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Complexes of ruthenium, iridium, and especially rhodium
have been used in the homogeneously catalyzed asymmetric
hydrogenation of prochiral olefins, ketones, and imines.[1]

Hydrogenations are usually carried out in simple alcohols,
but aromatic solvents, water, or alcohol/aromatic solvent
mixtures can also be used. It has been reported that aromatic
solvents such as benzene can inhibit asymmetric hydrogena-

phosphatase efficiently and selectively, thereby displaying the
fundamental requirements for turnover-based enzyme inacti-
vation.

We wondered whether a catalyst with low turnover rates,
which would be expected to initially arise from selection
experiments with a ™first-generation∫ non-enzyme protein
library (e.g. catalytic antibodies),[19] can also be identified by
means of this screening procedure. As a model for such a case,
we investigated a mutant of alkaline phosphatase, S102A,
which lacks the primary nucleophile at the active site. Even
though the turnover rate for the S102A enzyme is about four
orders of magnitude lower than for the wild-type, it is still
substantially faster than the uncatalyzed reaction (kcat/kuncat�
105).[20] Briefly, the mutant enzyme was injected in the
BIAcore instrument in the same way as the wild-type enzyme
to bind to the suicide substrate, and noncovalent bound
protein was washed off with guanidinium chloride. More than
30% of the total bound enzyme remained after this step,
demonstrating significant covalent coupling. The covalently
coupled protein could be removed by reductive cleavage of
the disulfide-containing linker that connects the suicide
substrate to the surface. Thus, poorly active protein can still
be identified by means of this turnover-based screening
procedure. This strongly suggests that the rate of covalent
inactivation depends on the successful reaction of a second
nucleophile with the quinone methide rather than on the
primary hydrolysis. However, under the same conditions, less
enzyme is trapped than in the case of wildtype enzyme, thus
suggesting that the suicide inhibitor may be potentially
selective for catalytic efficiency. BSA does not show any
covalent binding when used as a control in these reactions,
excluding the possibility that the covalent binding might
simply be a result of random reactivity of surface nucleophiles
on the protein.

The synthesis and successful deployment of 3 is now being
applied to the selection of catalysts from large protein
libraries. Moreover, BIAcore analysis is demonstrated herein
to represent a useful approach for the direct screening of
library members and enables real-time analysis of the
sequence of steps necessary for catalyst selection from a
library of proteins. The relative advantages of o-trifluoro, o-
difluoro, and o-monofluoromethylphenyl phosphate suicide
substrates[11] are currently under investigation.
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tion. For example, Burk et al. recent-
ly showed that the hydrogenation of
ethyl �-benzoyloxycrotonate with
the very active Et-DuPHOS±Rh
system (Et-DuPHOS� 2�,5�,2��,5��-
tetraethyl-1,2-bis(phospholanyl)ben-
zene) does not work in benzene,
whereas high selectivity and activity
are observed in other solvents.
The formation of inactive [Rh-
(Et-DuPHOS)(benzene)]� complex,
which was characterized by means of
31P NMR spectroscopy, was postulat-
ed to be the cause.[2]

The stability of such RhI ± �6-arene
complexes with chelating bisphos-
phanes has already been reported
by Halpern et al.[3] To our knowl-
edge, only one crystal structure with
a chiral bisphosphane is described:
the benzene complex of (1R,2R)-trans-1,2-bis((diphenylphos-
phanyl)methyl)cyclobutane rhodium(�).[4]

Bargon and co-workers used the PHIP method (PHIP�
para-hydrogen-induced polarization) to investigate arene
complexes of styrene derivatives.[5] Likewise, Gridnev, Ima-
moto, and co-workers provided NMR spectroscopic evidence
for the formation of Rh ± arene complexes after the hydro-
genation of phenyl-substituted enamides, preferably at lower
temperatures.[6] Herein we report detailed spectroscopic and
kinetic investigations and quantitatively describe the inhibit-
ing influence of �6-arene ±RhI complexes on catalytic activity,
for example, in the homogeneously catalyzed asymmetric
hydrogenation. The crystal structures of arene complexes
[Rh((R,R)-Et-DuPHOS)(benzene)]BF4 (1) and [Rh((S,S)-
Me-DuPHOS)(toluene)]BF4 (2) are presented.

The addition of benzene or toluene (0.2 mL) to a solution of
either [Rh(Et-DuPHOS)(MeOH)2]BF4 (3) or [Rh(Me-Du-
PHOS)(MeOH)2]BF4 (4)[7] (0.01 mmol) in methanol (0.8 mL)
already leads quantitatively to the corresponding arene
complexes 1 and 2, respectively. The formation of 1 and 2
was unequivocally confirmed by means of 31P or 103Rh NMR
spectroscopy (Table 1). The molecular structures are shown in
Figure 1.[8]

Although the 31P NMR data of the arene and of the
methanol complexes are very similar (Table 1), the two
complexes can be distinguished by means of 103Rh NMR

spectroscopy (Table 1).[9] The signals for the arene complexes
are clearly shifted upfield, and the established dependence of
the rhodium shift on the size of the chelate ring is observed.[10]

