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Abstract—The conformations of the chelate cycles in the X-ray structures of norbornadiene- and cyclooctadiene-rhodium complexes
of (R,R)-1,2-bis[(o-methylphenyl)phenylphosphino]ethane are dramatically different. Nevertheless, they demonstrate the same sense
of enantioselection in asymmetric hydrogenation of dehydroamino acids.
� 2005 Elsevier Ltd. All rights reserved.
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The rhodium-catalyzed asymmetric hydrogenation of
activated double bonds has remained a hot research area
for over 30 years.1 The most evident reason for this is
the practical importance of this method for the prepara-
tion of optically active natural and non-natural amino
acids and other non-racemic compounds.2 However,
mechanistic studies of this reaction are probably equally
important, since the catalytic cycle of the Rh-catalyzed
asymmetric hydrogenation is unique from the point of
view of the number of characterized intermediates3

and detailization of computational studies.4

Prediction of the sense of enantioselection is one of the
most interesting problems in Rh-catalyzed asymmetric
hydrogenation. Although the opposite enantiomers of
the chiral diphosphines invariably gave, as expected,
the opposite enantiomers of the hydrogenation prod-
ucts, the exact relationship between the structure of
the diphosphine and the sense of hydrogenation is a
more complicated matter. Several empirical rules for
the prediction of enantioselection on the basis of the
X-ray structures of the catalytic precursors have been
proposed.5–7 Nowadays only the quadrant rule origi-
nally suggested by Knowles and co-workers6 is widely
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used due to its straightforwardness and principal
applicability to the P-stereogenic diphosphine ligands.
However, the predictions of the quadrant rule for the
various types of diphosphine ligands are often confusing.

Thus, for example, the alkyl-substituted P-stereogenic
ligands (e.g., (S,S)-t-Bu-bisP*8) give (R)-hydrogenation
products when the bulky substituent occupies the upper
left corner of the quadrant diagram (Scheme 1). On the
other hand, in the case of the DIPAMP ligand the
(R,R)-enantiomer having the o-methoxyphenyl substitu-
ent (which is formally larger than unsubstituted phenyl)
in the upper left corner affords (S)-hydrogenation
products in asymmetric hydrogenations catalyzed by
its rhodium complexes (Scheme 1).9
(R)-Amino acids (S)-Amino acids

Scheme 1. Sense of enantioselection in asymmetric hydrogenations

of dehydroamino acids catalyzed by Rh-bisP* and Rh-DIPAMP

catalysts.
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Figure 1. ORTEP diagram of complex 2 (50% thermal ellipsoids,

coordinated diene and counter-ion omitted for clarity). Selected bond
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Previously Bakos et al. reported two different solid-state
conformations of six-membered chelate cycles in 2,5-
norbornadienyl and 1,5-cyclooctadienyl Rh complexes
of the (�)-(2S,4S)-2,4-bis(diphenylphosphino)pentane
(BDPP) ligand.10 These results together with a re-
markable dependence of the ee�s of the hydrogenation
products on the solvent used for their catalytic hydroge-
nation are an important evidence for the primary impor-
tance of the solution conformation of the six-membered
chelate cycle for the outcome of the asymmetric hydro-
genation. However, most of the successful C2-symmetric
ligands produce five-membered chelate cycles upon
coordination to Rh, and the empirical rules for the pre-
diction of the sense of enantioselection are based on the
well-defined k- and d-conformations of the five-mem-
bered chelate cycles.

Hence, we report here two X-ray structures of the
2,5-norbornadienyl (2) and 1,5-cyclooctadienyl (3) Rh
complexes of (R,R)-1,2-bis[(o-methylphenyl)phenyl-
phosphino]ethane (1) (Scheme 2), and the results of the
asymmetric hydrogenation using these two complexes
as catalytic precursors revealing the importance of the
solution conformation of the chelate cycle rather than
the conformation acquired in the solid state for the sense
and order of stereoselection in the Rh-catalyzed asym-
metric hydrogenation.

