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The synthesis of two Ru chloro complexes, RuIIICl3(bpea), 1, and cis-fac-∆-[RuIICl{(R)-(bpea)}{(S)-(BINAP)}]-
(BF4), cis-fac-∆-(R)-(S)-2, (bpea ) N,N-bis(2-pyridylmethyl)ethylamine; (S)-BINAP ) 2,2′-bis(diphenylphosphino)-
1,1′-binaphthyl), is described. Complex 2 is characterized in solution through UV−vis, cyclic voltammetry (CV), and
1D and 2D NMR spectroscopy. X-ray diffraction analysis indicates that in the solid state it possesses the same
structure as in solution, as expected for a low-spin d6 Ru(II)-type complex. The molecular structure of cis-fac-∆-
(R)-(S)-2, consists of a nonsymmetric complex, where the Ru metal center has a significantly distorted octahedral-
type coordination because of the bulkiness of the (S)-BINAP ligand. cis-fac-∆-(R)-(S)-2 has a remarkable catalytic
performance at P ) 6.8 atm of H2 and T ) 70 °C toward the hydrogenation of prochiral double bonds both from
efficiency and from stereoselectivity viewpoints. As an example, prochiral olefins of technological interest such as
dimethyl itaconate, methyl 2-acetamidoacrylate or methyl 2-acetamidocinnamate are catalytically hydrogenated by
cis-fac-∆-(R)-(S)-2, with conversions higher than 99.9% and ee > 99. Furthermore, cis-fac-∆-(R)−(S)-2, also catalyzes
the selective hydrogenation of â-keto esters, although the reaction rates are lower than those found with the
former substrates.

Introduction

Asymmetric catalysis has become one of the most power-
ful tools in the production of a range of optically active
compounds1 that can be used, for instance, as intermediates

in the production of pharmaceutical drugs.2 The use of
transition metal complexes as asymmetric catalysts places
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this exciting discipline at the interface of organic synthesis
and inorganic chemistry.3

Asymmetric hydrogenation of prochiral ketones has been
extensively studied using chiral diphosphine ligands such as
BINAP. The specificity of Ru-BINAP catalysts has been
documented by Noyori’s group since the mid-1980s.4 Many
ruthenium complexes have also been developed with the
same purpose and with excellent performances containing
chiral phosphines other than BINAP.5 At the moment, the
asymmetric hydrogenation of substitutedâ-keto esters and
prochiral dehydroamino acids is attracting a great deal of
attention because they can be used as chiral building blocks
in the design of pharmaceuticals, flavors, fragrances, and
agrochemicals.6 Thus, together with dimethyl itaconate, those
substrates constitute an excellent ground to test the catalytic
performance of a given complex.

The asymmetric hydrogenation of dimethyl itaconate under
mild conditions has mainly been achieved using Rh and Ru
complexes generated in situ via the addition of a metal
complex precursor and a monodentate or didentate chiral
phosphine-type ligand.7,8 While for Rh complexes this
strategy has led to impressive system performances with high
efficiencies and enantiomeric excesses (close to or higher
than 99%),7 for Ru complexes the performances of the
systems are poorer, especially in regard to obtaining high
enantiomeric excess under low hydrogen pressures.8-11 The
lower enantiomeric excess performance displayed by Ru

complexes can, potentially, be attributed to their rich
chemistry, given the extraordinary capacity of the Ru(II)
transition metal to generate different types of complexes
including different coordination environments, with or
without the chiral ligand, as well as polynuclear-type
complexes.12 In addition, a recent report related to the kinetic
influences on enantioselectivity13 is a further warning of the
need to use perfectly characterized, single, discrete enantio-
pure complexes to understand system performance. However
there are also some examples of isolated and completely
characterized asymmetric Ru catalysts.11b

Analogously, Rh catalysts containing chiral phosphine
ligands have been successfully used as catalysts for the
asymmetric hydrogenation of dehydroamino acids,14 but the
corresponding Ru chemistry is still at its initial stages.15

In the present study, we wish to report the synthesis and
the spectroscopic and structural characterization, both in the
solid state and in solution, of a Ru complex,cis-fac-∆-
[RuIICl{(R)-(bpea)}{(S)-(BINAP)}](BF4), cis-fac-∆-(R)-
(S)-2 (bpea) N,N-bis(2-pyridylmethyl)ethylamine; BINAP
) 2,2′-bis(diphenylphosphino)-1,1′-binaphthyl). The perfor-
mance of this complex in the homogeneous phase as a
catalyst for the efficient and stereoselective hydrogenation
of prochiral substrates, such as dehydroamino acids, dimethyl
itaconate, and methyl acetoacetate, is disclosed.

