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and Ryoji Noyori*

In asymmetric catalytic reactions,[1] racemic catalysts in-
herently give only racemic products, whereas nonracemic
catalysts generate nonracemic products with or without a
nonlinear relationship.[2] Conversely, we reported a concep-
tually new strategy for asymmetric catalysis using racemic
catalysts wherein a chiral additive selectively activates,[3]

rather than deactivates,[4] one enantiomer of the racemic
catalyst. We here describe an advanced strategy that uses
conformationally flexible bis(phosphanyl)biphenyl ligands
(BIPHEP)[5] for a Ru catalyst which, following activation by
a chiral diamine,[3d, 6] achieves high enantioselectivity in the
hydrogenation of carbonyl compounds (see Scheme 1). Com-
bination of a racemic BINAP/RuCl2 species (BINAP� 2,2'-
bis(diphenylphosphanyl)-1,1'-binaphthyl) with an equimolar
amount of an enantiomerically pure diamine gives a 1:1
mixture of two diastereomeric diphosphane/diamine com-
plexes.[3d] When the BINAP ligand is replaced by the flexible
and proatropisomeric BIPHEP, diastereomeric complexes are

formed, in principle, in unequal amounts. Here, if the major
diastereomer shows higher chiral efficiency than does the
minor isomer, this strategy becomes more beneficial than the
use of structurally similar BINAP analogues.

The hydrogenation of a carbonyl compound by the complex
formed from [RuCl2(dm-biphep)(dmf)n] (1; DM-BIPHEP�
2,2'-[(3,5-dimethylphenyl)phosphanyl]biphenyl) and enantio-
pure (S,S)-1,2-diphenylethylenediamine ((S,S)-DPEN; (S,S)-
2)[7] is shown in Scheme 1. Conformational flexibility of the
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Scheme 1. Enantioselective hydrogenation of carbonyl compounds to
optically active alcohols catalyzed by Ru complexes containing conforma-
tionally flexible BIPHEP ligands. In each case, (S)-1 and (R)-1 (Ar� 3,5-
dimethylphenyl) is fixed in the respective configuration. The chiral amine
(S,S)-2 is added as activator to complex 1 prior to the hydrogenation.

BIPHEP/RuCl2/diamine complexes was proven by 1H NMR
spectroscopic analysis. A mixture of 1 and 2 in CDCl3 at room
temperature showed a 1H NMR spectrum that is quite similar
to that of the racemic DM-BINAP/RuCl2/(S,S)-DPEN com-
plex.[8, 9] This indicated the initial formation of an equimolar
mixture of S- and R-fixed DM-BIPHEP/RuCl2/(S,S)-DPEN
diastereomers in this solvent (1H NMR (CDCl3): (S)-DM-
BIPHEP/RuCl2/(S,S)-DPEN: d� 3.42, 3.43, 4.33; (R)-DM-
BIPHEP/RuCl2/(S,S)-DPEN: d� 3.28, 4.06, 4.59). However,
when this mixture was diluted with [D8]2-propanol (CDCl3/
(CD3)2CDOD 1/2) and allowed to stand at room temperature
for 3 h or at 80 8C for 30 min, a 3:1 mixture of the S/S,S and R/
S,S diastereomers was formed (Figure 1, Scheme 2; 1H NMR

Figure 1. Stereomutation of DM-BIPHEP/RuCl2/(S,S)-DPEN diaster-
eomers in CDCl3/(CD3)2CDOD (1/2) at 25 8C. x� ratio of (S)-DM-
BIPHEP/RuCl2/DPEN to (R)-DM-BIPHEP/RuCl2/DPEN.
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(CDCl3/(CD3)2CDOD 1/2): (S)-DM-BIPHEP/RuCl2/(S,S)-
DPEN: d� 3.37, 3.66, 4.34; (R)-DM-BIPHEP/RuCl2/(S,S)-
DPEN: d� 3.26, 4.07, 4.59). Stereomutation of the DM-
BIPHEP/RuCl2/DPEN complex could occur through rupture
of a RuÿP bond, rotation about the C1ÿC1' bond to invert the
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Scheme 2. Assignment of 1H NMR signals for DM-BIPHEP/RuCl2/(S,S)-
DPEN diastereomers in CDCl3/(CD3)2CDOD (1/2). In each case, the R and
S configuration is fixed. Ar� 3,5-dimethylphenyl.

