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Abstract: Mixed N-heterocyclic carbene-substituted
phosphine and phosphite complexes of rhodium
were prepared, starting from [Rh ACHTUNGTRENNUNG(COE)2Cl]2
(COE=cyclooctene) by addition of free N-heterocy-
clic carbenes (NHC) and PR3. All new complexes
were characterized by spectroscopy. In addition, the
structures of trans-chloro(1,3-dicyclohexylimidazol-2-
ylidene)-bis(triphenylphosphite)rhodium(I) (5),
chloro-trans-bis(1,3-dicyclohexylimidazol-2-ylidene)
(triphenylphosphine)rhodium(I) (6), and chloro(h4-
1,5-cyclooctadiene) ACHTUNGTRENNUNG(1,3-di- ACHTUNGTRENNUNG[(1R,2S,5R)-2-isopropyl-5-

menthylcyclohex-1-yl]imidazol-2-ylidene)rhodium(I)
(8) were determined by single crystal X-ray analyses.
The hydrogenation of cyclohexene using molecular
hydrogen has been optimized for some N-heterocy-
clic carbene-substituted phosphine and phosphite
rhodium complexes by variation of the reaction con-
ditions.

Keywords: catalysis; hydrogenation; N-heterocyclic
carbenes; phosphines; phosphites; rhodium com-
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Introduction

WilkinsonGs catalyst RhACHTUNGTRENNUNG(PPh3)3Cl (3) has been the his-
torical pioneer in a series of active homogeneous cat-
alysts for olefin hydrogenation[2,3] and hydrosilyla-
tion.[4] Other rhodium[5,6] and cationic iridium com-
plexes[5,7] bearing bulky phosphines as ligands have
also proven to be active catalysts for directed alkene
hydroboration and hydrogenation reactions. Imidazol-
2-ylidenes (N-heterocyclic carbenes, NHCs)[8] repre-
sent an alternative to the widely utilized phosphine li-
gands[9] in homogenous catalysis.[10] Studies performed
by us and others have demonstrated that replacement
of bulky phosphines by an NHC, such as ICy (ICy=
1,3-dicyclohexylimidazol-2-ylidene) (1) can result in
enhanced catalytic performance over phosphine-bear-
ing analogues in a significant number of catalytic
transformations, including C�C coupling reactions,[11]

amination reactions,[12] hydroformylation,[13] hydrosily-

lation,[14] and olefin metathesis.[15] Rhodium carbene
complexes have been extensively studied by Lappert
et al. in the 1980s.[16–18] Based on these findings and on
our continuing work heading towards more efficient
and stable catalysts, we examined whether the catalyt-
ic activity of RhACHTUNGTRENNUNG(PPh3)3Cl (3) for olefin hydrogenation
can be improved when two phosphine ligands are re-
placed by the stronger s-donor NHC ligands.[19–22] We
now report a systematic optimization of the catalytic
conditions of a newly synthesized Rh ACHTUNGTRENNUNG(PPh3)2ACHTUNGTRENNUNG(ICy)Cl
(4) complex in olefin hydrogenation.
The first stable carbene was prepared in 1988 by

Bertrand.[23] Two years later, Arduengo achieved the
isolation of the first stable N-heterocyclic carbene.[24]

Until this point, the synthesis of NHC complexes was
only possible by an in situ route. A synthetic protocol
published by Lappert started from electron-rich ole-
fins, that were cleaved at high temperatures in an
inert solvent, and further reacted with metal precur-
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sors.[16] This in situ method is not applicable for the
synthesis of unsaturated N-heterocyclic carbene com-
plexes. For the latter complexes, the direct synthesis
of metal complexes via in situ deprotonation of the
imidazolium salt is comfortable,[25] however some ex-
amples for the preparation of carbene substituted rho-
dium(I) complexes using a free NHC precursor were
published in the past.[19,26] The in situ procedure has
not been essentially changed since the first published
NHC metal complexes by @fele[27] and Wanzlick.[28] A
basic metal salt (in most cases an acetate) reacts at
high temperatures with an imidazolium or azolium
salt. During this reaction, no free carbene is generat-
ed and thus no aprotic solvent is necessary. An impor-
tant additional route for the generation of NHC-sub-
stituted rhodium(I) complexes is the carbene transfer
reaction starting from NHC-substituted silver(I) com-
plexes, which was first mentioned by Lin.[29,30]

Results and Discussion

An in situ method using basic rhodium precursors, for
example, bis[m-ethoxy-(h4-1,5-COD)rhodium], was
published several years ago. It is very efficient if
mono-, di- or tetra-N-heterocyclic carbene-substituted
rhodium(I) complexes are desired.[25,31,32] For the syn-
thesis of mixed phosphine- or phosphite-substituted
NHC rhodium complexes, the so-called “imidazolium
route”,[33] is not the most straightforward synthesis
route.
We prepared all NHC rhodium complexes by treat-

ment of a rhodium precursor with the corresponding
free carbene.[33,34] For example, complex 2 was ob-
tained in good yields from bis ACHTUNGTRENNUNG[(m-chloro)dicarbonyl-
rhodium(I)] (A) and four equivalents of the free car-
bene 1 (1,3-dicyclohexylimidazol-2-ylidene)
(Scheme 1).
The cis-configuration of 2 was unequivocally con-

firmed by NMR spectroscopy. In the 13C NMR spec-
trum the carbonyl group shows a chemical shift of
191.0 ppm and a coupling constant of 63.2 Hz, where-
as two other signals corresponding to quaternary car-
bons were observed at 180.9 and 178.3 ppm, with cou-
pling constants of 42.6 and 45.7 Hz, respectively. Also

the carbons of the imidazole backbone (119.2,
118.0 ppm) and the a-carbons of the cyclohexyl ring
(60.2, 58.3 ppm) vary between the two coordinated
carbene ligands, one ligand being trans to the chloride
and another one trans to the carbon monoxide. Simi-
lar behavior was observed in the 1H NMR spectra for
the imidazole backbone protons (7.29, 7.12 ppm) and
the protons coordinated at the a-carbon of the cyclo-
hexyl ring (4.64, 4.32 ppm). The fact that the protons
of the imidazole backbone were observed as singlets,
shows that both protons in one carbene ligand are
equal, and the chemical shift is mainly influenced by
the ligands in the trans position to the carbene
carbon. Given these observations, we could examine
the influence of the electronic properties of unsaturat-
ed carbene ligands indirectly, using the trans-effect
that they exert on the CO ligand. The CO stretching
frequency of complex 2 is n=1954 cm�1, approximate-
ly 20–30 cm�1 higher than for the trans complexes,
where a chloride is coordinated trans to the carbonyl
group.[35]

Mixed N-Heterocyclic Carbene/Phosphine and
Phosphite Complexes of Rhodium

Mixed rhodium complexes where both NHCs and
phosphine or phosphite ligands are coordinated, are
known from the work of Lappert.[18] However, the
conditions (high temperatures) used for the prepara-
tion of these complexes are not applicable to the syn-
thesis of unsaturated NHC rhodium complexes. It is
not possible to substitute completely the COD ligand
by a phosphine when two equivalents of triphenyl-
phosphine are heated with a mono-substituted NHC/
COD-rhodium(I) complex in boiling xylene, which is
the key step in LappertGs procedure. A much better
synthetic route is to substitute weak ligands of a car-
bonyl or phosphine rhodium(I) complex with free car-
benes. Indeed a quantitative substitution under mild
conditions is not possible for WilkinsonGs catalyst (3),
because of the fluctional coordinated phosphine li-
gands and the resulting dissociation equilibrium.[19,22]

However, we still obtained complex 4 in an acceptable
yield of 67% from the reaction of (3) with the free
carbene 1 in THF at room temperature (Scheme 2).