Experimental Section

Materials. All reagents used in the present work were obtained
from Aldrich Chemical Co and used without further purification.
Reagent grade organic solvents were obtained from SDS, and high-
purity deionized water was obtained by passing distilled water
through a nano-pure Mili-Q water purification system. RuCl3‚2.4
H2O was supplied by Johnson and Matthey Ltd. and was used as
received.

Preparations. The bpea ligand, was prepared according to a
literature procedure.16

All synthetic manipulations were routinely performed under a
nitrogen atmosphere using Schlenk tubes and vacuum-line tech-
niques.

RuIII Cl3(bpea)‚2H2O, 1‚2H2O. A 0.568 g (2.503 mmol) sample
of bpea ligand was added to a magnetically stirred solution of
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RuCl3‚2.4H2O (0.600 g (2.503 mmol) dissolved in dry MeOH (20
mL)), and then the mixture was refluxed for 1 h under Ar. Then it
was allowed to cool to room temperature, and a brown solid
precipitated; the solid was washed with MeOH and vacuum-dried.
Yield: 0.68 g (60%). Anal. Found (Calcd) for C14H21Cl3N3RuO2:
C, 35.77 (35.71); H, 4.01 (4.30); N, 8.62 (8.92). IR (cm-1): ν 3389
(O-H), 3051 (C-H), 2925 (C-H), 1608 (CdN), 1481, 1434, 1085,
999, 814, 743, 696 cm-1.

cis-fac-∆-[RuII Cl{(R)-(bpea)}{(S)-(BINAP)}](BF4)‚5H2O, cis-
fac-∆-(R)-(S)-2‚5H2O. A 150 mg (0.32 mmols) sample of1‚2H2O
and 40 mg (1.036 mmols) of LiCl were dissolved in 60 mL of 3:1
EtOH/H2O under a nitrogen atmosphere. The resulting brown
mixture was stirred for 10 min ,and then 0.072 mL (0.517 mmols)
of NEt3 was added. The brown mixture was stirred for an additional
30 min, during which it turned dark green. At this point, 220 mg
(0.35 mmols) of (S)-BINAP dissolved in 2 mL of EtOH were added,
and the resulting solution was refluxed for 5 h. Then it was allowed
to come to room temperature (approximately 22°C), while a solid
that mainly contained unreacted BINAP (approximately 150 mg;
68% of its initial amount) was filtered off the solution. Then 2 mL
of a saturated aqueous solution of NaBF4 was added to the filtered
solution, and the volume was reduced in a rotary evaporator until
a solid began to precipitate. At this point, the content was chilled
overnight, forming a green solid. This green solid was filtered,
washed with a small amount of cold water and ether, and air-dried.
It was then purified by flash chromatography on an alumina column
using CH2Cl2/CH3CN (8:1) as eluent. Yield: 110 mg (29%). Anal.
Found (Calcd) for C58H49BClF4N3P2Ru‚5H2O: C, 59.75 (59.88);
H, 5.09 (5.11); N, 3.90 (3.61). IR:ν 3370 (O-H), 3052 (C-Har),
1434 (CdN), 1086, 696 cm-1. 1H NMR (CD2Cl2, 500.13 MHz,
190 K): δ 9.13 (t, 1, H16), 9.0 (d, 1, H11), 8.65 (t, 1, H48), 8.30 (t,
1, H28), 7.82 (d, 1, H29), 7.75 (t, 1, H45), 7.71 (d, 1, H31), 7.61 (d,
1, H44), 7.53 (d, 1, H42), 7.47 (t, 1, H18), 7.41 (m, 1, H55), 7.40 (d,
1, H13), 7.39 (d, 1, H19), 7.33 (m, 1, H20), 7.32 (m, 1, H17), 7.29
(m, 1, H7), 7.23 (m, 2, H22, H41), 7.18 (m, 2, H8, H54), 7.15 (d, 1,
H32), 7.14 (m, 1, H26), 7.05 (t, 1, H52), 6.97 (t, 1, H51), 6.89 (t, 1,
H57), 6.85 (t, 1, H12), 6.83 (d, 2, H50, H56), 6.76 (d, 1, H58), 6.70 (d,
1, H40), 6.68 (d, 1, H14), 6.61 (d, 1, H5), 6.47 (t, 1, H49), 6.41 (t, 1,
H33), 6.11 (t, 1, H6), 5.70 (d, 1, H39), 5.47 (d, 1, H34), 5.09 (d, 1,
H3a), 4.21 (d, 1, H3b), 4.11 (dd, 1, H1a), 3.74 (d, 1, H9b), 3.29 (d, 1,
H1b), 1.99 (s, 1, H9a), 0.97 (t, 3, H2). 13C NMR (CD2Cl2, 500.13
MHz, 190 K): δ 157.1 (C11), 152.8 (C5), 139.8 (C16), 137.8 (C48),
137.2 (C17), 136.9 (C52), 136.5 (C13), 135.9 (C58), 134.9 (C22),
134.3 (C20), 133.2 (C8), 130.6 (C18), 130.0 (C12), 129.9 (C19),
129.7 (C55), 128.8 (C7), 128.6 (C28), 128.4 (C44), 127.6 (C42),
127.2 (C39, C41, C57), 127.1 (C51), 126.9 (C31), 126.6 (C49),
126.3 (C34), 126.2 (C32), 125.7 (C40), 125.6 (C45), 125.3 (C33),
125.0 (C29), 124 (C50, C56), 122.8 (C14), 122.4 (C54), 122.2 (C6),
66.9 (C3), 64.7 (C9), 59.5 (C1), 7.9 (C2).31P NMR (CD2Cl2, 202.45
MHz, 200 K): δ 27.8 (d, JP1-P2 ) 50.6 Hz, P2), 42.8 (d, P1).
ROEs: H1a with 1b, 2, 9a, 3a, 8, 48; H1b with 1a, 2, 9a, 3a, 14,
8; H2 with 1b, 9b, 1a, 3b, 3a; H3a with 1b, 1a, 3b, 8; H3b with 2,
9b, 3a, 8; H5 with 11; H9a with 1b, 9b, 1a; H9b with 2, 9a, 1b, 3b,
14; H11 with 5, 58, 12, 54, 8; H16 with 49, 7; H28 with 20, 29;
H34 with 39, 33, 51, 52; H39 with 33, 34, 40, 26, 41; H48 with
1a, 49; H51 with 34; H52 with 34; H58 with 45.E1/2 (CH2Cl2 +
0.1 M TBAH): 1.10 V vs SSCE. UV-vis (CH3CN, 2× 10-4 M)
λmax (ε): 221 (56 660), 331 sh (5550), 365 nm (4150 M-1 cm-1).

