)™ and
[{H(CO)(PPh3)Ru}(p-biim){M(cod)}] (M = Rh, Ir).%!
Generally, the proposed mechanism involves one cata-
lytically active site; the other metal ion provides this active
site with the appropriate environment and has the role of
a donor or acceptor of electron density.l) The enhanced
reactivity is believed to be due to a variation of the ligand
field of the active site by the “spectator” chromophore.

2,2'-Biimidazole has been extensively studied as a bridg-
ing ligand.>”7 The recently reported complex [Os(H,bi-
im),(O=PPh;),](NO;); (DB has two 2,2’-biimidazole li-
gands in the equatorial plane of the octahedral complex
and, after deprotonation of the NH sites of 2,2’-biimidaz-
ole, transition metal complex fragments can be added. It is
therefore a versatile building block for trinuclear com-
plexes.®! The use of [Rh(cod)]* as such a fragment allowed
us to obtain trinuclear Rh™-Os™-Rh' compounds. Here, we
report the synthesis, characterization and catalytic proper-
ties of [{RhCl(cod)},(n-Hbiim),{Os(O=PPh;),}](NO3) (5)
and [{Rh(cod)},(p-biim),{Os(O=PPh;),}](NO3) (6).
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Result and Discussion

Synthesis and Characterization

The two trinuclear complexes 5 and 6 were obtained from
reactions of [Os(Hbiim),(O=PPh;),](NOs) (2)I¥1 with
[RhCl(cod)], (3) and [Rh(OH)(cod)], (4), respectively
(Scheme 1). The desired products were isolated as red (5)
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or brown (6) air-stable solids that are insoluble in aromatic
and aliphatic hydrocarbons but moderately soluble in di-
chloromethane and methanol.

Slow evaporation of a solution (dichloromethane/meth-
anol, 4:1, 20 °C) of 5 resulted in single crystals suitable for
structural analysis. The geometry of 5, determined by the
analysis of single-crystal X-ray diffraction data, is shown in
Figure 1, structural parameters are given in Table 1.

Figure 1. ZORTEP ['?I drawing of the complex cation 5; symmetry
transformation used to generate equivalent atoms (a): —x + 1, —y
+1,—z+2

Table 1. Selected geometric parameters of [{RhCl(cod)},(p-
Hbiim), {Os(O=PPh;),})(NO,)-CH,Cl, (5)

o

Bond lengths [A]

Os1-01 2.027(3)
Os1—N1 2.065(4)
Os1—N3 2.080(4)
P1-01 1.504(3)
C2-C3 1.376(7)
Rh1-N2 2.082(4)
Rh1-C7 2.119(6)
Rh1-C8 2.107(5)
Rh1-Cl1 2.137(5)
Rh1-CI12 2.155(5)
Rh1-ClI1 2.396(2)
Valence angles [°]

0O1-0s1—NI1 85.66(14)
0O1-0s1—N3 91.93(14)
N1-0sl1—N3 77.85(15)
P1-01-0sl 151.5(2)
N2—-Rh1-CllI 89.92(12)

The coordination sphere of the osmium center is approxi-
mately octahedral; the rhodium centers have a square-
planar geometry. The Os(1)—N(1) and Os(1)—N(3) dis-
tances [2.065(4) and 2.080(4) A, respectively], are in the
range found in related Os™" biimidazole!® and biimidazol-
atel complexes. Comparison with the molecular structure
of 1B reveals a distinct difference in the binding of the tri-
phenylphosphane oxide ligand. The Os(1)—O(1) distance in
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5 [2.027(3) A] is somewhat longer than that in 1 [2.012(2)
A], and the P(1)—O(1)—0s(1) angle in 5 [151.5(2)°] is sig-
nificantly larger than that in 1 [146.53(11)°]. This, together
with the EPR spectra (see below), is evidence for significant
differences in the electronic structure of the osmium centers
between the mononuclear compound 1 and the trinuclear
compounds 5 and 6, and it is an indication of a modifi-
cation of the electronic properties of the catalytically active
rhodium sites.

The EPR spectra (X-band) of 1, 5 and 6, recorded in
frozen solution [dichloromethane/methanol/tetrahydrofu-
ran (7:1:2), 77 K], are axial, with a large anisotropy;!'?! this
is a common observation in EPR spectroscopy of os-
mium(m) complexes.'!! The large difference in Ag;, be-
tween 1 (Ag;, = 0.695) and 5, 6 (Ag,, = 1.450, 1.372) is
attributed to the increasing axial distortion (see discussion
of the X-ray structural data above) and concomitant
changes in the electronic structure.