Scheme 1. Preparation of complex 2 by cleavage of a dimer-
ic precursor.

Scheme 2. Preparation of complex 4 starting from Wilkin-
sonGs catalyst.
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This method is very limited, because neither a var-
iation of the phosphine nor the preparation of dicar-
bene complexes is possible. We therefore chose a pre-
cursor, where more than one ligand can be substituted
under mild conditions without forming a stable equi-
librium and which is inert towards free carbenes.[19,22]

All these requirements are fulfilled by the conven-
iently prepared bis ACHTUNGTRENNUNG[(m-chloro)bis(cyclooctene)rhodi-
um(I)]. The cyclooctene ligands can cleanly be substi-
tuted by another donor ligand. Because of the dimeric
structure it is possible to introduce a third ligand
along this route by cleavage of the bridging structure.
The cleavage of a dimeric COD and carbonylrhodi-

um complex with a free carbene has been reported to
be quantitative after several minutes at room temper-
ature.[33] Bis ACHTUNGTRENNUNG[(m-chloro)bis(cyclooctene)rhodium(I)]
(B) was thus reacted at �78 8C in THF with two
equivalents of 1,3-dicyclohexylimidazol-2-ylidene (1);
after five minutes four equivalents of triphenylphos-
phine were added (Scheme 3). The reaction mixture
was kept constantly below �20 8C, even during purifi-
cation, to prevent the decomposition and ligand
scrambling that was observed at room temperature in
a parallel experiment. It must be noted that the free
carbene was added before the phosphine as, due to
the high s-donor ability of the nucleophilic carbene, a
fast and selective cleavage of the precursor is possible,
which is not induced by the phosphine. If the phos-
phine was added before the carbene, a product mix-
ture was obtained, which could not be separated.
Complex 5 [trans-chloro(1,3-dicyclohexylimidazol-2-
ylidene)bis(triphenylphosphite)rhodium(I)] was ob-
tained according to the same procedure as for com-
plex 4, using triphenyl phosphite instead of triphenyl-
phosphine.

The same procedure was used to obtain the dicar-
bene complex 6 at low temperatures, starting from
the dimeric rhodium precursors with weakly coordi-
nated cyclooctene ligands (Scheme 4). Only one
signal set for both carbene ligands was obtained in
the 13C NMR spectra. Therefore, a doublet of dou-
blets was obtained at 190.3 ppm for the carbene
carbon with coupling constants of 40.7 Hz (C�Rh)
and 15.4 Hz (C�P). In the 31P NMR spectra, a doublet
at 48.9 ppm with a P�Rh coupling constant of
227.9 Hz was observed.
The single crystal X-ray structure of complex 5

shows two independent enantiomeric molecules with
an expected square-planar orientation of the metal
center. The two phosphorus atoms are bent away
from the chloride ligand towards the carbene-carbon
atom, with an P1�Rh1�P2 angle of 174.56(4)8
[174.40(3)8] (Figure 1). The heterocyclic five-mem-
bered ring of the carbene ligand is perpendicular to
the plane encompassing the four ligands. The Rh1�C2
carbene bond length is 1.990(3) R [1.987(3) R] which
in comparison to known COD rhodium complexes
{[RhClACHTUNGTRENNUNG(ICy) ACHTUNGTRENNUNG(COD): 2.021 R],[36] [RhCl ACHTUNGTRENNUNG(IMe-Bu)-
ACHTUNGTRENNUNG(COD): 2.023 R],[37] [RhCl ACHTUNGTRENNUNG(SIPr) ACHTUNGTRENNUNG(COD): ca.
2.054 R][38]} and phosphine rhodium complexes
{[RhClACHTUNGTRENNUNG(IMes) ACHTUNGTRENNUNG(PPh3)2; 2.051 R,[39] [trans-(1,3-diiso-
propyl-4,5-dimethylimidazol-2-ylidene)hydrido-bis(tri-
phenylphosphine)rhodium(I): 2.068 R][20]} is slightly
shorter,[40] a result of the electron-accepting phosphite
ligands. A much shorter rhodium-carbene bond
length of 1.919 R was published by Lappert in 1985
using the stronger s-donor imidazolidin-2-ylidene
ligand of chloro-trans-(4-isobutyl-1,3-dimethylimid-
azolidin-2-ylidene)bis(triphenylphosphine)rhodium(I).[41]

The difference between both enantiomers of complex
5, which presumably only exist in the solid state, is

Scheme 3. Preparation of the NHC-rhodium complexes 4 and 5.

Scheme 4. Preparation of the NHC-rhodium complex 6.
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the rotation direction of the bonded phenoxy groups.
In the direction of the acute angle at the phosphorus
all oxygen atoms are pointing in the same direction
with the phenyl groups. Two phenoxy groups of each
phosphite ligand are pointing towards the metal
center, the third phenoxy group points away from the
metal center. The angle for the third oxygen
[132.4(2)8, 130.1(2)8 and 131.7(2)8, 130.8(2)8] is larger
than for the other two substituents [123.9(2)8,
129.3(2)8, 128.2(2)8, 124.0(3)8 and 128.3(2)8, 125.3(2)8,
129.8(2)8, 121.7(2)8]. Details of the data collection
and refinement of complexes 5 (Figure 1), 6·ACHTUNGTRENNUNG(CH2Cl2)
(Figure 2), and 8 (Figure 4) are summarized in the
Supporting Information.
The solid-state structure of complex 6 (Figure 2)

shows a pseudo-square-planar coordination of the
metal center [C2�Rh�C7: 168.07(8)8], with a relative-
ly strong deviation from an ideal square-planar coor-
dination. The rhodium-carbene bond lengths [2.033(2)
and 2.058(2) R] are in the expected range for a rhodi-
um-imidazol-2-ylidene bond length.[35,43,44] In this
structure the steric bulk of the phenyl rings of the
phosphine ligand have a large influence on the coor-
dination of the NHC ligands.
All newly prepared carbene complexes (2, 4–6) are

quite reactive towards oxygen in solution, as is the re-
lated WilkinsonGs catalyst (3). This instability is likely
to arise from a phosphine dissociation equilibrium,
which makes it possible for the oxygen to attack the
low-coordinated rhodium center.

