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Many chiral diphosphanes[1] and diphosphinites[2] have
been synthesized as ligands for enantioselective transition
metal catalyzed hydrogenations. On the other hand, little is
known about chelating, chiral diphosphites as ligands in
asymmetric hydrogenations,[3] although such ligands are
increasingly being used in other transition metal catalyzed
reactions such as hydrocyanations, hydroformylations, and
hydrosilylations.[4] The availability of many enantiomerically
pure diols allows the production of electron-deficient, biden-
tate phosphite ligands. Topologically different possibilities
arise, for example the use of chiral or achiral diols
HOÿR1ÿOH and HOÿR2ÿOH as the backbone or as a
component of two P/O heterocycles, as is schematically
represented in 1 and 2. If the backbone is chiral, defined

local chirality in the P/O heterocycle of the transition metal
catalyst 2 may be possible even when seemingly achiral diols
such as meso-1,2-cyclohexanediol[5] or diphenol serve as the
second component. In such cases the catalyst exists in the
form of three rapidly interconverting conformational diaster-
eomers, one of which could kinetically control the reaction. It
is therefore possible that the conformationally enantiomeric
diols in the P/O heterocycle play a crucial role in determining
the direction as well as the extent of enantioselectivity in
hydrogenation reactions.[6] Herein we describe the first
examples of such a phenomenon.

As the chiral diol for the backbone we chose the easily
accessible and commercially available C2-symmetric 1,4:3,6-
dianhydro-d-mannite (3),[7] which exhibits a vaultlike geom-

8.03 (d, J� 2.0 Hz, 4 H, Ar-2,6-H), 8.17 (t, J� 1.8 Hz, 2 H, Ar-4-H), 8.37 (d,
J� 1.5 Hz, 2H, Ar-4-H), 8.62 (d, J� 4.5 Hz, 1 H, b-H), 8.81 (d, J� 5.0 Hz,
2H, b-H), 8.82 (d, J� 4.5 Hz, 1H, b-H), 8.96 (d, J� 5.0 Hz, 2 H, b-H), 9.08
(d, J� 5.0 Hz, 3H, b-H), 9.25 (d, J� 5.0 Hz, 1H, b-H), 9.33 (d, J� 4.5 Hz,
2H, b-H), 9.34 (d, J� 4.5 Hz, 1H, b-H), 9.40 (d, J� 5.0 Hz, 1 H, b-H), 9.78
(s, 1 H, meso-H), 9.88 (s, 1 H, meso-H), 10.31 (s, 1H, meso-H), 10.35 (s, 1H,
meso-H); FAB MS: m/z : 1581.1 (calcd for C96H102N8Pd2: 1580.6); UV/Vis
(CHCl3): lmax� 414.0, 522.2, 549.2, 681.2 nm.

11: 1H NMR (500 MHz, CDCl3): d�ÿ2.69 (s, 1H, N-H), ÿ2.53 (s, 1H,
N-H), ÿ2.50 (s, 2 H, N-H), 1.49 (s, 18H, tBu-H), 1.50 (s, 18 H, tBu-H), 1.506
(s, 18H, tBu-H), 1.512 (s, 18H, tBu-H), 7.76 (m, 4 H, Ar-2,6-H), 8.07 (d, J�
2.0 Hz, 2 H, Ar-2,6-H), 8.09 (t, J� 1.5 Hz, 2 H, Ar-2,6-H), 8.19 (t, J� 1.5 Hz,
2H, Ar-4-H), 8.44 (d, J� 2.0 Hz, 2H, Ar-4-H), 8.66 (d, J� 4.5 Hz, 1 H, b-
H), 8.84 (d, J� 4.5 Hz, 2 H, b-H), 8.88 (d, J� 4.5 Hz, 1H, b-H), 8.98 (d, J�
5.0 Hz, 2H, b-H), 9.11 (d, J� 4.5 Hz, 1H, b-H), 9.13 (d, J� 4.5 Hz, 2 H, b-
H), 9.36 (d, J� 4.5 Hz, 1 H, b-H), 9.41 (d, J� 4.5 Hz, 1H, b-H), 9.42 (d, J�
4.5 Hz, 2H, b-H), 9.55 (d, J� 4.5 Hz, 1 H, b-H), 9.81 (s, 1H, meso-H), 9.96
(s, 1H, meso-H), 10.33 (s, 1H, meso-H), 10.40 (s, 1H, meso-H); HR FAB
MS: m/z : 1371.8608 (calcd for C96H107N8: 1371.8619); UV/Vis (CHCl3):
lmax� 414.8, 431.6, 514.4, 545.6, 583.6 nm.