Electrochemical studies of 2, 5 and 6 were carried out in
methanol at 25 °C; cyclic voltammograms of 2 and 5 are
shown in Figure 2. A comparison of the electrochemical be-
havior of the mononuclear complex 2 with that of the trinu-
clear compounds 5 and 6 indicates that the deprotonation
of 2,2'-biimidazole and formation of the heterotrimetallic
complexes results in a significant cathodic shift of the redox
potentials of osmium. The Os"/Os" reduction wave, which
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Figure 2. Cyclic voltammograms of: (a) [Os(Hbiim),(O=
PPh3),)(NO;3) (2) and (b) [{RhCl(cod)},Os(u-Hbiim),(O=
PPh;),)(NO3) (5)
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is observed at —1.14 V for 2, is beyond the accessible poten-
tial range for 5 and 6. The Os"/Os' redox couple was
found at +0.77 V for 2 and seems to be shifted cathodically
for 5 and 6. These signals are broad and irreversible. The
fact that they are not well resolved might be due to overlap
of the cyclovoltammetric responses for Os™' and Rh'. The
oxidation wave of 5 is at +0.37 V and that of 6 is at +0.38
V. Well-resolved cyclic voltammograms have been reported
for biimidazolate-bridged Pt"-Os"-Pt" and Pd"-Os'-Pd!!
complexes.”) Under the same conditions as those reported
here the Os"/Os™ couple was observed at +0.53 V for
[{Pt(CsH3(CH,NMe»-2,6),]},0s(p-Hbiim),(O=PPhs),]-
(NO3)(SO5SF3), [CsH3(CH,NMe,-2,6) = pincer ligand]
and at +023 V for [{Pd(en)},Os(p-biim),(O=
PPh;),](NOs); (en = ethylene-1,2-diamine).[! These obser-
vations and interpretations are consistent with a modifi-
cation of the donor properties of 2,2’-biimidazole due to
the deprotonation and coordination to a second metal ion.
In agreement with the structural comparison and the EPR
spectra, the electrochemical data indicate that the osmium
centers in 5 and 6 act as Lewis acids and therefore modify
the electronic properties of the catalytically active rhodium
sites.

Catalytic Activity

Compounds 5 and 6 catalyze the hydrogenation of 1-hex-
ene and cyclohexene under homogeneous conditions. The
results are summarized in Table 2. The reactivities of the
mononuclear complexes 1, 3 and 7 (fragments of 5 and 6)
are included for comparison. The trinuclear complexes 5
and 6 are significantly more active and selective catalysts
than the corresponding building blocks 1, 3 and 7. The
mononuclear osmium complex 1 is almost inactive. This im-
plies that the transformation of the substrate takes place at
the rhodium centers of the trinuclear catalysts 5 and 6. The
observation that the mononuclear rhodium complex 7 cata-
lyzes the migration of a double bond in the linear alkene
rather than its hydrogenation is interesting. The reduction
of 1-hexene in the presence of the trinuclear catalysts 5 and
6 occurs very selectively. The hydrogenation of cyclohexene

is much slower than the reduction of 1-hexene. However,
for cyclohexene, the enhancement of the catalytic activity
by the trinuclear compounds 5 and 6 is more pronounced.
A plausible catalytic pathway includes the hydrogenation of
the cyclooctadiene ligand in 5 and 6, and the formation
of a coordinatively unsaturated intermediate by removal of
cyclooctane.l! The enhancement of the catalytic activity
with the trinuclear complexes is due to a modification of
the electronic properties of the rhodium centers, and this
might occur by electrostatic effects or by electronic com-
munication between the osmium and rhodium centers
through the m-conjugated bridging ligand. Catalytic hydro-
genation by rhodium complexes usually involves oxidative
addition of hydrogen and formation of a m-complex with
the alkene, followed by an intramolecular alkene insertion
reaction, leading to a Rh-alkyl complex.[! The last step is
usually rate-determining. A decrease of the electron density
on Rh!, due to the Os'"! center, must lead to a reduction of
the energy barrier, and promote the nucleophilic attack of
the alkene and formation of Rh-alkyl species. Here, the ad-
ditional metal center is used as a weak electron acceptor
and, therefore, improves the properties of the catalytically
active metal ion. The osmium center provides a subtle
modification of the electronic structure of rhodium, which
promotes the Rh-alkyl complex formation and does not in-
hibit the oxidative addition of hydrogen.