configuration of the diphosphane,[5a] and recoordination of P
to Ru.[10] Alternatively, the configuration of the diphosphane-
chelated seven-membered ring might be directly inverted.
The dichloro complexes may further be converted into active
mono- or dihydrido Ru species under hydrogenation con-
ditions.[11]

The enantioselective hydrogenation was performed after
addition of KOH and a ketone (e.g. 3) to a mixture of 1 and 2
with or without preheating at 80 8C for 30 min [Eq. (1),
Table 1]. The advantage of the conformationally flexible

BIPHEP/RuCl2/diamine complexes is clear in the ratio-
dependent enantioselectivity of hydrogenation of 1'-aceto-
naphthone (3) in comparison with the enantioselectivity
obtained using the (�)-DM-BINAP/RuCl2/(S,S)-diamine pair
(Table 1, runs 1 ± 3 versus run 4). The lower enantioselectivity
of the 1:1 BIPHEP chelate complex pair compared with the
1:1 BINAP chelate pair (runs 1 versus 4) indicates the
differences in steric demand of the two types of ligands. Even

so, a higher enantioselectivity with a 3:1 BIPHEP-chelate
equilibrium (run 3) clearly indicated the advantage of con-
formationally flexible BIPHEP compared with that of a 1:1
BINAP pair (run 4).

Further increase in enantioselectivity was attained at a
lower reaction temperature (ÿ35 8C, run 5). The enantiose-
lectivity by 1/(S,S)-2 was higher than that by the (�)-DM-
BINAP/RuCl2/(S,S)-diamine complex at the same low tem-
perature and high pressure (run 6). Thus, (R)-1-(1-naph-
thyl)ethanol (4)[12] was obtained with 92 % ee in quantitative
yield. DM-BIPHEP/RuCl2/DPEN was also employable in the
reduction of o-methylacetophenone with H2 (8 atm). The
reaction was carried out with KOH and 2-propanol at 0 8C for
4 h to provide 1-o-methylphenylethanol quantitatively and
with 88 % ee (for comparison, the analogous reaction with
(�)-DM-BINAP/RuCl2/(S,S)-DPEN proceeds with 86 % ee).

In summary, we have presented an enantioselective hydro-
genation by a conformationally flexible BIPHEP-Ru catalyst
containing a chiral diamine ligand. The asymmetric activation
will provide a general strategy for the use of not only racemic
but also conformationally flexible ligands.

Experimental Section

4 : A 100-mL autoclave was charged with solid 1 (11.4 mg, 0.012 mmol) and
2 (2.6 mg, 0.012 mmol). 2-Propanol (3.3 mL) was added to the autoclave
under a stream of argon. The solution was preheated at 80 8C for 30 min,
and KOH/2-propanol (0.5m, 48 mL, 0.024 mmol) was added with stirring at
room temperature over 30 min. 1'-Acetonaphthone (3 ; 0.46 mL,
3.00 mmol) was added to the autoclave at room temperature under a
stream of argon, and then hydrogen (40 atm) was introduced. After the
mixture was vigorously stirred for 12 h at ÿ35 8C, the solution was
concentrated under reduced pressure. The resulting residue was filtered
through a short column of silica gel. The chemical yield and enantiomeric
ratio of 4 were calculated by chiral GC (>99 %, (R)-4 :(S)-4� 96.0:4.0).
Product 4 can also be isolated (510 mg, 99 %) by column chromatography
on silica gel (eluent: hexane/EtOAc 5/1). [a]28

