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1. Introduction and Scope

The field of asymmetric catalysis has progressed
rapidly since the early 1980s, as judged by the
increasing number of reports each year and the
greater frequency with which enantioselective cata-
lysts are employed in industry.1-3 This intense re-
search effort has greatly expanded the variety of
reactions that can be performed with good substrate
generality and in a highly enantioselective fashion.
Despite this remarkable success, most asymmetric
catalysts do not meet the criteria required to be
attractive to industry, such as high turnover fre-
quency, long catalyst lifetimes, tolerance of air and
moisture, and high enantioselectivity. Therefore, new
catalysts will need to be developed.

The approach to developing new catalysts has not
changed greatly since the early days of asymmetric
catalysis. In general, chemists rely on their intuition
to design and optimize new catalysts. Research in
asymmetric catalysis has been driven by the need to
develop and optimize enantioselective processes. As
a result, investigations into the reaction mechanisms
have received less emphasis, and our understanding
is not well developed. Further contributing to this
deficiency is the complexity exhibited by many cata-
lytic systems. Thus, the era of rationally designed
catalysts may be in the distant future.

Emerging strategies to develop asymmetric cata-
lysts based on combinatorial methods hold great
promise.4-29 Several research groups have success-
fully synthesized families of ligands and catalysts for
use in asymmetric catalysis, while others have used
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hits generated in a combinatorial screening approach
as a starting point in the design of new catalysts.

Computational methods are being developed to
evaluate “chirality content” of catalyst systems, with
the goal of understanding how differences in ligand
geometry impact catalyst enantioselectivities within
a family of ligands.30-33 Novel approaches to computer-
aided ligand design for asymmetric catalysis have
also met with initial success.34-37 Clearly, these
methods will play an increasing role in the advance-
ment of asymmetric catalysis; however, the conven-
tional methods of catalyst synthesis and screening
will continue to be central to this field.

The traditional approach to asymmetric catalysis
with metal-based catalysts is an iterative operation
that revolves around the synthesis of chiral ligands

of high enantiopurity.1-3 Once the chiral ligands have
been bound to the metal center, the new catalysts
are examined to determine their enantioselectivities
and activities. Results of these studies are evaluated,
and the next generation of ligands is designed. In this
process, the key to efficient reaction optimization is
often rapid access to numerous catalysts with diverse
chiral environments. Unfortunately, the synthesis of
enantiopure ligands can be an arduous task, severely
hampering the optimization of the asymmetric pro-
cess.38

A different approach to asymmetric catalysis is the
use of an enantiopure ligand (L*) in combination with
achiral or meso ligands (L) in a catalyst M(L)L*. The
degree of interaction between the chiral ligand and
the achiral or meso ligand in the complex M(L)L*
depends on the nature and the proximity of the
ligands. The enantiomeric conformations of the achiral
or meso ligand in ML become diastereomeric in M(L)-
L* and differ in energy. If the interactions between
L and L* are strong, the chiral ligand L* can bias
the conformation of the achiral or meso ligand L such
that it preferentially adopts a chiral conformation.
The chiral conformation of L can play an integral
part, or a dominant role, in the transmission of asym-
metry from the catalyst to the substrate.39-46 The ad-
vantage of this approach to asymmetric catalysis over
the traditional approach is that catalysts can be
optimized by the synthesis of achiral and meso lig-
ands instead of enantiopure ligands.39,41,44-46 In gen-
eral, achiral ligands are more easily prepared than
enantiopure ligands and are significantly less costly.

This review addresses the potential uses and
documented applications of large, flexible achiral and
meso ligands in asymmetric catalysis. Emphasis is
placed on studies of the interaction between chiral
ligands of defined stereochemistry and stereochemi-
cally dynamic ligands within the coordination sphere
of a metal. An understanding of the factors that
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impact these interligand interactions is crucial to
efficient optimization of catalysts of the type M(L)-
L*. To aid in the understanding of these interactions,
a brief examination of transmission of asymmetry
within a given ligand (intraligand) is presented. The
systems outlined in this section were chosen to
illustrate the ways in which asymmetry can be
transmitted within a metal-ligand adduct. The
examples are not intended to be comprehensive, nor
do they necessarily represent the most enantioselec-
tive catalysts currently known.

Stereochemically Rigid Ligands with Defined
Chiral Environments. The simplest types of chiral
ligands to understand are those that have little or
no conformational freedom. An important example
of this class is the â-amino alcohol ligand, (-)-3-exo-
(dimethylamino)isoborneol [(-)-DAIB; see Chart 1 for
a list of the abbreviations used in this review],
introduced by Noyori and co-workers.47,48 This ligand
was shown to be highly efficient at promoting the
asymmetric addition of dialkyl zinc reagents to
aldehydes, as shown in eq 1.

The mechanism of the DAIB-catalyzed alkylation
of aldehydes has been studied extensively.37,49-57 The

initial studies by Noyori have had an enormous
impact in defining our current understanding of
catalytic asymmetric reactions. The DAIB system
was one of the first to exhibit strong positive non-
linear behavior58 and has become a cornerstone of
nonlinear effects in asymmetric catalysis.59 On bind-
ing of the DAIB ligand to zinc, a rigid structure is
formed. Experimental and computational results
point to a highly ordered transition state for this
reaction and for related additions.60 One possible
transition state structure is illustrated in Figure 1.

In spite of the well-defined geometry of the DAIB
catalyst, further optimization of the enantioselectiv-
ity of this system based on the same amino alcohol
framework was not to come for several years, until
the MIB ligand (Figure 2) was developed by Nugent.61

Although structurally very similar to DAIB, MIB

Chart 1. Abbreviations

Figure 1. Possible transition state for alkyl addition to
benzaldehyde.

Figure 2. Nugent’s MIB.
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gives significantly higher enantioselectivities with
R-branched aldehydes (97-99% ee).

Transmission of Asymmetry within a Metal-
Ligand Adduct. Early in the development of asym-
metric catalysis, it was believed necessary to position
the stereocenter or centers of the ligand as close to
the reactive metal center as possible.62 Thus, initial
chiral phosphines were stereogenic at phosphorus, as
exemplified by Knowles’s CAMP ligand (Figure 3).63

In retrospect, rhodium complexes of this ligand were
surprisingly enantioselective, given the high degree
of rotational freedom about the P-C and the M-P
bonds. It was not until Kagan’s introduction of DIOP
(Figure 3),64,65 a chiral bidentate phosphine with two
stereogenic centers far removed from the metal
center, that chemists began to appreciate the impor-
tance that ligand conformations could play in asym-
metric catalysis. The chelating DiPAMP ligand (Fig-
ure 3) then became the basis of the commercial
production of L-DOPA, used in the treatment of
Parkinson’s disease.62

Conformations of Chiral Metallocycles: BINAP
and TADDOL. One of the most successful ligands
in asymmetric catalysis is the axially chiral BINAP
(Figure 4).66 Although this ligand is best known for

its application in catalytic enantioselective hydroge-
nations of olefins and ketones,67,68 metal complexes
of BINAP have found many applications in asym-
metric reactions with a broad range of metals. The
effectiveness with which BINAP-based catalysts con-
vey asymmetry to substrates is a result of the
projection of the axial chirality of the binaphthyl
backbone to the orientations and positions of the
phenyl groups. The conformation of the skewed
seven-membered metallocycle causes the phenyl
groups to adopt pseudoaxial and pseudoequatorial
positions (Figure 5).69 The pseudoequatorial phenyl
rings are thrust forward, extending beyond the metal
center, while the pseudoaxial phenyl groups are
directed away from the metal. It is the pseudoequa-
torial phenyl groups that are thought to be respon-
sible for the exquisite enantiocontrol in this ligand
system.1 There is also an edge-face interaction
between the phosphorus-bound aryl groups.70,71 The
observation that substituents in the para positions

of the phenyl groups can impact the enantioselectiv-
ity of the catalyst is consistent with this hypothesis,
although a stereoelectronic effect in such cases may
be important.72

Another ligand that has frequently been employed
with outstanding results is Seebach’s tartaric acid-
based TADDOL (Figure 6). The introduction of the

original TADDOL ligand was followed by a large
number of analogues with different aromatic sub-
stituents and acetal moieties.73 The TADDOL family
of ligands has found applications in a number of
asymmetric Lewis acid-catalyzed reactions.73

The many crystal structures of the free ligands and
structures of the metal-bound TADDOLate (Figure
7)74,75 that have been reported provide insight into
the characteristics that make these ligands outstand-
ing.73 The free rotation of the diphenylmethanol
moiety of the unbound ligand is constrained upon
metallocycle formation to give a trans-fused bicyclo-
[5.3.0]decane ring system. The stereocenters of the
dioxolane are too far removed from the metal center
to have a stereodiscriminating effect. Nonetheless,
they exert a powerful conformational preference on
the adjacent metallocycle, effectively directing the
diastereomeric aromatic substituents to adopt pseu-
doequatorial and pseudoaxial positions. As a result,
the asymmetry of the stereogenic centers is projected

Figure 3. Important early chiral phosphine ligands.

Figure 4. Structure of (S)-BINAP.

Figure 5. Partial structure of (BINAP)Ru(O2C-tBu)2, with
carboxylate ligands removed for clarity. The pseudoequa-
torial rings are directed forward, while the pseudoaxial
phenyls are pointed away from the metal.

Figure 6. Seebach’s TADDOL ligand.
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forward, toward the metal center. The asymmetri-
cally disposed aryl groups define the chiral environ-
ment of the catalyst and the preferential orientation
of binding of a substrate, as shown in Figure 8.76

Binding of Diastereotopic Groups and Lone
Pairs. The number of stereocenters in a ligand can
be increased by interaction of a diastereotopic atom
or lone pair with metal centers.77 This interaction can
limit the degrees of rotational freedom within the
metal-ligand framework, thus extending and rigidi-
fying the asymmetric environment about the reactive
metal.

A class of ligands in which coordination of one of
two diastereotopic atoms to metals may be important
is the sulfonamide-based ligands. Bis(sulfonamide)
ligands form efficient and highly enantioselective
catalysts for a number of reactions, including the
asymmetric addition of alkyl groups to aldehydes.78,79

The reaction provides a route to prepare highly
functionalized secondary alcohols with excellent enan-
tioselectivity (eq 2).80

The titanium complexes of these bis(sulfonamide)
ligands have been proposed to be the catalytically
active species in this reaction.78,79,81,82 Solid-state

structure determination revealed a bonding interac-
tion between the metal center and one of the dia-
stereotopic oxygen atoms on each sulfonamide moi-
ety.82 This Ti-O(sulfonyl) interaction renders the
sulfur atoms chiral, rigidifying the C2 symmetry of
the complex, as seen in Figure 9. Since the chiral

centers of the cyclohexane ring backbone are respon-
sible for the orientation of the sulfonamide sub-
stituents,82-85 the ligand can, in a sense, extend its
chiral environment upon diastereoselective coordina-
tion of the sulfonamide oxygens. The sulfonamide
substituents are closer to the reactive metal center
and appear to exert a significant impact on the
enantioselectivity of these catalysts.78,86

Bis(sulfonamide) ligands are also highly effective
in the asymmetric amination of N-acyloxazolidinones
with magnesium catalysts,87 asymmetric cyclopro-
panation of allylic alcohols with zinc catalysts,88-91

and the asymmetric Diels-Alder reaction with alu-
minum catalysts.92 The Lewis acidic magnesium bis-
(sulfonamido) complex can potentially coordinate the
sulfonyl oxygens, and evidence exists for this interac-
tion in related systems;93 however, it is unlikely that
aluminum92 and zinc94 catalysts will bind the sulfonyl
oxygens. In these latter cases, a gearing of the sulfo-
nyl group with the chiral ligand backbone may ac-
count for the high enantioselectivity in these systems.

A related bidentate N,O-binding mode in the cop-
per nitrene intermediates, L*CuNSO2Tol, generated
from PhINSO2Tol, has been proposed to be important
in a mechanistic study of the enantioselective aziri-
dination of alkenes (Figure 10).95

The number of stereogenic centers on a ligand can
be increased by diastereoselective coordination of an
sp3-hybridized lone pair, usually on nitrogen or
sulfur. One such example is the mixed phosphorus/
sulfur ligands introduced by Evans (Figure 11).96,97

The corresponding palladium complexes of these
ligands are effective catalysts for asymmetric allylic
substitution reactions. Under optimized conditions,
the authors carried out the alkylation of 1,3-diphenyl-

Figure 7. Partial structure of Ti(TADDOLate)2, with all
of one ligand removed, except for the oxygens.

Figure 8. Effect of TADDOLate aryl groups on the binding
of a substrate aldehyde. The dioxolane moiety has been
omitted for clarity.

Figure 9. Structure of bis(sulfonamido)Ti(O-iPr)2, showing
the Ti-O(sulfonyl) interaction.

Figure 10. Intermediate nitrene proposed in the asym-
metric aziridination of alkenes.
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2-propenyl acetate with dimethyl malonate in 98%
yield and 97% enantioselectivity. Allylic amines could
likewise be obtained in 95% yield and 97% enantio-
selectivity using benzylamine as the nucleophile
(Figure 11).

Palladium binds to ligand 1 in a bidentate manner
by coordination of one of the diastereotopic sulfur lone
pairs (Figure 12). Solid-state and solution studies

indicate that the isopropyl group adjacent to the
sulfur causes the S-tBu group to orient opposite the
isopropyl substituent, resulting in detection of a
single diastereomer at low temperature. The gearing,
or buttressing, effect of the isopropyl group on the
ligand backbone greatly increases the energy differ-
ence between coordination of the diastereotopic lone
pairs of the sulfur atom, such that the chirality of
the ligand backbone is effectively transmitted to the
sulfur. The sulfur is closer to the reactive center of
the catalyst and can have a profound effect on the
enantioselectivity of the reaction.

Mimoun and co-workers have used chiral diamine
zinc complexes as catalysts for the asymmetric
reduction of ketones with polymethylhydrosiloxane.98

The catalyst was obtained in quantitative yield by
combining N,N′-ethylenebis(1-phenylethylamine) (2,
Figure 13) and dimethylzinc. In the structure of the
resulting complex, the stereochemical information in
the chiral N-phenethyl groups is effectively relayed
to the nitrogen centers, which are rendered configu-
rationally stable (Figure 13). The close proximity of
the stereogenic nitrogens to the zinc is expected to
impact the enantioselectivity in the ketone reduction
reactions.

When the reduction of acetophenone was per-
formed using a catalyst derived from diamine 2 and

dimethylzinc, quantitative formation of the (R)-
alcohol product was observed in 75% enantioselec-
tivity (Figure 13). Interestingly, the dimethylzinc
complex of chiral diimine 3 was also shown to
promote the reaction, but it gave the reduced product
with the opposite absolute configuration in modest
enantioselectivity (48%, Figure 13). Since the nitro-
gen atoms in the diimine ligand are sp2 hybridized,
the side chains are the only groups responsible for
controlling the transfer of asymmetry in the reaction.

Catalysts That Are Chiral at the Metal Center.
As illustrated above, positioning the chiral centers
of the asymmetric ligand as close to the metal as
possible can have a significant impact on the enan-
tioselectivity of the catalyst. It is reasonable, there-
fore, to expect that a chiral metal center99,100 would
further increase the level of catalyst enantiocontrol.
Key to this strategy is choosing a chiral ligand such
that, on binding to the metal center, a single config-
uration at the metal is preferred. This can be a
challenge, because the coordination number of the
metal will likely change throughout the course of the
reaction and may permit epimerization of the metal
center.

Faller’s group has explored this strategy and
recently reported the use of complexes 4 and 5
(Figure 14), with central chirality at the metal, in
the Diels-Alder reaction of cyclopentadiene and
methacrolein with excellent enantioselectivity.101-104

The ruthenium complex 4 was obtained as a 5:1
mixture of diastereomers by reacting (R)-QUINAP
with [CyRuCl2]2. An attempt to recrystallize 4 led to
the equilibration of the mixture to a single diastere-
omer. The reaction of [CyRuCl2]2 with (S)-BINPO
afforded complex 5 as a single diastereomer. The
Lewis acidic forms of the catalysts are generated in
situ by treatment of the precatalysts 4 and 5 with
AgSbF6 to generate the corresponding aquo com-

Figure 11. Asymmetric allylic substitution with P/S
ligands.

Figure 12. Structure of the allyl-Pd complex of 1 (top),
with partial structure showing the stereogenic sulfur and
the interaction of the substituents to create the chiral
environment.

Figure 13. Enantioselective reduction of ketones by
polymethylhydrosiloxane in the presence of chiral zinc
catalysts (above), and structure of ZnMe2 coordinated to
diamine 2 (below).
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plexes. The authors also showed that a single dia-
stereomer of the aquo derivative of 4 could be
obtained from the kinetic 5:1 mixture of diastereo-
mers. The Diels-Alder adducts of methacrolein and
cyclopentadiene were obtained in very high diastereo-
and enantioselectivity (Figure 15).

Ligands That Can Adopt Atropisomeric Con-
formations. Biphenyl-Based Ligands. Axial chirality
has also proven to be very effective in controlling
stereoinduction with several classes of ligands. The
transmission of central chirality to an axially chiral
group that undergoes atropisomerization within a
given ligand has been successfully demonstrated.77

Reetz and co-workers105 reported the use of diphos-
phite ligands 6a-d in the rhodium-catalyzed hydro-
genation of dimethyl itaconate to afford chiral di-
esters (Figure 16).

The sugar-derived diol was derivatized as a bis-
(phosphite) in which the phosphorus centers bear a
stereochemically fixed binaphthyl or a stereochemi-
cally dynamic biphenyl group that adopts axially
chiral conformations. When (R)- or (S)-BINOL was
incorporated into the ligands (6a and 6b), products
of opposite configuration were obtained with high ee,
indicating that the axially chiral portion of the ligand
was responsible for the sense of enantioselectivity.

When ligand 6c, based on atropisomerically flex-
ible biphenyl, was used in the reaction, product of
39% ee was obtained, showing poor control of enan-
tioselectivity. The best results were obtained with
ligand 6d, which afforded product having higher
enantiomeric excess (96.8%) than the BINOL-based
ligands (87.8% with (S)-BINOL and 94.5% with (R)-
BINOL).

With no structural information on the catalyst, the
excellent performance of ligand 6d could be the result

of two limiting situations: the generation of a dy-
namic mixture of diastereomeric catalysts having
markedly different reaction rates or a high control
of the axial chirality of the biphenyl group, generat-
ing a single highly enantioselective catalyst.

Atropisomeric Amides. The vast majority of atro-
pisomeric ligands used in asymmetric catalysis are
biaryl derivatives; however, recent advances in the
use of atropisomeric amide-based ligands highlight
the ability of these ligands to convey asymmetry.106

Given that the synthesis of atropisomeric amides
with only axial chirality is not trivial,107-109 central
chirality at the tetrahedral carbon atom bearing the
amide nitrogen can be used to influence dynamic
axial chirality and provide entry into ligands con-
taining atropisomeric amides.110,111

With this goal in mind, Mino and co-workers have
reported the use of the atropisomeric amide-based
ligand 7 for the palladium-catalyzed allylic alkyla-
tion.110 Under their optimized conditions, they have
carried out the alkylation of 1,3-diphenyl-2-propenyl
acetate with dimethyl malonate in 94% yield and 85%
enantioselectivity (Figure 17). Although they have

Figure 14. Complexes for asymmetric catalysis with
central chirality at the metal center.