(R,R)-1,2-Bis[(o-methylphenyl)phenylphosphino]ethane
(1) was prepared by using phosphine–boranes as inter-
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Scheme 2. Chemical structures of complexes 2 and 3.
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Scheme 3. Synthesis of diphosphine ligand 1.
mediates according to procedure described in the litera-
ture (Scheme 3).11 The diphosphine ligand 1 was reacted
with [Rh(nbd)2]PF6 or [Rh(cod)2]SbF6. The resulting
complexes 2 and 3 were purified by recrystallization
from tetrahydrofuran, and their molecular structures
were determined by single crystal X-ray analysis.12,13

Their ORTEP drawings are shown in Figures 1 and 2.
lengths (Å) and angles (deg): Rh(1)–P(1) 2.300(2), Rh(1)–P(2) 2.284(2),

P(1)–C(1) 1.832(7), P(2)–C(23) 1.822(7), P(1)–C(14) 1.838(7), P(2)–

C(15) 1.835(8), P(1)–C(8) 1.824(7), P(2)–C(16) 1.810(8), C(14)–C(15)

1.51(1), P(1)–Rh(1)–P(2) 83.92(6), Rh(1)–P(2)–C(16) 111.6(2), Rh(1)–

P(2)–C(23) 118.8(3), Rh(1)–P(1)–C(1) 113.5(2), Rh(1)–P(1)–C(8)

121.4(2).

Figure 2. ORTEP diagram of complex 3 (50% thermal ellipsoids,

coordinated diene, hydrogens, and counter-ion omitted for clarity).

Selected bond lengths (Å) and angles (deg): Rh(1)–P(1) 2.273(3),

Rh(1)–P(2) 2.307(3), P(1)–C(1) 1.82(1), P(2)–C(23) 1.79(1), P(1)–C(14)

1.84(1), P(2)–C(15) 1.86(1), P(1)–C(8) 1.82(1), P(2)–C(16) 1.85(1),

C(14)–C(15) 1.51(2), P(1)–Rh(1)–P(2) 82.8(1), Rh(1)–P(2)–C(16)

118.0(4), Rh(1)–P(2)–C(23) 112.9(4), Rh(1)–P(1)–C(1) 119.2(4),

Rh(1)–P(1)–C(8) 110.7(4).
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Scheme 4. Asymmetric hydrogenation of methyl (Z)-a-acetamidocin-

namate catalyzed by 2 and 3.
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Scheme 5. Structure of active catalyst formed in situ in course of

asymmetric hydrogenation catalyzed by 2 and 3.
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Inspection of the Figures 1 and 2 shows that the solid-
state conformations of the chelate cycles in 2 and 3 are
opposite. The norbornadienerhodium complex 2 has d-
type conformation of the chelate cycle with quasi-equa-
torial phenyls and quasi-axial o-tolyl-substituents. On
the other hand, the chelate cycle in the cyclooctadienyl
complex 3 apparently has the k-conformation; the
o-tolyl-substituents are quasi-equatorial and the phenyls
are quasi-axial.

As expected, both complexes 2 and 3 provided the same
sense and order of enantioselection when applied as pre-
catalysts in asymmetric hydrogenations of dehydro-
amino acids (Scheme 4). Notably high ee�s (comparable
to those reported for DIPAMP) have been observed
demonstrating that even the smallest possible difference
in the structure of aryl substituents in a C2-symmetric
diphosphine ligand is sufficient to secure high
enantioselctivity.14

It is clear that after the activation of a precatalyst
(hydrogenation of the coordinated diene), the active cat-
alytic species (4) generated from 2 and 3 (Scheme 5) dif-
fer only by counter-ion, and it is well known that the
influence of the counter-ion on the course of asymmetric
hydrogenation is minimal, if any. Hence, the different
conformations of the same chelate cycle observed for 2
and 3 demonstrate convincingly that the solid-state
structures of the conformationally flexible Rh complexes
cannot be reliably used as a lead in discussing the mech-
anism of enantioselection, as it has been accepted previ-
ously. Detailed analysis of the conformational equilibria
in solution for each important intermediate is required.
Such studies are underway in our research group.
Supplementary data

Supplementary data associated with this article can be
found, in the online version at doi:10.1016/j.tetlet.
2005.02.115. Detailed data for the X-ray analyses of 2
and 3.
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