In summary, we have prepared and characterized trinu-
clear RhI-Os"™-Rh! complexes with 2,2'-biimidazole as a
bridging ligand and shown their utility as catalysts for the
homogeneous hydrogenation of 1-hexene and cyclohexene.
The significant enhancement of the catalytic activity, rela-
tive to the mononuclear building blocks, is believed to be
due to a variation of the ligand field induced by the “spec-
tator” metal ion.

Experimental Section

General: [Os(H,biim),(O=PPh;),](NO;); (1) was prepared by a
published procedure.®! Its conjugate base [Os(Hbiim),(O=
PPh;),](NO3)-2H,0 (2) was obtained by reaction of 1 with KOH

Table 2. Homogeneous hydrogenation[®l of 1-hexene and cyclohexene in the presence of [Os(H,biim),(O=PPhs),](NO;); (1), [RhCl(cod)],

(3),  [Rh(H,biim)(cod)](SO;CF3)  (7),
PPh3),}](NOs) (6)

[{RhCl(cod)} »(n-Hbiim)>{Os(O=PPh3),}[(NO3)  (5)

and [{Rh(cod)},(p-biim),{Os(O=

Hydrogenation of 1-hexene

Hydrogenation of cyclohexene

Catalyst Cat. [mol %] Time [h] Conversion [%0] Yield of by-products [%0] Conversion [%0]
2-hexene 3-hexene
1 1 10 11 3 3 0
3 1 5 23 8 7 4
7 2 5 29 49 20 2
5 1 5 67 0 0 46
5 1 10 98 0 0 73
6 1 5 53 5 4 34
6 1 10 94 3 1 66

[a] Reaction conditions: 5 bar H,, solvent: CH,CL,/CH;OH (9:1).
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in methanol/dichloromethane.®! IR spectra (KBr pellets) were re-
corded on a Perkin—Elmer 16PC RT-IR instrument. UV/Vis spec-
tra were obtained with a Cary 1E spectrophotometer. EPR spectra
were recorded with a Bruker ESP300E spectrometer (9.4635 GHz)
as approx. 1 1073 mol-dm 3 frozen (liquid nitrogen temperature)
solutions in dichloromethane/methanol/tetrahydrofuran (7:2:1).
Electrochemical measurements (CV) were performed in solutions
of [NnBuy]PFs (0.1 mol-dm™3) in methanol at 293 K, using a BAS
100B system with a glassy-carbon working electrode, a platinum
auxiliary electrode and an Ag/AgCl reference electrode. All poten-
tials are quoted versus the ferrocene/ferrocenium couple (£ = 0.0
V). Mass spectra were recorded on a Finnigan MAT 8230 instru-
ment. GC-MS analyses were performed on a Fison GC 8000/MD
800 series instrument, equipped with a ZB-1 (Zebron) column.
Melting (decomposition) points were determined with a Gallenk-
amp MFB 595 010 M melting point apparatus. Organic solvents
(methanol, dichloromethane) were freshly distilled before use. Mic-
roanalyses were obtained from the microanalytical laboratory of
the chemical institute of the University of Heidelberg.

Catalytic Hydrogenation of 1-Hexene and Cyclohexene: All experi-
ments were performed in a 100 mL stainless steel autoclave with
an inner polytetrafluorethylene vessel. In a typical experiment,
0.016 mmol of the catalyst was placed as a solid in the autoclave,
supplied with a magnetic stirrer. Whilst stirring, the catalyst was
dissolved in dichloromethane (6 mL) or a mixture of dichlorometh-
ane and methanol (90:10). The alkene (0.16 mmol) was then added
to the solution of the catalyst. The autoclave was evacuated three
times and filled with hydrogen. The pressure of hydrogen was then
increased to 5 bar. The reaction mixture was stirred for 5h. The
autoclave was then degassed and all volatile materials were evapo-
rated from the reaction mixture under oil-pump vacuum, and con-
densed (liquid nitrogen). The resulting solution was analysed by
GC-MS.