13 : 1H NMR (500 MHz, CDCl3): d�ÿ2.31 (s, 4H, N-H), 1.46 (s, 72 H, tBu-
H), 7.72 (t, J� 1.8 Hz, 4H, Ar-4-H), 8.08 (d, J� 5.0 Hz, 4H, b-H), 8.10 (d,
J� 1.8 Hz, 8H, Ar-2,6-H), 8.66 (d, J� 5.0 Hz, 4H, b-H), 9.10 (d, J� 5.0 Hz,
4H, b-H), 9.42 (d, J� 5.0 Hz, 4H, b-H), 10.34 (s, 2H, meso-H); HR FAB
MS: m/z : 1370.8542 (calcd for C96H106N8: 1370.8540); UV/Vis (CHCl3):
lmax� 412.6, 446.6, 520.0, 589.8, 647.0 nm.
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etry with two hydroxyl groups on the concave side. Reactions
with chlorophosphoric acid diaryl ester (2 equiv each) provide
access to many different ligands of type 4 (Table 1).

The Rh-catalyzed hydrogenation of dimethyl itaconate (5)
was examined as the model reaction (Table 2). When the
ligand 4 a with two achiral b-naphthoxy residues at each
phosphorus center is used, the reactions at room temperature
provide (S)-6 with an ee value of only 21 %. Clearly, the
transfer of the chiral information present in the backbone of
the catalyst onto the product is inefficient. The catalysts
derived from ligands 4 b and 4 c which contain (S)- and (R)-
binaphthol, respectively, in the P/O heterocycle behave
differently. The ee values of 88 % and 95 % attained for (S)-
and (R)-6, respectively, prove that the chirality in the P/O
heterocycles is decisive and that the R-selective combination
3/(R)-binaphthol is the matched case.[8] This is no contra-
diction to the fact that the rhodium catalyst from 4 a is weakly

S-selective (21 % ee), since the spatial position of the naphthyl
groups in 4 a with respect to the catalytically active center is
probably not fixed.

In the case of ligands with atropoisomeric biphenol units in
the P/O heterocycle, three defined diastereomeric metal
complexes are possible (R/R, S/S, and R/S combinations in
the biphenol moieties) which can rapidly interconvert due to
the energetically low barrier[9] for rotation about the biaryl
axis. In the case of the unsubstituted biphenol derivative 4 d an
ee value of only 39 % is reached in the production of (S)-6. In
contrast, ligand 4 e with ortho methyl groups shows an entirely
different behavior, leading almost exclusively to the R
enantiomer (ee� 96 ± 98 %)! Evidently, one diastereomer of
the three possible complexes determines the reaction. Under
the assumption that the configurations of the binaphthol and
the 2,2'-dihydroxy-3,3'-dimethyl-1,1'-biphenyl units in the
respective catalysts induce the same direction of enantiose-
lectivity, it can be concluded that the most active and
therefore reaction-determining catalyst contains P/O hetero-
cycles having the R/R configuration. Moreover, it was
observed that hydrogenations with 4 c are significantly faster
than those with 4 b, and that the most active catalyst is formed
with 4 e.[10] Therefore, pronounced in situ selection between
conformationally diastereomeric catalysts take place in re-
actions based on 4 e.[11] Interestingly, 4 f with sterically
demanding tert-butyl groups leads to low activity as well as
poor enantioselectivity.

Finally, 4 g was tested in the Rh-catalyzed hydrogenation. In
this reaction (R)-6 was obtained with an ee value of 50 %.
Thus, when going from 4 d to 4 g, reversal of the direction of
enantioselectivity is effected while retaining the backbone
diol 3. In the case of 4 g several chiral conformers of the P/O
heterocycle are possible which are in fast equilibrium. Force-
field calculations of the P/O heterocycles with hydrogen
bonded to the phosphorus centers as model compounds
identified the enantiomeric structures 7 a and 7 b (Figure 1) to
be equivalent energetic minima.[12] In the metal complex, they
therefore lead to local chirality close to the catalytically active
center, as in the case of the catalyst based on 4 e. Similar
effects were also observed in the hydrogenation of methyl N-

Table 1. Synthesis of the chelating ligands 4.