Figure 15. Asymmetric Diels-Alder reactions catalyzed
by complexes with central chirality at the metal center.

Figure 16. Asymmetric hydrogenation of dimethyl ita-
conate with chiral diphosphite ligands.

Figure 17. Asymmetric allylic alkylation using atropiso-
meric amides as chiral ligands (top) and possible diaster-
eomeric allyl intermediates.
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not reported the structure of the (π-allyl)Pd complex
involved in the reaction, their NMR data suggest that
a P-O chelate is formed.

The central chirality of this ligand is distant from
the metal center and is unlikely to be responsible for
the high enantioselectivity in the allylation reaction.
It is more probable that the central chirality biases
the conformation of the amide and that the asym-
metry of the ligand is relayed through the axial
conformation of the amide and the positioning of the
diastereotopic P-phenyl groups.

Ligand-Substrate Chiral Amplification. A
complementary approach to transmission of stereo-
chemical information within a ligand has been re-
cently reported by Sibi and co-workers.112 In this
clever approach, a rapidly racemizing amino group
is incorporated into the substrate. Rather than
directly controlling the enantioselectivity of the reac-
tion, the role of the asymmetric catalyst is to bias
the configuration of the chiral relay group in the
substrate, which in turn determines the stereochem-
ical outcome of the reaction. In this approach, the
interaction of the chiral ligand with the substrate
temporarily transforms a stereochemically labile
nitrogen into a chiral auxiliary (Figure 18).

Sibi and co-workers have examined the asymmetric
Diels-Alder reaction catalyzed by bis(oxazoline)cop-
per(II) complexes. The substrates for this reaction are
butenoyl-pyrazolidinones 8 (Figure 19), having dif-
ferent N-alkyl relay groups (R). In one scenario, the

bound substrate can undergo inversion and prefer-
entially equilibrate to the lower energy configuration,
thus minimizing steric interactions with the chiral
catalyst. It is also conceivable that one enantiomer
of an equilibrating pair selectively binds to the chiral
catalyst and is activated to react (Figure 18).

The authors compared different relay groups 8a-e
and showed that enantioselectivities gradually in-
creased when bulkier relay groups were used (Figure
19). With the best relay group, the enantioselectivi-
ties were independent of the substituents on the C2-
symmetric bis(oxazoline) ligands, again indicating
that the chiral relay controlled the facial attack of
the diene.

Use of Achiral Additives without Chiral Con-
formations. The use of additives to enhance catalyst
performance is well documented. Additives can have
a beneficial effect on catalytic activity and even the
catalyst enantioselectivity. Although our understand-
ing of the interactions of additives with catalysts is
often rudimentary, it is logical that additives can
often behave as ligands, coordinating to catalysts and
changing the aggregation state of the catalyst and/
or the metal geometry. The present review focuses
on a subclass of additives, namely achiral and meso
ligands that have chiral conformations. The use of
achiral additives that do not extend the chiral en-
vironment of the catalyst has recently been reviewed
by Vogl, Groger, and Shibasaki.113 We will discuss
here two examples that emphasize the potential util-
ity of this method. A comparison will be made later
of addition of achiral ligands without chiral conforma-
tion, ligands that become asymmetric in certain metal
geometries, and ligands with chiral conformations.

One of the first and most striking examples of the
impact of achiral ligands on an enantioselective pro-
cess was reported by Kobayashi and co-workers.114,115

They prepared a Lewis acid catalyst by reacting Yb-
(OTf)3 with BINOL, followed by addition of 2 equiv
of meso-(1,2,6)-trimethylpiperidine, to give a complex
with the proposed structure 9 (Figure 20). The

resulting complexes were excellent catalysts for the
asymmetric Diels-Alder reaction of 3-acyl-1,3-oxazo-
lidin-2-ones with cyclopentadiene (Figure 21).

Careful investigation of the system revealed that
aging the catalyst for different amounts of time
resulted in a decay in the enantioselectivity of the
catalyst. When aging took place in the presence of
the substrate, however, the highest enantioselectivi-
ties were achieved.

Screening of achiral 1,3-dicarbonyl compounds that
resembled the substrate revealed that not only were
these achiral additives effective at stabilizing the cat-
alyst, but they also impacted the enantiofacial selec-

Figure 19. Asymmetric Diels-Alder reactions with chiral
relay groups.

Figure 20. Preparation and proposed structure of chiral
Yb(III) triflate Lewis acid.

Figure 18. (A) Enantiomeric substrates interconvert
through nitrogen inversion. (B) Diastereomeric substrate‚
catalyst adducts may have very different energies.

3304 Chemical Reviews, 2003, Vol. 103, No. 8 Walsh et al.



tivity of the reaction. When catalyst 9 was treated
with 3-acetyl-1,3-oxazolidin-2-one (11, Figure 21), the
endo Diels-Alder adduct of 10 was obtained in 93%
ee. Remarkably, using 3-phenylacetylacetone (12) as
an additive gave the endo adduct with the opposite
absolute configuration in 81% ee. In both cases, the
source of chirality was the same: (R)-BINOL.

An important attribute of achiral additives is that
they enable the generation of new chiral catalysts
without the need to modify the chiral ligand. This is
particularly important when modification of the chi-
ral ligand is not possible or practical. An illustration
of this point is seen in the optimization of a palladium
oxidation catalyst by Sigman and co-workers.

Palladium catalysts for the oxidative kinetic reso-
lution of racemic alcohols were independently devel-
oped by the groups of Stoltz116 and Sigman.117 These
catalysts employ sparteine as the chiral ligand, which
is avaliable from natural sources in only one enan-
tiomeric form, although a recent paper containing a
useful surrogate has appeared.118 Sigman and co-
workers have shown that the role of the sparteine is
two-fold: to bind to the palladium center and to act
as an exogenous base.119 Sigman and co-workers have
recently reported the oxidative kinetic resolution of
1-phenylethanol catalyzed by achiral palladium-
carbene complexes using sparteine as the base (Fig-
ure 22).120 They demonstrated that modification of

the achiral carbene ligand can have a profound effect
on the relative rate of oxidation of the two enantio-
meric alcohols, leading to an efficient kinetic resolu-
tion. Substitution of the achiral carbene 13b for 13a
resulted in an increase in the relative rates of oxi-
dation of the two enantiomers121 from 6.1 to 11.6,
allowing isolation of the alcohol starting material of
96% ee after 65% conversion.

These systems clearly indicate the potential of the
use of achiral ligands in asymmetric catalysis. When
the ultimate chiral promoter is not easily accessible,
not susceptible to structural modifications through
synthesis, or not available in both enantiomeric
forms, the use of achiral additives allows the genera-
tion of new catalysts from the same chiral ligands.

2. The Use of Achiral Salen Ligands in
Asymmetric Catalysis

As the results in the previous sections illustrate,
the addition of achiral additives can have a beneficial
impact on the enantioselectivity and activity of an
asymmetric catalyst. It is unlikely that these achiral
ligands, however, can greatly extend or amplify the
chiral environment created by the enantiopure ligand
or ligands. In contrast, Katsuki and co-workers39,122,123

demonstrated, in groundbreaking investigations into
the (salen)Mn-catalyzed asymmetric epoxidation re-
action, that large, flexible achiral ligands with chiral
conformations could efficiently convey asymmetry to
a substrate in an asymmetric reaction. Jacobsen’s124

and Katsuki’s125 groups introduced the catalytic
asymmetric epoxidation of unfunctionalized olefins
in 1990 using chiral (salen*)Mn complexes, and the
reaction has since been studied in detail by these
researchers, as well as others.126-128

At the time of Katsuki’s initial results with achiral
(salen)Mn complexes, investigations into the nature
of the active species in the asymmetric epoxidation
were being pursued experimentally and through
calculations. Although the mechanism of transfer of
asymmetry from the catalyst to the olefin remained
unresolved at the time of this review, experimental
evidence supports the intermediacy of a highly reac-
tive Mn(V)-oxo complex.129,130 It had been proposed
that the salen ligands of such Mn(V)-oxo complexes
existed in nonplanar, or stepped, conformations and
that this nonplanar characteristic was an important
element in the chiral environment of the catalyst
(Figure 23).131,132 Such a conformation had previously

Figure 21. Asymmetric Diels-Alder reaction catalyzed
by a Yb(III) BINOL-based catalyst.

Figure 22. Oxidative kinetic resolution of 1-phenyletha-
nol.

Figure 23. Stepped conformation of a chiral (salen)Mn
complex proposed to be important in the transfer of
asymmetry in the asymmetric epoxidation reaction.

Figure 24. X-ray structure of [(salen)Cr(dO)L]+ (L )
pyridine N-oxide), showing the stepped conformation in the
salen ring system.
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been observed in the X-ray structure of the octahedral
(L)(salen)CrdO complex characterized by Kochi and
co-workers (L ) pyridine N-oxide, Figure 24).133 In
the (salen)Mn epoxidation system, the stepped con-
formation has been used in modeling the reaction of
a (salen)MndO with olefins,131,132 and it has been
observed in some solid-state structures of (salen)-
Mn(III) complexes, but not others.134 The hypothesis
of a stepped conformation in the active catalyst
species led Katsuki’s group to the idea that a (salen)-
Mn complex with an achiral salen ligand could have
chiral conformations and was crucial to the develop-
ment of the concept that large, flexible achiral ligands
could be used in asymmetric catalysis.

Also important to Katsuki’s work was the realiza-
tion that Lewis basic donor ligands, such as pyridine
N-oxide, could increase the enantioselectivity of the
(salen)Mn catalyst and extend the catalyst lifetimes
in the asymmetric epoxidation reaction.135-137 It is
believed that the pyridine N-oxide ligand coordinates
to the manganese, stabilizing the highly reactive
Mn(V)-oxo intermediate, and that it remains bound
during epoxide formation. This discovery, and the
idea that (salen)Mn complexes with achiral ligands
were chiral by virtue of a stepped conformation, set
the stage for the use of achiral salen ligands in the
asymmetric epoxidation.122,123

Katsuki envisioned that, in the case of an achiral
(salen)Mn complex, the [(L)(salen)MndO]+ interme-
diate, where L is a Lewis basic donor ligand, would
exist as an equilibrium mixture of enantiomeric
conformations under the conditions employed in the
asymmetric epoxidation reaction (Figure 25). When
L is an achiral ligand, the mixture of enantiomers
formed is, of course, racemic. If, however, L is a chiral
ligand, the manganese complexes A and B in Fig-
ure 25 are diastereomers. If the two diastereomeric
forms of the [(L)(salen)MndO]+ intermediate have
significantly different energies, as a result of inter-
actions between the achiral salen ligand and the
chiral donor ligand L, the equilibrium is shifted to
one side, and the (salen)Mn complex will exist
predominantly in one of the chiral stepped conforma-
tions. As such, the salen ligand serves to amplify the
chiral environment of the chiral ligand L and, in
principle, can be used to transmit asymmetry in the
epoxidation reaction. Of course, any detailed mecha-
nistic study on such a system must also take into
consideration that the rapidly interconverting dia-
stereomeric catalysts will likely exhibit different
reactivities (Curtin-Hammett principle138). Because
such studies are rare, the reactivity of the diastere-
omeric catalysts will not be discussed, unless relevant
data exist.

In his initial studies, Katsuki examined a series
of achiral (salen)Mn complexes, 14-19, and the

(salpene)Mn complex 20 (Figure 26) with a variety
of enantiopure ligands (L ) amines, alcohols, amino
alcohols, diamines, or BINOL) for enantioselectivity
in the asymmetric epoxidation reaction (eq 3). The

chromene derivative, 6-acetamido-7-nitro-2,2-di-
methylchromene (eq 3), was employed as a test
substrate, because it had been shown to give high
ee’s in the chiral (salen*)Mn-catalyzed epoxidation
reaction. Use of 2 mol % of the achiral manganese
complex and 40 mol % of an optically active py-
razole donor ligand resulted in very low enantiose-
lectivities, between 2 and 7%.123 Testing of other
donor ligands, however, led to increased enantiose-
lectivities with 40 mol % of (-)-sparteine (21) or
hydroxy pyrazole (22). Ee’s as high as 60 and 52%
were obtained using (-)-sparteine with complexes 17
and 19, but the epoxide yields were a disappointing
11 and 28%, respectively. Attempts to optimize the
reaction by adjusting the temperature or changing

Figure 25. Chiral conformations of the (salen)Mn complexes.

Figure 26. Achiral salen and salpene catalysts.

3306 Chemical Reviews, 2003, Vol. 103, No. 8 Walsh et al.



solvents were unsuccessful. It was found, however,
that adding water to the reaction improved enanti-
oselectivity. In the search for a more suitable sub-
strate, different 2,2-dimethylchromene derivatives
and a variety of other olefins122 were examined.
Although enantioselectivities with chromene deriva-
tives reached as high as 73% (eq 4), the epoxide yields
remained below 20%. In contrast, the asymmetric
epoxidation of 2,2-dimethylchromene derivatives with
enantiopure (salen*)Mn catalysts gave excellent enan-
tioselectivities (>95%) and good yields (60-80%).139

Thus, in comparison to the use of chiral (salen*)Mn
complexes, early systems exploring the use of achiral
ligands did not illustrate the potential of these
methods.

Sulfide Oxidation Reactions. The same catalyst
system that was employed in the epoxidation reac-
tions was also examined in the asymmetric sulfide
oxidation reaction (eq 5).140 Chiral (salen*)Mn com-
plexes are known to catalyze the oxidation of phenyl
methyl sulfide with ee’s up to 81% and yields over
90%.141 Complex 17 (Figure 26) with (-)-sparteine
and PhIO provided the sulfoxide with 25% ee and in
71% yield.122 The sense of asymmetric induction in
the sulfide oxidation reaction with 17 and (-)-
sparteine, and the enantiofacial selectivity of the
epoxidation reaction with the same catalyst, are
consistent with the same stepped conformation of the
reactive (salen)Mn-oxo catalyst.

The Nature of the Active Species. Investiga-
tions into the nature of the interaction between the
sparteine and the achiral (salen)Mn complex have
not been reported. Although experimental evidence
indicates that dative ligands such as pyridine N-oxide
coordinate to manganese in the epoxidation reac-
tion, direct coordination of a tertiary nitrogen of
sparteine was thought to be unlikely, due to the
severe steric interactions between the sparteine and
the (salen)Mn complex. To explain the asymmetric
induction in the epoxidation and sulfide oxidation
using achiral (salen)Mn complexes and the bene-
ficial effect of water on the enantioselectivity in
these reactions, Katsuki proposed that a water
molecule, hydrogen bonded to the sparteine nitro-
gens, binds to the (salen)Mn complex as shown in
Figure 27.122

Use of Chiral N-Oxide Donor Ligands. While
the initial results from the Katsuki group discussed
above were quite intriguing, a compelling argument
for the potential uses of large, flexible achiral ligands
in asymmetric catalysis was not made until 1999. In

that year, Katsuki and co-workers reported the use
of chiral N-oxide ligands in combination with achiral
(salen)Mn complexes for asymmetric epoxidation.39

This move was based on the fact that achiral N-oxide
ligands had already been shown to improve the yield
in asymmetric epoxidation reactions with chiral
(salen*)Mn complexes.135 Atropisomeric N,N′-dioxide
ligands 23 and 24 were used with (salen)Mn com-
plexes 17 (Figure 26) and 25 in eq 6. Employing

donor ligand 23 resulted in poor enantioselectivities,
possibly due to low binding affinities between the
bulky N,N′-dioxide ligand and the (salen)Mn center.
In sharp contrast, combination of 25 and N,N′-dioxide
ligand 24 resulted in formation of a very enantiose-
lective catalyst, giving ee’s between 77 and 83% and
good yields (59-90%) with a series of 2,2-dimethyl-
chromene derivatives, as illustrated in Table 1. The
stronger binding of the smaller N-oxide-based ligand
24 allowed reduction of the mol % of the chiral donor
ligand from 40 mol % required with sparteine to 5
mol % with 24 in the presence of 4 mol % (salen)Mn
complex 25, without substantial loss of enantioselec-
tivity.

The results listed in Table 1 definitively showed,
for the first time, that catalysts bearing large, flexible
achiral ligands with chiral conformations could be
used to efficiently transfer asymmetry to the sub-
strate. An important aspect of the use of such achiral
ligands in asymmetric catalysis that was not clearly
demonstrated by the Katsuki study was that asym-

Figure 27. Proposed interaction between (-)-sparteine
and the (salen)Mn complex via hydrogen bonding with a
water molecule.
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metric catalysts could be optimized by screening a
series of achiral ligands.

3. Use of Achiral Biphenol-Based Ligands in
Asymmetric Catalysis

3.1. Asymmetric Carbonyl−Ene Reaction
Initial results by Vallée and co-workers142 provide

a thought-provoking entry into the use of achiral
biphenol ligands with chiral conformations. The
reaction examined by these authors was the asym-
metric carbonyl-ene reaction developed by Mikami
and co-workers.143-145 Mikami had shown that the
reaction of a 1:1 mixture of (R)-BINOL and Ti(O-i-
Pr)4 in the presence of 4-Å molecular sieves generated
a catalyst that promoted the asymmetric carbonyl-
ene reaction illustrated in eq 7 with an enantiose-

lectivity of 94.5% (Table 2, entry 1). Addition of a
chiral activator, such as (R)-BINOL, resulted in an
increase in the activity of the resultant catalyst by a
factor of 26 and an increase in the enantioselectivity
to 96.8% (Table 2, entry 2). A similar result was
obtained on addition of chiral, configurationally
stable biphenols. Interestingly, Mikami found that
addition of (S)-BINOL to the catalyst formed from
(R)-BINOL and Ti(O-i-Pr)4 generated a new catalyst
that promoted the asymmetric reaction with only
slightly diminished enantioselectivity (86%, Table 2,
entry 3). This result indicates that the meso-
(BINOLate)2Ti is not the predominant species formed
when the (S)-BINOL is added, because this complex
would give racemic product. It also suggests that, on
the time scale of the reaction, the (R)-BINOLate
ligand bound to titanium does not exchange with free
(S)-BINOL to an appreciable extent. Nonetheless,
Mikami’s observations clearly indicate that the initial
[(R)-BINOLate]Ti species becomes a more active and
enantioselective catalyst on addition of the second
equivalent of (R)-BINOL. The nature of the interac-

tion of the [(R)-BINOLate]Ti complex with the added
(R)-BINOL or the chiral biphenol remains to be
identified.

