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An X-ray diffraction experiment revealed an interesting
triphosphorous bidentate coordination in a Pd(II) complex
of a phosphine-phosphoramidite ligand1, which showed
excellent enantioselectivity (up to 99.4% ee) in Rh-catalyzed
hydrogenation ofR-dehydroamino esters in acetone. A
dramatic solvent effect was found in the hydrogenation of
itaconates, which induces opposite chiralities of the product
with the same catalytic system by the use of different solvents
(e.g., 99.6% ee (R) in TFE vs 71.2% ee (S) in methyl ethyl
ketone).

The exploration of new effective ligands is a continuous
challenge in transition-metal-mediated asymmetric hydrogena-
tion.1 Recent mechanistic investigation of monodentate ligands,2

in association with the successful application of combinatorial
strategy in catalyst screening,3 inspired us to develop a new
family of air-stable modular phosphine-phosphoramidite ligands
1.4,5 In this communication, we presented structural character-
ization of a Pd/1a complex by X-ray diffraction and the

expanded synthesis of1 for highly enantioselective hydrogena-
tion of R-dehydroamino esters and itaconates (up to 99.6% ee).
Interestingly, we have observed a strong solvent effect in the
present catalytic system, in that a change of solvent could result
in opposite chiralities of the product.

Previously, we demonstrated that1 are excellent ligands for
Rh-catalyzed hydrogenation of aryl enamides, especially the
challenging ortho-substituted phenyl enamides and 1-naphthyl
enamide.4 NMR spectroscopy analysis revealed a highly pref-
erential chelating of rhodium with only two phosphorus donors,
leaving a third uncoordinated phosphine. Although computa-
tional study provided an approximate description of such a
configuration, direct structural information is necessary to
establish the proposed “triphosphorous-bidentate” feature and
gain insight into the chiral coordination environment around
the metal center. Thus, a single crystal of the PdCl2‚1acomplex
was grown from CH2Cl2/hexane and subject to an X-ray
diffraction experiment.6 Consistent with NMR and computa-
tional results, the solved structure (Figure 1) revealed a well-
defined chiral coordination environment around the square-
planar d8 palladium (Pd(1)), which incorporates two properly
oriented P donors (P(1) and P(2)) within a six-membered
chelation ring in the presence of a third spectator phosphine
(P(3)). Fused to the chelation ring is a neighboring seven-
membered ring (P(2)-O(2)-C(3)-C(12)-C(14)-C(13)-O(1))
that imposes the spatial arrangement of the two substituents
(O(2) and N(1)) on P(2). As a consequence, O(2) is pulled back
from the top right quadrant whereas the dimethylamino group
(Me2N(1)-) protrudes forward to block the bottom right
quadrant. On the other side, two phenyl groups on P(1)
accommodate quasiequatorial and quasiaxial conformations,
respectively, the former occupying the top left quadrant and
the latter leaving the bottom left quadrant accessible. According
to the quadrant diagram rule,7 such a chiral environment, albeit
with C1-symmetry, would lead toR selectivity in the hydrogena-
tion of dehydroamino acids. Moreover, given the substitutes on
the phosphoramidite site of more steric hindrance (such as the
diisopropylamino group compared with the dimethylamino
group) or restricted conformational mobility (such as the
piperidyl group compared with the diethylamino group), the
chiral environment could be modified. To testify this point, we
have prepared a series of1 in two standard methods (Scheme
1). 31P NMR spectroscopy analysis confirmed that each ligand
forms a well-defined triphosphorous bidentate complex with an
equivalent amount of Rh(COD)2BF4 in various solvents, which
were then applied in Rh-catalyzed hydrogenation ofR-dehy-
droamino esters and itaconates.
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In Rh-catalyzed hydrogenation ofR-dehydroamino esters and
itaconate derivatives, CH2Cl2 is the solvent of choice for most
bidentate5 and monodentate8 phosphoramidite ligands. For the
present catalytic system, desirable performance was also found
in the hydrogenation of enamides if CH2Cl2 or 2,2,2-trifluoro-
ethanol (TFE) is used as solvent.4 Interestingly, hydrogenation