Much more stable are the complexes 7 and 8, pre-
pared by cleavage of the dimeric bis ACHTUNGTRENNUNG[(m-chloro)bis(cy-
clooctene)rhodium(I)] with the corresponding free
carbenes.[36,45] Complex 9 was prepared using the

Figure 1. ORTEP style plot[42] of molecule A of compound 5
in the solid state. Thermal ellipsoids are drawn at the 50%
probability level. Hydrogen atoms are omitted for clarity.
Selected bond lengths [R] and bond angles [deg]: Rh1�Cl1
2.3959(8)/2.3950(8), Rh1�P1 2.2474(9)/2.2392(9), Rh1�P2
2.2288(9)/2.2385(9), Rh1�C2 1.990(3)/1.987(3) ; Cl1�Rh1�P1
91.68(4)/92.69(3), Cl1�Rh1�P2 93.61(3)/92.81(3), Cl1�Rh1�
C2 177.94(9)/178.5(1), P1�Rh1�P2 174.56(4)/174.40(3), P1�
Rh1�C2 86.7(1)/88.1(1), P2�Rh1�C2 88.1(1)/86.4(1). The
corresponding values for the second crystallographic inde-
pendent molecule b are shown in italics.

Figure 2. ORTEP style plot[42] of compound 6 in the solid
state. Thermal ellipsoids are drawn at the 50% probability
level. Hydrogen atoms are omitted for clarity. Selected bond
lengths [R] and bond angles [deg]: RhCl 2.4200(5), Rh�P
2.1758(5), Rh�C2 2.033(2), Rh�C7 2.058(2); Cl�Rh�P
178.88(2), Cl�Rh�C2 83.02(5), Cl�Rh�C7 85.09(6), P�Rh�
C2 96.09(5), P�Rh�C7 95.81(6), C2�Rh�C7 168.07(8).

Figure 3. Rhodium carbene complexes 7–10.
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bis[m-ethoxy-(h4-1,5-COD)rhodium] route with the
corresponding chloroimidazolium salt.[33] Complex 10
was prepared in the same way as complex 2, using bis-
ACHTUNGTRENNUNG[(m-bromo)dicarbonylrhodium(I)] as precursor.[31]

Hydrogenation

In recent years, many research groups have published
NHC-rhodium catalysts for the hydrogenation of 1-
octene or cyclohexene.[19,20,45] However, no systematic

optimization of the conditions has been reported. We
attempted to optimize this reaction under economi-
cally viable conditions, for example, a relatively low
H2 pressure and a low quantity of phosphine. The hy-
drogenation of 1-octene for 3 h in toluene at 80 8C at
a hydrogen pressure of 20 bar was chosen for an ini-
tial investigation (Scheme 1, Scheme 3, and Scheme 4,
as well as Figure 3). The results for this reaction are
shown in Table 1.
The tested rhodium complexes are not useful for

the hydrogenation, because of decomposition during
the reaction or low activity. We found that most of
the time only the decomposition products or the
formed elemental rhodium show decent to good activ-
ities in hydrogenation, after introduction periods of
up to one hour. If the carbene-metal bond is pre-
sumed to be highly stable, then the olefinic chelating
ligand may be reduced under these conditions to an
alkane and acts as a leaving group. The resulting coor-
dinated rhodium species cannot be stabilized by a
donor substrate, such as THF, and decomposes after-
wards to rhodium particles (Scheme 5).[47]

The carbonyl complexes 2 and 9 were found to be
inert against hydrogen. This is surprising because in
these complexes the second carbonyl ligand is only
weakly coordinated and should be easily removed by
other ligands such as phosphine.[35] We assume that
the combination of a strong s-donor (carbene) and a
strong p-acceptor (CO) ligand largely deactivates the

Figure 4. ORTEP style plot[42] of compound 8 in the solid
state. Thermal ellipsoids are drawn at the 50% probability
level. Hydrogen atoms are omitted for clarity. Selected bond
lengths [R] and bond angles [deg]: Rh�Cl 2.3832(5), Rh�
Cg1 1.991, Rh�Cg2 2.093, Rh�C2 2.052(2); Cl�Rh�Cg1
174.43, Cl�Rh�Cg2 90.13, Cl�Rh�C2 89.89(4), Cg1�Rh�
Cg2 86.98, Cg1�Rh�C2 93.34, Cg2�Rh�C2 175.71. Cg1 and
Cg2 define the midpoints of the double bonds C31=C32 and
C35=C36 in the COD ligand.

Table 1. Hydrogenation reaction of 1-octene to octane in
toluene (80 8C, 20 bar H2, 3 h).

Catalyst Conversion [%][a] Behavior

7 81 dec.
9 33 dec.
9[b] 21 dec.
2 1 stable
10 2 stable
4 61 stable
7[c] 64 stable
9[c] 61 stable

[a] Determined by 1H NMR spectroscopy.
[b] THF was used as solvent instead of toluene.
[c] 4 equivs. of PPh3 were added to the catalyst.

Scheme 5. Possible decomposition pathway of rhodium-COD complexes under hydrogenation reactions.
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metal center, that a low-coordinate species can be sta-
bilized, with no oxidative addition of hydrogen occur-
ring. In general, carbon monoxide is an effective cata-
lyst poison for hydrogenation with carbene rhodium
complexes.
At the beginning of our work,[48] there were mainly

two types of NHC-rhodium complexes known: com-
plexes bearing a carbonyl ligand,[33] that are inactive
in catalytic hydrogenation, and complexes where an
olefin is coordinated to the metal center.[31,34,36] These
olefin complexes have been found to be prone to de-
composition during the catalytic cycle.[49] Because ad-
verse electronic effects of an NHC/carbonyl combina-
tion can not be overcome easily, we sought another
solution to stabilize the catalytically active rhodium
intermediate. For the stabilization of the active spe-
cies, phosphines seem to be the best choice, and these
were added to the reaction mixture. We observed no
decomposition of the neutral monocarbene complex 7
or the cationic dicarbene complex 6 after addition of
4 equivs. of triphenylphosphine (PPh3). The phosphine
acts as a weakly bound ligand and stabilizes the low-
coordinate rhodium species of the active catalyst. The
so-called active species should be a tricoordinated
species (Scheme 6), with either a chloride, a phos-
phine and a carbene ligand, or two carbenes and a
chloride ligand, as known from the active WilkinsonGs
catalyst (3).[2] Based on the results obtained with com-
plex 4 under the same reaction conditions as with 7,
but without the addition of PPh3 (Table 1) in each
case the catalytically active species should be the tri-
coordinated species. In fact, the progress of the catal-
ysis is nearly the same for complexes 7, where
4 equivs. of PPh3 were added, and 4 ; except that for
catalyst 4 nearly no induction period was noted.
Isomerization products were observed for all hydro-

genation reactions of 1-octene. These isomerization
products, 2-octene, 3-octene, 4-octene and 3-methyl-
eneheptane, were only obtained if the reaction was
stopped before completion. These isomerization prod-
ucts are also hydrogenated during the catalysis, but at
a much slower rate than the 1-octene.[21] At the end
of the reaction we found 2–4% of 3-methylheptane as
a minor product. To suppress these minor products
and to standardize the kinetic measurements to one
unique substrate, we used cyclohexene as the sub-
strate in the following optimization reactions.