For NMR assignment, we have used the same labeling scheme
used for the crystal structure shown in Figure 1 and in Scheme 1.

Instrumentation and Measurements.IR spectra were recorded
on a MKII Golden Gate Single Reflection ATR System. UV-vis
spectroscopy was performed on a Cary 50 Scan (Varian) UV-vis

spectrophotometer with 1 cm quartz cells. Cyclic voltammetric (CV)
experiments were performed in a PAR 263A EG&G potentiostat
or an IJ-Cambria IH-660 using a three electrode cell. Glassy carbon
disk electrodes (3 mm diameter) from BAS were used as working
electrodes; platinum wire was used as the auxiliary electrode, and
SSCE was used as the reference electrode. All cyclic voltammo-
grams presented in this work were recorded under a nitrogen
atmosphere. The complex was dissolved in previously degassed
solvents containing the necessary amount ofn-Bu4N+PF6

- (TBAH).
All E1/2 values reported in this work were estimated from cyclic
voltammetry as the average of the oxidative and reductive peak
potentials, (Ep,a + Ep,c)/2. Unless explicitly mentioned, the con-
centration of the complexes was approximately 1 mM.

Catalytic hydrogenation activity measurements were performed
in a conventional low-pressure hydrogenator (Parr Inst. Co.,
Mod.3911) at controlled pressure and temperature conditions.
Hydrogenation runs were accomplished in methanol, as solvent,
with 20 mL of 0.80 M substrate solution with 0.034 g ofcis-fac-
∆-(R)-(S)-2‚5H2O (Scheme 1) to obtain [subs]/[cat]) 0.016/
0.000029) 547. In all cases, initial hydrogen pressure was 6.8
atm, and temperatures were in the range of 50-70 °C. Methanol
(99%, Scharlau) and hydrogen (99.999% SEO) were used without
further purification. Methyl acetoacetate and 1-hexene were used
as supplied by Merck, after distillation under reduced pressure and
low temperature. Dimethyl itaconate and methyl 2-acetamido-
acrylate were used as supplied by Aldrich, and methyl 2-acet-
amidocinnamate was synthesized by esterification of the corre-
sponding 2-acetamidocinnamic acid (Aldrich), by refluxing it with
a boron trifluoride-methanol complex (Merck).17a The analyses of
hydrogenation products were performed on a Konik-3000 gas
chromatograph equipped with a Supelco (BETA DEX 120)â-
cyclodex chiral column. Reaction rates and turnover frequencies
(TOFmax) were calculated from the initial reaction rates. Those were
obtained from a least-squares fit of the slopes of the plots of the
initial linear decrease in hydrogen pressure versus reaction time.
Since these plots were always practically linear up to 70-90%
conversion, the determination of initial rates was straightforward.
Absolute configuration and ee were obtained from the rotary power
of samples measured with a P20 polarimeter (Belligham & Stanley
LTD) and confirmed by the absolute configuration of authentic
samples assigned in the GC peaks. In this respect, dimethyl (R)-
(+)-methylsuccinate, [R]20