Vallée and co-workers reported that the catalyst
derived from a 1:1 ratio of (R)-BINOL:Ti(O-i-Pr)4
catalyzed the carbonyl-ene reaction of R-methylsty-
rene with n-butyl glyoxylate with an enantioselec-
tivity of 93.2% (Table 2, entry 4). In their hands,
addition of 1 equiv of (R)-BINOL to the catalyst
formed from (R)-BINOL and Ti(O-i-Pr)4 also led to a
more active catalyst, but a slight decrease in the
enantioselectivity to 91.6% was reported (Table 2,
entry 5). Vallée and co-workers then examined the
effect of substituting an achiral biphenol for the
second equivalent of (R)-BINOL in eq 7 (eq 8). Their

hypothesis was that the interaction of the biphenol
with the catalyst derived from (R)-BINOL would
cause the achiral biphenol to preferentially adopt a
chiral conformation. The chiral conformation could

Table 1. Asymmetric Epoxidation with (Salen)Mn 25
(4 mol %) and 24 (5 mol %)

Table 2. Carbonyl-Ene Reaction with
[(R)-BINOLate]Ti Complexa

a Entries 1-3 represent Mikami’s results.143 Entries 4-9
represent Vallée’s results.142
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then be used in the asymmetric carbonyl-ene re-
action to increase the enantioselectivity of the cata-
lyst.

The results of their study of achiral biphenol
ligands are illustrated in Table 2 (entries 4-9).
Initially, the unsubstituted biphenol 26 was em-
ployed in the carbonyl-ene reaction as the achiral
ligand in eq 8. The resulting catalyst provided
product with greater enantioselectivity than when no
activator was added, giving 95.4% ee, an increase of
2%, on addition of the biphenol (Table 2, entry 6). In
the same fashion, tetrasubstituted biphenols 27, 28,
and 29 also generated the product with enantiose-
lectivities of 96.7, 96.3, and 97.3% respectively, which
represented an increase in the product ee’s of about
4% over the reaction without activator. The authors
also reported that addition of achiral biphenols
created catalysts that were more active than the [(R)-
BINOLate]Ti catalyst in the absence of activator;
however, the increased activity was not quantified.
A complicating factor in interpreting these results is
that Vallée reported low yields (18-33%) due to
polymerization of the glyoxylate during the course
of the reaction. When the reactions were run with
ethyl glyoxylate, similar results were observed.

The origin of the increases in enantioselectivity on
addition of the achiral biphenol ligands is not clear,
nor is the manner in which the achiral ligands
interact with the titanium center. On the basis of
Mikami’s results, it is unlikely that the catalyst has
a structure of the type (BINOLate)(biphenolate)Ti.
It is also surprising that achiral ligands such as 27
and 29, which have ortho substituents that are very
different in size, exhibit enantioselectivities within
2%. Although these results are quite interesting,
more experiments will be necessary before concrete
conclusions concerning the role of the achiral biphe-
nol ligand can be drawn.

3.2. Asymmetric Addition of Methyl Groups to
Aldehydes

In a related titanium system, Mikami and co-
workers41 prepared a series of complexes by reaction
of (biphenoxide)Ti(O-i-Pr)2 complexes (26, 30-33)
with (R,R)-TADDOL to provide new species with the
proposed composition (biphenoxide)Ti(TADDOLate),
as shown in eq 9.

These compounds were then used as catalysts (10
mol %) for the asymmetric transfer of methyl groups
from MeTi(O-i-Pr)3 to 3,5-bis(trifluoromethyl)benzal-
dehyde (39, eq 10). The authors found that the ee of
the product alcohol (40) depended on the size of the
3,3′ substituents (R1) on the biphenol ligand (Table
3). When R1 ) H, moderate enantioselectivity was
observed (entry 1). Substitution of aryl groups at the
R1 position led to similar levels of enantioselectivity
(entries 2 and 3). Use of the biphenol ligand 32 (R1

) Me) resulted in an increase in the enantioselec-
tivity to 88%. The most enantioselective catalyst,
derived from biphenol 33 (R1 ) OMe and R2 ) Me),
generated the product alcohol with enantioselectivity
approaching 100% (entry 5). As emphasized by Mi-
kami, these results could arise by formation of a
single, highly enantioselective catalyst or by forma-

tion of two diastereomeric catalysts with very large
differences in activity.146 This study, which showed
that variation of the achiral biphenol ligands resulted
in a change in product ee of 35%, was one of the first
examples demonstrating that the enantioselectivity
of a catalyst could be optimized by screening achiral
ligands with chiral binding modes.

3.3. Asymmetric Baeyer−Villiger Oxidation
Bolm and Beckmann147 demonstrated the use of

achiral biphenol ligands in combination with enan-
tiopure BINOL ligands in the asymmetric zirconium-
mediated Baeyer-Villiger reaction. Initially, these
researchers found that, by forming a chiral zirconium
species in situ from Zr(O-t-Bu)4 and 2 equiv of (S)-
BINOL and using 1.5 equiv of tert-butyl hydroper-

Table 3. Enantioselectivities in Addition of Methyl
Groups to Aldehyde 39 Catalyzed by
(Biphenolate)Ti(TADDOLate) Species (Eq 10)
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oxide (TBHP) as an oxidant, they could effect the
oxidation of bicyclooctanone rac-41 to the correspond-
ing lactones in 16% ee for regioisomer 42a and 75%
ee for regioisomer 42b (Figure 28). Interestingly, they

found that 1 equiv of BINOL could be replaced by
the achiral 2,2′-biphenol ligand without a significant
loss of enantioselectivity (12% ee for 42a and 75%
ee for 42b in dichloromethane). The ratios of the
regioisomers were similar in both cases (7.2:1 vs 5.8:
1). Running the oxidation reaction in toluene im-
proved the ee of the lactone products 42a and 42b to
16 and 84%, respectively, but further attempts to
increase the enantioselectivity of the reaction and to
make it catalytic were not successful.

Introduction of bulky tert-butyl groups at the 3, 3′,
5, and 5′ positions of the biphenol ligand led to a
decrease in ee. The authors postulated that the
decrease in enantioselectivity could be due to one of
two factors: the unsubstituted biphenol might lead
to a more favorable asymmetric cavity around the
metal center, or a lower barrier to inversion in the
unsubstituted biphenol might lead to faster selection
between the diastereomeric complexes. The latter
explanation was supported by the fact that changes
in the length of time allowed for forming the [(S)-
BINOL]Zr(biphenol) species before addition of the
substrate led to changes in enantioselectivity, indi-
cating that a time dependence for the concentrations
of the active diastereomeric complexes exists. In
addition, it was found that placing large biphenyl
substituents on the 3 and 3′ positions of the biphenol
ligand deceased the enantioselectivity to 7% with the
substrate 3-phenylcyclobutanone. Placing the same
biphenyl groups on the 1 and 1′ positions of the (S)-
BINOL ligand, however, led to an increase in enan-
tioselectivity relative to the unsubstituted [(S)-BINOL]-
Zr(biphenol) species (44% vs 31%). Bolm and Beck-
mann suggested that placing the extra steric bulk
on BINOL, instead of the biphenol, allowed the
achiral ligand to easily undergo inversion, such that
the concentration of the more enantioselective zirco-
nium species was higher, and the ee of the reaction
increased.

The systems of Vallée,142 Mikami,41 and Bolm,147

using achiral biphenol ligands and chiral bidentate

BINOL or TADDOL ligands, can be compared with
recent solution and solid-state structural studies
using biphenol ligand 29 (Scheme 1) and chiral

monodentate alkoxides.148 Reaction of either borneol
or menthol with titanium tetraisopropoxide gave a
mixed alkoxide complex in each case (Scheme 1).
Reaction of these intermediates with the biphenol 29
gave mixtures of diastereomers for the borneolate
derivative 45 and the mentholate adduct 46, after
removal of the liberated 2-propanol. Analysis of the
crude reaction mixtures by 500-MHz 1H NMR spec-
troscopy indicated that both 45 and 46 were 1:1
mixtures of diastereomers, in which the bis(phenox-
ide) ligand had the R and S configuration. The four-
coordinate diastereomers of 45 crystallized as a 1:1
mixture of diastereomers. Similarly, the five-coordi-
nate acetonitrile adducts (biphenoxide)Ti(OR*)2-
(NCMe), formed on crystallization of the borneolate
and mentholate compounds 45 and 46 from acetoni-
trile, also resulted in 1:1 mixtures of diastereomers.
In each of these three structures, both diastereomers
were observed to cocrystallize and reside together in
the same unit cell. From this study, it is not clear if
the two pairs of diastereomers, 45 and 46, are the
thermodynamic products, which would indicate that
the diastereomers have similar energies, or if they
are the kinetic products, indicating, perhaps, that
inversion of the biphenoxide stereochemistry does not
occur under the reactions conditions in Scheme 1.148

4. Atropisomeric Biphenyl-Based Phosphines and
Related Ligands in Asymmetric Catalysis

Several other important contributions highlighting
the usefulness of ligands that have chiral conforma-
tions, yet are not configurationally stable at room
temperature, have been based on the biphenyl and
related backbones. Enantioselective reactions with
2,2′-bis(diarylphosphino)biphenyl derivatives (Figure
29) bound to late transition metals have attracted
the most attention. Although the individual skew
conformations of these BIPHEP (47, Ar ) Ph)-derived

Figure 28. Asymmetric Baeyer-Villiger oxidation with
chiral zirconium alkoxide complex.

Scheme 1. Synthesis of Diastereomeric
2,2′-biphenolate-Titanium Complexes
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compounds are chiral, the barrier to racemization of
the unbound parent ligand is 22 kcal/mol at 125 °C.149

Such a barrier is not sufficiently high to allow
resolution of the enantiomeric conformations at room
temperature, and these ligands are considered to be
configurationally dynamic. In general, disubstituted
biphenyls are resolvable only if two large ortho
substituents are present or with certain bridges
between the 2 and 2′ positions.150 As illustrated by
the constrained biphenyl derivatives in Figure 30, the

barrier to racemization of these compounds is strongly
dependent on the nature of the tether.151-154 Coordi-
nation of BIPHEP to a metal center forms a metal-
locycle, which, like the constrained biphenyl deriva-
tives, will have a higher barrier to interconversion
of the enantiomeric conformations, relative to the free
ligand.

4.1. Asymmetric Hydrogenation Reactions Using
BIPHEP-Derived Ligands

The first report involving the use of BIPHEP
derivatives in asymmetric catalysis was published by
Noyori, Mikami, and co-workers.40 The Noyori group
has been a leader in development of new chiral
hydrogenation catalysts, most of which have been
based on the chelating diphosphine BINAP or its
derivatives,1 and in delineation of their reaction
mechanisms.67,155 Noyori, Mikami, and co-workers
based their applications of BIPHEP derivatives in the
asymmetric reduction of ketones40 on their previous
investigations into enantioselectivities and relative
rates of diastereomeric catalysts.156

Catalyst precursors of the type RuCl2[(S)-BINAP]-
[(S,S)-DPEN] [(S,S)-DPEN ) (S,S)-1,2-diphenyleth-
ylenediamine, 52], prepared as shown in eq 11, are
activated with base and hydrogen to form highly
enantioselective catalysts for the reduction of un-
functionalized ketones to alcohols.68,157-159 In their
studies with this catalyst system, Noyori and co-
workers demonstrated that, when the configurations
of the chiral diphosphine and chiral diamine were
matched, a catalyst of remarkable efficiency was
obtained.156 Reaction of RuCl2[(R)-Tol-BINAP](dmf)n

(57) and (S,S)-DPEN (52) formed a precatalyst,
RuCl2[(R)-Tol-BINAP][(S,S)-DPEN] (eq 11), that ex-
hibited 96% enantioselectivity in the reduction of
2,4,4-trimethyl-2-cyclohexenone (59) to allylic alcohol
(S)-60 (eq 12, Table 4). The catalyst bearing the

mismatched ligand set, (R)-Tol-BINAP (50) and
(R,R)-DPEN (52), exhibited low efficiency and pro-
duced (S)-60 in 26% ee (Table 4). The researchers
then employed rac-Tol-BINAP and (S,S)-DPEN, which
afforded a 1:1 mixture of diastereomeric precatalysts
that promoted reduction of 59 to (S)-60 (eq 12) with

Figure 29. Configurationally dynamic 2,2′-bis(diarylphos-
phino)biphenyl derivatives and their enantiomeric com-
plexes (above). Configurationally stable BINAP derivatives
(below).

Figure 30. Barriers to racemization of various constrained
biphenyl derivatives. Table 4. Enantioselective Reduction of Ketones with

Diastereomeric (Tol-BINAP)RuCl2(DPEN) Catalysts
(Eq 12)
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an impressive 95% enantioselectivity. This result
illustrates that diastereomeric catalysts not only
have different enantioselectivities, but can also have
very different turnover frequencies (TOFs). In this
exceptional case, the faster diastereomer promoted
the enantioselective reduction 121 times faster than
the slower diastereomer! Such a surprisingly large
rate difference emphasizes the fact that, when dia-
stereomeric catalysts are employed together in an
asymmetric reaction, the product ee is governed by
the enantioselectivity of each of the diastereomeric
catalysts and their relative rates.52,160-163 It must also
be borne in mind that both enantioselectivities and
TOFs are substrate dependent, a fact that complicates
reaction optimization in processes employing two
diastereomeric catalysts in the same reaction vessel.
An illustration of this point is the reduction of
2-methylacetophenone (61) in eq 12. Use of rac-Tol-
BINAP and (S,S)-DPEN (52) afforded the reduction
product, (R)-62, with 90% ee and in quantitative yield
(Table 4). When enantiopure (S)-Tol-BINAP and
(S,S)-DPEN were employed, the resulting catalyst
rapidly reduced 61 to provide (R)-62 of 97.5% ee. The
other diastereomer, derived from (S)-Tol-BINAP and
(R,R)-DPEN (which was the faster diastereomer with
substrate 59 in eq 12), provided (R)-62 of only 8% ee
(Table 4). In this dual catalyst system with 61 (eq
12), the faster catalyst is 13 times faster than its
diastereomer.156

Building on the exciting results above, Mikami,
Noyori, and co-workers cleverly substituted the con-
formationally flexible diphosphine DM-BIPHEP (48,
Figure 29) for the rac-Tol-BINAP ligand in the
precatalyst (Tol-BINAP)RuCl2[(S,S)-DPEN].40 Upon
combining the racemic precursor (DM-BIPHEP)-
RuCl2(dmf)n (55) with (S,S)-DPEN (52), the two
diastereomers were initially observed by NMR spec-

troscopy in a 1:1 ratio (Figure 31, Table 5). Over 3 h
at room temperature, the S/S,S and R/S,S diastere-
omers were observed to slowly equilibrate to a 1:3
mixture. The asymmetric reduction of 1′-acetonaph-
thone was examined using catalysts composed of
atropisomeric diphosphine ligands in combination
with (S,S)-DPEN. The enantioselectivity was found
to be dependent on the initial diastereomeric ratio
of the precatalysts, as shown in Table 6. Use of an

initial 1:1, 2:1, or 3:1 ratio of the diastereomeric
precatalysts, generated as shown in Figure 31,
resulted in enantioselectivities of 63, 73, and 84%,
respectively, indicating that the major diastereomer
is more enantioselective (Table 6, entries 1-3). It
should be noted that the values in entries 1-3 are
for the dichloride precatalysts. The proposed catalyst
in the hydrogenation reactions is the dihydride
complex.68,164,165 The diastereomeric ratio of these
species was not investigated.

The advantages of using the conformationally
flexible DM-BIPHEP ligand are evident on compari-
son of the enantioselectivities of the 3:1 mixture of
diastereomers with use of racemic DM-BINAP in
Table 6. The 1:1 mixture of diastereomers formed on
combining [(()DM-BINAP]RuCl2(dmf)n and (S,S)-
DPEN was less enantioselective than the catalyst

Figure 31. Reaction of (BIPHEP)RuCl2(dmf)n derivatives with (S,S)-DPEN to give mixtures of diastereomers.

Table 5. Kinetic and Thermodynamic Diastereomeric Ratios from Reaction of (BIPHEP)RuCl2(dmf)n Derivatives
with (S,S)-DPEN and (S,S)-DM-DPEN

RuCl2(diphosphine)(dmf)n diamine S/S,S:R/S,S

kinetic 55, DM-BIPHEP 52, (S,S)-DPEN 1:1
thermodynamic 1:3
kinetic 54, BIPHEP 52, (S,S)-DPEN 1:1
thermodynamic 1:2
kinetic 54, BIPHEP 53, (S,S)-DM-DPEN 1:1
thermodynamic R ) Me <1:>20
kinetic 55, DM-BIPHEP 53, (S,S)-DM-DPEN 1:1
thermodynamic R ) Me <1:>20

Table 6. Initial Ratios of Diastereomeric Catalysts
(Figure 31) and Their Enantioselectivities in the
Reduction of 1′-Acetonaphthone

entry diphosphine S/S,S:R/S,S T (°C) ee (%)

1 DM-BIPHEP 1:1 28 63
2 DM-BIPHEP 2:1 28 73
3 DM-BIPHEP 3:1 28 84
4 (()-DM-BINAP 1:1 28 80
5 DM-BIPHEP 3:1 -35 92
6 (()-DM-BINAP 1:1 -35 89
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mixture formed from DM-BIPHEP (entries 5 vs 6).
These important studies set the stage for investiga-
tions into other enantioselective reactions using
chelating diphosphines, such as BIPHEP, and studies
to probe the interactions responsible for the relative
populations of the observed diastereomers. An un-
derstanding of the factors that control both the
kinetics and the thermodynamics of equilibration of
the diastereomeric catalysts is crucial to developing
catalysts based on the use of conformationally flexible
ligands.

In a related system, Xiao and co-workers examined
the effect of substituting achiral bidentate phos-
phines for the BINAP and BIPHEP ligands used in
Table 6 and eq 12 for the asymmetric hydrogenation
of 1-acetylnaphthone. The achiral diphosphines DPPE,
DPPP, DPPB, DPPF, and Xantphos were used with
(R,R)-DPEN and ruthenium(II), as shown in Scheme
2. It was envisioned that the chiral diamine would

bias the positions of the phosphine phenyl groups,70,71

extending the asymmetric environment of the cata-
lyst. As discussed in detail below, the cyclopentadi-
enyl-bound phosphorus centers of the DPPF ligand
can adopt a staggered conformation, giving rise to
enantiomeric binding modes.167 For the purpose of
comparison, BINAP was also examined.40 The cata-
lysts were prepared in an analogous fashion to those
of eq 11. The authors noted that the precatalysts
were not characterized.166

The results of the study are compiled in Table 7,
where it can be seen that the activity and enantiose-
lectivity vary considerably with the nature of the
diphosphine. The bite angles of the diphosphines are
listed in Table 7 and show that there is little
correlation between catalyst activity and the P-M-P
bond angles. Diphosphines with alkyl backbones give
similar enantioselectivities (entries 1-3), suggesting
that the positioning of the P-aryl groups on these
ruthenium-phosphines is similar. It appears that the
chiral diamine is equally effective at inducing an
asymmetric conformation into these ligands. DPPF

gives the most enantioselective catalyst of the achiral
ligands examined in this study (entry 4). The enan-
tioselectivity increases to 70% when the reaction is
conducted at -20 °C. The catalyst formed from
Xantphos is the least enantioselective, generating the
aryl alcohol with only 27% enantioselectivity (entry
5). The rigid nature of Xantphos makes it difficult to
induce asymmetry into the ruthenium-Xantphos
metallocycle. It is notable, however, that this catalyst
is the most efficient, showing high TOF, like the
catalyst derived from BINAP. These results can be
compared with those employing (R)-BINAP and
BIPHEP (entries 6 and 7). Use of BINAP under
identical conditions resulted in product formation
with 98% ee and high activity. The catalyst formed
from BIPHEP resulted in an enantioselectivity of
84%, although this reaction was performed under
slightly different conditions.40 The authors suggest
that the difference in activity of the catalysts may
be related to the basicity of the phosphine ligands.166

The triaryl phosphines are less basic than the dialkyl
aryl phosphines and lead to more efficient catalysts
for the hydrogenation of carbonyl groups.