of the benchmark substrate3a with Rh(COD)2BF4/1a revealed
a distinct solvent effect. Both CH2Cl2 and TFE gave only poor
enantioselectivities (Table 1, entries 1 and 8 by1a, 48.6% ee
and 54.6% ee, respectively), whereas remarkable improvement
was seen in toluene, THF, EtOAc, and MeOH (entries 2-4 and
7 by 1a). To our surprise, excellent enantioselectivities were
obtained in ketonic solvents such as acetone and methyl ethyl
ketone (MEK) (entries 5 and 6 by1a, 97.4% ee and 98.2% ee,
respectively). Thus, acetone was chosen as the solvent for the
subsequent hydrogenation of3b-k with 1a-d. As shown in
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FIGURE 1. ORTEP representation of PdCl2‚1a at 50% probability for the drawing of thermal ellipsoids (solvents and hydrogen atoms are omitted
for clarity). Selected bond lengths (Å): Pd(1)-Cl(1) 2.319, Pd(1)-Cl(2) 2.355, Pd(1)-P(1) 2.281, Pd(1)-P(2) 2.212.
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Table 1,1c and1d outperform1a and1b in most cases, which
tends to support the initial assumption that increasing steric
hindrance or conformational rigidity on the phosphoramidite
site could enhance enantioselectivity. However, no ligand gives
consistently superior results and occasionally1a or 1b showed
the best selectivity among the whole series (entries 11 by1b
and 15 by1a). This phenomenon indicated that chiral induction
by 1 is still substrate-dependent. In other words, the ligand
structure has to match the steric requirements of the substrate
to achieve high enantioselectivity. Generally, excellent results
(96.8%∼99.4% ee) were attained for both aromatic (3a-i) and
aliphatic (3j,k) substrates, which is comparable to the results
given by other bidentate5 and monodentate8 phosphoramidite
ligands.

Hydrogenation of itaconate derivatives5a-d with 1a revealed
a more dramatic solvent effect. In the case of dimethyl itaconate
5a, both CH2Cl2 and TFE gave excellent enantioselectivities
(Table 2, entries 1 and 8 of6a, 96.6% and 99.2% ee,
respectively), whereas an abrupt drop in the ee value was seen
in toluene, THF, and MeOH. It is unexpected that reversed
enantioselectivities were observed by the use of EtOAc, acetone,
and MEK, leading to the oppositeSconfiguration in the product
6a (entries 4-6 of6a, 11.6%, 39.6%, and 30.4% ee, respec-
tively). A similar trend was found in the hydrogenation of5b,
showing the reversedS selectivity with up to 71.2% ee by the
use of MEK (entry 6 of6b). Such a strongS preference is in
sharp contrast to the nearly perfectR selectivity provided by
CH2Cl2 and TFE (entries 1 and 8 of6b, 99.6% and 99.4% ee,
respectively). For the other two substrates5c and5d, opposite
enantioselectivities were also obtained. Not limited to1a, the
other ligands1b-d also gave reversed stereoselection in MEK,
though in a less remarkable degree.

Homogeneous asymmetric hydrogenation transfers the chiral-
ity of the catalyst into the reduced product, with one handedness
of the catalyst corresponding to one stereochemical configuration
of the product and the other handedness to the opposite

configuration. If both enantiomers of the product are to be
prepared, both enantiomers of the ligand have to be available.9

An alternative approach can be conceived if a catalytic system

(9) Aware of this issue, our group recently developed DuanPhos as both
enantiomers compared with the previously reported TangPhos, which exists
as only one enantiomer. See: Liu, D.; Zhang, X.Eur. J. Org. Chem.2005,
646.