D ) + 11.0° (c ) 1, CHCl3), and methyl
(R)-3-hydroxybutirate, [R]20

D ) - 50.0° (c ) 1.3, CHCl3), were
obtained from Aldrich. The methyl ester ofN-acetyl-(S)-phenyl-
alanine was synthesized by esterification of the corresponding
N-acetyl-(S)-phenylalanine (Aldrich), by refluxing it with the boron
trifluoride-methanol complex (Merck),17a [R]D

20 ) + 18.3° (c )
8, CH2Cl2). To obtain the methyl esters ofN-acetyl-(S)-alanine, it
was also necessary to synthesizeN-acetyl-(S)-alanine via the
acetilation of alanine (Aldrich) with acetic anhydride17b before the
esterification process,17a [R]D

20 ) +14.8° (c ) 4, CH2Cl2).
The NMR spectroscopy was performed on a Bruker 500 MHz

spectrometer. Samples were run in CD2Cl2. Elemental analyses were
performed using a CHNS-O elemental analyzer (EA-1108) from
Fisons.

X-ray Structure Determination. Single crystals were grown
by slow diffusion of ether into a CH2Cl2 solution. Crystal structure
determination was carried out using a Siemens P4 diffractometer
equipped with a SMART-CCD-1000 area detector, a MACScience

(17) (a) Vogel, A. I.Vogel’s Text Book of Practical Organic Chemistry,
4th ed.; Longman Group Limited: London, 1989; p 1079. (b) Vogel,
A. I. Vogel’s Text Book of Practical Organic Chemistry, 4th ed.;
Longman Group Limited: London, 1989; p 1273.
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Co. rotating anode with Mo KR radiation, a graphite monochro-
mator, and a Siemens low-temperature device LT2 (T ) -120°C).
Full-sphere data collection includedω andφ scans. The programs
used were as follows: data collection, Smart, version 5.060 (Bruker
AXS, 1999); data reduction, Saint+, version 6.02 (Bruker AXS,
1999); and absorption correction, SADABS (Bruker AXS 1999).
Crystal structure solution was achieved using direct methods as
implemented in SHELXTL, version 5.10 (Sheldrick, Universita¨t
Göttingen, Germany, 1998) and visualized using the XP program.
Missing atoms were subsequently located from difference Fourier
synthesis and added to the atom list. Least-squares refinement on
F2 using all measured intensities was carried out using the program
SHELXTL, version 6.10 (Sheldrick, Universita¨t Göttingen, Ger-
many, 2000). All non-hydrogen atoms were refined including
anisotropic displacement parameters. The water molecules are
mostly crystallographically disordered and localized in 10 positions.

Results and Discussion

Synthesis, Structure, and Stereoisomeric Analysis.The
addition of bpea to a methanolic solution of RuCl3‚H2O
produces [RuIIICl3(bpea)],1, in moderate yields. The reduc-
tion of complex1 with NEt3, followed by addition of (S)-
BINAP, generates thecis-fac-∆-(R)-(S)-2 complex in a 29%
yield (Scheme 1). The low yield is the result of the bulkiness
of the (S)-BINAP ligand that, as a consequence, remains
unreacted.18 A very small amount of impurities were removed
by simple column chromatography over alumina. The
exclusive formation of thecis-fac-∆-(R)-(S)-2 complex in
a diastereoselective manner is due to the structure and
bulkiness of both the (S)-BINAP and bpea ligands (vide
infra).