4.2. Asymmetric Diels−Alder and Carbonyl−Ene
Reactions with BIPHEP-Derived Ligands

In the hydrogenation reactions above, the flexible
BIPHEP derivatives formed an integral part of the
chiral environment of the catalyst, when used in
combination with an enantiopure ligand. Recent work
by Gagné and co-workers has taken advantage of the
barrier associated with atropisomerization in the
(BIPHEP)Pt system168 (the details of which are
outlined below) to prepare an asymmetric catalyst,
in which the only chiral ligand is the normally
unresolvable BIPHEP locked in a chiral conforma-
tion.169 As shown in Figure 32, reaction of [(R)-
BIPHEP]Pt[(S)-BINOLate] (63) of high diastereopu-
rity with HCl resulted in liberation of BINOL and
generation of [(R)-BIPHEP]PtCl2 (64). Likewise, re-
action of the [(R)-BIPHEP]Pt[(S)-BINOLate] (63)
with triflic acid gave [(R)-BIPHEP]Pt(OTf)2 (65). To
establish the enantiopurity of these compounds,
samples of the bis(triflate) 65 were treated with (S,S)-
DPEN (eq 13), and the diastereomeric excess of the
resultant diamine complexes was determined by 31P
NMR analysis. A sample of [(R)-BIPHEP]Pt(OTf)2
(65), determined to have an ee of 98%, was allowed
to stand for 8 h at room temperature. It was then
reacted with (S,S)-DPEN to give a 98:2 diastereo-

Table 7. Results of Asymmetric Hydrogenation
Reaction Illustrated in Scheme 2

entry diphosphine
convrsn

(%)a
ee
(%)

bite angle
(deg)

1 DPPE 21 57 85
2 DPPP 76 56 91
3 DPPB 66 61 98
4 DPPF 93 65 96
5 Xantphos >99 26 112
6 (R)-BINAP >99 98 92
7 BIPHEP 84b

a Conversion after 3 h at 20 °C. b Reaction performed at
28 °C.

Scheme 2. Asymmetric Hydrogenation Using
Various Bidentate Phosphine Ligands
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meric ratio of [BIPHEP]Pt[(S,S)-DPEN]2+ (67), indi-
cating that racemization in solution at room temper-
ature was very slow.

Having demonstrated that (BIPHEP)PdX2 com-
pounds were stable for several hours with respect to
racemization at room temperature, Gagné and co-
workers then tested the ability of these complexes
to catalyze the asymmetric Diels-Alder and asym-
metric carbonyl-ene reactions. The catalyst for these
reactions was prepared either by direct treatment of
the diastereopure [(R)-BIPHEP]Pt[(S)-BINOLate] with
triflic acid or by reaction of [(R)-BIPHEP)PtCl2 with
AgOTf. Using this catalyst in eq 14 resulted in
formation of the Diels-Alder adduct in 92-94% ee
(94:6 endo/exo ratio). The enantiomeric excess of the
platinum catalyst 65 did not deteriorate during the
reaction, as determined by quenching the reaction at
>90% conversion with (S,S)-DPEN (eq 13) and
subsequent NMR analysis. The stereochemistry of
the Diels-Alder adduct was consistent with that
reported by Ghosh,170 who used platinum complexes
of [(R)-BINAP]Pt(OTf)2 with the same substrates.

A parallel strategy was subsequently used by Mik-
ami and co-workers in the resolution of (BIPHEP)-
Pd dications that were employed in the hetero-Diels-
Alder (HDA) reaction.171,172 Reaction of [(R)-BIPHEP]-
Pd[(R)-DABN]2+ (71) with triflic acid at 0 °C in

acetonitrile resulted in formation of [(R)-BIPHEP]-
Pd(NCMe)2

2+ (72, eq 15). No loss of enantiopurity of

the [(R)-BIPHEP]Pd(NCMe)2
2+ was reported after the

removal of the 1,1′-binaphthyl-2,2′-diamine (DABN),
as determined by NMR studies analogous to those
of Gagné. The resolved Lewis acid catalyst [(R)-
BIPHEP]Pd(NCMe)2

2+ (72) was employed in the
HDA reaction with glyoxylate, as illustrated in eq 16.
Using 0.5 mol % of the catalyst provided product of
75% ee, albeit in low yield (11%). Increasing the
catalyst loading to 2 mol % resulted in 82% enantio-
selectivity and 60% yield (Table 8, entries 1 and 2).

Interestingly, the authors found that use of the dual-
ligand catalyst [(R)-BIPHEP]Pd[(R)-DABN]2+ (71)
resulted in a more efficient and enantioselective
catalyst. Thus, even at 0.5 mol % catalyst loading,
[(R)-BIPHEP]Pd[(R)-DABN]2+ generated the product
with an enantioselectivity of 94% (entry 3). Raising
the catalyst loading gave a higher yield and similar
enantioselectivity (entry 4). Both of the diastereo-
meric catalyst pairs, [(()-BINAP]Pd[(R)-DABN]2+

and [(()-BIPHEP]Pd[(R)-DABN]2+, resulted in prod-
uct with ee of less than 10% (Table 8, entries 5 and
6), indicating that the relative rates of the diaster-
eomeric catalysts were similar in each case.171 The
platinum system used by Gagné169 was also examined
in the catalytic asymmetric carbonyl-ene reaction
(eq 17).172,173 The catalyst in this study was generated
by addition of 2 equiv of AgSbF6 to [(R)-BIPHEP]-
PdCl2 and exhibited an enantioselectivity of 71% with
99% conversion at room temperature. The combined
results of these studies suggest that there are po-

Figure 32. Protonation of 63 with acids to give (BIPHEP)-
PtX2 derivatives of high enantiopurity.

Table 8. Enantioselectivities of Pd(II) Catalysts in
the HDA Reaction (Eq 16)

entry ligands mol %
yield
(%)

ee (%)
(config)

1 (R)-BIPHEP 0.5 11 75 (1R,3S,4S)
2 (R)-BIPHEP 2 60 82 (1R,3S,4S)
3 (R)-BIPHEP/(R)-DABN 0.5 62 94 (1R,3S,4S)
4 (R)-BIPHEP/(R)-DABN 2 75 92 (1R,3S,4S)
5 (()-BINAP/(R)-DABN 2 61 7 (1R,3S,4S)
6 (()-BIPHEP/(R)-DABN 2 64 9 (1R,3S,4S)
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tentially many uses for catalysts bearing resolved
BIPHEP and related ligands in asymmetric catalysis.

4.3. Interconversion of Diastereomeric Catalysts
and Catalyst Precursors Containing BIPHEP
Derivatives

Following the initial report by Mikami and Noyori
on the use of BIPHEP-derived ligands in the asym-
metric hydrogenation reaction, the groups of
Gagné169,174 and Mikami171,172,175 independently un-
dertook studies to probe the interactions in diaster-
eomeric metal complexes bearing stereochemically
dynamic BIPHEP derivatives. Such studies are es-
sential for understanding the factors that control the
population of diastereomers and will enable more
effective catalyst design. In the ruthenium system
discussed previously, Mikami performed computa-
tional studies on the (BIPHEP)RuCl2(DPEN) sys-
tem176 and examined the effects of varying the size
of substituents on the diphosphine and diamine
ligands.171,172,175 When the DM-BIPHEP ligand used
in the asymmetric hydrogenation reactions in eq 12
was replaced with the parent BIPHEP ligand, the
equilibrium ratio of the diastereomers dropped from
3:1 to 2:1 (Figure 31, Table 5). Augmentation of the
substituents on the amino groups of the DPEN ligand
was then examined as a strategy to increase the
population of the major diastereomer. The unsym-
metrical (S,S)-N,N-dimethyl-1,2-diphenylethylene-
diamine [(S,S)-DM-DPEN] (53, Figure 31) was added
to [BIPHEP]RuCl2(dmf)n (54) and [DM-BIPHEP]-
RuCl2(dmf)n (55) to generate [BIPHEP]RuCl2[(S,S)-
DM-DPEN] and [DM-BIPHEP]RuCl2[(S,S)-DM-
DPEN], as shown in Figure 31 and Table 5. In both
cases, the initial product was a 1:1 mixture of
diastereomers. Heating these mixtures to 50 °C led
to isomerization of the configurationally labile biphen-
ylphosphine ligands and conversion to single diaster-
eomers, as determined by 1H NMR spectroscopy.

3,3′-Dimethyldiaminobinaphthyl (DM-DABN, 73)
was also examined for its ability to bias the config-
uration of the (BIPHEP)RuCl2 fragment.177 Reaction
of rac-[BIPHEP]RuCl2(dmf)n with 1 equiv (R)-DM-
DABN led to formation of only one of the diastereo-
meric adducts, [(R)-BIPHEP]RuCl2[(R)-DM-DABN],
with the [(S)-(BIPHEP)]RuCl2(dmf)n and half of the
(R)-DM-DABN remaining unreacted (Figure 33).
Heating this mixture to 50 °C, however, provided
[(R)-BIPHEP]RuCl2[(R)-DM-DABN] as a single di-
astereomer, possibly through epimerization of the
[(S)-(BIPHEP)]RuCl2(dmf)n, followed by capture by
the (R)-DM-DABN. As can be seen from these stud-
ies, ligands that extend further toward the BIPHEP
group in the octahedral metal geometry are better
able to bias the configuration of the BIPHEP ligand.
The geometries of complexes [(S)-BIPHEP]RuCl2-
[(S,S)-DM-DPEN],175 [(S)-DM-BIPHEP]RuCl2[(S,S)-

DM-DPEN],175 and [(R)-BIPHEP]RuCl2[(R)-DM-
DABN]171 were elucidated by X-ray crystallography.
An ORTEP diagram of one of these, [(S)-BIPHEP]-
RuCl2[(S,S)-DM-DPEN], is shown in Figure 34.

In all three cases, the ruthenium centers are
pseudooctahedral with trans chloride ligands, as was
found in related (BINAP)Ru structures.159,178 On the
basis of the (BIPHEP)Ru structures and molecular
modeling studies, Mikami and co-workers postulated
that the increased diastereoselectivity in complexes

Figure 33. Reaction of (BIPHEP)RuCl2(dmf)n with (R)-
DM-DABN and equilibration to afford a single diastere-
omer.

Figure 34. Structure of [(S)-BIPHEP]RuCl2[(S,S)-DM-
DPEN] illustrating the pseudoequatorial positions of the
N-methyl and P-phenyl rings.
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with the DM-DPEN ligands over the diastereoselec-
tivity in complexes of the parent DPEN could be
explained by the interaction of the pseudoaxial and
pseudoequatorial N-methyl groups of the DM-DPEN
ligand with the phosphorus-bound aryl groups of the
BIPHEP derivatives. In complexes of the BIPHEP
ligand, as well as other chelating diphosphine ligands
bearing the diphenylphosphino groups,159,174,178-180

one pair of diastereotopic aryl rings is pseudoequa-
torial and thrust forward as a result of the conforma-
tion of the diphosphametallocycle. In the more stable
diastereomer, the protruding equatorial phenyl group
and the equatorial N-methyl group are positioned
above and below the plane defined by the nitrogen
and phosphorus centers. In the less stable diastere-
omer, these two pseudoequatorial groups are on the
same face of the plane and in close proximity,
resulting in a destabilization of the [(R)-BIPHEP]-
RuCl2(S,S)-DM-DPEN] diastereomer (Figure 35). In

a similar manner, extension of the 3,3′-dimethyl
groups in [(S)-BIPHEP]RuCl2[(R)-DM-DABN] will
destabilize it over its diastereomer.

In a detailed study of the interconversion of
BIPHEP configurations in diastereomeric (BIPHEP)-
PtX2 complexes, Gagné and co-workers found that
high diastereomeric ratios can be obtained in this
square planar platinum system.174 Reaction of the
racemic carbonate 74 with racemic hydroxy sulfona-
mide 75 gave a 1:1 mixture of diastereomers (eq 18).
Likewise, reaction of the racemic (BIPHEP)PdCl2 (64)
with (BINOLate)Na2 furnished a 1:1 kinetic ratio of
the (BINOLate)Pt(BIPHEP) diastereomers 77 and
77′ (eq 19).

Two methods, exchange of the chiral ligands and
thermal atropisomerization of the BIPHEP ligand,
were employed to determine the thermodynamic
populations of the diastereomeric complexes. Addi-
tion of a substoichiometric amount (0.2 equiv) of the
racemic hydroxy sulfonamide rac-75 to a solution of
the racemic diastereomers rac-76 and rac-76′ at room
temperature, conditions under which atropisomer-
ization does not occur, resulted in slow exchange of
the bound and free amino alcohol derivative, cata-
lyzing equilibration of the diastereomers (eq 20). In
this manner, the equilibrium constant between dia-
stereomers rac-76 and rac-76′ was determined to be
>32. In a similar fashion, the equilibrium constant
between the BINOLate complexes rac-77 and rac-77′

was measured, upon addition of rac-BINOL, to be
>17 (eq 21). These studies demonstrate the powerful
effect that chiral ligands can have on the diastereo-
meric excess involving configurationally dynamic
ligands in square planar complexes.

Gagné’s innovative use of ligand-exchange reac-
tions to determine equilibrium constants should be
of general utility.174 It is particularly useful when the
conditions that would lead to atropisomerization of
the BIPHEP complex cause decomposition of one or
both diastereomers. Such was the case with the
minor diastereomer 76 (eq 20), which decomposed
upon heating. This method is not applicable, how-
ever, to the synthesis of enantiopure thermodynamic

Figure 35. Diastereomers of [BIPHEP]RuCl2[(S,S)-di-
amine]. In the [(R)-BIPHEP]RuCl2[(S,S)-diamine], there is
an interaction between the pseudoequatorial P-Ph and
N-Me that destabilizes this diastereomer. In the [(S)-
BIPHEP]RuCl2[(S,S)-diamine] diastereomer, these groups
are not directed toward each other (also see Figure 5).
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mixtures of diastereomers, which must be prepared
by atropisomerization of the BIPHEP ligand. Thus,
thermolysis of enantiopure diastereomers 77 and 77′
at 92-122 °C resulted in clean conversion to the
equilibrium ratio of ∼94:6 77′/77. Eyring analysis of
the kinetic data measured over a 30 °C temperature
range indicated that ∆Hq was 27(2) kcal/mol and ∆Sq

was -5(5) eu. Determination of the equilibrium
constants at a series of temperatures allowed van’t
Hoff analysis of the data, giving a ∆H° of -2.42(4)
and a ∆S° of -0.6(10) eu.

To understand the molecular interactions that give
rise to the strong thermodynamic preference between
the sets of diastereomers 76 and 76′ and 77 and 77′,
the structures of 76′ and 77 were determined by
X-ray crystallography. An ORTEP diagram of the
thermodynamically more stable diastereomer, 76′, is
illustrated in Figure 36. The conformations and

bonding of the triflamide and the BIPHEP ligands
are similar to those found in complexes containing
only one of these ligands.149,168,180 In the square
planar platinum complex 76′, the cis phenyl groups
of the amino alcohol-derived ligand occupy pseudo-
axial and pseudoequatorial positions, forcing the
bulky SO2CF3 group to orient trans to the neighbor-
ing aryl group (Figure 36). It is the triflamide group
that is closest to the BIPHEP ligand and believed to
have the largest impact on the equilibrium constant
of the diastereomeric complexes.174 In the crystal
structure of the major diastereomer, 76′, one of the
sulfonyl oxygens is directed toward a pseudoaxial
phenyl of the BIPHEP. That pseudoaxial phenyl is
oriented away from the metal and the sulfonyl
oxygen. By analogy, in the less stable diastereomer,
the pseudoequatorial P-phenyl is anticipated to be
tilting forward, toward the triflamide sulfonyl oxy-
gen, resulting in close contacts that destabilize this
diastereomer. In the case of diastereomers 77 and
77′, Gagné and co-workers were able to obtain
crystals of the minor diastereomer (77) and deter-
mine its structure (Figure 37).174 In this structure,
the BIPHEP ligand is significantly distorted, to
minimize interaction with the BINOLate 3,3′-hydro-
gens, which protrude toward the P-phenyl groups. In
the more stable diastereomer, the 3,3′-hydrogens
would point toward the pseudoaxial P-phenyl groups,

which are oriented away from the metal center,
thereby greatly reducing the steric interactions be-
tween the ligands.

In a similar vein, Mikami and co-workers examined
the proficiency of diaminobinaphthyl derivatives in
controlling the diastereomeric ratio when bound to
the dicationic (BIPHEP)Pd2+ center.171,172 As in the
ruthenium system above (Figure 33), reaction of
(BIPHEP)Pd(NCCH3)2

2+ (78) with [(R)-DM-DABN]
resulted in formation of [(R)-BIPHEP]Pd[(R)-DM-
DABN]2+, leaving the mismatched enantiomer, [(S)-
BIPHEP]Pd(NCCH3)2

2+, unreacted (Figure 38). At-

ropisomerization of [(S)-BIPHEP]Pd(NCCH3)2
2+ was

not observed at room temperature but readily took
place when the reaction mixture was heated to 80
°C for 12 h, providing a single diastereomer.172

Reaction of [(BIPHEP)Pd(NCCH3)2]2+ with the less
hindered parent diamine, DABN, showed analogous
behavior.171

4.4. Mechanistic Aspects of Atropisomerization of
BIPHEP

Determination of the factors that affect the barrier
to atropisomerization of catalysts bearing BIPHEP,
and related ligands, is crucial to more effective

Figure 36. Structure of the more stable diastereomer, 76′.

Figure 37. Structure of the less stable diastereomer, 77.