TABLE 1. Rh-Catalyzed Asymmetric Hydrogenation ofr-Dehydroamino Esters 3a

Rh-1system/ee (%) (configuration)b

entry substrate R solvent 1a 1b 1c 1d

1 3a Ph CH2Cl2 48.6 (R) - - -
2 3a Ph toluene 86.6 (R) - - -
3 3a Ph THF 86.8 (R) - - -
4 3a Ph EtOAc 85.4 (R) - - -
5 3a Ph acetone 97.4 (R) 95.8 (R) 98.8 (R) 98.4 (R)
6 3a Ph MEK 98.2 (R) - - -
7 3a Ph MeOH 85.2 (R) - - -
8 3a Ph TFE 54.6 (R) - - -
9 3b H acetone 91.2 (R) 96.8 (R) 98.6 (R) 99.2 (R)
10 3c 4-F-Ph acetone 98.2 (R) 97.4 (R) 98.4 (R) 97.0 (R)
11 3d 2-Cl-Ph acetone 94.4 (R) 97.0 (R) 95.6 (R) 96.6 (R)
12 3e 4-Cl-Ph acetone 97.4 (R) 97.4 (R) 98.0 (R) 98.2 (R)
13 3f 3-Br-Ph acetone 98.0 (R) 98.0 (R) 98.4 (R) 97.2 (R)
14 3g 4-MeO-Ph acetone 96.4 (R) 98.2 (R) 99.4 (R) 98.6 (R)
15 3h 4-CF3-Ph acetone 97.4 (R) 97.2 (R) 97.2 (R) 96.6 (R)
16 3i thiophenyl acetone 91.8 (R) 95.6 (R) 96.6 (R) 96.8 (R)
17 3j n-propyl acetone 97.2 (R) 98.4 (R) 99.0 (R) 99.2 (R)
18 3k CH3OCH2 acetone 95.6 (R) 96.2 (R) 92.6 (R) 96.8 (R)

a All reactions were carried out under 1 bar of hydrogen pressure with an S/C ratio of 100:1 at room temperature for 18 h at 100% conversion.bDetermined
by chiral GC equipped with a Chirasil-L-Val column. The absolute configuration was assigned by comparing the observed optical rotation with the literature
data.

TABLE 2. Rh-Catalyzed Asymmetric Hydrogenation of Itaconates
5a

product/ee (%) (configuration)b

entry ligand solvent 6a 6b 6c 6d

1 1a CH2Cl2 96.6 (R) 99.6 (R) 96.8 (R) 97.0 (R)c

2 1a toluene 3.0 (R)c 75.8 (R)c 92.8 (R) 92.2 (R)
3 1a THF 10.4 (R) 25.4 (S)c 6.6 (R) 39.4 (R)
4 1a EtOAc 11.6 (S)c 43.4 (R)c 51.6 (R) 41.4 (R)
5 1a acetone 39.6 (S) 51.8 (S)c 17.0 (R) 25.4 (S)
6 1a MEK 30.4 (S) 71.2 (S) 30.8 (S) 32.6 (S)
7 1a MeOH 32.0 (R)c 4.6 (S) 86.6 (R) 12.8 (R)
8 1a TFE 99.2 (R) 99.4 (R) 98.8 (R) 99.4 (R)
9 1b TFE 97.0 (R) 97.6 (R) 88.6 (R) 94.2 (R)
10 1b MEK 30.0 (R) 45.6 (S) 19.4 (R) 17.4 (S)
11 1c TFE 97.4 (R) 98.6 (R) 97.4 (R) 99.4 (R)
12 1c MEK 35.6 (R) 10.8 (S)c 90.6 (R) 84.6 (R)
13 1d TFE 99.2 (R) 99.6 (R) 97.4 (R) 99.6 (R)
14 1d MEK 9.4 (R) 28.0 (S) 19.8 (R) 13.2 (R)

a Unless mentioned otherwise, all reactions were carried out under 1 bar
of hydrogen pressure with an S/C ratio of 100:1 at room temperature for
18 h at 100% conversion.bDetermined by chiral GC equipped with aγ-dex
225 column. The absolute configuration was assigned by comparing the
observed optical rotation with the literature data.6b-6d were converted
to the corresponding dimethyl ester6a with TMSCHN2 or HCl in MeOH
before GC analysis.cIncomplete conversions (<100%) were observed. See
Supporting Information for details.
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is capable of generating opposite chiralities in the product.
Theoretically, reversal of enantioselectivity10 is not impossible
if the key enantiodifferentiating step is influenced significantly
by modified transition states or if an entirely different mecha-
nism is involved. In practice, both ammonium halides11 and
achiral monodentate ligands3b have been found to trigger such
an effect. Nevertheless, it is rare that the same metal/ligand
system induces opposite chiralities in the product simply due
to the use of different solvents.12 It can be reasoned that the
solvent may have participated in enantiodifferentiating steps that
are critical to the stereochemical outcome of the product, instead
of serving merely as spectator molecules. In addition, the
uncoordinated phosphine is situated close to the coordination
sphere.13 Whether it would have any effect during hydrogenation
is still unclear. The correct correlation between the quadrant
diagram of1 and the observedRselectivity in the hydrogenation
of dehydroamino esters in ketonic solvents and itaconates in
CH2Cl2 and TFE suggests that hydrogenation under these
conditions may follow a mechanism7b that works for mostC2-
symmetric ligands. Meanwhile, the discrepancy found in the
hydrogenation of itaconates in ketonic solvents may point to a
different mechanism. This result further demonstrates that
solvent screening is extremely important for a given catalytic
system and that catalyst optimization is critical for the develop-
ment of new ligands.