The crystal structure of the chiral compoundcis-fac-∆-
(R)-(S)-2‚6H2O19 has been solved by X-ray diffraction
analysis. Figure 1 presents the ORTEP diagram for the
cationic moiety, and the crystallographic data and selected
bond distances and angles are included in Tables 1 and 2,
respectively. The molecular structure of2 shows an unsym-
metric complex where the Ru metal atom presents a highly
distorted octahedral geometry with the bpea ligand facially
coordinated through its nitrogen atoms and the (S)-BINAP
ligand acting in a chelate manner through its P atoms forming
a highly skewed seven-member ring structure that determines
the chiral disposition of the four phenyl rings on the
phosphorus atoms; two phenyls are oriented in axial direc-
tions, while the other two are oriented in equatorial directions
forming the so-called quadrangular arrangement20 (the
equatorial plane is defined from now on as the best plane
that contains RuP1P2N1 and N2 and is nearly perpendicular
to the Ru-Cl bond). The final coordination position is
occupied by the chloro ligand which is situated cis to the
aliphatic N atom of the bpea ligand and the P atoms of the
(S)-BINAP ligand (the Cl ligand could also be situated trans
to the N atom, thus the nomenclature adopted by2). Bond
distances and angles for this complex are within the values
previously reported for this type of complex.21,22

The steric effects of the bulkiness of the (S)-BINAP and
bpea ligands produce a distortion of the equatorial plane

(18) Long refluxing times are required for BINAP coordination compared
with that of nonbulky ligands, for instance, see: Llobet, A.; Doppelt,
P.; Meyer, T. J.Inorg. Chem.1988, 27, 514-520.

(19) S refers to the configuration of the BINAP ligand that does not change
during the coordination process; R refers to the configuration of the
aliphatic N atom of the bpea ligand that becomes chiral upon
coordination, since both arms in the bpea ligand can be distinguished
through their respective different trans ligands in the complex structure;
the ∆ term is obtained by considering (1) the chelate BINAP ligand
and (2) the chelate ring involving N1 and N3 in the bpea ligand.

(20) Noyori, R.; Kitamura, M.; Ohkuma, T.Proc. Natl. Acad. Sci. U.S.A.
2004, 101, 5356-5362.

Scheme 1. Synthetic Strategy and Drawings of Ligands with Labeling Scheme
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generating a dihedral angle of 10.5° between the planes
containing RuP1P2 and RuN1N2. The bulkiness of these two
ligands is also manifested by a remarkable distortion of Ru-
Cl bond away from the (S)-BINAP ligand with an N3Ru1Cl1
trans angle of 159.7° (more than 20° degrees below the ideal
180°). The geometrical situation of the Cl ligand is also
interesting because it is intramolecularly hydrogen bonded
with both the (S)-BINAP and bpea ligands. Two relatively
strong hydrogen bonds are present with the H48a and H16a
atoms (C48-H48a) 0.950 Å, H48a-Cl1 ) 2.436 Å, C48-
Cl1 ) 3.343 Å, C48-H48a-Cl1 ) 159.6°; C16-H16a)

0.949 Å, H16a-Cl1 ) 2.526 Å, C16-Cl1 ) 3.364 Å, C16-
H16a-Cl1 ) 147.2°) of the phenyl rings that are situated
above the equatorial plane, while two more medium strength
hydrogen bonds are formed with the H1b and H3b atoms
(C1-H1b ) 0.991 Å, H1b-Cl1 ) 2.726 Å, C1-Cl1 )
3.349 Å, C1-H1b-Cl1 ) 121.2°; C3-H3b ) 0.990 Å,
H3b-Cl1 ) 2.700 Å, C3-Cl1 ) 3.196 Å, C3-H3b-Cl1
) 111.3°) of two methylene groups of the bpea ligand. This
special relative disposition of the (S)-BINAP and bpea
ligands is very important because it determines the size and
shape of the active site chiral pocket of this particular
molecule.

The bpea ligand is a flexible molecule that can potentially
act either in a meridional21b or facial fashion21b,23 when
coordinating a transition metal. In the presence of the (S)-
BINAP ligand, the former type of coordination would lead
to two highly disfavored isomers because of the strong steric
repulsion that would generate the upper naphthyl ring (the

(21) (a) Romero, I.; Rodriguez, M.; Llobet, A.; Collomb, M. N.; Deronzier,
A.; Parella, T.; Stoeckli-Evans, H.J. Chem. Soc., Dalton Trans.2000,
1689-1694. (b) Rodriguez, M.; Romero, I.; Llobet, A.; Dereonzier,
A.; Biner, M.; Parella, T.; Stoeckli-Evans, H.Inorg. Chem.2001, 40,
4150-4156. (c) Sens, C.; Romero, I.; Rodrı´guez, M.; Llobet, A.;
Parella, T.; Benet-Buchholz, J.J. Am. Chem. Soc.2004, 126, 7798-
7799.