Synthesis  of  [{RhCl(cod)},(n-Hbiim),{Os(O=PPh3),}|(NO3)-
CH,Cl, (5): [Os(Hbiim),(O=Ph;),J(NO;)2H,O (2; 300 mg,
0.27 mmol) was dissolved in a dichloromethane/methanol mixture
(4:1, 15mL) at 25 °C. [RhCl(cod)], (3; 0.27 mmol), in methanol
(5 mL) was added to the solution. The reaction mixture immedi-
ately turned from violet to red. The solution was stirred for 2 h,
and the volume of the solution was then reduced to 4 mL. After
10 h red crystals of 5 precipitated. The slurry was decanted and the
crystalline precipitate was washed twice with acetone (5 mL) and
dried under an oil-pump vacuum to afford 5. Yield: 290 mg (73%
based on 2). Mp: gradual decomposition above 150 °C. IR (KBr):
v(P=0) 1120 cm™ !, v,(NO;") 1332, v(Ar, C=C) 1438, v(NH)
3050. UV/Vis (CH,ClL): Apax = 360nm (¢ = 7.5 X 10°
mol~!-dm*cm™"), 541 nm (¢ = 4.7 X 10> mol~!-dm*cm™!). CV
(CH;0H, 25 °C): E,, = +0.37 V (irr.). MS (FAB): m/z (%) =
1507 (1) [C64HsNgC1,0,P,0sRh,] 1260 (32)
[Cs¢Hs5,NgCIO,P,0sRh]*, 1014 (66) [CygHyoNgO-P,0s]", 736
(100) [C30H,sNgOPOs] ™. Ce4He4CLLNoOsP,OsRh,*CH,Cl,
(1653.03): caled. C 47.23, H 4.02, N 7.64; found C 46.80, H 4.41,
N 7.72.

Synthesis of [{Rh(cod)},(n-biim),{Os(O=PPh;),}|(NO5) (6): [Os(H-
biim),(O=Ph;),](NO3):2H-,O (2; 300 mg, 0.27 mmol) was treated
with [Rh(OH)(cod)], (125 mg, 0.27 mmol) in dichloromethane/
methanol (4:1, 20 mL) solution at 25 °C. The reaction mixture was
stirred for 2 h and the solvent was then removed under an oil-pump
vacuum to afford 6 as a brown solid in quantitative yield. Mp:
gradual decomposition above 150 °C. IR (KBr): v(P=0) 1118
cm™ !, v (NO3™) 1332, v(Ar, C=C) 1436. UV/Vis (CH,CL): Apax =
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349 nm (¢ = 6.3 X 103> mol~!-dm3cm™"), 556 nm (¢ = 4.7 X 10?
mol~'«dm*-cm~"). CV (CH;OH, 25 °C): E,, = +0.38 V (irr.). MS
(FAB): milz (%) = 1434 (100) [CosHeNgO,P,OsRh,]*, 1224 (28)
[CseH5,NglO,P,OsRA]*, 1156 (31) [CagHasNgOPOsR,]*, 946 (42)
[C3sH3sNgOPOsRh]*. CgyHgNoOsOsP,Rh, (1513.3): caled. C
51.41, H 4.18, N 8.43; found C 51.01, H 4.79, N 8.76.

X-ray Crystallographic Analysis of 5: Crystallized from CH,Cl,/
MeOH, formula CgHgClLNgOsOsPo,Rh,, M = 1568.13
([C4Hg4C1,NgO,08P,Rh,]'NO3), red crystal 0.28 X 0.25 X
0.14 mm3, triclinic, space group PI, a = 10.722509), b =
13.3347(11), ¢ = 13.3707(11) A, @ = 110.312(2)°, B = 100.589(2)°,
y = 107.462(2)°, Z = 1, VV = 1619.3(2) A3, peatea. = 1.682 grem 3,
0 scan range 1.77 < 6 < 32.05, Mo-K, radiation (A = 0.71073
A), T = 103(2) K. 28335 reflections collected, 10965 independent
reflections, 8432 observed reflections [I = 2o(I)], 551 refined par-
ameters, R = 0.0435, wR? = 0.1214, semi-empirical absorption cor-
rection from equivalents. Structure was solved by direct methods.
Refinement was carried out by full-matrix least-squares techniques
on F2. Program wused: structure solution and refinement:
SHELXTL NTS5.1 (G. M. Sheldrick, Bruker-AXS, Madison, Wis-
consin, USA, 1998) Hydrogen atoms were located from the differ-
ence-Fourier map. All hydrogen atoms were fully refined. All non-
hydrogen atoms were refined anisotropically.

CCDC-196197 contains the supplementary crystallographic data
for this paper. These data can be obtained free of charge at
www.ccde.cam.ac.uk/conts/retrieving.html [or from the Cambridge
Crystallographic Data Centre, 12, Union Road, Cambridge
CB2 1EZ, UK; Fax: (internat.) +44-1223/336-033; E-mail:
deposit@ccdc.cam.ac.uk].
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