Optimization of the Reaction Conditions for the
Hydrogenation of Cyclohexene

Starting from precatalyst 7, the active catalyst is
formed in all optimization reactions in situ. The pa-
rameters of temperature, H2 pressure, solvent, and
added phosphine were optimized for the hydrogena-
tion reaction of cyclohexene. All reactions were car-
ried out with 20 mmoles of cyclohexene, 10 mmoles
precatalyst 7 (0.05 mol%) in 3 mL of solvent.

Variation of the Solvent

For the hydrogenation the usual solvents ethanol and
toluene were used; as strong donor solvents THF and
acetonitrile were chosen. The reaction was carried out
at 80 8C and 20 bar H2 pressure. In addition 4 equivs.
PPh3 were used in relation to 0.05 mol% precatalyst
(7). The results obtained by varying the solvents are
depicted in Figure 5.
From the results it seems that ethanol is the best

choice as compared to the other three solvents. The
induction period is the shortest (0.5 h), and a quanti-
tative conversion was observed after 2.5 h; this is
nearly ten times faster than the same reaction carried
out in toluene. Ethanol seems to be polar enough to
stabilize ionic or polar transition states, but not such a

Scheme 6. Formation of the active catalytic species under hydrogenation conditions.

Figure 5. Hydrogenation of cyclohexene in different solvents
(80 8C, 20 bar H2, 4 equivs. PPh3).
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strong donor as to interfere with the catalytic cycle.
The strong donor solvents THF and acetonitrile are
not suitable for this reaction, because of the long re-
action time (THF) and the low conversion (THF and
acetonitrile). Without the addition of phosphine, the
catalyst cannot be stabilized in these solvents, and
quickly loses activity in the presence of phosphine, al-
though at the end of the reaction no metal mirror was
detected. The induction period for THF is the longest
of all chosen solvents (90 min) and after 90 h only
around 60% of the substrate is converted. In acetoni-
trile the induction period is relatively short (1 hour),
but after 10 h the catalyst is no longer active and only
a conversion of 50% of the substrate was obtained.

Variation of the Temperature

Because toluene has a wider range for varying the
temperature, it was used for the initial optimizations
instead of ethanol. The reaction conditions (20 bar
H2, 4 equivs. PPh3) were kept the same as for the sol-
vent optimization. The results for the temperature de-
pendency in toluene are shown in Figure 6. The corre-
sponding tabulated data given in the Supporting In-
formation. The dependence of the temperature on the
reaction rate is very marked at low temperatures and
becomes less intense at high temperatures. The reac-
tion time is strongly influenced by the temperature;
an increase of 20 8C decreases the reaction time by a
factor of 2.5. At the same time, the catalyst is quickly
deactivated at temperatures above 100 8C, which re-
sults in incomplete conversions. It is thus advisable to
use temperatures within a small range around 80–
100 8C.
The same reaction was carried out in ethanol, with

nearly the same results for the temperature depend-
ency (Table 2). The relative induction period decreas-

es on increasing the temperature. A decrease in activ-
ity was also obtained in ethanol at temperatures
above 80 8C, which results in only ~50% conversion
of the starting material. The temperature region be-
tween 40 and 60 8C was also tested using two equiva-
lents of PPh3 instead of four. At low temperatures,
the induction period is very sensitive to temperature
changes. At 40 8C the conversion is extremely slow
with an induction period of 330 min and a reaction
time for full conversion of ca. 32 h. A reaction tem-
perature between 50 and 80 8C seems to be the best
choice for the hydrogenation of cyclohexene under
the chosen reaction conditions, due to shorter induc-
tion times and better catalyst lifetimes.

Variation of the Pressure

The dependency of the reaction rate by varying the
hydrogen pressure was investigated in ethanol at
60 8C with 4 equivs. PPh3. The results are shown in
Figure 7. The dependency of the reaction curve on
the varying pressure is not so strong as compared to
the variation of the temperature. Increasing the hy-
drogen pressure from 10 to 20 bar results in both a
shorter induction period and shorter reaction times. A
further increase to higher pressures results only in
small changes. An important goal is to decrease the
hydrogen pressure as much as possible, but to avoid a
large fluctuation in the pressure over the whole reac-
tion time. With this background a standard pressure
of 20 bar appears ideal.

Variation of the Phosphine Concentration

The addition of a phosphine is necessary to prevent
decomposition of the catalytically active species. Most
likely one phosphine is coordinated to the active spe-
cies throughout the catalytic cycle. On the other

Figure 6. Hydrogenation of cyclohexene in toluene at differ-
ent temperatures (20 bar H2, 4 equivs. PPh3).

Table 2. Hydrogenation of cyclohexene at various tempera-
tures in ethanol (20 bar H2, 2 or 4 equivs. PPh3).

Temp.
[8C]

Induction period
[min]

Reaction time
[h]

Conversion
[%]

40 330 32 100[a]

50 135 10 100[a]

60 70 10 100[a]

60 75 10 100[b]

80 30 2.5 100[b]

100 15 1.5 54[b]

[a] 2 equivs. of PPh3 were added relative to the metal pre-
cursor.

[b] 4 equivs. of PPh3 were added relative to the metal pre-
cursor.
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hand, the phosphine can act as a donor ligand and
hinder the catalytic cycle, by blocking the metal
center. For this reason it is of great importance to use
only a minimal amount of phosphine. The influence
of the phosphine concentration is shown in Figure 8.
All reactions were carried out at 60 8C in ethanol at
20 bar H2 pressure.
Using more than 4 equivs. of PPh3 decreases the ac-

tivity of the catalyst; the reaction time increases, and
full conversion was no longer obtained. No significant
influence was noted for the reaction time and the con-
version using less than 4 equivs. of PPh3. One equiva-
lent of phosphine is sufficient for this reaction to pre-
vent decomposition of the catalyst. Accordingly, the
active catalyst could indeed be the postulated three-
membered species, shown in Scheme 6. Two equiva-
lents of phosphine appear to be optimum for the hy-
drogenation, because it provides the shortest reaction

time and prevents the loss of phosphine as a result of
decomposition.
In summary, the best results were obtained for the

hydrogenation of cyclohexene using precatalyst 7 in
ethanol at a temperature of 60 8C and a hydrogen
pressure of 20 bar with 2 equivs. PPh3. The sigmoid
reaction profile results from the initial formation of
the precatalyst and active species, and at the end of
the reaction the reduced hydrogen pressure and the
small amount of remaining substrate minimize the ac-
tivity of the catalyst.

