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Introduction

Investigations on the asymmetric hydrogenation, especially
of dehydroamino acid derivatives, with cationic rhodium
complexes have for decades been of academic and industrial
interest. In the established mechanistic concepts[1] the so-
called solvate complexes play a fundamental role. Since they
are very sensitive and difficult to handle owing to their high
reactivity usually diolefin complexes of the type [Rh ACHTUNGTRENNUNG(PP*)-
ACHTUNGTRENNUNG(diolefin)]anion (PP*=chelating chiral bisphosphine) are
applied as precatalysts or are generated by conversion of a
respective bis-diolefin complex [Rh ACHTUNGTRENNUNG(diolefin)2]anion with
one equivalent of the chiral ligand. By hydrogenating the di-
olefin, mostly (Z)-1,5-cyclooctadiene (cod) or 2,5-norborna-
diene (nbd), the actual catalyst, that is, the solvate complex,
is formed.[2]

Already in 1977 Halpern et al. described polynuclear rho-
dium complexes. Besides the possibility of the formation of

an arene-bridged dimer [Rh ACHTUNGTRENNUNG(dppe) ACHTUNGTRENNUNG(BF4)]2 (dppe=1,2-bis-
(diphenylphosphino)ethane)[3] a trinuclear complex of the
type [Rh3ACHTUNGTRENNUNG(dppe)3ACHTUNGTRENNUNG(m3-OMe)2]

+ was characterized.[4] The latter
one forms by addition of NEt3 and other bases such as
KOMe to the solvate complex [Rh ACHTUNGTRENNUNG(dppe) ACHTUNGTRENNUNG(MeOH)2]BF4. As
a structural principle it was found that three rhodium cen-
ters form a regular triangle whereas each bidentate dppe
ligand is coordinated to a rhodium cation. The P-Rh-P plane
is perpendicular to the Rh3 plane, and m3-bridging methoxy
anions are located above and below the Rh3 plane. An anal-
ogous structure of [Rh3 ACHTUNGTRENNUNG(binap)3ACHTUNGTRENNUNG(m3-OH)2]ClO4 (binap= (2,2’-
bis-(diphenylphosphino)-1,1’-binaphthyl)) has been reported
by Saito et al.[5]

In the first publications on asymmetric hydrogenation
with monodentate phosphines and chelating bis-phosphines,
respectively, the influence of NEt3 additives on the enantio-
selectivity was investigated.[6] Such basic additives are still
common practice.[7] Thus, it is rather surprising that trinu-
clear complexes which can result from such additives are
practically not discussed as part of catalytic systems with
very few exceptions.[8] The objective of this work therefore
was to investigate the influence of trinuclear complexes on
the activity of asymmetric hydrogenations.

Results and Discussion

By following the method of adding base (NEt3) to a respec-
tive solvate complex described by Halpern et al. we succeed-
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ed in synthesizing several new trinuclear complexes in yields
of isolated product of up to 90%. In Figure 1a selected X-
ray structure is presented.[9] As shown in the example differ-
ent anions above and below the Rh3 plane are possible[10] as
are different ring sizes in the phosphine ligands (see the
Supporting Information).

The bonds between the rhodium atoms of about 3 M are
longer than Rh�Rh bonds previously described in the litera-
ture.[11, 12] The X-ray structures prove that ideal symmetry
does not exist in the crystal owing to irregular Rh�Rh dis-
tances. However, those differences apparently compensate
on the NMR time scale since the 31P NMR spectra of the
complexes with similar bridging anions exhibit only a dou-
blet. In the case of dissimilar anions eight peaks are ob-
served (ddd).

The chemical shifts in the 31P NMR spectrum of the trinu-
clear complexes lie in the range of several species which
could be present in the catalytic system.[13] Here,
103Rh NMR spectroscopy renders an adequate method to
unequivocally distinguish between species. The respective
spectrum with the Me-DuPhos ligand (Figure 2) proves that
also species with dissimilar m3-bridging anions can be discri-
minated in this way. The trinuclear complexes exhibit a high
formation tendency and stability. They are stable in solution
over a long period of time[15] and as solids are relatively
stable in air.[16]