(22) Chan, A. S.; Laneman, S. A.; Day, C. X.Inorg. Chim. Acta1995,
228, 159-163.

(23) Pal, S.; Olmstead, M. M.; Armstrong, W. H.Inorg. Chem. 1995, 34,
4708-4715.

Figure 1. ORTEP plot (ellipsoids drawn at the 30% probability level) with labeling scheme for the cationic moiety of thecis-fac-∆-(R)-(S)-2 complex.

Table 1. Crystal Data forcis-fac-∆-(R)-(S)-2‚6H2O

empirical formula C58H49B1Cl1F4N3O6P2Ru1

fw 1169.27
cryst syst, space group triclinic,P1h
a (Å) 11.4506(4)
b (Å) 11.4944(4)
c (Å) 12.1990(3)
R (deg) 102.217(2)
â (deg) 105.351(10)
γ (deg) 111.9790(10)
V (Å3) 1346.3(7)
formula units/cell 1
Fcalcd(g cm-3) 1.452
µ (mm-1) 0.468
final R1a, wR2b [I > 2σ(I)] 0.0527, 0.1284

a R1 ) Σ||Fo| - |Fc||/Σ|Fo|. b wR2 ) [Σ{w(Fo
2-Fc

2)2}/Σ{w(Fo
2)2}]1/2,

wherew ) 1/[σ2(Fo2) + (0.0042P)2] and P)(Fo
2+2Fc

2)/3.

Table 2. Selected Bond Distances and Angles forcis-fac-∆-(R)-(S)-2

Ru1-N3 2.091(3) N3-Ru1-N2 76.74(16)
Ru1-N2 2.161(4) N3-Ru1-N1 80.79(15)
Ru1-N1 2.208(5) N2-Ru1-N1 106.82(12)
Ru1-P1 2.3397(12) N2-Ru1-P1 99.04(12)
Ru1-P2 2.3619(11) N1-Ru1-P1 171.21(10)
Ru1-Cl1 2.4227(10) N3-Ru1-P2 95.73(11)

N2-Ru1-P2 170.20(11)
N1-Ru1-P2 94.57(11)
P1-Ru1-P2 89.10(4)
N3-Ru1-Cl1 159.81(12)
N2-Ru1-Cl1 86.13(12)
N1-Ru1Cl1 85.35(10)
P1-Ru1-Cl1 86.15(4)
P2-Ru1-Cl1 99.96(4)
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one that contains the C27-C36 carbon atoms) with the upper
pyridyl ring of the bpea or the upper C47-C52 phenyl ring
with the aliphatic N atom trans to P1 or P2. Acting in a
facial manner, the bpea ligand can coordinate either cis or
trans with regard to the relative disposition of the Cl and N
aliphatic atoms of bpea. The trans isomer is highly disfavored
in our case because one of the bpea pyridyl rings would have
a strong steric repulsion with the lower equatorial (S)-BINAP
phenyl C53-C58 ring. The bpea ligand is a symmetric ligand
and thus does not present chirality, but in a cis-fac-type
coordination, the two pyridylic arms can be considered
different if their bonding trans counterparts are different,
which is the case. Thus, the aliphatic N atom becomes chiral
upon coordination and adopts an R conformation. Because
the whole molecule does not have any element of symmetry,
this Ru complex is also chiral, adopting a∆ conformation.
The correspondingcis-fac ∆-(S)-(S)-2 isomer would also be
highly disfavored because of the steric interaction of one of
the pyridylic rings of bpea with, again, the lower equatorial
(S)-BINAP phenyl C53-C58 ring.

Spectroscopic and Redox Properties.The 1D and 2D
NMR spectra of cis-fac-∆-(R)-(S)-2 were registered in
CD2Cl2, and all resonances can be unambiguously assigned
by careful examination of 2D COSY and 2D NOESY/
ROESY spectra. Table S1 (Supporting Information) shows
the 1H and 13C NMR assignments, together with the most
relevant NOE enhancements observed in the ROESY spec-
trum at 190 K. The complete stereospecific proton assign-
ments of the complex aromatic region was performed by
careful analysis of ROESY data, allowing the identification
of individual Ph-P orientations from the different anisotropic
chemical shift properties of all nonequivalent resonances
(Figure S2). Enlargements for 1D NMR spectra, together
with other 2D spectra, are shown as Supporting Information
(Figures S3-S6).