Figure 38. Reaction of (BIPHEP)Pd(NCMe)2
2+ with (R)-

DM-DABN and equilibration to afford a single diastere-
omer.
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application of configurationally dynamic ligands in
asymmetric catalysis. This is particularly relevant
with BIPHEP derivatives because of their close
structural similarity to BINAP, which has been
shown to form numerous highly enantioselective
catalysts with a broad range of metal centers. Pa-
rameters that are likely to impact the barrier to
atropisomerization of BIPHEP include metal geom-
etry, coordination number, electron count, metal-
phosphorus bond distances, and steric and electronic
properties of the ancillary ligands.181 Theoretical
studies on the mechanism of atropisomerization of
the BIPHEP ligand in this system employing the
ONIOM method (B3LYP:HF) suggested that the
diastereomers R/S,S and S/S,S have similar energies,
consistent with the 3:1 ratio observed experimentally
(Figure 31, Table 5).40,176 Reasonable mechanisms of
atropisomerization of BIPHEP-metal adducts in-
clude a direct atropisomerization while the ligand
remains chelated to the metal center (pathway a),
or dissociation of one arm of the bidentate ligand
followed by rotation about the biphenyl bond and
recoordination to the metal (pathway b, Figure 39).

Complete dissociation of the BIPHEP ligand had
been investigated by conducting the atropisomeriza-
tion in the presence of BINAP. No exchange of the
BIPHEP and BINAP ligands was observed, indicting
that complete loss of BIPHEP is unlikely.175

Rupture of an M-P bond has a high activation
barrier182,183 and leads to a coordinatively unsatur-
ated metal center, while direct atropisomerization of
the BIPHEP goes through a strained transition state.
Unfortunately, it is not possible to kinetically dis-
tinguish these mechanisms. Therefore, mechanistic
hypotheses must be formulated on the basis of
computational studies and behavior in related sys-
tems.

In the hydrogenation catalyst of Noyori and Mi-
kami, equilibration of the diastereomeric complexes
(DM-BIPHEP)RuCl2[(S,S)-DPEN] was observed to

proceed over several hours at room temperature
(Figure 31, Table 5).40 On the basis of the known
chemistry of Ru(II) complexes bearing phosphine
ligands, it is likely that the interconversion of the
diastereomers proceeds by dissociation of one of the
phosphorus centers of the chelating ligand, followed
by biphenyl rotation to invert the configuration of the
ligand and recoordination (Figure 39, pathway b). It
is known that the related (Ph3P)4RuCl2 readily loses
phosphine in solution to form considerable amounts
of the unsaturated complex (Ph3P)3RuCl2.184,185 Dis-
sociation of one arm of chelating phosphines is less
commonly observed but has been reported.186 The
computational studies by Yamanaka and Mikami
suggest that the dissociative route (pathway b) is
lower in energy than the concerted mechanism
(pathway a).176 The authors propose that the trigonal
bipyramidal intermediate formed on dissociation of
a phosphorus center is stabilized by coordination of
methanol, further lowering the barrier.

Comparison of the barriers to atropisomerization
in the ruthenium system outlined above with plati-
num complexes 77 and 77′ and palladium complexes
(Figure 38) highlights how different metal-ligand
sets can affect the barrier to isomerization. Atropi-
somerization of the platinum-bound BIPHEP in 77
and 77′ occurs at temperatures around 100 °C over
the course of several hours.174 The four-coordinate,
16-electron platinum complexes are stable square
planar species and are known to undergo ligand
exchange through associative mechanisms, although
related Pd(II) complexes have also been shown to
undergo loss of ligand to generate three-coordinate
intermediates.187-193

Gagné and co-workers have taken advantage of the
associative pathway by adding a donor ligand to
accelerate atropisomerization of the BIPHEP-Pt
center.174 Heating a 1:1 ratio of platinum diastereo-
mers 77 and 77′ in pyridine (Figure 40) to 40 °C for

24 h resulted in equilibration to the thermodynamic
mixture of >97:3 77′/77. Under these conditions, it
is likely that the pyridine coordinates to the platinum
to form a transient intermediate with one arm of the
BIPHEP ligand dissociated (Figure 40). Once the
BIPHEP ligand is bound to the platinum center in a

Figure 40. Mechanisms of atropisomerization: (a) direct
atropisomerization requires 100 °C; (b) associative mech-
anism with pyridine (Py) requires 40 °C.

Figure 39. Mechanisms of atropisomerization: (a) direct
atropisomerization, (b) dissociative mechanism (top). Below
is the proposed transition-state structure.
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monodentate fashion, atropisomerization of the ligand
is facile. Recoordination with loss of pyridine regen-
erates the diastereomeric products. These conditions
are considerably milder than those required for
atropisomerization in the absence of pyridine (100
°C). On the basis of the mechanism of substitution
of platinum complexes and the high temperature
required to cause atropisomerization (in the absence
of pyridine), it is not possible to confidently assign a
mechanism for this process.

In the palladium system, atropisomerization occurs
at a significantly lower temperature than that in the
platinum and ruthenium systems (Figures 35 and
38). Direct comparison of these systems is compli-
cated by the fact that the metals bear different
ancillary ligands. It is known, however, that metal-
ligand bond strength increases upon descending a
column in the transition metals.194 This is consistent
with the observation that the palladium complex
epimerizes more readily than the platinum complex
if a dissociative mechanism is operative.

A possible cause for the marked difference in
reaction rates for atropisomerization of ruthenium
and platinum complexes is the coordination number.
In the ruthenium complex, it is conceivable that the
pseudoaxial P-phenyl substituents on the BIPHEP
ligand interact with the apical chloride ligands,
weakening the Ru-P bonds (ground-state destabili-
zation182). This unfavorable interaction is reduced
upon elongation of the Ru-P distance, as occurs in
the transition state to phosphorus dissociation.

4.5. A Potentially Useful New Class of Achiral
Diphosphine Ligands (NUPHOS)

A new class of achiral chelating diphosphine ligands
(NUPHOS, Figure 41) that form C2-symmetric com-
plexes on binding to metals has been reported by
Doherty, Knight, and co-workers.195-197 These phos-
phines are attractive, because a variety of substitu-
tion patterns can be prepared in one pot via a
zirconocene-promoted reductive coupling of readily
available alkynes and diynes with Negishi’s reagent
to generate a metallocyclopentadiene. This interme-
diate is then reacted with CuCl and Ph2PCl to afford
the NUPHOS derivatives in moderate to good yield
after workup (Figure 41).

There are several striking similarities between
BINAP, BIPHEP, and NUPHOS ligands. In all three
cases, the diphenylphosphino groups are linked by a
tether composed of four sp2-hybridized carbons. They
all form distorted square planar complexes with
PdCl2 in which the seven-membered chelate pos-

sesses a distorted skew-boat conformation and a bite
angle of 92-93°.180,195,198 The conformation of the
metallocycle causes the P-phenyl groups to adopt
pseudoaxial and pseudoequatorial positions. The
structure of (1,4-Ph2-2,3-cyclo-C6H8-NUPHOS)PdCl2
(83) is shown in Figure 42. The dihedral angle

between the double bonds in the tether is 47.7°,
which is on the low end of dihedral angles found in
complexes with this class of ligands and those with
BINAP (65-77°).196 The barriers to atropisomeriza-
tion of the metal complexes of NUPHOS have not

Figure 41. Synthesis of NUPHOS ligands.

Figure 42. Structure of ligand 1,4-Ph2-2,3-cyclo-C6H8-
NUPHOS (81) in the complex (NUPHOS)PtCl2 (83) (above)
and structure of (1,2,3,4-Me4-NUPHOS)RuCl2(1,2-ethyl-
enediamine) (84).
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been reported, although the ligands exhibit C2 sym-
metry on the NMR time scale at room temperature.
On the basis of the similarities in binding of
NUPHOS ligand 80 (Figure 41) and BIPHEP to
metals, we anticipate that the barriers to atrop-
isomerization will be comparable. Given that a series
of achiral NUPHOS ligands could be easily prepared,
these ligands are attractive for further study in
binding to chiral MLn complexes.

The synthesis of (NUPHOS)RuCl2(diamine) com-
plexes analogous to the (diphosphine)RuCl2(diamine)
compounds of BINAP156 and BIPHEP40 phosphines
previously discussed has been undertaken.197 The
chemistry is complicated by a higher propensity of
NUPHOS 80 (Figure 41) to act as a six-electron
donor, binding to the ruthenium through the two
phosphine centers and one of the backbone double
bonds of the NUPHOS ligand.197 Nonetheless, a
monomeric (1,2,3,4-Me4-NUPHOS)RuCl2(1,2-ethyl-
enediamine) (84) has been prepared, isolated, and
characterized crystallographically (Figure 42). This
compound will efficiently catalyze the transfer hy-
drogenation of ketones under basic conditions (eq 22).
Experiments using resolved diamines with NUPHOS
derivatives to investigate the ability of the diamines
to bias the stereochemistry of the NUPHOS ligand
and influence the catalyst enantioselectivity in the
asymmetric reduction of ketones will likely be forth-
coming.

4.6. Complexes of a Meso Cyclohexane-Based
Diphosphine

An interesting and potentially useful type of meso
diphosphine ligand that was explored by Knight,
Doherty, and co-workers199 is cis-1,2-bis(diphenylphos-
phinomethyl)cyclohexane (85, Figure 43). This ligand

readily binds to palladium(II) to form the expected
cis square planar complexes 86. The variable-tem-
perature 31P{1H} NMR spectrum of the dichloride 86
at 328 K consisted of a broad singlet, suggesting that
the phosphorus nuclei were equivalent on the time

scale of the experiment. Cooling the solution resulted
in broadening of the signal into the baseline. Two
new singlets appeared on further lowering the tem-
perature, and at 213 K, two sharp, well-resolved
singlets at 47.0 and 16.5 ppm were observed, indicat-
ing that interconversion of the phosphorus centers
was slow on the NMR time scale. From the coales-
cence behavior between 278 and 283 K, the free
energy of activation, ∆Gq, was determined to be 11.5
kcal/mol. These data are consistent with ring inver-
sion of the cyclohexane ring system, as illustrated
in Figure 43.

An insightful study was also performed on the [cis-
1,2-(diphenylphosphinomethyl)cyclohexane]Pd(Me)-
Cl complex (87, Figure 44). The 31P{1H} NMR spec-

trum of this compound consists of two broad, feature-
less resonances at 45.0 and 12.1 ppm at room
temperature (Figure 45). Variable-temperature NMR
studies revealed that, at 213 K, two sets of doublets
are observed in a 5.5:1 ratio. The doublets for the
major diastereomer were found at 47.5 and 2.2 ppm
(JPP ) 34.7 Hz) and for the minor diastereomer at
25.4 and 22.1 ppm (JPP ) 36.0 Hz). Line shape
analysis gave ∆Gq ) 10.6 kcal/mol. This process is
proposed to result from interconversion of the dia-
stereomers with the Pd-Me trans to the axial and
equatorial diphenylphosphinomethyl groups through
cyclohexane ring inversion.

The difference in energies of the diastereomeric
complexes 87 and 87′ in this example is surprising,
given the similarity of the two diastereomers. The
origin of this effect was examined computationally.
A difference of about 1 kcal/mol between two mini-
mized structures was calculated, which translates to
an equilibrium constant of 5 at room temperature.
The most significant structural difference in the
minimized structures is the P-Pd-Cl angle. In 87′
this angle is 88.5°, and in 87 it is 93.5°. The solid-
state structure of the more stable diastereomer is
illustrated in Figure 46. It is noteworthy that a small
perturbation in the ligand environment can result in
a significant shift in the equilibrium.

4.7. Spontaneous Resolution of an Asymmetric
Catalyst Bearing a Bis(phosphole) Ligand

A beautiful illustration of the application of stere-
ochemically dynamic ligands to asymmetric catalysis
was recently reported by Gouygou, Balavoine, and
co-workers.200 Their study employed the ligand 1,1′-
diphenyl-3,3′,4,4′-tetramethyl-2,2′-biphosphole (BI-
PHOS, 88, Figure 47), which was originally synthe-
sized by Mathey and co-workers.201,202 This ligand
uniquely has axial chirality in the bis(phosphole) and
central chirality at the two phosphorus atoms, giving
rise to three pairs of enantiomers (Figure 47).203 The

Figure 43. Interconversion of enantiomeric chair cyclo-
hexane structures.

Figure 44. Interconversion of the diastereomers 87 and
87′.
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axial chirality in these compounds is denoted by a
superscript and the configurations of the phosphorus
atoms by subscripts. The chiral axis and the phos-

phorus cen-
ters of 88 invert readily, and interconversion of the
stereoisomers is reported to occur at -60 °C, albeit
slowly. The inversion barrier of the pyramidal phos-
phorus centers was measured to be 16.5 kcal/mol.203

The energy cost for pyramidal inversion in phosp-
holes is reduced, relative to that in phosphines, as a
result of the increase in aromatic character of the
phosphole in the transition state.204 The solution
NMR spectra of the bis(phosphole) indicate that two
diastereomers are present in a ratio of 88:12, and
these have been identified as [88]R

SS and [88]R
SR (and

their enantiomers).205 BIPHOS 88 was found to crys-
tallize as a conglomerate, meaning that only a single
enantiomer of the ligand is present in each crystal.206

Although the visual appearance of enantiomeric crys-
tals of ligands are reported to be identical, large sin-
gle crystals can be grown that weigh between 50 and
150 mg each, and these can be physically separated.

Analysis of the conformation of the BIPHOS ligand
in Figure 47 suggests that only [88]R

SS and its
enantiomer will bind to metals in a bidentate fashion.
Complexes of (()-BIPHOS with several metals have
been characterized by X-ray crystallography.205 These
complexes are pseudo-C2-symmetric with the ligand
stereochemistry of [88]R

SS and its enantiomer, as
expected. The dihedral angles of the bis(phosphole)
ligands bound to Ni, Pd, and Pt were 46.8, 50.6, and
53.8°, respectively, which are similar to the dihedral
angle of the free ligand in the solid state (46.6°).203,205

A chiral, enantiopure palladium complex was syn-
thesized by dissolving Cl2Pd(NCMe)2 and a single
crystal of resolved [88]R

SS in dichloromethane at -78
°C, at which temperature isomerization of BIPHOS
is slow, to give [89]S

RR in 93% yield (eq 23). The

optical rotation of 89 was unchanged after 24 h at
40 °C, indicating that palladium locks the ligand in
one of the skewed conformations. An X-ray diffraction
study of [89]S

RR was performed, and an ORTEP
diagram is shown in Figure 48.

The enantiopure palladium complex [89]R
SS was

examined in the asymmetric allylic substitution
reaction, as illustrated in eq 24.207 Reaction of the
classic test substrate, 1,3-diphenylprop-2-enyl acetate
(90), with the sodium salt of dimethyl malonate
proceeded efficiently at 35 °C, furnishing the diester
product 91 in 84-93% yield with 80% ee. Switching
enantiomers of the catalyst gave the opposite enan-
tiomer of the product with the same enantioselectiv-
ity. Thus, use of the chiral bis(phosphole) ligand, after
spontaneous resolution and complexation, proved to
be as effective as use of well-known configurationally
stable chiral ligands.208-211

Figure 45. Variable-temperature 31P{1H} NMR spectra
of diastereomers 87 and 87′ (major) [cis-1,2-(diphenylphos-
phinomethyl)-cyclohexane]Pd(Me)Cl. Also see Figure 44.

Figure 46. Solid-state structure of the [cis-1,2-(diphen-
ylphosphinomethyl)cyclohexane]Pd(Me)Cl complex (87′).
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4.8. A Metallocene Catalyst with a Biphenyl
Backbone

Various types of chiral metallocenes have been
used successfully in asymmetric catalysis, with most
of these compounds belonging to the ansa-metal-
locene class.212,213 The majority of the ansa-metal-
locenes are planar-chiral with prochiral cyclopenta-
dienyl rings, resulting from their substitution pattern,
as exemplified by 92 (Figure 49). Racemic ansa-
metallocenes are resolved using classical methods
that employ the synthesis and separation of diaster-

eomeric derivatives. Other routes to resolved metal-
locene derivatives, such as through asymmetric
synthesis, have generally proven to be difficult but
have met with some success.214-217 A new route to
enantiopure metallocenes, based on a dynamic reso-
lution, has recently been introduced by Brintzinger
and co-workers.218 Unlike the case with planar-chiral
metallocenes, the chirality of these complexes resides
solely in the biphenyl backbone of the bis(cyclopen-
tadienyl) ligand system (Figure 49).217,219,220

Reaction of the racemic zirconium dimethyl deriva-
tive 94 (Figure 50) with (R)-BINOL yielded a dia-
stereomeric mixture. Rather than the expected 1:1
ratio of diastereomers, a 2:1 ratio was formed,
indicating that some interconversion of the diaster-
eomers had taken place. Upon heating of the mixture
of diastereomers at 100 °C for 2 days, equilibration
proceeded to a single diastereomer in 99% yield
(Figure 50).

Kinetic investigation into the mechanism of the
interconversion revealed that it was first-order. The
inversion of stereochemistry was accelerated by di-
oxygen gas or a catalytic amount of tetramethylpip-
eridine N-oxide (TEMPO). It is believed that the
TEMPO facilitates cleavage of the Zr-cyclopentadi-
enyl bond to give a radical intermediate that can
rotate about the biphenyl bond and scramble the
stereochemistry, as shown in Figure 51. Removal of

Figure 47. Isomers of 88, with one enantiomer of each pair of bis(phosphole) ligands shown. A projection of each enantiomer
along the axis of the C-C bis(phosphole) rings (below). The superscript denotes the axial chirality and the subscripts the
configuration at phosphorus.

Figure 48. ORTEP drawing of [89]R
SS, showing the

pseudo-C2 symmetry of the BIPHOS ligand.

Figure 49. Chiral metallocene complexes.
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the BINOLate ligand from the zirconium complex 95
was accomplished by reaction with AlMe3 to give
resolved 94. The enantiopurity of the resolved di-
methyl derivative 94 was determined to be 98% via
its reaction with 2 equiv of (R)-1-phenyl-1-propanol
to give the diastereomeric bis(alkoxide) complexes 96
(Figure 52).

Metallocene complexes have proven to be particu-
larly efficient and enantioselective in the catalytic
asymmetric hydrogenation of imines.221,222 With this
in mind, Brintzinger and co-workers tested their new

ansa-metallocenes in this reaction. The catalyst was
prepared from the dichloride 93 by reaction with 2
equiv of n-butyllithium. Imine hydrogenation was
accomplished at 150 bar of H2 at 80 °C in toluene to
provide good to excellent levels of enantioselectivity
(Figure 53). The biphenyl ansa-metallocene catalyst
could be used at catalyst loadings as low as 0.1 mol
% in this process.218

4.9. Use of Bis(diphenylphosphino)ferrocene and
Related Ligands in Asymmetric Catalysis

Despite the great potential of the BIPHEP ligand
in asymmetric catalysis, a serious drawback associ-
ated with this ligand system is the high barrier to
atropisomerization when the ligand is chelated to
metal centers. A consequence of this characteristic
is that diastereomeric catalysts are formed, leading
to unpredictable reactivity in catalytic asymmetric
reactions.40 Ligands with a lower barrier to intercon-
version in the metal-ligand adduct are, therefore,
desirable. One such ligand is the commercially avail-
able bis(diphenylphosphino)ferrocene (DPPF, 97,
Scheme 3).167 The X-ray structure of (DPPF)Pd-
(DABN)2+ is shown in Figure 54.42 The cyclopenta-
dienyl rings are staggered, with the torsional angles
defined by the two P-C bonds of 34.86°, which is
within the range commonly observed in metal com-
plexes of the DPPF ligand.167

Figure 50. Resolution of ansa-metallocene 95.