To resolve the question of whether trinuclear complexes
are suitable diolefin-free precatalysts for asymmetric hydro-
genation the test substrate methyl (Z)-a-acetamido cinna-
mate (MAC) was hydrogenated with [Rh3ACHTUNGTRENNUNG(dipamp)3ACHTUNGTRENNUNG(m3-
OH)2]BF4 under standard conditions (0.01 mmol Rh;
1.0 mmol prochiral olefin; 15.0 mL methanol; 25.0 8C;
101.3 kPa; Figure 3).[17] For reasons of comparison the same
figure additionally shows the hydrogenation of MAC with
the solvate complex [Rh ACHTUNGTRENNUNG(dipamp) ACHTUNGTRENNUNG(MeOH)2]BF4 and with

the cod complex [Rh ACHTUNGTRENNUNG(dipamp) ACHTUNGTRENNUNG(cod)]BF4. The hydrogen con-
sumption curve proves that hydrogenations can be per-
formed using the trinuclear complexes in principle. Howev-
er, considerable induction periods occur that are even more
pronounced than with the analogous cod complex.

The trinuclear complex itself is not active in the hydroge-
nation owing to a lack of coordination sites. However, the
equilibrium between the trinuclear complex and the solvate
complex, which is apparently strongly shifted to the side of
the trinuclear complex[15] is—in the presence of prochiral
olefin in excess—disturbed by the formation of diastereo-
meric catalyst–substrate complexes which then further react
with hydrogen. This leads to a continuous decrease of the
trimer concentration. Macroscopically, the induction period,
that is, the period of increasing hydrogenation activity, is ob-
served.

As already mentioned, enantioselective catalyses have
been described in the presence of basic additives such as
NEt3.

[7,8] Since the hydrogenation of MAC with the solvate

Figure 1. X-ray structure of the cation in [Rh3 ACHTUNGTRENNUNG((S,S)-Me-DuPhos)3ACHTUNGTRENNUNG(m3-
OH) ACHTUNGTRENNUNG(m3-OMe)]BF4 (ORTEP, 30% probability ellipsoids). The hydrogen
atoms (except H of the OH bridge) are omitted for clarity.

Figure 2. 31P-103Rh HMQC spectrum of trinuclear Me-DuPhos complexes
with different m3-bridging anions in CD2Cl2.

[14]

Figure 3. Comparison of hydrogen consumption curves of the hydrogena-
tion of methyl (Z)-a-acetamido cinnamate (MAC) with different dipamp
complexes: [Rh ACHTUNGTRENNUNG(dipamp) ACHTUNGTRENNUNG(MeOH)2]BF4 (blue), [RhACHTUNGTRENNUNG(dipamp) ACHTUNGTRENNUNG(cod)]BF4

(red), [Rh3 ACHTUNGTRENNUNG(dipamp)3 ACHTUNGTRENNUNG(m3-OH)2]BF4 (green); each 0.01 mmol Rh; 1.0 mmol
MAC; 15.0 mL methanol; 25.0 8C; 101.3 kPa.[18]
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complex [Rh ACHTUNGTRENNUNG(dipamp) ACHTUNGTRENNUNG(MeOH)2]BF4 proceeds as a pseudo-
zero-order reaction (saturation range of the underlying Mi-
chaelis–Menten kinetics[1a]), it is easily quantified and thus
suitable to determine the influence of NEt3 additives on ac-
tivity.

Figure 4 shows the hydrogen consumption for the system
MAC/[Rh ACHTUNGTRENNUNG(dipamp) ACHTUNGTRENNUNG(MeOH)2]BF4. In comparison, analogous
hydrogenations were performed in which different amounts
of NEt3 were added (NEt3/Rh=1 to 35) to the reaction solu-

tion after each ca. 20% conversion of the prochiral olefin.
The addition of base results in an instant color change of
the reaction solutions from red/orange to red/brown and an
activity loss that is the more significant the higher the NEt3/
Rh ratio. After a very short transition period an approxi-
mately constant activity is reached again. The 31P NMR
spectrum after completion of the hydrogenation reveals only
the typical signals of the trinuclear complex.[19]

Thus, it could be quantified for the first time that basic
additives such as NEt3 can negatively influence the catalytic
activity owing to the fast formation of practically non-hydro-
genation-active trinuclear complexes. In principle it is possi-
ble—and exploratory analyses prove it (see the Supporting
Information)—that some prochiral olefins can be basic
enough to initiate the formation of inactive trinuclear com-
plexes, without other basic additives!