The 1H and 13C NMR spectra unambiguously confirm the
presence of �-arene complexes. The signals for the coordi-
nated benzene ring in 1 are shifted by �0.75 ppm in the
1H NMR spectrum and by �27.8 ppm in the 13C NMR
spectrum. A coupling constant of 2 Hz was found for
1J(13C,103Rh), and the observed 1J(13C,1H) value of 174 Hz is
typical for �-arene complexes.[11] Although a scalar 1H,103Rh
coupling could not be resolved in the 1H NMR signals of
the coordinated arenes, its existence follows from the
observation of crosspeaks in 1H,103Rh-HMQC experiments
(HMQC� heteronuclear multiple quantum coherence), par-
ticularly for the methyl groups of �-coordinated toluene or
xylene.

The stability of �6-arene complexes must be considered in
asymmetric hydrogenations. The formation of stable Rh ±�-
arene complexes in the presence of aromatic solvents means
that the rhodium catalyst is only partly available for the actual
catalytic process.[12]

The hydrogenation of dimethyl itaconate (5) with [Rh(Ph-
�-glup-OH)(MeOH)2]BF4 (6)[7c] (Ph-�-glup-OH� phenyl-
2,3-bis(O-diphenylphosphanyl-�-�-glucopyranoside) is a
pseudo-first-order reaction in methanol. Mechanistically,[13]

this means that during the asymmetric hydrogenation, the
equilibrium (solvent complex/prochiral olefin�diastereo-
meric substrate complexes) is shifted toward the solvent
complex. This is proven by UV/Vis spectroscopy.[14] For such
systems characterized by the low stability of the substrate
complexes, it is to be expected that already small amounts of
arene derivatives in the solvent (usually alcohol) lead to a
decrease in the activity. Essentially, only the weakly coordi-
nating solvent (present in a large excess) and the strongly
coordinating arene derivative compete for the rhodium atom
to form stable complexes. Thus, the addition of toluene
(0.28 mmol, 0.03 mL) to a solution of 6 (0.02 mmol) and 5
(1.0 mmol) in methanol (15.0 mL) causes a reproducible
decrease in the activity (Figure 2). It follows from the ratio of

Figure 1. Molecular structures of 1 (left) and 2 (right) in the crystal (only hydrogen atoms at the
asymmetric carbon atoms are represented). For disordered toluene, the atoms with highest probability of
occupation (60%) are shown. Selected bond lengths (ä) and angles (�) for 1/2 : Rh1�P1 2.211(2)/2.212(3),
Rh1�P2 2.213(2)/2.214(3); P1-Rh1-P2 84.54(7)/84.88(10).

Table 1. 31P and 103Rh NMR data for solvent-stabilized cations of the type
[Rh(P�P)(solvent)]BF4 in [D4]methanol at 298 K.[a]

Chelate ligand Solvent �(31P) 1J(31P,103Rh) [Hz] �(103Rh)

Et-DuPHOS �6-benzene 93.0 202 � 1116
methanol 95.7 205 � 149

DIPAMP �6-benzene 72.2 207 � 1006
�6-p-xylene 75.7 207 � 956
methanol 81.2 208 � 38

Ph-�-glup-OH �6-toluene 136.4, 134.8 228, 228 � 762
methanol 147.6, 142.9 229, 226 � 28

[a] Further data and experimental details are to be found in the Supporting
Information.
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Figure 2. Hydrogenation of 5 in a) pure methanol (k� 0.055 min�1) and
b) after the addition of 0.28 mmol toluene (k� 0.041 min�1); molar ratios:
methanol/toluene 1320:1, toluene/Rh 14:1; reaction conditions: 6
(0.02 mmol), 5 (1.0 mmol), 1 bar total pressure, methanol (15.0 mL),
25.0 �C.

the rate constants for the pseudo-first-order reaction that
despite the clear excess of methanol (molar ratio meth-
anol/toluene 1320:1), already 25% of the catalyst for the
asymmetric hydrogenation is blocked by the arene deriv-
ative. This finding from the quantitative analysis of the
hydrogenation curve can be confirmed by NMR spectros-
copy. A batch that contained the quantities specified in
the legend of Figure 2 in only 1 mL of [D4]methanol
(methanol/toluene 88:1) gave a methanol/toluene com-
plex ratio of 3.5 (31P NMR at 298 K), which agrees well
with the value obtained from the kinetic investigation (2.93).