Optimization of the Catalyst

The activity of 4, which presumably generates the
same active species as complex 7, shows only moder-
ate activity for a hydrogenation catalyst with turnover
frequencies (TOF) of around 700 h�1 [mol product
mol catalyst�1 hour�1] at 60 8C under optimized condi-
tions. The obtained TOF may be compared to that of
WilkinsonGs catalyst, where at room temperature
TOFs of 1300 h�1 and at 60 8C 8000 h�1 are observed.
This suggests that the carbene-metal bond is stable
during the hydrogenation process. At room tempera-
ture the activity of the WilkinsonGs catalyst 3 is
around five times higher than for 4 ; by increasing the
temperature to 60 8C: catalyst 1 is a full order of mag-
nitude more active than 4. Indeed, complex 4 shows
at high temperatures after some hours a considerable
deactivation (Figure 9). All hydrogenation experi-
ments were carried out with 20 mmol cyclohexene, 10
mmol catalyst (0.05 mol%) in 3 mL ethanol and a
pressure of 20 bar.
It is well established that rhodium catalysts show

the highest activity in hydrogenation reactions when
the electron density at the metal center is de-
creased.[21] For example, the activity is drastically re-

Figure 7. Hydrogenation of cyclohexene in ethanol using dif-
ferent hydrogen pressures (60 8C, 4 equivs. PPh3).

Figure 8. Hydrogenation of cyclohexene in ethanol using dif-
ferent amounts of triphenylphosphine (60 8C, 20 bar H2).

Figure 9. Hydrogenation of cyclohexene in ethanol using
catalysts 3 and 4.

1684 asc.wiley-vch.de K 2007 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Adv. Synth. Catal. 2007, 349, 1677 – 1691

FULL PAPERS Wolfgang A. Herrmann et al.

http://asc.wiley-vch.de


duced if the triphenylphosphine groups of WilkinsonGs
catalyst (3) are substituted by tricyclohexylphosphine
ligands.[50] However, low activity, resulting from cata-
lyst decomposition, can occur when the electron den-
sity on the metal is reduced too much.[48] Currently,
common systems are based on cationic complexes,
where a chelating phosphine and an olefin or donor
solvent are coordinated to the metal center. These
complexes are produced in situ, but are not able to
match the activity of the original WilkinsonGs catalyst
(3).[2,3,48]

The donor properties of imidazol-2-ylidene ligands
and tricyclohexylphosphine are relatively similar;
therefore a decrease in activity is obtained by substi-
tution of triphenylphosphine with a carbene ligand.
Another reason might be that the increased electron
density at the metal center results in a stronger back
bonding with the phosphine ligand, which is disadvan-
tageous for the necessary dissociation of the phos-
phine. To obtain highly active catalysts, this effect of
the higher electron density at the metal center, result-
ing from the carbene ligand, should be neutralized by
the other coordinated ligands. The substitution of the
coordinated chloride anion by a weakly coordinated
anion, such as acetate or a non-coordinating anion re-
sults in increased activity. With this in mind com-
plexes 5 and 6 were synthesized. In complex 6 a
second triphenylphosphine ligand is substituted by a
carbene, which results in a further decrease in activity
(TOF=429 h�1), which is significantly lower in magni-
tude compared to the first substitution of a phosphine,
where a decrease in the turnover frequency from 8000
(3) to 667 h�1 (4) occurs. With these examples we
show that a carbene (strong s-donor) has a negative
influence on the rhodium-catalyzed hydrogenation
(Figure 10).
To compensate for the negative influence of the

carbene ligand the two triphenylphosphine ligands of
complex 4 are substituted by triphenylphosphite li-
gands, forming complex 5. This complex shows a turn-
over frequency of 400 h�1, a disappointing result,
which can be explained by the poorer dissociation
abilities of the phosphite ligand. Although complex 4
has the highest starting activity, it shows considerable
decomposition at higher temperatures over time.
The results for variation of the phosphine in the hy-

drogenation of cyclohexene are presented in Table 3,
starting from complex 7 as the metal precursor. The
active catalytic species was prepared in situ by addi-
tion of 2 equivalents of the corresponding phosphine
or phosphite to the reaction mixture. The turnover
frequencies given in Table 3 and Figure 11 are ob-
tained at the turning point of the sigmoidal curve and
correspond to the maximum turnover frequency for
each reaction. The phosphite ligand [PACHTUNGTRENNUNG(OPh)3] is un-
suitable for this reaction. Using 2 equivalents of
P ACHTUNGTRENNUNG(OPh)3, an induction period of 90 min was obtained,

and the reaction was completed after 3 h, however, ele-
mental rhodium was found after the reaction. Thus, it
can be assumed the conversion was quantitative be-
cause of the colloidal rhodium formed during the re-

Figure 10. Hydrogenation of cyclohexene in ethanol using
catalysts 4–6.

Table 3. Hydrogenation of cyclohexene in ethanol using cat-
alyst 7 (60 8C, 20 bar H2, 2 equivs. phosphine).

Phosphine Induction
period [min]

Reaction
time [h]

TOF
[h�1]

Conversion
[%]

PPh3 70 10 750 100
PCy3 180 190 20 59
PPy3 660 95 38 100
PACHTUNGTRENNUNG(OPh)3
[4 equivs.]

no reaction 20 no reac-
tion

3

dppe,
NaBPh4
[1 equivs.]

35 1.25 3000 100

Figure 11. Hydrogenation of cyclohexene in ethanol using
different phosphines.
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action. If 4 equivalents of P ACHTUNGTRENNUNG(OPh)3 are used for the
hydrogenation reaction, no reaction could be ob-
tained after 20 h. The reaction mixture was light
yellow in color; an indication that possibly a poten-
tially active catalyst was formed, such as for complex
5, but because of the large excess of phosphite this
species is deactivated by the additional coordination
of another phosphite ligand. If tri-N-pyrrolylphos-
phine (PPy3) used as the phosphine source, which also
has good p-acceptor ability,[51] no decomposition was
noted at full conversion. The turnover frequency of
40 h�1 is more than 10 times lower than in the reac-
tion where triphenylphosphine was used. A much
smaller activity was obtained using tricyclohexylphos-
phine, where a TOF of only 20 h�1 and a conversion
of 59% was observed.
Another possibility is to use chelating phosphines,

for example, dppe (diphenylphosphinoethane). How-
ever, the described procedure seems not to be suita-
ble, because during the reaction of the precursor with
the phosphine an exchange/substitution of the olefin
has to occur. The stabilization of the complex with
the chelating phosphine has to result before decompo-
sition of the precursor occurs. Another point is that
the metal center with four coordinating ligands
should be inactive in catalysis. Both problems were
solved by the abstraction of the chloro ligand and
substitution with a non-coordinating anion (BPh4