The formation of trinuclear complexes in the presence of
base suggests that by subsequent addition of acid the reverse
reaction to the solvate complexes can be accomplished.[20]

Hydrogenations with trinuclear complexes as precatalysts
indeed show that upon addition of HBF4, with BF4

� already
present in the system as an anion, the hydrogenation activity
increases considerably (Figure 5). Within the range of repro-
ducibility the same activity (and selectivity) as with the sol-
vate complex is observed at an acid/Rh ratio of 100. Appa-

rently, in the presence of an appropriate excess of acid the
inactive trinuclear complexes are—at least in the example
shown here—completely transformed into the active solvate
complex [Rh ACHTUNGTRENNUNG(dipamp) ACHTUNGTRENNUNG(MeOH)2]BF4.

The relevance of the results becomes evident considering
that the addition of acid in asymmetric hydrogenations is
described even for industrial processes.[21] The actual reasons
for that, however, remain partly unclear. The degradation of
catalytically inactive trinuclear species described here is a
possible explanation for the known effect of activity increase
after addition of acid to a hydrogenation system.[22]

Conclusions

In summary, the application of newly described, stable trinu-
clear rhodium complexes as diolefin-free precatalysts for
asymmetric hydrogenation is in principle possible; however,
those hydrogenations are macroscopically characterized by a
comparatively low activity. It could be proven that basic ad-
ditives such as NEt3 commonly used to manipulate enantio-
selectivities can lead to a deactivation by formation of the
respective trinuclear complexes. Exploratory analyses fur-
thermore showed that appropriate prochiral olefins can be
basic enough to initiate the formation of trinuclear com-
plexes without other basic additives. By means of acidic ad-
ditives, however, the formation of trinuclear complexes can
be thwarted or the decomposition of trinuclear complexes
can be accelerated.

Experimental Section

All reactions and manipulations were performed in a dry argon atmos-
phere using standard Schlenk-type techniques. Hydrogenation experi-
ments were performed as described in reference [2b]. All 1H and
31P NMR spectra were taken on a Bruker 300MHz spectrometer. All 13C

Figure 4. Hydrogen consumption curves of the hydrogenation of MAC
with [Rh ACHTUNGTRENNUNG(dipamp)ACHTUNGTRENNUNG(MeOH)2]BF4 (red). Addition of NEt3 to analogous hy-
drogenations after ca. 20% conversion: green=0.01 mmol, gray=

0.05 mmol, black=0.1 mmol, blue=0.35 mmol (each 0.01 mmol Rh;
2.0 mmol MAC; 15.0 mL methanol; 25.0 8C; 101.3 kPa).

Figure 5. Hydrogenation of MAC with dipamp complexes: blue= [Rh-
ACHTUNGTRENNUNG(dipamp)ACHTUNGTRENNUNG(MeOH)2]BF4 as reference; trinuclear complex [Rh3 ACHTUNGTRENNUNG(dipamp)3
ACHTUNGTRENNUNG(m3-OH)2]BF4 with acid as additive: green: HBF4/Rh=100, red: HBF4/
Rh=30, black: HBF4/Rh=10; gray= [Rh ACHTUNGTRENNUNG(dipamp) ACHTUNGTRENNUNG(cod)]BF4; violet=

[Rh3 ACHTUNGTRENNUNG(dipamp)3 ACHTUNGTRENNUNG(m3-OH)2]BF4 (each 0.01 mmol Rh; 1.0 mmol MAC;
15.0 mL methanol; 25.0 8C; 101.3 kPa.).
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and 103Rh NMR experiments were carried out on a Bruker 400MHz spec-
trometer. Diffraction data were collected on a STOE-IPDS II diffractom-
eter [l ACHTUNGTRENNUNG(MoKa)=0.71073 M]. The structures were solved by direct methods
(SHELXS-97 (Sheldrick, 1997)) and refined by full-matrix least-square
techniques against F2 (SHELXL-97). XP (Siemens Analytical X-ray In-
struments, Inc.) was used for structure representations. As observation
criterion, I>2s(I) was used. The non-hydrogen atoms were refined ani-
sotropically. The hydrogen atoms were placed into theoretical positions
and were refined by using the riding model.
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