D ��69.0 (c� 1.0, CHCl3; lit.
value:[12] [a]25

D ��78.9 (c� 1, CHCl3), R isomer); GC (column: CP-
Cyclodextrin-b-2,3,6-M-19, inner diameter: 0.25 mm� 25 m, CHROM-
PACK, carrier gas: nitrogen (75 kPa), column temperature: 160 8C,
injection temperature: 190 8C, split ratio: 100:1), retention time tR�
32.7 min ((R)-(�)-4, 96.0 %), 31.6 min ((S)-(ÿ)-4, 4.0%), 21.3 min (3, 0%).
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Table 1. Results of the enantioselective hydrogenation of ketone 3 to
alcohol 4. Equation (1) shows the reaction catalyzed by the complex
formed from [RuCl2(dm-biphep)(dmf)n] (1) and (S,S)-1,2-diphenyl-
ethylenediamine ((S,S)-2).[a]

Run Phosphane S/S,S :R/S,S[b] p(H2) T t ee Yield
[atm] [8C] [h] [%] [%]

1 DM-BIPHEP 1:1 8 28 4 63 > 99
2 DM-BIPHEP 2:1 8 28 4 73 > 99
3[c] DM-BIPHEP 3:1 8 28 4 84 > 99
4 (�)-DM-BINAP 8 28 4 80 > 99
5[c] DM-BIPHEP 3:1 40 ÿ 35 12 92 > 99
6 (�)-DM-BINAP 40 ÿ 35 7 89 > 99

[a] Hydrogenation performed as described in the text without preheating,
unless otherwise noted. [b] The ratio of (S)-1/(S,S)-2 to (R)-1/(S,S)-2 was
determined by 1H NMR spectroscopy. [c] 1/(S,S)-2 in 2-propanol was
preheated at 80 8C for 30 min.
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Super High Throughput Screening (SHTS) of
Chiral Ligands and Activators: Asymmetric
Activation of Chiral Diol ± Zinc Catalysts by
Chiral Nitrogen Activators for the
Enantioselective Addition of Diethylzinc
to Aldehydes**
Kuiling Ding, Akihiro Ishii, and Koichi Mikami*

Combinatorial chemistry has been well recognized as a
useful strategy for the discovery and optimization of bioactive
drugs, coordination complexes, and solid-state materials.[1] Of
the split-and-mix and parallel-matrix strategies, the latter is
more employable for lead optimization, and high-throughput
screening (HTS) is essential for tuning a variety of modifica-
tions.[2] However, only a limited number of investigations has
so far been reported on the optimization of chiral ligands for
metal complexes.[3] With HPLC or gas chromatography (GC)
on chiral columns, it takes a tediously long time to separate
enantiomeric products and then to determine the enantiose-
lectivity of the reactions. The application of a detection
system based on circular dichroism (CD) to HPLC on
nonchiral stationary phases allows the simultaneous monitor-
ing of the CD signal De, the absorption e, and their ratio g�
De/e. The dissymmetry factor g is independent of concen-
tration and is linearly related to the enantiomeric excess.[4]

With this technique, the enantiomeric excess of the product
could be determined within minutes without separation of the
enantiomeric products. Therefore, combined application of
the combinatorial chemistry (CC) factory (Dainippon Seiki,
DNC) for reactions and HPLC-CD provide a highly efficient
screening system, which we refer to as the super high
throughput screening (SHTS) system, for finding the most
effective catalyst through asymmetric activation.

Asymmetric activation of a chiral catalyst with a chiral
additive may enhance the levels of catalyst efficiency and
enantioselectivity.[5] The advantage of this approach over the
deactivation strategy[6] is that the activated catalyst can
produce a greater enantiomeric excess in the products than
can the enantiomerically pure catalyst on its own. Sharpless
et al. emphasized the importance of ªchiral ligand accelationº
through the construction of an asymmetric catalyst from an
achiral precatalyst by ligand exchange with a chiral ligand.[7]

Chiral catalysts thus obtained with chiral ligands (L1*, L2*,. . .)
may be further evolved with chiral activators (A1*, A2*,. . .)
into the most catalytically active and enantioselective chiral
catalysts (Scheme 1).
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