Experimental Section

General Procedure for the Synthesis of Phosphine-phos-
phoramidite Ligands 1. Synthesis of2, 1a, and1b has been
reported in ref 4. To a 50 mL Schlenk flask equipped with a
condenser were charged2 (1.71 g, 2.61 mmol) and 20 mL of PCl3.
The mixture was stirred at 80°C overnight and then cooled to room
temperature. The excessive PCl3 was removed in a vacuum.
Azeotropic distillation with toluene (10 mL) three times afforded
the intermediate chlorophosphite as a white powder, which was

used directly in the following step without purification. To a solution
of this intermediate (1 equiv) in THF (25 mL) was added freshly
prepared LDA or lithiated piperidine (2 equiv) in THF dropwise at
-78 °C over 10 min. Then the reaction mixture was stirred
overnight and warmed slowly to room temperature. The solvent
was then evaporated, and the mixture was subjected to flash column
chromatography on silica gel (EtOAc/hexane) 1:15) to afford the
product as a white powder (78% yield for1c, 72% yield for1d).

(R)-O,O′-(3,3′-Bis(diphenylphosphino)-1,1′-dinaphthyl-2,2′-
diyl)-N,N-diisopropylphosphorous Amidite (1c). 1H NMR (300
MHz, CD2Cl2): δ ) 0.91 (s, 6H), 1.29-1.42 (m, 6H), 3.25-3.37
(m, 2H), 7.16-7.61 (m, 30H).13C NMR (75 MHz, CD2Cl2): δ )
23.38, 24.16, 24.85, 45.64, 45.82, 124.77, 128.71, 128.74, 128.81,
128.84, 129.00, 129.06, 129.09, 129.15, 129.40, 129.51, 133.65,
133.93, 133.98, 134.25, 134.98, 135.25, 151.91, 152.14, 152.48.
31P NMR (146 MHz, CD2Cl2): δ ) -14.38 (d,JP-P ) 29.7 Hz),
-12.65 (s), 151.70 (d,JP-P ) 30.9 Hz). HRMS (M+ H+): calcd,
784.2663; found, 784.2680.

(R)-O,O′-(3,3′-Bis(diphenylphosphino)-1,1′-dinaphthyl-2,2′-
diyl)-N,N-piperidylphosphorous Amidite (1d). 1H NMR (300
MHz, CD2Cl2): δ ) 1.21 (s, br, 4H), 1.51 (s, br, 2H), 2.98 (m,
4H), 7.27-7.69 (m, 30H).13C NMR (75 MHz, CD2Cl2): δ ) 25.14,
27.09, 27.14, 29.93, 45.27, 45.32, 45,60, 124.78, 126.48, 128.55,
128.60, 128.64, 128.70, 128.83, 128.88, 128.94, 128.96, 128.98,
129.03, 133.31, 133.58, 134.95, 135.23, 136.94, 151.35, 151.37,
152.06.31P NMR (146 MHz, CD2Cl2): δ ) -14.43 (d,JP-P )
24.5 Hz),-12.49 (d,JP-P) 4.3 Hz), 145.17 (dd,J1

P-P) 22.7 Hz,
J2

P-P ) 3.6 Hz). HRMS (M + H+): calcd, 768.2350; found,
768.2350.

General Procedure for Asymmetric Hydrogenation.The stock
solution of the Rh/1 complex (2× 10-3 mol/L) was made by stirring
Rh(COD)2BF4 and1a-d at a 1:1 molar ratio in desired solvents at
room temperature for 1 h in a nitrogen-filled glovebox. Then, an
aliquot of catalyst solution (0.5 mL, 0.001 mmol) was added into
the vial charged with substrate (0.1 mmol) dissolved in the desired
solvent (2.5 mL). All the vials were then placed in a steel autoclave
into which hydrogen gas was charged at 1 bar of pressure after
three “charge-release” cycles. After stirring at room temperature
for 18 h, hydrogen gas was released carefully and the solution was
concentrated and subjected to a short silica gel column to remove
the metal complex. The purified sample was analyzed by chiral
GC to determine ee and conversion. The itaconates6b-d were
first converted to dimethyl ester6abefore column purification and
GC analysis.
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