�).
The coordination of the phosphine is favored if the
chloro ligand is substituted before the dissociation of
the olefinic ligand appears. The proposed structure of
the in situ formed complex is depicted in Scheme 7.
In this species the electron density at the metal center
is reduced, and the catalytic activity for the hydroge-
nation should be much higher.
Presumably the catalytic activity for this in situ

complex (Scheme 7) results from decomposition prod-
ucts formed after an induction period of 90 min. If
one equivalent of sodium tetraphenylborate
(NaBPh4) is added to the reaction mixture, no decom-
position of the catalyst was obtained and the activity
reaches values near to those of the original Wilkinson
catalyst (3) with turnover frequencies of 3000 h�1.
Such high turnover frequencies of ca. 3000–4000 h�1

were only observed for much more expensive iridium-
BArF carbene complexes {BArF= tetrakis ACHTUNGTRENNUNG[3,5-bis(tri-
fluoromethylphenyl)]borate}.[21] This effect was not

obtained by substitution of the chloride by acetate or
in the presence of a non-coordinating ligand. There-
fore the same results were obtained with the acetate
analogue of complex 7 by addition of 2 equivalents of
triphenylphosphine at 40 8C. The activity is also de-
creased compared to the standard conditions
(2 equivs. PPh3, 60 8C) for complex 7, if 2 equivalents
of PPh3 and additional NaBPh4 are reacted at 60 8C.
At the end of the reaction small amounts of a yellow
precipitate are found, which could explain the small
loss in activity. Figure 12 depicts the most active sys-
tems. The induction period for each curve was re-
moved for a better comparison of the activities.

Conclusions

With regard to hydrogenation, the mixed catalytic sys-
tems based on heterocyclic carbenes of the imidazoli-
um type are relatively similar to the pure phosphine
complexes in their catalytic behavior. However, an
optimization of the activity is needed to fine-tune the
electronic properties. The experiments carried out in
this work clearly show that the metal-carbene bond is
stable during the entire catalytic cycle, thus opening
the possibility for the use of chiral carbenes as ligands
for the use in related reactions. Our results demon-
strate that NHC-derived catalysts can provide a rela-
tively wide range of electronic properties of the cata-
lytically active metal, and that they are flexible in
their application.

Experimental Section

General Considerations

All reactions were carried out under an atmosphere of dry
argon using standard Schlenk techniques or in an MBraun
glove box containing less than 1 ppm of oxygen and water.

Scheme 7. The putative active species formed by the reac-
tion of 7 with dppe and NaBPh4.

Figure 12. Comparison of different catalytic systems.
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The 1,3-dicyclohexylimidazolium salt and the corresponding
carbene 1,[36] and bis[m-ethoxy-(h4�-1,5-COD)rhodium] were
prepared according to the literature.[52] 1H, 13C and 31P NMR
spectra were recorded on a JEOL-JMX-GX 270 or
400 MHz spectrometer at room temperature and referenced
to the residual 1H and 13C signals of the solvents or 85%
H3PO4 as an external standard (

31P). NMR multiplicities are
abbreviated as follows: s= singlet, d=doublet, t= triplet,
hept.=heptet, m=multiplet, br.=broad signal. Coupling
constants J are given in Hz. Elemental analyses were carried
out by the Microanalytical Laboratory at the TU M"nchen.
IR spectra were recorded using KBr discs at a Perkin–
Elmer FTIR 1600 spectrometer.

cis-Carbonylchloro-bis(1,3-dicyclohexylimidazol-2-
ylidene)rhodium(I) (2)

Bis ACHTUNGTRENNUNG[(m-chloro)dicarbonylrhodium(I)] (139 mg, 0.36 mmol)
was dissolved in a mixture of 3 mL of CH2Cl2 and 2 mL of
THF, a solution of 1,3-dicyclohexylimidazol-2-ylidene (1)
(334 mg, 1.44 mmol) in 15 mL of THF was slowly added.
The solution was stirred for 40 min at room temperature
and afterwards the solvent was removed under vacuum. The
residue was washed with diethyl ether and purified by a
silica column [CH2Cl2/methanol (10:1), Rf=ca. 0.4). The
product was crystallized from a CH2Cl2/n-pentane solution
to obtain yellow crystals; yield: 161 mg (0.26 mmol, 36%).
1H NMR (400 MHz, CDCl3): d=7.29 (2H, s, NCHCHN),
7.12 (2H, s, NCHCHN), 4.64 (2H, br., HCNR2), 4.32 (2H,
m, HCNR2), 2.24–1.17 (40H, m, CH2);

13C{1H}-NMR
(100.5 MHz, CDCl3): d=191.0 (d, 1JRh�C=63.2 Hz, CO),
180.9 (d, 1JRh�C=42.8 Hz, NCN), 178.3 (d,

1JRh�C=45.7 Hz,
NCN), 119.2, 118.0 (NCHCHN), 60.2, 58.3 (CNR2), 35.6,
34.0, 25.3, 24.9, 24.4, 24.3 (CH2). IR (KBr): n(CO)=
1954 cm�1; anal. calcd. for C31H48N4OClRh (631.10 gmol

�1):
C, 58.99; H, 7.67; N, 8.88. Found: C, 59.69; H, 7.99; N, 8.84.

trans-Chloro(1,3-dicyclohexylimidazol-2-ylidene)-
bis(triphenylphosphine)rhodium(I) (4)

Method A: A solution of 180 mg (0.25 mmol) bis ACHTUNGTRENNUNG[(m-chloro)-
bis(cyclooctene)rhodium(I)] in 20 mL of THF was cooled to
�78 8C and a solution of 116 mg (0.50 mmol) 1,3-dicyclohex-
ylimidazol-2-ylidene in 5 mL of THF was added. After
5 min a solution of 262 mg (1.00 mmol) triphenylphosphine
in 5 mL of THF was added. A color change from brownish
to orange occurred. After 1 h the solvent was removed in
vacuo. The precipitate was washed with 10 mL of diethyl
ether, and crystallized from toluene/n-pentane to obtain
orange crystals. Yield: 233 mg (0.26 mmol, 52%).
Method B: To a solution of 186 mg (0.20 mmol) chloro-

tris(triphenylphosphine)rhodium(I) in 20 mL of THF was
added a solution of 47 mg (0.20 mmol) 1,3-dicyclohexylimi-
dazol-2-ylidene in 2 mL of THF. The color changed from
dark red to light orange during addition. After the reaction
mixture was stirred additionally for 15 min the solvent was
removed under vacuum and the residue was crystallized
from a CH2Cl2/n-pentane mixture. Yield: 121 mg
(0.14 mmol, 67%) of orange crystals. 1H NMR (400 MHz,
CD2Cl2): d=7.98–6.95 (30H, m), 6.60 (2H, s, NCHCHN),
5.09 (2H, m, HCNR2), 1.64–0.86 (20H, m, CH2);