Solution NMR spectroscopy ofcis-fac-∆-(R)-(S)-2 is also
in agreement with the presence of this isomer only, and the
unusual downfield shift of the H48a, H16a, H1b and H3b
resonances, which is consistent with the hydrogen bonding
to the chloro ligand described in the previous section, is
worth mentioning here. The asymmetry of the compound is
also reflected by the AX spin system in the31P NMR
spectrum (Figure S9 in the Supporting Information), with
two doublets resonating at 42.8 and 27.8 ppm corresponding
to the P(1) and P(2) atoms, respectively, of the (S)-BINAP
ligand. These31P resonances were assigned by concerted use
of long-range through-bond1H-31P data obtained from an
HMBC spectrum and the interligand NOE contacts observed
between the Ph(BINAP) and the bpea moieties.

Many aromatic1H resonances belonging to the four (S)-
BINAP phenyl rings are completely missing at 298 K
because of the restricted P-Ph bond rotation in the complex,
a feature that has been already reported for related BINAP-
containing complexes24 (Figure S1). This dynamic behavior
was also confirmed by the strong chemical exchange peaks

observed in both the NOESY and ROESY spectra at several
temperatures ranging from 220 to 300 K. Sharp line widths
and no exchange contributions were achieved at 190 K for
three out of four of the (S)-BINAP phenylic rings. For the
two upper rings (C47-C52 and C15-C20), the P-Ph
rotation is slowed because of the formation of the hydrogen
bonds with the chloro ligand, whereas for the lower phenyl
ring (C53-C58), the rotation is restricted because of the close
presence of the bpea pyridylic ring containing the N3 atom.
In sharp contrast, the fourth phenyl ring (C21-C26) is
allowed to rotate freely without the restrictions described
above for the other three rings, and thus its ortho and meta
hydrogen atoms could not be distinguished.

The electronic spectrum of chloro complex2 is shown in
figure S7, and the correspondingλmax andε values are given
in the Experimental Section. The complex presents ligand-
basedπ-π* transitions below 300 nm probably overlapping
the less intense Ru(II) to phosphine ligand charge-transfer
(CT) bands.25 A band at 365 nm can be assigned to a MLCT
dπ-π*(Ru-bpea);20b this band is shifted to higher energy
when compared to the analogous band for [Ru(Cl)(bpea)-
(bpy)]+ (bpy is 2,2′-bipyridine), which appears at 380 nm.
This phenomenon is associated with the stabilization of dπ
Ru orbitals when bpy is replaced by a strongerπ-acid such
as the diphosphine (S)-BINAP ligand.

Redox properties were investigated by means of cyclic
voltammetry (CV). The CV ofcis-fac-∆-(R)-(S)-2 in CH2Cl2
exhibits a quasireversible oxidation wave atE1/2 ) 1.10 V
vs SSCE, corresponding to the RuIII /RuII redox couple (∆Ep

) 130 mV, 100 mV s-1 scan rate). This wave is shifted
anodically by 362 mV when compared to the Ru(III)/Ru(II)
couple of [Ru(Cl)(bpea)(bpy)]+ (E1/2 ) 0.738 V). This anodic
shift is also consistent with higherπ-acceptor ability of the
(S)-BINAP ligand, compared to that of the bpy ligand, which
stabilizes dπ Ru orbitals.26

Catalytic Properties. The capacity ofcis-fac-∆-(R)-(S)-2
to catalyze the enantioselective hydrogenation of prochiral
olefinic double bonds in some molecules of technological
interest was evaluated (hydrogen pressure of 6.8 atm,T )
70 °C, [cat]/[subs]) 1/547), and the results obtained are
shown in Tables 3 and 4. Those tables also contain the TOF
values, obtained from the initial reaction rates, reaction times,
and conversions, as well as the half-reaction times, corre-
sponding to the amount of time (in hours) necessary to carry
out the 50% substrate conversion. While the TOFs are highly
reproducible (see Tables 3 and 4 for dimethyl itaconate),
the time for the total consumption of the substrate and the
half -reaction times differ a little as expected for these type
of measurements. Further, the rotary power of the products
were always coincidental with the pure samples, and no GC
traces of the complementary enantiomers were obtained; this
is thus indicative that greater than a 99% ee was obtained in
all cases. Table 3 shows the remarkable performance ofcis-

(24) (a) Geldbach, T. J.; Ru¨egger, H.; Pregosin, P. S.Magn. Reson. Chem.
2003, 41, 703-708. (b) Deeming, A. J.; Speel, D. M.; Stchedroff, M.
Organometallics1997, 16, 6004-6009.

(25) Sullivan, B. P.; Salmon, D. J.; Meyer, T. J.Inorg. Chem.1978, 17,
3334-3341.