(RO)2PCl Chelating ligand Yield [%]

4a 62

4b 87

4c 96

4d 99

4e 89

4 f 99

4g 86

Table 2. Enantioselective hydrogenation of 5 and 8.

Ligand[a] Substrate T Conversion ee Config.
[8C] [%] [%]

4a[b] 5 20 65 21.0 (S)-6
4b[c] 5 20 > 99 87.8 (S)-6
4c[c] 5 20 > 99 94.5 (R)-6
4c 5 ÿ 10 > 99 96.2 (R)-6
4d[c] 5 20 74 38.9 (S)-6
4e 5 20 > 99 96.8 (R)-6
4e 5 ÿ 10 > 99 98.2 (R)-6
4 f[d] 5 20 24 5.2 (R)-6
4g 5 20 > 99 49.3 (R)-6
4a 8 20 66 43.8 (S)-9
4b 8 20 77 23.2 (S)-9
4c 8 20 > 99 88.8 (R)-9
4e 8 20 > 99 80.7 (R)-9

[a] General conditions: substrate:catalyst (s:c)� 1000:1; t� 20 h; lig-
and:rhodium� 1:1. [b] s:c� 500:1. [c] The catalysis was carried out with
preformed catalyst. [d] s:c� 250:1.
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Figure 1. The enantiomers 7 a (left) and 7b (right) generated from force-
field calculations of the P/O-heterocycles with hydrogen at the phosphorus
centers as model compounds.

acetamidoacrylate (8) with formation of the alanine deriva-
tive 9 (Table 1, cod� 1,5-cyclooctadiene).

In summary, we have described the first diphosphite ligands
capable of inducing highly enantioselective hydrogenations.
Significantly, the ligand 4 e with conformational flexibility in
readily epimerizing diastereomeric P/O heterocycles proved
superior to those with fixed chirality (binaphthol derivatives).
This principle presents the opportunity to synthesize efficient
ligands for asymmetric catalysis from chiral auxiliaries and
suitable conformationally enantiomeric compounds. The
advantage is that the chiral selectivity-determinging ligand
need not (and cannot) be separated into antipodes. Research
concerning other substrates and the use of the ligands in other
metal-catalyzed reactions is the subject of further investiga-
tions.

Experimental Section

4e : Under an inert atmosphere, the chlorophosphoric acid diaryl ester
(0.408 g, 1.46 mmol) from 2,2'-dihydroxy-3,3'-dimethyl-1,1'-biphenyl was
dissolved in THF (120 mL) and treated with triethylamine (0.40 mL,
2.9 mmol). To this slightly cloudy solution, 3 (0.107 g, 0.732 mmol) in THF
(15 mL) was slowly added with stirring. After 3 h of stirring at room
temperature, half of the solvent was removed under reduced pressure, the
precipitate was removed by filtration, and all solvent was removed from the
clear filtrate in vacuo. The yellow solid was dried under high vacuum.
Yield: 0.41 g (89 %). {1H}31P NMR (81 MHz, CDCl3): d� 134.4 (s).

Hydrogenations: In a Schlenk vessel, an aliquot (0.5 mL) of a 2� 10ÿ3 m
solution of the ligand in CH2Cl2 is added to a 2� 10ÿ3 m solution of
[Rh(cod)2]BF4 in CH2Cl2 (0.5 mL) under inert conditions. The mixture is
stirred for 5 min at room temperature. Subsequently, dimethyl itaconate
(1.0 mmol) in CH2Cl2 (9.0 mL) is added, and the vessel is briefly evacuated
and vented with H2 three times in order to remove dissolved argon. The
mixture is then hydrogenated (0.3 bar H2) for 20 h at 20 8C. To remove the
catalyst, the solution is placed on a short silica gel column and eluted with
CH2Cl2. Conversion and enantiomeric excess is determined by means of
gas chromatography. The absolute configuration of the products was
determined by comparison with a commercially available sample of
dimethyl (R)-methylsuccinate.
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