Figure 51. Mechanism of inversion of stereochemistry for
ansa-metallocene 95.

Figure 52. Formation of diastereomeric bis(alkoxide)
complexes 96.

Figure 53. Asymmetric hydrogenation of imines with
chiral metallocene derived from 93.
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It is known that the barrier to rotation of cyclo-
pentadienyl groups in metallocene complexes is low
when the cyclopentadienyl ligands are not substi-
tuted with bulky groups. Upon binding to metals, this
ligand can adopt a conformation in which the cyclo-
pentadienyl groups are staggered.223-226 Mikami and
Aikawa have used this property of the DPPF ligand
to extend the chiral environment of Ni, Pd, and Pt
catalysts in the asymmetric glyoxylate-ene reac-
tion.42

Reactions of [(DPPF)M(NCMe)2]2+ (M ) Ni, Pd, Pt)
with DPEN (52), DM-DABN (73), and DABN were
found to give a single diastereomer in each case, as
depicted in Scheme 3. This observation indicates
that the chiral ligands are effective at biasing the
conformation of the ferrocene backbone and/or that
inversion of the skewed conformations of the fer-
rocene backbone is rapid. Application of platinum and
palladium complexes 99 and 100 (Scheme 3) in
combination with DPEN, DABN, DM-DABN, and
H8-DABN in the asymmetric glyoxylate-ene reaction
(eq 25) gave low enantioselectivities. In contrast, the
nickel derivative 98 proved to be an excellent catalyst

for this process when combined with resolved DABN.
The resulting catalyst gave 90% ee with R-methyl-
styrene, as illustrated in eq 25. Comparison of the
enantioselectivity of the (DPPF)Ni catalyst to related
chelating bis(phosphines) in the reaction with meth-
ylene cyclohexane indicated that the catalyst derived
from DPPF was the most enantioselective (Figure
55). It is tempting to hypothesize that the greater

enantioselectivity of the (DPPF)Ni catalyst is due to
the contribution of the chiral conformations of the
DPPF ligand to the catalyst’s chiral environment;
however, other factors could be important. Nonethe-
less, this intriguing result warrants further investi-
gation.

The bis(indenyl) analogue of bis(diphenylphosphi-
no)ferrocene (DPPF) has recently been prepared and
characterized.227 This complex contains two planar-
chiral units and, therefore, is formed as the rac and
meso isomers. Many related planar-chiral ferrocene
derivatives have been prepared for use in asymmetric
catalysis.228 This compound is unique in that, in the
presence a donor solvent, such as THF, the initially
formed mixture of rac and meso compounds under-
goes isomerization to the rac derivative at room
temperature (Figure 56).229 The interconversion of
the rac and meso compounds requires the iron center
to migrate to the opposite face of the indenyl ligand.
The activation parameters for isomerization of the
meso derivative 102 to the rac compound 101 were
determined to be ∆Hq ) 14 kcal/mol and ∆Sq ) 35
cal/molK. In THF, the rate was found to be 1.59 ×

Scheme 3. Conformations of DPPF Complexes

Figure 54. Structure of (DPPF)Pd(DABN)2+.
Figure 55. Effect of phosphine ligand on the enantiose-
lectivity of Ni catalysts.
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10-5/s. This isomerization does not occur in chloro-
form. Both the rac and meso isomers can behave as
chelating ligands, and complexes of both have been
characterized structurally.227 The structure of the rac
ligand is shown bound to the Mo(CO)4 group in
Figure 57. The dynamic stereochemistry of these

complexes makes them potentially interesting in
asymmetric catalysis.

4.10. Dynamic Resolution of Bis(phospholyl)−Zr
Complexes

Metallocene complexes in which both cyclopenta-
dienyl rings are monosubstituted have chiral skewed
conformations. When at least one cyclopentadienyl
ring is disubstituted, the complex can be chiral, if the
substituents on the cyclopentadienyl ring are in-
equivalent. Under these conditions, the compounds
can, in principle, be resolved into the individual
enantiomers. Such is the case with ansa-metallocene
complexes, which have been extensively used in

asymmetric catalysis.212 A less explored class of
related catalysts that has recently attracted consid-
erable interest is the heterometallocenes.230,231 These
compounds are prepared from readily available phos-
pholes, as shown in eq 26. Reaction of the intermedi-

ate phospholide with MCl4 (M ) Zr, Hf) affords a
mixture of the rac- and meso-bis(phospholyl)-metal
complexes (103, eq 26). It has recently been shown
that these diastereomers can readily interconvert,
presumably through the intermediacy of a ring-
slipped232 intermediate.231,233 In the case of the tita-
nium analogue, the barrier to interconversion of the
rac and meso metallocenes has been measured. The
barrier was found to be ∆Gq

(298) ) 11.5 kcal/mol,
indicating that the isomerization takes place rapidly
at room temperature. The equilibrium constant was
determined to be 3.7 at -20 °C, favoring the rac
isomer.234

Bis(phospholyl)-metal complexes can behave as
bidentate donors and chelate other metals.235,236 A
significant deterrent to the application of enantiopure
bis(phospholyl) compounds as asymmetric ligands
and catalysts is the resolution of these species. A
novel approach to this challenging problem has been
advanced by Hollis and co-workers233 that takes
advantage of the facile isomerization of the phospho-
lyl group to accomplish a dynamic resolution of a bis-
(phospholyl) zirconium complex.

Reaction of the diastereomeric mixture of equili-
brating bis(phospholyl)-zirconium complexes with
[(R)-BINAP]Rh(COD)]OTf, as shown in Scheme 4,
resulted in dynamic resolution of the bis(phospholyl)

Figure 56. Synthesis and isomerization of bis(indenyl)
analogue of DPPF.

Figure 57. Structure of rac-101 bound to the Mo(CO)4
group.

Scheme 4. Dynamic Resolution of
Bis(phospholyl)-Zr Complexes To Give a Single
Diastereomer (104)
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complex, as judged by the formation of a single
diastereomer in the 31P NMR.

The solution NMR spectrum indicates that the
complex is C2-symmetric. To investigate the stereo-
chemistry of the bis(phospholyl)-zirconium portion
of the product, an X-ray crystallographic study was
undertaken. The structure, illustrated in Figure 58,

shows the phospholyl phenyl groups oriented away
from the equatorial phenyl groups of the BINAP
ligand.

In the Rh-Zr system of Hollis, either the rhodium
or the zirconium could behave as the catalytically
active metal center. Given the time-consuming syn-
thesis of resolved ansa-metallocenes, this dynamic
resolution process is very appealing and has signifi-
cant potential.

5. Examination of the Barrier to
Atropisomerization in Biphenyl-Based Diamines

5.1. 1,1′-Biphenyl-2,2′-diamine (DABP) Derivatives
Complexes of the diamine 1,1′-biphenyl-2,2′-di-

amine (DABP, 105, Figure 59) and its derivatives

have not yet, to our knowledge, been applied to
asymmetric catalysis. Nonetheless, these atropiso-
meric ligands have attracted a significant amount of
attention,237-248 as they are the conformationally
dynamic counterparts of the stereochemically fixed
DABN and 6,6′-dimethyl-1,1′-biphenyl-2,2′-diamine
(106, Figure 59), which have proven to be important
chiral entities in asymmetric catalysis.3 As such, we
anticipate that DABP and its derivatives also have
great potential in enantioselective catalysis.

In early reports with DABP, researchers claimed
to have resolved all the diastereomers of the parent
ligand bound to a chiral Co(en)2

3+ group (en )
ethylenediamine).237 Subsequent reports, however,
indicate that a single pair of enantiomers was
observed, suggesting that the configuration of the
DABP is dependent on the stereochemistry of the Co-
(en)2

3+ center.242 Supporting this idea is the fact that
(DABP)Co(bipy)2

3+ was also obtained as a pair of
enantiomers.242 The platinum complex [(DABP)Pt-
(en)]2+ has been resolved and is stable to racemiza-
tion at room temperature.238 The high barrier to
atropisomerization necessary for isolation of this
complex is surprising, given that, in cases where
DABP is bound to chiral metal-ligand combinations,
only one diastereomer has been reported.242,244-246,248

The studies with DABP most relevant to this
review have been done by Ashby and co-workers,247,248

who recently showed that atropisomerization of
bound DABP can be fast at room temperature. In the
complex (η6-arene)RuCl(DABP)+ (Figure 60), the half-

life of atropisomerization was about 250 ms at room
temperature, as determined by spin-transfer NMR
experiments.247 On the basis of 2D-EXSY NMR
spectroscopy,249 it was found that the mechanism
most consistent with the experimental data involves
stereochemical inversion of the DABP ligand while
chelated to the ruthenium center. The X-ray crystal
structure of (η6-arene)RuCl(DABP)+ was determined,
and the dihedral angle between the aromatic rings
in the DABP ligand was found to be 60.4° in the solid
state. A similar dihedral angle was found in the
structure of unbound DABP (59.8°) and was at-
tributed to an intermolecular hydrogen bond.250 The
dihedral angles in complexes of DABP are similar to
those found in the conformationally locked 6,6′-
dimethyl-2,2′-diaminobiphenyl complexes.251

Octahedral compounds, such as M(bipy)3
2+, are

chiral at the metal, as are M(bipy)2L2, when the bipy
ligands do not lie in the same plane.99 Thus, in
complexes of the type (bipy)2Ru(DABP)2+, two dia-
stereomers are possible due to the chiral DABP skew
conformations. Interestingly, only one diastereomer
is observed in the solid state and in solution, sug-
gesting that the chiral (bipy)2Ru2+ center effectively
biases the configuration of the DABP ligand.248 The
structure of (bipy)2Ru(DABP)2+ has also been deter-
mined, and the dihedral angle of the DABP ligand
was found to be 70°.248

Efficient biasing of the DABP ligand was also
observed in square planar systems. Reaction of
(trans-1,2-diaminocyclohexane)PtCl2 with DABP (Fig-
ure 61) was reported to give a single diastereomer
(107), which was characterized crystallographical-

Figure 58. Structure of C2-symmetric bis(phospholyl)
complex 104.

Figure 59. Structures of atropisomeric diamines.

Figure 60. Atropisomerization of DABP bound to cationic
ruthenium.
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ly.245,246 The diastereoselection is controlled by the
interaction of the hydrogens on the diamine ligands.
In the square planar platinum complex of (S,S)-trans-
1,2-diaminocyclohexane with the (S)-DABP, the hy-
drogens on the opposing ligands are staggered. In the
complex with (S,S)-trans-1,2-diaminocyclohexane and
the (R)-DABP, however, eclipsing interactions be-
tween the N-H’s of the ligands would have a
destabilizing effect. The diastereomers are shown in
Figure 61, with the hydrogens of interest in bold font.
It is impressive that a seemingly subtle interaction
can exhibit such a high degree of stereocontrol in
complex 107. Similar results were obtained with
resolved 1,2-diaminopropane.245,246

As previously discussed, the DABN and DM-DPEN
ligands have been shown to do an excellent job of
biasing the conformation of the BIPHEP ligand in
the complexes (BIPHEP)RuCl2(DM-DPEN) and
[(BIPHEP)Pd(DABN)]2+.171,172 Reversing the identity
of the configurationally flexible and stereochemically
fixed ligands, to give the currently unknown (BINAP)-
RuCl2(DM-DABP) and [(BINAP)Pd(DABP)]2+, might
lead to a strong thermodynamic preference for one
diastereomer in each case. It would be interesting to
compare the activity and enantioselectivity of these
compounds to those of the analogues outlined above.

5.2. Atropisomeric Biisoquinolines and
Bipyridines

Other potentially useful classes of stereochemically
flexible ligands for asymmetric catalysis are biiso-
quinoline and 2,2′-bipyridyl derivatives that can bind
to metals with skewed conformations. Racemization
of biisoquinoline is rapid at room temperature and
likely proceeds through the anti transition state
(Figure 62). Coordination of the biisoquinoline ligand
to a transition metal center favors atropisomerization
by way of the syn transition state. In this situation,
H8 and H8′ must pass in close proximity to each
other in the planar transition state.

Several complexes of the biisoquinoline ligand have
now been synthesized and characterized by X-ray
crystallography.252-257 The crystal structure of one of
these, in which the skewed conformation of the

biisoquinoline ligand can be seen, is shown in Figure
63. The dihedral angle is more acute than that found
in complexes of BINOL and BINAP, with the N-C-
C-N torsional angle of the bound biisoquinoline
ligand ranging from 21 to 41°.

Complexes of the biisoquinoline ligand have been
of considerable theoretical interest, and a number of
detailed studies have been reported by Ashby regard-
ing the mechanism of inversion of configuration of
the bound ligand. In the ground state, the donor
orbitals of the biisoquinoline nitrogens are “misdi-
rected” with respect to the metal, meaning that they
are not oriented directly toward the metal cen-
ter.254,255 These bonds have also been described as
bent bonds, in analogy to the C-C bonds in cyclo-
propane.138 In the planar transition state of atrop-
isomerization in the biisoquinoline ligand, the
N-C-C-N dihedral angle is 0°, and the nitrogen
lone-pair orbitals are pointing directly toward the
metal orbitals. The metal-nitrogen bonding is, there-
fore, strengthened in the transition state. Third-row
metal compounds exhibit greater bond strengths
compared to homologous second-row metal com-
pounds. Therefore, the barrier to atropisomerization
of the biisoquinoline is decreased in third-row metal
complexes, relative to their second-row congeners, as

Figure 61. Reaction of (S,S)-diamine-platanium complex
with DABP gave a single diastereomer (107) that was
characterized crystallographically. In the (R)-DABP/(S,S)-
diamine structure, there is a destabilizing interaction
between the NH’s of the diamines that is absent in the (S)-
DABP/(S,S)-diamine diastereomer.

Figure 62. Isomerization of biisoquinoline system.

Figure 63. Two views of the structure of (η6-arene)OsCl-
(biisoquinoline)+ showing the chirality of the atropisomeric
ligand.
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a result of the increased stabilization of the metal-
ligand bonding in the transition state. The barriers
to atropisomerization in biisoquinoline complexes
have been determined to be below 20 kcal/mol and
are dependent on the metal center and the nature of
the ancillary ligands.256 The biisoquinoline, therefore,
undergoes stereochemical inversion rapidly at room
temperature. This feature will decrease the likelihood
of formation of diastereomeric catalysts resulting
from a high kinetic barrier to diastereoisomerization,
as found in the Noyori and Mikami system with
BIPHEP.40 An unknown factor with respect to use
of the biisoquinoline ligand in combination with a
chiral metal fragment is the extent to which it will
contribute to the chiral environment of the catalyst,
given the acute nature of the bound biisoquinoline
torsional angle.

The 8,8′-dialkyl-1,1′-biisoquinolines (R ) Me, Et,
i-Pr, t-Bu) have been prepared and are known to
racemize slowly at room temperature.258-260 These
ligands would be likely to have large dihedral angles,
and chelation to metals may not be possible.

A more interesting class of substituted biisoquino-
line ligands, from the perspective of asymmetric
catalysis, is those bridged at the 7 and 7′ positions,
as shown in Figure 64.261 The ease of racemization

of these ligands is dependent on the nature of the
bridge. With a simple ethylene linker (108), the half-
life of racemization for the free ligand was 64 min at
78 °C (∆Gq ) 26 kcal/mol), while with the xylyl spacer
(109), no racemization was observed at this temper-
ature. Both ligands reacted when treated with [RhCl-
(COD)]2 at room temperature followed by AgClO4. In
the case of the ethylene-bridged derivative 108, the
adduct formed (110) was racemic. In contrast, the
xylyl-bridged ligand 109 did not racemize on coordi-
nation. (Both complexes have been crystallographi-
cally characterized.261) Thus, coordination to rhodium
dramatically decreases the barrier to atropisomer-
ization in 108, indicating that such compounds can
readily serve as configurationally dynamic ligands in
asymmetric catalysis.

Unlike the biisoquinoline ligands, most 2,2′-bipy-
ridine ligands, and similar derivatives, form com-
plexes in which the aromatic rings are coplanar, to
maximize orbital overlap with the metal.262 De-
spite the difficulty associated with the synthesis of
enantiopure bipyridines, the use of such ligands in
asymmetric catalysis has been reported.263-270 The

asymmetry of these bipyridyl ligands is almost
always due to stereogenic centers remote from the
metal binding site;271,272 however, some chiral bipy-
ridine ligands with chiral axes have been re-
ported.263,264,272-274 Certain 3,3′-annelated 2,2′-bipy-
ridines, biquinolines, and related derivatives,263,275-291

as well as 3-substituted and 3,3′-disubstituted 2,2′-
bipyridines,248,257,289,292-295 have skewed conformations
in the unbound and bound forms (Figure 65). The

barrier to atropisomerization in the annelated de-
rivatives is controlled by the length and substitution
pattern of the tether. As shown in Figure 66, calcu-

lated N-C-C-N dihedral angles and barriers to
atropisomerization vary considerably.296 These esti-
mates are in good agreement with experimentally
determined values for related compounds.154,297-299

The dihedral angles in the biquinoline derivatives are
similar to those in the bipyridine ligands.277,289 In the
tetramethylene-bridged 2,2′-biquinoline277 and 2,2′-
bypiridine275 compounds (Figure 65), the intercon-
version of the enantiomeric conformations is slow on
the NMR time scale but sufficiently fast on the
laboratory time scale to prevent resolution at room
temperature. The large dihedral angle in the tetra-
methylene-bridged compounds minimizes eclipsing
interactions between the hydrogens on the tether.

The ligands outlined in Figure 65 readily coordi-
nate to transition metal complexes, and several
complexes have been characterized by X-ray crystal-
lography. 263,278,280-282,285,287,289,290 On coordination,
these ligands retain their skewed conformations
when the tether is three and four carbons long. In
the X-ray crystal structures, a compression of the
N-C-C-N dihedral angle is observed relative to
that in the uncoordinated ligands. This results from
opposing forces to minimize H-H eclipsing in the

Figure 64. Reaction of 7,7′-bridged biisoquinoline ligands
with [RhCl(COD)]2.

Figure 65. Structures of 3,3′-annelated 2,2′-bipyridines
and derivatives with skewed conformations.