13C{1H}-
NMR (100.5 MHz, CD2Cl2): d=137.2 (d, J=33.8 Hz, CP),

135.7 (d, J=11.5 Hz, CCP), 135.3 (d, J=10.7 Hz, CCP),
128.1, 127.4, 127.0, 126.9, 126.8, 126.7 (Ar), 116.5
(NCHCHN), 60.1 (CNR2), 34.4, 32.8, 32.0, 26.3, 26.1, 25.8,
25.7, 25.4 (CH2);

31P{1H}-NMR (161.8 MHz, CD2Cl2): d=
33.4 (d, J=155.2 Hz, PPh3); anal. calcd. for C51H54N2P2ClRh
(980.24 gmol�1): C 63.72, H 5.76, N 2.86; found: C 63.47, H
5.76, N 2.81.

trans-Chloro(1,3-dicyclohexylimidazol-2-ylidene)-
bis(triphenylphosphite)rhodium(I) (5)

A solution of 240 mg (0.33 mmol) bis ACHTUNGTRENNUNG[(m-chloro)bis(cyclooc-
tene)rhodium(I)] in 20 mL of THF was cooled to �78 8C
and a solution of 156 mg (0.67 mmol) 1,3-dicyclohexylimida-
zol-2-ylidene in 7 mL of THF was added. After 5 min a solu-
tion of 423 mg (1.36 mmol) triphenyl phosphite in 5 mL of
THF was added. The solvent was removed under vacuum
after 1 h. The precipitate was washed with 20 mL of diethyl
ether and crystallized from a CH2Cl2/n-pentane solution as
light yellow plates; yield: 87 mg (0.09 mmol, 13%).
1H NMR (270 MHz, CD2Cl2): d=7.39–7.09 (30H, m), 6.97
(2H, s, NCHCHN), 5.12 (2H, m, HCNR2), 1.86–0.72 (20H,
m, CH2);

13C{1H}-NMR (100.5 MHz, CD2Cl2): d=151.6
(arom. CO), 129.2, 123.9, 121.3 (Ar), 117.3 (NCHCHN),
59.2 (CNR2), 33.5, 25.3, 25.2 (CH2);

31P{1H}-NMR
(109.4 MHz, CD2Cl2): d=112.6 [d, J=256.6 Hz, PACHTUNGTRENNUNG(OPh)3];
anal. calcd. for C51H54N2P2O6ClRh (991.26 gmol

�1): C 61.79,
H 5.49, N 2.83; found: C 61.68, H 5.70, N, 2.70.

Chloro-trans-bis(1,3-dicyclohexylimidazol-2-
ylidene)(triphenylphosphine)rhodium(I) (6)

A solution of 257 mg (0.36 mmol) bis ACHTUNGTRENNUNG[(m-chloro)bis(cyclooc-
tene)rhodium(I)] in 20 mL of THF was cooled to �78 8C
and a solution of 336 mg (1.45 mmol) 1,3-dicyclohexylimida-
zol-2-ylidene in 8 mL of THF was added. After 2 min a solu-
tion of 189 mg (0.72 mmol) triphenylphosphine in 4 mL of
THF was added to the reaction mixture. The solvent was re-
moved after 1 h under vacuum. The precipitate was washed
with 20 mL of diethyl ether and crystallized from a CH2Cl2/
diethyl ether mixture as orange crystals; yield: 311 mg
(0.36 mmol, 50%). 1H NMR (400 MHz, CD2Cl2): d=7.38–
7.31, 7.13–7.06 (15H, m), 6.69 (4H, s, NCHCHN), 5.43 (4H,
m, J=4.0 Hz, HCNR2), 2.69, 1.85–1.09 (40H, m, CH2);
13C{1H}-NMR (100.5 MHz, CD2Cl2): d=190.3 (dd, 1JRh-C=
40.7 Hz, 1JC-P=15.4 Hz, NCN), 141.0 (d, J=35.3 Hz, CP),
132.4 (d, J=10.7 Hz, CCP), 127.3, 127.2, 127.1 (Ar), 115.8
(NCHCHN), 58.7 (CNR2), 34.8, 32.3, 26.1, 26.0, 25.7 (CH2);
31P{1H}-NMR (109.4 MHz, CD2Cl2): d=49.8 (d, J=
227.9 Hz, PPh3); anal. calcd. for C48H63N4PClRh·CH2Cl2
(950.28 gmol�1): C 61.93, H 6.89, N 5.90; found: C 61.91, H
7.21, N 5.79.

1,3-Di-[(1R,2S,5R)-2-isopropyl-5-menthylcyclohex-1-
yl]imidazolium Perchlorate (8a)

To a solution of 24.2 g (156 mmol) (1R,2S,5R)-1-amino-2-
isopropyl-5-menthylcyclohexane[53] in 100 mL of toluene was
added 2.3 g (78 mmol) paraformaldehyde and the mixture
heated for 30 min at 40 8C. The reaction mixture was then
cooled to 0 8C and 23.7 mL (78 mmol) 3.3 N perchloric acid
were added dropwise with warming to room temperature.
At room temperature 10.5 mL (92 mmol) of a 40% aqueous
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glyoxal solution were added and afterward the reaction mix-
ture was heated for 12 h at 35 8C. To the aqueous phase
were added 50 mL of diethyl ether and 25 mL of a concen-
trated Na2CO3 solution. The white slime was washed twice
with 20 mL of diethyl ether and was extracted once with
30 mL of CH2Cl2. The extract was dried over Na2SO4, and
afterward the solvent was removed and the residue was re-
crystallized from a methanol/diethyl ether solution to afford
light yellow crystals; yield: 7.8 g (17.6 mmol, 23%).
1H NMR (400 MHz, CDCl3): d=9.11 (1H, s, NCHN), 7.40
(2H, s, NCHCHN), 4.28 (2H, m, J=4.0 Hz, HCNR2), 2.08–
1.04 (18H, m, CH and CH2), 0.92 (6H, d, J=6.5 Hz, CH3),
0.84 [6H, d, J=7.0 Hz, CH ACHTUNGTRENNUNG(CH3)2], 0.75 [6H, d, J=7.0 Hz,
CH ACHTUNGTRENNUNG(CH3)2];

13C{1H}-NMR (100.5 MHz, CDCl3): d=134.6
(NCHN), 120.7 (NCHCHN), 62.5 (C-1), 47.2 (C-2), 42.7 (C-
6), 33.5 (C-4), 31.9 (C-5), 26.7 (C ACHTUNGTRENNUNG(CH3)2), 23.6 (C-3), 21.6
(CH3), 20.7, 15.5 [CACHTUNGTRENNUNG(CH3)2]; anal. calcd. for C23H41N2O4Cl
(445.04 gmol�1): C 62.07, H 9.29, N 6.29; found: C 62.06, H
9.23, N 6.12.

