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Oxidative addition of dihydrogen is a crucial step in transition-
metal-catalyzed reactions involving H2. Olefin hydrogenation is one
such reaction, and the asymmetric version catalyzed by chiral
rhodium-phosphine complexes has experienced considerable com-
mercial impact, as exemplified by Monsanto’s synthesis of L-
DOPA.1,2 A particularly interesting feature of these asymmetric
rhodium-catalyzed reactions is that the selectivity is counter to the
preference of the catalyst to bind to a particular face of the prochiral
olefin,1,3,4 such that the reactions have been proposed to occur by
an “anti-lock-and-key” mechanism.4b Oxidative addition of H2 is
generally recognized to be the rate-determining and enantiomer-
determining step in these reactions,4 and the selectivity is therefore
dictated by the dramatically enhanced reactivity of H2 towards the
minor component olefin adduct. To account for the overall
selectivity, the susceptibility of the diastereomeric adducts towards
oxidative addition of H2 has been estimated to differ by a substantial
factor of ca. 600 in rate constant.4a However, well-defined examples
of oxidative addition of H2 that exhibit selectivity of this magnitude
are unprecedented. In this paper, we provide the first report that
chiral monophosphine ligands are capable of imparting a high
degree of diastereoselectivity in the oxidative addition of H2 to a
metal center and that the selectivity exceeds that for certain bidentate
phosphine ligands.

The reaction of H2 with Vaska’s complex,trans-Ir(PPh3)2(CO)-
Cl, is the classic example of oxidative addition. Vaska-type
complexes, therefore, provide an excellent system to determine the
ability of chiral phosphine ligands to impart diastereoselectivity in
the oxidative addition of H2. For this purpose, we have employed
the monodentate chiral phosphines PhP[(C5Me4)]2,5 PhP[Me2C4H6],6

and PhP[Pri2C4H6]7 (Scheme 1).
Trans-Ir(P*R3)2(CO)Cl derived from racemic P*R3 consists of

a pair ofR,SandR,R/S,Sdiastereomers,8 and oxidative addition of
H2 to this mixture yieldsthreediastereomers (one of which exists
as an enantiomeric pair). The formation of three diastereomers from
a mixture composed of two diastereomers is a consequence of
oxidative addition of H2 to themesoisomer, (R,S)-trans-Ir(P*R3)2-
(CO)Cl, resulting in a structure in which the iridium is a
“pseudoasymmetric center”.9 The term “pseudoasymmetric center”
is used to describe a stereogenic center in an achiral molecule, and
is given the notationr or s. Thus, the two diastereomers derived
from addition of H2 to (R,S)-trans-Ir(P*R3)2(CO)Cl may be
classified asR,r,SandR,s,S, differing only in the configuration at
iridium (Scheme 1).10

Significantly, the barriers to both oxidative addition and reductive
elimination are highly dependent upon the diastereomer under

consideration, as illustrated in Figure 1.11 Of most interest, there is
a significant difference in the barrier for oxidative addition of H2

to the two faces of themesoisomer, (R,S)-trans-Ir(P*R3)2(CO)Cl.
For example, the rate constant for oxidative addition of H2 to one
face of (R,S)-trans-Ir(P*R3)2(CO)Cl (P*R3 ) PhP[Pri2C4H6]) is
a factor of at least∼60 greater than that to the other face.12

However, despite the extreme kinetic selectivity, the kinetically
favored product isnot the thermodynamic product, and the kinetic
product transforms to a 1:3 equilibrium mixture with the thermo-
dynamic product over a period of days (as illustrated in Figure 1
for PhP[(C5Me4)]2).13 The kinetics of reductive elimination of
H2 from the (R,r,S)- and (R,s,S)-trans-Ir(P*R3)2(CO)ClH2 diaster-
eomers exhibit even greater differences than those for the oxida-
tive addition (Figure 2). Thus, the rate constants for reductive
elimination of H2 from theR,r,SandR,s,Sdiastereomers oftrans-
Ir(P*R3)2(CO)ClH2 (P*R3 ) PhP[Pri2C4H6]) differ by a factor of
∼170.11,14
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Figure 1. Kinetics plots for oxidative addition of H2 to trans-Ir(P*R3)2-
(CO)Cl and reductive elimination fromtrans-Ir(P*R3)2(CO)ClH2 (P*R3 )
PhP[(C5Me4)]2).
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The extremely high kinetic facial selectivity for oxidative addition
of H2 observed here contrasts markedly with the selectivity that
has been observed previously for related square planar Vaska-type
complexes that employ bidentate chiral phosphine ligands. For
example, oxidative addition of H2 to cis-Ir(chiraphos)(CO)Br yields
a 2.1:1 mixture of diastereomers,15 while the corresponding reaction
of [(S)-binap]Ir(PPh3)Cl gives a 1:1 mixture of diastereomers.16

Thus, chiralmonophosphine ligands are capable of achieving a
kinetic diastereoselectivity which greatly exceeds that of certain
bidentate phosphine ligands.

In light of previous studies on iridium complexes, it is also
significant that the kinetic and thermodynamic products of oxidative
addition of H2 to (R,S)-trans-Ir(P*R3)2(CO)Cl are different. For
example, Eisenberg has noted that the kinetic and thermodynamic
products for oxidative addition of H2 to the two faces ofcis-Ir-
(chiraphos)(CO)Br are the same.15,17Furthermore, Landis has also
observed that the kinetic and thermodynamic diastereomers for
oxidative addition of H2 to a series of [Ir(bisphosphine)(1,5-COD)]+

complexes to give [Ir(bisphosphine)(1,5-COD)H2]+ are generally
the same; only for [Ir(chiraphos)(1,5-COD)]+ are the kinetic (1.8:
1) and thermodynamic (1:6.1) selectivities of H2 addition inverted.18

The kinetic diastereoselectivity for the monodentate phosphine
systems reported here (∼60:1 for P*R3 ) PhP[Pri2C4H6]), thus
greatly rivals the one other system, namely [Ir(chiraphos)(1,5-
COD)]+ (1.8:1), for which the kinetic and thermodynamic products
of oxidative addition are different.19 The favorable kinetic dis-
crimination that (R,S)-trans-Ir(P*R3)2(CO)Cl exhibits towards a
molecule as small as H2 thus bodes well for further applications of
chiral monodentate phosphine ligands in asymmetric catalysis, an
area that has been neglected by comparison to the use of
multidentate phosphine ligands, until recently.20

In conclusion, the oxidative addition of H2 to the two faces of
themesoisomer (R,S)-trans-Ir(P*R3)2(CO)Cl proceeds with a high
degree of kinetic diastereoselectivity, thus demonstrating that
monodentate phosphine ligands are capable of providing an effective
kinetic discrimination for a substrate as small as H2. However, (i)
the kinetically favored dihydride complex isnot favored thermo-
dynamically, and (ii) the kinetic discrimination is significantly
greater than the thermodynamic discrimination. The magnitude of
the inversion of the kinetic and thermodynamic selectivities is
greater than has previously been experimentally observed for other
iridium complexes of bidentate phosphine ligands. Considering the
small size of the H2 reactant, these observations underscore the
importance of not assuming that the energies of diastereomeric
intermediates reflect the energies of related diastereomeric transition
states in asymmetric transformations.
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Figure 2. Free energy surface for addition of H2 to the two faces of (R,S)-
trans-Ir(P*R3)2(CO)Cl (P*R3 ) PhP[Pri2C4H6]). Values in kcal mol-1 at
300 K and ther/s configuration is arbitrary.
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