Figure 66. Dihedral angles and barriers to atropisomer-
ization of 3,3′-annelated 2,2′-bipyridines.
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tether and maximize the nitrogen lone-pair orbital
overlap with the metal orbitals. It is also noteworthy
that the C-C-C-C dihedral angle containing the
biaryl axis is larger than the N-C-C-N dihedral
angle. This is due to a distortion of the aromatic
π-system originating from strain in the tethered ring.
The difference between the C-C-C-C and N-C-
C-N dihedral angles is greater in the coordinated
ligand than in the free ligand.282

To highlight the potential of these atropisomeric
ligands in asymmetric catalysis, some well-studied
examples are discussed below. Elegant work has been
reported in a series of studies by Rebek and co-
workers regarding allosteric effects in organic chem-
istry.300 In the bridged bipyridine ligand 112 (Figure
67), the gem-dimethyl groups are inequivalent in the

static structure but exchange on racemization. The
gem-dimethyl groups appear as a broad singlet in the
room-temperature 1H NMR spectrum (90 MHz) and
as two singlets at low temperature. From the coa-
lescence temperature (2 °C), an atropisomerization
barrier of 14.5 kcal/mol was calculated. Addition of
ZnCl2 or HgCl2 to 112 to form 113 or 114, respectively
(Figure 67), resulted in a dramatic decrease in the
barrier to atropisomerization to 10.5 kcal/mol. This
represents a decrease in the barrier by about 4 kcal/
mol or an increase in the rate of racemization by a
factor of about 103 at room temperature.301

A more dramatic example of metal-accelerated
racemization from the Rebek laboratories was dem-
onstrated with a series of bipyridyl crown ethers
(Figure 68). The barrier to racemization for com-

pounds 115-117 was calculated to be 25.7 kcal/mol
by correlating variable-temperature 1H NMR spectra
between 50 and 227 °C with computer-simulated
spectra. Upon addition of PdCl2, the resulting adducts
118-120 exhibited temperature-dependent behavior.
At 50 °C, the benzylic protons were a singlet, while

at -50 °C, a coupled AB system was observed.
Barriers to racemization of the palladium compounds
were calculated from the coalescence temperatures
to be between 13.9 and 14.6 kcal/mol. This decrease
in ∆Gq for racemization of at least 11 kcal/mol
translates into a 108 increase in the rate of atropi-
somerization for the metal-bound ligand relative to
the free ligand.

This remarkable increase in the rate of racemiza-
tion is caused by several factors. The initial interac-
tion of the ligand with palladium is weak, due to poor
overlap of the nitrogen lone-pair orbitals with those
of the metal. This hypothesis is supported by the ease
of displacement of ligands 115-117 from palladium
complexes 118-120 by o-phenthroline and the ease
of reaction of complexes 118-120 with a second
equivalent of PdCl2 to give the 2:1 complex (Figure
69).299,302 Therefore, the increase in the Pd-N bond

strength in 118-120 on going from the ground state
to the transition state, where the dihedral angle is
0°, is large. Additionally, it has been suggested that,
in the process of racemization of biphenyl compounds,
the 2 and 2′ substituents must bend away from each
other.303 In the transition state, the metal may help
the biphenyl nucleus undergo a slight in-plane dis-
tortion, such that the substituents are further sepa-
rated and can more easily pass by each other.304,305

An exaggerated illustration of this bending is shown
in Figure 70.

Crystallographic studies of one of the ligands and
two of the complexes of the bipyridyl and biquinoline
derivatives shown in Figure 71 have been reported.282

The barrier to atropisomerization of the parent ligand
112 was determined to be 25 kcal/mol by CD spec-
troscopy of the resolved compound,284 which is higher
than that for analogues with saturated tethers.296

Figure 67. Bridged bipyridine ligand 112 and its metal
complexes.

Figure 68. Rebek’s bipyridyl crown ethers.

Figure 69. Reaction of compounds 118-120 with o-
phenthroline and additional palladium (L ) NCPh).

Figure 70. Exaggerated drawing showing how the in-
plane bending can facilitate atropisomerization.
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Ligands 121 and 122 have been shown to form com-
plexes with several metal centers, including Mo(0),
W(0), Cu(I), Zn(II), Hg(II), and Pd(II).286 Reaction of
ligand 122 with copper(II) gave a reduced copper(I)
complex,286 CuL2

+ (124, Figure 71), while reaction of
the bipyridine derivative 121 with Mo(CO)6 gave the
mono-ligated complex LMo(CO)4 (123, Figure 71).263

The unbound biquinoline ligand has N-C-C-N and
C-C-C-C dihedral angles of 63° and 70°, respec-
tively. In contrast, the N-C-C-N and C-C-C-C
dihedral angles of the copper(I) complex were 38° and
53°, while those of the molybdenum complex were 31°
and 53° respectively. The X-ray structure of ligand
121 bound to molybdenum is illustrated in Figure
72.282

Although several excellent studies have been re-
ported with the tetramethylene-bridged bipyridine
and biquinoline derivatives, little quantitative data
concerning the barriers to atropisomerization of the
ligands or their complexes exists.272 Nonetheless,
circumstantial evidence suggests that atropisomer-
ization occurs readily at room temperature. Reaction
of a tetramethylene-bridged biquinoline ligand with
Pd(dba)2 and fumaronitrile gave a 57:43 mixture of

diastereomers (Figure 73). The diastereomers were
recrystallized and the resulting crystals redissolved
at 213 K. At this temperature, an 80:20 mixture of
diastereomers was observed. Once the sample was
warmed to room temperature, the mixture equili-
brated to the 57:43 ratio. Magnetization-transfer
experiments found an activation barrier to atrop-
isomerization of 17.6 kcal/mol at 330 K.289

Indirect evidence for facial atropisomerization of
tetramethylene-bridged bipyridine was also found
upon reaction of racemic (bipy)2RuCl2 with 125 to
give 126 (Figure 74).280 Although two pairs of dia-

stereomers are possible, only one was observed. The
diastereoselection in this reaction is thought to be
thermodynamic, arising from equilibration of the
possible diastereomers. It is also notable that the
(bipy)2Ru2+ core effectively biases the skewed con-
formation of the ligand.

5.3. 2,2′-Bis(2-imidazole)biphenyl Ligands
Imidazole-based ligands are known to bind tightly

to a number of metal centers in different oxidation
states.306 Combination of the imidazole binding abil-
ity with the axial chirality of the biphenyl backbone
results in ligands having skewed conformations and
low barriers to atropisomerization in the metal-bound
state (Figure 75).307-309 Such 2,2′-bis(2-imidazole)-
biphenyl ligands, which were developed by Knapp,
Schugar, and co-workers, are akin to the chiral bis-
(oxazoline)biphenyl ligands, 129 and 130, that have
been successfully used in catalytic asymmetric cy-

Figure 71. 3,3′-Annelated bipyridyl and biquinolyl ligands
and their metal complexes.

Figure 72. Structure of ligand 121 bound to the Mo(CO)4
fragment. The two CO ligands trans to the nitrogens have
been removed for clarity.

Figure 73. Equilibration of diastereomeric complexes via
atropisomerization.

Figure 74. Reaction of (bipy)RuCl2 with 125 affords a
single diastereomer of the ligand adduct, 126.
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clopropanation310 and asymmetric Wacker-type reac-
tions.311 Both of these types of ligands form nine-
membered metallocycles on coordination.311 The bis(2-
imidazole)biphenyl ligand 127 forms C2-symmetric
ML2 adducts with Co(II), Ni(II), Cu(I), Cu(II), and
Zn(II), which have been characterized by X-ray crys-
tallography.307,309 The structure of one of these L2M
derivatives (131) is shown in Figure 76. Both classes

of the related biphenyl bis(oxazoline) ligands, those
with stereochemically fixed chiral axes311-313 (130,
Figure 75) and those with stereochemically dynamic
axes having only two ortho substituents (129, Figure
75),310,314 have been reported. The advantage of the
stereochemically dynamic derivatives is that the
biphenyl backbone does not need to be resolved (nor
can it be resolved at room temperature). The draw-
back is that, in some cases, the coordination of such
ligands to achiral metal centers gives rise to diaster-
eomeric complexes with different configurations about
the chiral axis.310 The biphenyl bis(2-imidazole)
ligands 127 and 128 cannot be resolved and can form
only enantiomeric complexes on binding to an achiral
metal center. These ligands can also be easily modi-
fied. The N,N′-dimethyl analogue 128 (R ) Me) was
readily prepared in 87% yield from 127. Modification

of the imidazole ring has also been accomplished by
a directed ortho-lithiation/electrophile quench se-
quence.315 Given the attributes of the biphenyl bis-
(2-imidazole) ligands, we believe that they merit
investigation in catalytic asymmetric reactions.

6. Catalyst Optimization with Achiral and Meso
Ligands Having Chiral Conformations

6.1. Achiral and Meso Bis(sulfonamide) Ligands
with Chiral Titanium Alkoxides

The use of achiral and meso ligands with chiral
conformations to extend the chiral environment of
asymmetric catalysts was illustrated by the impres-
sive initial results of Katsuki39 and Noyori and
Mikami.40 The stage was then set for an important
advance in this area, namely the demonstration that
asymmetric catalysts could be optimized through the
synthesis and screening of achiral and meso ligands
with chiral conformations, rather than by screening
enantiopure ligands. Katsuki’s early efforts in this
direction, using achiral salen ligands with a wide
variety of enantioenriched ligands, were not conclu-
sive due to low enantioselectivities, low yields, or
both.122,123

The first demonstration that large, conformation-
ally flexible achiral and meso ligands could be used
in the optimization of asymmetric catalysts was
reported by Balsells and Walsh,44 using the asym-
metric addition of alkyl groups to aldehydes as a test
system. This reaction, which employs dialkylzinc
reagents as the source of alkyl groups, a stoichio-
metric amount of titanium tetraisopropoxide, and a
catalytic quantity of a bis(sulfonamide) ligand (eq 27),
was introduced by Takahashi and co-workers,78,79 and
the scope was expanded by the Knochel group.316,317

It is believed to involve the intermediacy of bis-
(sulfonamido)Ti(O-i-Pr)2 complexes,78,79,81 which were
subsequently synthesized and characterized by X-ray
diffraction.82 These complexes were also determined
to be competent catalysts for the asymmetric reac-
tion.

Initially, a series of experiments was performed to
determine the effect of varying the alkoxide ligands
on the enantioselectivity of the catalyst. For these
reactions, resolved trans-bis(sulfonamide) ligands
that gave catalysts of moderate enantioselectivity
(Table 9, entries 1-3) were employed so that it could
be determined if perturbations to the system resulted
in an increase or decrease in the enantioselectivity
of the catalyst. Use of ligand (R,R)-134 in eq 27 with
titanium tetraisopropoxide (132) and 4-methylben-
zaldehyde provided the corresponding secondary
alcohol with 79% ee. Substitution of the chiral
alkoxide complex Ti(OR*)4 (133) (prepared with (S)-
1-phenyl-1-propanol of >98% ee) for titanium tetra-

Figure 75. Structures of bis(2-imidazole) and bis(oxazo-
line) ligands.

Figure 76. Structure of bis(2-imidazole)biphenyl ML2
+

complex (131) illustrating the asymmetry in the che-
lating ligand. One of the ligands has been removed for
clarity.
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isopropoxide in this reaction led to a slight increase
in the enantioselectivity of the catalyst (84% ee, Table
9, entry 2). When the experiment was conducted with
the same configuration of the chiral alkoxide complex
and the opposite enantiomer of the chiral ligand,
(S,S)-134, the product was generated with an ee of
81%, but the opposite enantiomer of the product
predominated. This result demonstrates that it is the
trans-bis(sulfonamide) that controls the transmission
of asymmetry from the catalyst to the substrate.
Given that the magnitudes of the enantioselectivities
of the diastereomeric catalysts formed from the chiral
alkoxide complex (S)-Ti(OR*)4 and ligands (R,R)-134
and (S,S)-134 are so similar, it is clear that the
influence of the chiral alkoxides on the transfer of
asymmetry is insignificant.

The asymmetric addition reaction in eq 27 is an
example of ligand-accelerated catalysis,318 which has
important implications for the interpretation of the
results that follow. The asymmetric addition of alkyl
groups to aldehydes, like many other reactions in
asymmetric catalysis, has a background reaction,60

which is a reaction that takes place in the presence
of the catalyst, but without its participation. A series
of experiments was conducted to examine the back-
ground rate in this process. At -45 °C, in the absence
of both the titanium alkoxide complexes and the bis-
(sulfonamide) ligands, the reaction of diethylzinc with

aldehydes is extremely slow. In the presence of the
Lewis acidic titanium alkoxides, however, the rate
increases such that, in the absence of the bis-
(sulfonamide) ligand, titanium tetraisopropoxide pro-
motes ethyl addition to aldehydes to give the racemic
alcohol product, and the chiral alkoxide complex (S)-
133 produces product with an ee of 42% (S). In this
case, the reaction was 12% complete after 1 h at -45
°C. Thus, for catalysts with low TOF, the background
reaction can have a significant impact on the product
ee.

A series of achiral and meso bis(sulfonamide)
ligands (4 mol %) were then examined in the asym-
metric addition reaction with chiral alkoxide complex
(S)-133. When the reaction was conducted with bis-
(sulfonamide) ligands derived from cis-1,2-diami-
nocyclohexane, the product ee was dependent on the
size of the aryl substituent on the sulfur. When Ar
was 4-tert-butylbenzene (135a) or 4-methoxybenzene
(135b), the (R)-configuration of the product alcohol
was obtained in 84 and 78% ee, respectively. Thus,
by addition of the meso bis(sulfonamide) ligand 135a,
a change in the product ee of 120% was observed with
respect to the background reaction [42% ee of the (S)-
enantiomer]. It was found that increasing the size of
the aryl substituents on the ligand sulfonyl groups
resulted in a decrease in the enantioselectivity of the
catalysts (Table 9, entries 6-9). Use of other diamine
backbones also resulted in decreases in the enantio-
selectivity of the catalyst (Table 9, entries 10-12).
It is not clear whether ligands that form catalysts
that generate product of low ee are not very enantio-
selective or if they catalyze the reaction at rates
similar to that of the background reaction.

In the chair structures of meso-diaminocyclohex-
ane, the static conformations are enantiomers which
interconvert readily through ring inversion (Scheme
5). Coordination of bis(sulfonamide) ligands based on

this meso diamine backbone to a metal center bearing
a chiral ligand or ligands renders the two chair
conformations diastereomeric. Additionally, once the
cis-bis(sulfonamide) ligand is bound to titanium, the
sulfonyl oxygens become inequivalent. It has been
shown, in the case of the trans-bis(sulfonamide)
ligands, that the sulfonyl oxygens coordinate to
titanium in the bis(sulfonamido)Ti(O-i-Pr)2 complexes
in the solid state (Figure 9).82 Additionally, solution
reactivity studies indicate that the trans disposition

Table 9. Results of Screening Bis(sulfonamide)
Ligands in Eq 27a

a 4 mol % ligand was used, unless noted.

Scheme 5a

a (A) The enantiomers of cis-1,2-diaminocyclohexane intercon-
vert through ring inversion. (B) Likewise, when L is achiral, the
two enantiomers interconvert in a similar fashion; however, if L
is chiral, the two structures are diastereomeric and have different
energies. (Sulfonyl coordination not shown.)
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of the sulfur-bound aryl groups is important in the
transition state for the asymmetric addition reac-
tion.319 Further studies are necessary to determine
if coordination of the sulfonyl oxygens is germane
with the cis-bis(sulfonamido)Ti complexes.

This report clearly demonstrates that asymmetric
catalysts can be optimized by modification of achiral
and meso ligands with chiral conformations. As
exemplified by the results in Table 9, a single chiral
alkoxide ligand can be used to generate a series of
catalysts. It is easy to envision how this concept could
be applied to high-throughput screening methods
with a series of chiral ligands and a variety of achiral
and meso ligands. It is also impressive that the chiral
alkoxide, derived from 1-phenyl-1-propanol, which
has not previously been found useful in asymmetric
catalysis, can effectively bias the conformation of the
meso bis(sulfonamide) ligand such that it preferen-
tially adopts a chiral conformation and efficiently
transmits the stereochemical information to a sub-
strate.

Although this report represents a milestone in the
use of achiral ligands in asymmetric catalysis, the
system is not ideal in that the chiral alkoxide complex
is used stoichiometrically, and the reaction mecha-
nism is complicated by an alkoxide-exchange pro-
cess.320 The alkoxide ligands of the chiral titanium
alkoxide complex used in this study are almost
identical to the alkoxide produced in the asymmetric
addition of an ethyl group to the substrate, 4-meth-
ylbenzaldehyde. This choice of alkoxide ligands was
made in order to minimize the impact of an autoin-
duction process, that is, the evolution of the catalyst
by incorporation of the product alkoxide.321-323 As has
previously been demonstrated, alkoxide-exchange
reactions in bis(sulfonamido)titanium complexes are
facile.324 To reduce the additional complexities that
arise when the alkoxide product becomes incorpo-
rated into the catalyst, enantioselectivities were
determined by sampling reactions at low conversion.

6.2. Achiral and Meso Diamine and Diimine
Ligands with Zinc(BINOLate)

The next generation of reactions used to illustrate
the power of catalyst optimization with achiral and
meso ligands employed catalytic quantities of all
ligands and was not complicated by an alkoxide-
exchange process. This detailed investigation by the
Walsh group46 was based on an intriguing report by
Mikami and co-workers in a study of the “chiral
activation” strategy43 in the asymmetric addition of
alkyl groups to aldehydes using a zinc-based cata-
lyst.29,325 Mikami and co-workers found that the
catalyst generated from 3,3′-diphenyl BINOL (Ph2-
BINOL, 139, eq 28) and diethylzinc was slow and
exhibited low enantioselectivity. In contrast, when
this same catalyst was treated with an enantiopure
diimine ligand, the new activated catalyst exhibited
a high degree of ligand acceleration.318 The research-
ers then optimized the catalyst enantioselectivity by
varying the enantiopure diimine ligand. They found
that the optimal diimine ligand for this reaction was
a stilbene diamine derivative, 140 (eq 28), which, in
combination with Ph2-BINOL, generated a catalyst

that produced 1-phenyl-1-propanol in 90% ee at 0 °C
and 99% ee at -78 °C. Mikami’s catalyst optimization
process illustrates the strength of the chiral activa-
tion strategy to maximize catalyst efficiency and
enantioselectivity by generation of many catalysts in
a modular fashion. A disadvantage of this method is
that it requires two enantiopure ligands for each
catalyst, and therefore, more effort is needed in the
synthesis and resolution of the ligands.

A more advanced strategy than chiral activation
would be achiral activation (eq 29), whereby an
achiral or meso ligand with chiral conformations
would be added to a metal complex bearing an
enantiopure ligand. This approach to catalyst opti-
mization would be more efficient, because many
catalysts could be generated from each enantiopure
ligand through combination with a series of achiral
and meso ligands. Since many more achiral and meso
ligands and ligand precursors are commercially
available than their enantiopure counterparts, cata-
lysts with a wider variety of shapes can be synthe-
sized. Furthermore, the cost of achiral and meso
compounds is typically a small fraction of the cost of
related enantiopure compounds.

Achiral and Meso Ligand Categories. The
ligands that were examined in these studies were
classified as follows: (1) achiral diimine ligands that
do not generate additional chirality on binding to
tetrahedral metals, (2) diimine ligands with meso
backbones that have chiral conformations, (3) achiral
diimine ligands with backbones that become axially
chiral on coordination to metal centers, (4) achiral
diamine ligands that do not form stereocenters on
coordination to metal centers, (5) achiral diamine
ligands that form stereocenters on coordination to
metal centers, and (6) achiral diamine ligands with
pendant groups that have axially chiral conforma-
tions.