Hydrogenations of prochiral olefins, which form more
stable rhodium complexes, can also be slowed down
substantially by adding small amounts of aromatic com-
pounds. The hydrogenation of methyl (Z)-�-(N-acetyl)-
aminocrotonate (7), a model compound for the asymmet-
ric hydrogenation of �-dehydroamino acids[15] with [Rh-
(dipamp)(MeOH)2]BF4 (DIPAMP� 1,2-ethylenebis-
[(2-methoxyphenyl)phenylphosphane])occurs in the sat-
uration region of the underlying Michaelis ±Menten
kinetics (Figure 3a). The maximum rate (pseudo-zero-
order reaction) does not depend on the concentration of
the substrate (in the investigated substrate/catalyst range
from 100:1 to 700:1). In such cases, the equilibrium
(solvent complex/prochiral olefin�diastereomeric sub-
strate complexes) is shifted far toward the substrate
complexes, as a result of the large stability constants. In
this case, only the prochiral olefin and an arene derivative
compete for the rhodium center, in contrast to hydro-
genations with substrate complexes of low stability (see
above). The addition of only 0.28 or 0.57 mmol p-xylene to
a solution of 8 (0.01 mmol) and 7 (1.0 mmol) in methanol
(15.0 mL) leads to a clearly diminished activity (Fig-
ure 3b, c). The enantioselectivity does not change within
experimental errors. Interestingly, the hydrogenation is no
longer a pseudo-zero-order reaction. However, if one
considers that the concentration of the prochiral olefin
decreases with increasing conversion and that the con-
centration of the aromatic compound remains constant, it

is clear that the proportion of blocking arene complex
increases with increasing substrate conversion, and thus the
activity decreases continuously. The amount of blocking p-
xylene complex at the beginning of the hydrogenation (23%
or 53%) can be determined from the ratio of the initial rates,
or by means of 31P NMR spectroscopy, which gave values of
25% or 50%. This is substantiated by the 103Rh NMR shift for
the species present beside the substrate complex (Figure 4).

Importantly, asymmetric hydrogenations can also be car-
ried out in aromatic solvents. Eventually, the concentrations
and stability constants of all compounds present in solution
determine the extent of the decrease in activity.

The practical relevance of these results is finally demon-
strated in an example. The hydrogenation of 7 with the
Me-DuPHOS system in toluene as solvent (ambient temper-
ature, 20 bar H2) for 24 hours gives rise to the product with an
ee value of 64%.[15] When methanol as solvent and 4 are used,

Figure 3. Hydrogenation of 7 in a) pure methanol and after the addition of b) p-
xylene (0.28) or c) p-xylene (0.57 mmol); molar ratios: methanol/p-xylene 1323:1
(b), 650:1 (c); reaction conditions: 8 (0.01 mmol), prochiral olefin (1.0 mmol),
methanol (15.0 mL), 1 bar total pressure, 25.0 �C; ro� initial rate.

Figure 4. 31P,103Rh{1H}-HMQC spectrum of a solution of 8 (0.01 mmol) in
methanol, which was treated with 7 (1 mmol) and p-xylene (0.57 mmol); molar
ratio of xylene complex/substrate complex� 1.0); the chemical shifts of the Rh
signals for the xylene complex and for the substrate complex are �956 and
1148 ppm, respectively.
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The proteasome is an intracellular multicatalytic protease
complex which in combination with the ubiquitin pathway
plays a central role in major cellular processes, such as antigen
presentation, cell proliferation and differentiation, and apop-
tosis.[1] Proteolysis occurs in a barrel-shaped core structure
known as 20S proteasome, which consists of four stacked rings
arrayed in an �7�7�7�7 mode.[2a] In eukaryotic proteasome
three �-subunits of each �-ring are enzymatically active with
an N-terminal threonine residue as the active nucleophile
involved in proteolysis[2b] with three more or less distinct
substrate specificities, that is chymotrypsin-like (CL), trypsin-
like (TL), and peptidyl-glutamyl-peptide hydrolase (PGPH)
activities.[3]

Because of the physiological role of proteasome in critical
intracellular processes, this enzyme represents a promising
target for drug development in inflammatory and autoim-
mune diseases as well as in tumor therapy.[4] Correspondingly,
great attention has recently been paid to the discovery of
potent and selective proteasome inhibitors by structure-based
design or natural product screening approaches. Most of the
synthetic inhibitors consisting of peptide aldehydes, boro-
nates, and vinylsulfones, as well as the natural products
lactacystin and epoxymicins inhibit in a more or less selective
manner the proteasome by reaction with the N-terminal
threonine residue (for a recent review see ref. [5]). A notable
exception is the highly selective and competitive proteasome
inhibitor TMC-95A, which was isolated from the fermenta-
tion broth of Apiospora montagnei Sacc. TC 1093.[6]

This cyclic peptide metabolite consists of �-tyrosine, �-
asparagine, a highly oxidized �-tryptophane, and the (Z)-1-

the product is obtained with 87.8% after only 4 min of
hydrogenation at normal pressure at 25 �C.[16] The lower
activity in toluene is a result of the ™induction periods∫[7] as
well as the formation of stable, blocking arene complexes, as
we have now shown quantitatively.[17]

In summary, we have shown that arene complexes of RhI

can have an unexpectedly large influence on the activity of
asymmetric hydrogenation reactions. A different interpreta-
tion is now possible for past investigations in which catalyst
activities were determined in alcohol/aromatic solvent mix-
tures or in aromatic solvents.[18] At the moment, we are
examining whether the inhibiting effect can also be induced
by P-ligands and by substrates with aromatic substituents, and
whether it is also relevant for other RhI-catalyzed reactions,
for example, hydroformylations.
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