(26) (a) Batista, A. A.; Polato, E. A.; Queiroz, S. L.; Nascimento, O.; James,
B. R.; Rettig, S. J.Inorg. Chim. Acta1995, 230, 111-117. (b)
Dovletoglou, A.; Adeyemi, S. A.; Meyer, T. J.Inorg. Chem.1996,
35, 4120-4127.
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fac-∆-(R)-(S)-2 with regard to its ability to efficiently and
asymmetrically hydrogenate dimethyl itaconate, methyl
2-acetamidoacrylate, and methyl 2-acetamidocinnamate. In

the case of aâ-dicarbonylic compound, such as methyl
acetoacetate, it displays moderate activity but maintains its
stereoselectivity. Finally, it does not react with acetophenone
under these conditions. To determine the overall turnover
number (TON) of the catalyst, several successive reactions
were carried out at different temperatures, in a continuous
manner, meaning that successive amounts of the dimethyl
itaconate substrate (0.016 mol in 5 mL of methanol) were
introduced to the reactor vessel after the previous hydrogena-
tion reaction had finished (so that successive amounts of
hydrogenated substrate are accumulated in the vessel along
the process), until the catalyst was deactivated. Thus, the
catalyst used in each successive step is always the initial
cis-fac-∆-(R)-(S)-2 introduced in the first run (0.034 g), and
so, at the end of the fourteen successive reactions, we have
in the vessel 35.8 g of dimethyl (R)-methylsuccinate, together
with the catalyst, in 90 mL of methanol solution. Table 4
shows the results obtained for this series of reactions, and
as can be seen, the catalyst slowly deactivates resulting
smaller reaction rates. However, it always generates enan-
tiomerically pure dimethyl (R)-methylsuccinate (ee> 99%)
with a complete conversion. For example, on the 14th run

Table 3. Catalytic Performance ofcis-fac-∆-(R)-(S)-2 Toward the Hydrogenation of 1-Hexene and Some Prochiral Olefinsa

a Thirty-four milligrams (29.2µmols) of cis-fac-∆-(R)-(S)-2‚5H2O and 16.0 mmols of substrate ([subs]/[cat]) 547) dissolved in 20 mL of methanol.
Hydrogen pressure 6.8 atm andT ) 70 °C. b See Experimental Section for calculation details, product quantification, and identification procedures.c Half
Reac., the half-reaction time, is defined as the amount of time (in hours) needed for the consumption of 50% of the substrate.d Cons. Time, consumption
time, is defined as the amount of time (in hours) needed for total consumption of the substrate.

Table 4. Successive Homogeneous Asymmetric Hydrogenation of
Dimethyl Itaconate to Dimethyl (R)-Methylsuccinate Using
cis-fac-∆-(R)-(S)-2a

run
T

(°C)
initial reaction
rate (µmol/s)

TOFmax

(h-1)
half reac.c

(h)
cons. timec

(h)

1 70.0 0.252 28.4 9.0 29.0
2 70.0 0.263 29.6 10.0 31.0
3 65.0 0.156 17.6 15.0 45.0
4 60.0 0.132 14.8 19.0 52.0
5 55.0 0.065 7.3 35.0 122.0
6 50.0 0.031 3.5 73.0 144.0
7 70.0 0.160 16.5 16.0 48.0
8 70.0 0.146 18.5 20.0 48.0
9 70.0 0.123 13.8 27.0 55.0
10 70.0 0.099 11.1 39.0 64.0
11 70.0 0.066 7.4 42.0 71.0
12 70.0 0.046 4.7 61.0 98.0
13 70.0 0.024 2.5 90.0 144.0
14 70.0 0.031 3.2 82.0 168.0b

a Same reaction conditions as in Table 3. In all cases 99.9% conversion
is attained with ee> 99. b Overall TON) 6384 metal cycles during 1119
h (46.6 days) of continuous catalytic reaction.c See text and Table 3 for
definitions.
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the initial rate has dropped to 0.031µmol/s, while the overall
number of metal cycles reaches a value of 6384.

From a mechanistic perspective, it is interesting to observe
the sharp decrease of the initial reaction rate caused by an
increase of the steric encumbrance, as exemplified by the
methyl 2-acetamidoacrylate (821 nmols/s) versus methyl
2-acetamidocinnamate (36 nmols/s) substrates. From this
same perspective, it is also of interest to determine if both
ligands, (S)-BINAP and bpea, remain rigidly bonded or if
at some point one of the N or P atoms could decoordinate.
A thorough mechanistic analysis is currently underway.
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