1,3-Di-[(1R,2S,5R)-2-isopropyl-5-menthylcyclohex-1-
yl]imidazol-2-ylidene (8b)

To a mixture of 100 mL of liquid ammonia and 30 mL of
THF, 1.34 g (3.00 mmol) 1,3-di-[(1R,2S,5R)-2-isopropyl-5-
menthylcyclohex-1-yl]imidazolium perchlorate (8a) and
224 mg (9.30 mmol) of NaH were added. The solvent was
removed under vacuum and the residue was extracted twice
with 20 mL of n-hexane. The n-hexane was removed under
vacuum to afford a pale yellow solid; yield: 1.02 g
(2.95 mmol, 98%); 13C{1H}-NMR (100.5 MHz, THF-d8): d=
212.7 (NCN), 117.2 (NCHCHN), 62.2 (C-1), 48.9 (C-2), 45.0
(C-6), 35.6 (C-4), 33.4 (C-5), 27.0 [C ACHTUNGTRENNUNG(CH3)2], 25.0 (C-3), 22.7
(CH3), 21.4, 16.3 [C ACHTUNGTRENNUNG(CH3)2].

Chloro(h4--1,5-cyclooctadiene) ACHTUNGTRENNUNG(1,3-di-ACHTUNGTRENNUNG[(1R,2S,5R)-2-
isopropyl-5-menthylcyclohex-1-yl]imidazol-2-
ylidene)rhodium(I) (8)

A solution of 247 mg (0.50 mmol) bis ACHTUNGTRENNUNG[m-chloro(h4--1,5-cyclo-
octadiene)rhodium(I)] in 20 mL of THF was cooled to
�78 8C and a solution of 345 mg (1.00 mmol) 1,3-di-
[(1R,2S,5R)-2-isopropyl-5-menthylcyclohex-1-yl]imidazol-2-
ylidene (8b) in 10 mL of THF was added. The solution was
stirred for 45 min and afterward the solvent was removed
under vacuum. The precipitate was washed with 15 mL of
diethyl ether and crystallized from a CH2Cl2/diethyl ether
solution to afford yellow crystals; yield: 256 mg (0.46 mmol,
43%). 1H NMR (400 MHz, CDCl3): d=6.81 (2H, m,
NCHCHN), 5.22 (1H, m, HCNR2), 5.05 (1H, m, HCNR2),
4.89 (2H, m, CH), 3.43 (1H, m, CH), 3.33 (1H, m, CH),
2.80, 2.39–2.26, 1.93–0.85 (26H, m, CH, CH2), 1.03 (3H, d,
J=7.0 Hz, CH3), 0.95 (3H, d, J=7.0 Hz, CH3), 0.93 [3H, d,
J=7.0 Hz, CH ACHTUNGTRENNUNG(CH3)2], 0.88 [3H, d, J=6.5 Hz, CHACHTUNGTRENNUNG(CH3)2],
0.83 [3H, d, J=7.0 Hz, CH ACHTUNGTRENNUNG(CH3)2], 0.80 [3H, d, J=7.0 Hz,
CH ACHTUNGTRENNUNG(CH3)2];

13C{1H}-NMR (100.5 MHz, CDCl3): d=180.2 (d,
J=51.5 Hz, NCN), 117.4, 117.2 (NCHCHN), 97.4 (d, J=
6.8 Hz, CH), 97.1 (d, J=6.8 Hz, CH), 67.5 (d, J=14.6 Hz,
CH), 66.7 (d, J=14.6 Hz, CH), 62.0, 61.4 (C-1), 48.6, 47.9
(C-2), 45.8, 44.2 (C-6), 34.7, 34.6 (C-4), 33.3, 32.8 (CH2),
32.8, 31.9 (C-5), 29.2, 28.4 (CH2), 25.9, 25.1 [C ACHTUNGTRENNUNG(CH3)2], 24.5,
24.4 (C-3), 22.3, 22.2 (CH3), 22.3, 21.9, 18.3, 17.6 [C ACHTUNGTRENNUNG(CH3)2];

anal. calcd. for C31H52N2ClRh (591.11 gmol�1): C 62.99, H
8.87, N 4.74; found: C 62.82, H 9.07, N 4.59.

Catalytic Hydrogenation

The catalyst (0.05 mol%) was dissolved in 3 mL of the used
solvent under argon. The substrate (20 mmol) was added in
one portion. The resulting mixture was transferred to a Parr
autoclave with glass tube inlet via syringe under argon. For
an internal standard isooctane was chosen. The autoclave
was filled and flushed three times with hydrogen before it
was finally pressurized (10–80 bar). The autoclave was
heated to the desired temperature and the pressure inside
the autoclave was monitored digitally via a sensor (0–
250 bar). The pressure was kept constant during the reaction
in a range of �5 bar.

Single Crystal X-Ray Structure Determination of
Compounds 5, 6· ACHTUNGTRENNUNG(CH2Cl2), and 8

Crystallographic data are presented in the Supporting Infor-
mation.[54] Preliminary examination and data collection were
carried out on an area detecting system (Stoe & Cie, IPDS)
at the window of a rotating anode (Nonius, FR591) and
graphite monochromated MoKa radiation (l=0.71073 R).
Data collections were performed at 193 K (Oxford Cryosys-
tems). Raw data were corrected for Lorentz, polarization,
and, arising from the scaling procedure, for latent decay and
absorption effects.[55] The structures were solved by a combi-
nation of direct methods and difference Fourier syntheses.
All non-hydrogen atoms were refined with anisotropic dis-
placement parameters. Full-matrix least-squares refinements
were carried out by minimizing Sw ACHTUNGTRENNUNG(Fo

2-Fc
2)2 with SHELXL-

97 weighting scheme. The final residual electron density
maps showed no remarkable features. Programs used:
SIR92,[56] SHELXL-97[57] and PLATON.[58]

5 : As shown by FlackGs parameter the crystal is twinned.
A correction was applied using the SHELXL-97 procedure
[TWIN/BASF=0.75(2)]. The asymmetric unit cell contains
two crystallographically independent molecules A and B.
All hydrogen atom positions were calculated in ideal posi-
tions (riding model).
6· ACHTUNGTRENNUNG(CH2Cl2): The hydrogen positions were refined with in-

dividual isotropic displacement parameters.
8 : The hydrogen positions were refined with individual

isotropic displacement parameters. The correct enantiomere
is proved by FlackGs parameter e=�0.036(13).

Supporting Information

Additional graphs and table for the hydrogenation experi-
ments, details of the X-ray crystallographic data and refine-
ment of complexes 5, 6· ACHTUNGTRENNUNG(CH2Cl2), and 8 are given.
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