Reactions with Only Ph2-BINOL. Under typical
reaction conditions, using 10 mol % (S)-Ph2-BINOL
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and no additional ligands, benzaldehyde was slowly
converted to (S)-1-phenyl-1-propanol of 44% ee (eq
29, Table 10, entry 1). After 28 h, the reaction was
only 83% complete. Throughout this study, both the
Ph2-BINOL and achiral or meso ligands were used
at 10 mol % loading, and 3 equiv of diethylzinc was
employed with respect to substrate.

6.2.1. Simple Achiral Diimine Ligands

Mikami and co-workers had successfully used
enantiopure diimine ligands in their optimization of
the (Ph2-BINOLate)Zn catalysts (eq 28). Therefore,
achiral diimines prepared from commercially avail-
able diamines and aromatic aldehydes were a logical
starting point. In screening these simple diimine
ligands with a single chiral ligand, product ee’s
spanning almost 140% were recorded [52% ee (S)
with 141a to 87% ee (R) with 141e, Table 10]. As seen
in Table 10, ligands derived from 1,2-diaminoethane
and less bulky aldehydes gave catalysts that exhib-
ited moderate enantioselectivities, with the (S)-
enantiomer of the product predominating (entries 2
and 3). Surprisingly, with ligands prepared from
larger aromatic aldehydes, the opposite enantiomer
of the product formed with moderate to good enan-
tioselectivity (Table 10, entries 4-6). Diimines de-
rived from 2,4,6-trimethylbenzaldehyde gave cata-
lysts with enantioselectivities of 74-76% at 0 °C and
as high at 87% at -45 °C (entries 6-8). As detailed

in later sections, simple achiral ligands can bind in
an asymmetric fashion in certain metal geom-
etries.45,99 Figure 77 illustrates three possible dia-
stereomeric trigonal bipyramidal compounds in which
the coordination sites occupied by the aldehyde and
ligands are different. One explanation for the wide
variation in product ee’s is that the disposition of the
ligands and substrate about the zinc center is strongly
dependent on the sterics and bite angle of the achiral
diimine ligand. These results underscore the signifi-
cant impact that simple achiral ligands can exert on
the enantioselectivity of asymmetric catalysts.

6.2.2. Diimine Ligands with Meso Backbones
Meso diimine ligands derived from cis-1,2-diami-

nocyclohexane and (1R,2S)-1,2-diamino-1,2-diphen-
ylethane were also examined in the asymmetric
addition reaction (Table 11). As previously discussed
(Scheme 5), the two static chair conformations of the
cis-1,2-diaminocyclohexane-based ligands are enan-
tiomers that interconvert by cyclohexane ring inver-
sion (Table 11, entries 1-5). When diimines derived
from (1R,2S)-1,2-diamino-1,2-diphenylethane bind to
a metal, the two conformations of the resultant
metallocycle are enantiomeric, because the metallo-
cycle will pucker to avoid eclipsing the phenyl groups.
In the coordination sphere of the (Ph2-BINOLate)Zn
moiety, the enantiomeric conformations of the met-
allocycle become diastereomeric (Figure 78). If the
diimine ligand in (Ph2-BINOLate)Zn(diimine) pref-
erentially adopts one of the diastereomeric conforma-
tions, the meso diimine can extend the chiral envi-
ronment of the catalyst.

Use of catalysts formed from the meso ligands
illustrated in Table 11 showed an enantioselectivity
profile that paralleled those in Table 10. The bulkier
the aryl groups of the diimines, the greater the
enantioselectivity of the resultant zinc complexes.
Catalysts incorporating diimines derived from 2,4,6-
trimethylbenzaldehyde were the most enantioselec-
tive, regardless of the structure of the ligand back-
bone. (Compare entries 6-8 of Table 10 with entries
5 and 7 of Table 11.) In contrast to the meso
bis(sulfonamide) ligands used in the titanium chem-
istry (Table 9),44 the meso backbone of the ligands
in Table 11 had no additional influence on the
enantioselectivity of the resultant catalyst when
compared with their simple ethylene diimine coun-
terparts in Table 10.

6.2.3. Diimine Ligands with Atropisomeric Biphenyl
Backbones

The next class of diimine ligands was based on the
2,2′-diaminobiphenyl backbone. Binding of these axi-

Table 10. Results of Screening Achiral Diimine
Activators 141a-g with (S)-Ph2-BINOL (139) in Eq 29a

a Reaction employed 10 mol % Ph2-BINOL, 10 mol % dimine
ligand, and 300 mol % diethylzinc.

Figure 77. Diastereomeric coordination geometries of
(Ph2-BINOLate)Zn(diimine) bonded to the substrate alde-
hyde.
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ally chiral ligands raises the barrier to interconver-
sion of their atropisomeric conformations and extends
the chiral environment of the catalyst (Figure 79).
Use of ligands 143a-f (Table 12) in combination with

(S)-Ph2-BINOL in eq 29 resulted in a broad range of
enantioselectivities from 38% ee (S) to 89% ee (R) at
0 °C. Ligand 143f resulted in formation of the most
enantioselective catalyst reported, generating the
product in 89% ee at 0 °C and 96% ee at -45 °C
(Table 12).

Despite the notable difference in the ligand back-
bones between the entries in Tables 9-11, trends in
the enantioselectivities of the resultant catalysts
were observed. For example, with the exception of
142b (Table 11), the 1- and 2-naphthyl derivatives
gave the (S)-enantiomer, and the anthracene, 2,6-
dichlorobenzene, and 2,4,6-trimethylbenzene deriva-
tives gave the (R)-enantiomer of the product. It is
interesting that ligands derived from 2,4,6-trimeth-
ylbenzaldehyde formed the most enantioselective
catalysts, regardless of the nature of the ligand
backbone (Tables 9-11). The data in Tables 9-11
imply that the N-aryl groups are very important in
determining the enantioselectivity of the catalyst. It
is possible that the (Ph2-BINOLate)Zn sets the posi-
tion of the mesityl groups and, therefore, minor
changes in the diimine backbone (Table 10, 141e-g

Table 11. Results of Screening Meso Diimines 142a-g
with (S)-Ph2-BINOL (139) in Eq 29a

a Reaction employed 10 mol % Ph2-BINOL, 10 mol % dimine
ligand, and 300 mol % diethylzinc.

Figure 78. Diastereomeric conformations of (Ph2-BINO-
Late)Zn(diimine) derived from ligands 142f and 142g.

Figure 79. Diastereomeric conformations of (Ph2-BINO-
Late)Zn(diimine) derived from ligands 143a-f.

Table 12. Results of Screening Achiral Diimine
Activators Derived from 2,2′-Diaminobiphenyl 143a-f
with (S)-Ph2-BINOL (139) in Eq 29a

a Reaction employed 10 mol % Ph2-BINOL, 10 mol % dimine
ligand, and 300 mol % diethylzinc. b The catalyst formed from
ligand 143f was not completely soluble at -45 °C.
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and Table 11, 142e and 142g) have little influence
on the enantioselectivity of the catalyst. In sum,
examination of diimine ligands in eq 29 resulted in
enantioselectivities from 96% (R) to 52% (S).

6.2.4. Simple Achiral Diamine Ligands

It was also found that diamines exerted substantial
ligand acceleration in eq 29 (Tables 13 and 14). The

simple achiral ligands in Table 13 were available
from commercial sources. It was determined that the
product ee was very sensitive to the size of the
N-alkyl groups and the length of the diamine back-
bone. While ethylenediamine and TMEDA resulted
in slight increases in the ee’s relative to that obtained
with Ph2-BINOL alone (Table 13, entries 1 and 2),
N,N,N′,N′-tetraethylethylenediamine (144c) gave the
opposite enantiomer with 36% ee of the (R)-product
at 0 °C and 72% ee at -45 °C. Similarly, N,N,N′,N′-
tetramethyl-1,3-propanediamine (144d) gave 4% of
the (S)-enantiomer at 0 °C and 75% ee of the (R)-
enantiomer at -45 °C. A conceivable explanation for
the large difference in enantioselectivity generated
with 144b and 144d could be that the ligands bind
to different coordination sites on the metal (Figure
77). Although it is not clear why some catalysts show
large changes in enantioselectivity with decreasing
temperature and others do not, it is possible that, at
lower temperatures, certain ligand conformations or
catalyst geometries are less accessible. If the most
active form of the catalyst involves a higher energy

conformation of the ligand, the product ee might show
more complex behavior with changes in temperature.

6.2.5. Diamine Ligands That Form Stereogenic Centers
on Binding to Metals

The next class of diamine ligands examined forms
stereocenters at nitrogen on coordination of the
nitrogen lone pairs to zinc.99,150 It is anticipated that
this coordination is reversible, allowing scrambling
of the stereochemistry at nitrogen through a three-
coordinate zinc species.326-328 It was envisioned that
the C2-symmetric (Ph2-BINOLate)Zn would favor
binding of the diamine in a C2-symmetric fashion.
The chiral nitrogens would then impact the enantio-
facial selectivity in the C-C bond-forming process.
Biasing of the nitrogens in a chiral diamine ligand
bound to zinc has been observed previously (Figure
13).98

Examination of secondary diamines 145a-d (Table
14) in eq 29 generated product ee’s of 30% (R) to 76%
(S), and the diamine N,N′-di-tert-butylethylenedi-
amine (145b) gave the highest ee for the (S)-product
in the study (73% ee at 0 °C and 76% ee at -20 °C).
The proposed catalyst for this process, (Ph2-BINO-
Late)Zn(diamine), was characterized by X-ray crys-
tallography, and the ORTEP diagram in Figure 80

illustrates the tetrahedral zinc. In this structure, the
diamine nitrogens have the expected (R,R)-configura-
tions.

6.2.6. Diamine Ligands with Pendant Atropisomeric
Substituents

Diamines with biphenyl substituents were also
examined in eq 29 (Table 15). Inversion of the con-
figuration of the biphenyl moiety is anticipated to
have a low barrier.105,150,153,247,329 Interaction of the
stereochemical dynamic biphenyl groups with the
(Ph2-BINOLate)Zn center should influence the bi-

Table 13. Results of Screening Diamines 144a-d with
(S)-Ph2-BINOL (139) in Eq 29a

a Reaction employed 10 mol % Ph2-BINOL, 10 mol % dimine
ligand, and 300 mol % diethylzinc.

Table 14. Results of Screening Diamines 145a-d with
(S)-Ph2-BINOL in Eq 29a

a Reaction employed 10 mol % Ph2-BINOL, 10 mol % dimine
ligand, and 300 mol % diethylzinc.

Figure 80. Structure of (Ph2-BINOLate)Zn(diamine) with
ligand 145b.
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phenyl stereochemistry and extend the chiral envi-
ronment of the resulting catalyst (Figure 81).

Catalysts derived from atropisomeric ligands 146a,b
formed product of the (R)-configuration in 71% ee and
75% ee, respectively, at 0 °C (Table 15, entries 1 and
2) and gave 90 and 92% ee at -78 °C. In contrast,
the TMEDA-based catalyst generated the opposite
enantiomer in 64% ee at 0 °C (Table 13, entry 2).
Ligand 146c, with the cis-1,2-diaminocyclohexane
backbone, generated one of the most enantioselective
catalysts in this study. At 0, -45, and -78 °C, (R)-
1-phenyl-1-propanol was generated in 83, 92, and
94% ee, respectively.

6.2.7. Impact of Achiral and Meso Ligands on Catalyst
Efficiency

Experiments were performed to determine the
effect of the achiral and meso ligands on the catalyst
efficiency. The reaction of diethylzinc with benzal-
dehyde in the absence of other ligands is 1% complete
after 8 h at 0 °C. Addition of Ph2-BINOL resulted in

an increase in the rate of the reaction, to give just
under 25% conversion after 2 h (Figure 82). Combi-
nation of diamine (10 mol %), diethylzinc, and ben-
zaldehyde (without Ph2-BINOL) also resulted in an
increase in the rate of the addition reaction. Under
3% conversion was detected after 2 h using ligand
144b, diethylzinc, and aldehyde. Greater conversions
were observed for 145b (54%) and 146c (51%) in the
same time. When the diamine 144b was combined
with Ph2-BINOL, the reaction was 46% complete
after 2 h, which was slightly faster than that with
Ph2-BINOL alone. Likewise, the catalyst formed from
145b and Ph2-BINOL showed moderate conversion
(57%) after 2 h. Surprisingly, combination of Ph2-
BINOL with 146c resulted in a remarkable accelera-
tion in the reaction rate. The reaction was complete
in 5 min at 0 °C (Figure 82, open circles), and the
product was generated with high enantioselectivity
(Table 15, entry 3). Use of diimines and Ph2-BINOL
also resulted in significant ligand acceleration.46

The most efficient (Ph2-BINOLate)Zn(diamine) and
(Ph2-BINOLate)Zn(diimine) catalysts studied in this
work are markedly faster than catalysts formed from
amino alcohol ligands.60 This may be due to the fact
that the amino alcohol-based catalysts have dimeric
resting states and, therefore, the concentration of the
active, three-coordinate zinc catalyst is low.

Optimization of asymmetric catalysts has tradi-
tionally been performed by the synthesis and screen-
ing of chiral ligands.2 The resolution of such chiral
ligands, or their components, can be an arduous and
time-consuming task that severely limits the produc-
tion of new catalysts. The results outlined above
demonstrate that catalyst enantioselectivity and
activity can be optimized by modification of achiral
and meso ligands. The most enantioselective catalysts
in this study were derived from achiral and meso
ligands that have chiral conformations and can
amplify or extend the chiral environment of the
catalyst. Thus, using a single configuration of a
resolved ligand and a series of carefully chosen
achiral and meso ligands, a remarkable range of
enantioselectivities was observed [76% (S) to 96%
(R)].

Table 15. Results of Screening Achiral Diamines
146a-d with (S)-Ph2-BINOL in Eq 29a

a Reaction employed 10 mol % Ph2-BINOL, 10 mol % dimine
ligand, and 300 mol % diethylzinc.

Figure 81. Diastereomeric conformations of (Ph2-BINO-
Late)Zn(diamine) derived from ligand 146a.

Figure 82. Conversion vs time for ligands 144b, 145b,
and 146c with and without Ph2-BINOL.
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In a related study, Muñoz-Muñiz and Juaristi330

reported an increase in enantioselectivity upon ad-
dition of an achiral bis(sulfonamide) ligand in the
asymmetric addition of diethylzinc to benzaldehyde
with a series of chiral nitrogen- and oxygen-based
ligands (Figure 83, Table 16). Using 5 mol % of the

ligands 147-154, they observed enantioselectivities
between 14 and 65%. Addition of the achiral bis-
(sulfonamide) 155 in combination with the ligands
147-154 resulted in an increase in the enantiose-
lectivity in each case (Table 16). The increase in
enantioselectivity on addition of the achiral ligand
ranged from 6 to 19 percentage points. Using the
combination of chiral ligands and achiral 155 gave
enantioselectivities as high as 79%.330

6.3. Geometry-Induced Ligand Asymmetry
A conceptually novel approach to the use of achiral

ligands in asymmetric catalysis centers on achiral
ligands that are symmetric in certain metal coordi-
nation geometries but can become asymmetric when
the metal binds an additional ligand.45 The achiral
ligand in the chiral binding mode can play an

integral, or even dominant, role in the transmission
of asymmetry to the substrate.

This approach, studied by Walsh and co-workers
using achiral substituted 2,2′-methylene-bis(phenol)
ligands (MBP-H2, 156, Figure 84), should be ap-

plicable to optimization of a variety of asymmetric
catalysts. These ligands had been studied with group
IV metals331-336 and found to adopt boat-type confor-
mations in solution and in the solid state. Tetraco-
ordinate (MBP)TiCl2 (157, X ) Cl, Figure 84) is an
achiral complex that contains a plane of symmetry.
Upon this complex binding dative ligands such as
THF, to give (MBP)TiCl2(THF), the MBP oxygens
occupy apical and equatorial positions in the adduct
and are, therefore, inequivalent (Figure 85).334 The

inequivalence of the MBP oxygens in (MBP)TiCl2-
(THF) causes the (MBP)Ti metallocycle to be asym-
metric, and (MBP)TiCl2(THF) exists as enantiomers,
as observed in the crystal structure of this compound
reported by Okuda.334 Similar geometries have been
observed with other five-coordinate group IV com-
plexes of this ligand.332,337

It was noted that, when one oxygen was axial and
the other was equatorial, the THF molecule in the
five-coordinate complex was in an asymmetric envi-
ronment, due to the metal geometry and the asym-
metric (MBP)Ti metallocycle. If the THF were instead
a prochiral substrate, attack on this coordinated
substrate would occur enantioselectively. Proof of
concept was demonstrated by Walsh and co-workers
in the context of the asymmetric transfer of alkyl
groups to aldehydes from diethylzinc.60,338 This reac-

Figure 83. Ligands 147-154 employed in the asymmetric
addition of ethyl groups to benzaldehyde (Table 16).

Table 16. Results of Screening Ligands 147-154 in
the Absence and in the Presence of Achiral Ligand
155

entry ligand
ee (%)

(config)
chiral ligand +
achiral ligand

ee (%)
(config) ∆ee

1 147 29 (R) 147 + 155 35 (R) 6
2 148 42 (S) 148 + 155 61 (S) 19
3 149 65 (R) 149 + 155 79 (R) 14
4 150 27 (S) 150 + 155 40 (S) 13
5 151 58 (R) 151 + 155 71 (R) 13
6 152 45 (S) 152 + 155 59 (S) 14
7 153 66 (R) 153 + 155 79 (R) 13
8 154 14 (S) 154 + 155 23 (S) 7

Figure 84. Free MBP-H2 ligand 156 and achiral tetrahe-
dral (MBP)TiX2 complex 157.

Figure 85. When X ) Cl and S ) THF, coordination of
THF leads to two enantiomeric five-coordinate titanium
centers (159). When X ) OR* and S ) aldehyde substrate,
the five-coordinate titanium complexes (161) are diaster-
eomers.
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tion is particularly suitable because of its highly
ordered, yet sensitive, transition state.37,53-55,60,339 In
the presence of the resolved alkoxide complex, (S)-
Ti(OR*)4 [OR* ) (S)-OCHEt(p-Tol)], without any
other ligands added, the asymmetric addition re-
sulted in formation of the (S)-alcohol with 39% ee (eq
30 and Table 17, entry 11).

A series of substituted MBP-H2 ligands (20 mol %)
was combined with Ti(OR*)4 in the asymmetric
addition to aldehydes (eq 30). To avoid complications
arising from autoinduction, the ee’s in Table 17 were
measured at low conversion. Examination of the data
in Table 17 indicates that the achiral MBP-H2 ligands
can have a significant impact on the ee of the product
[9% (R) to 83% (S)]. MBP-H2 ligands with small R
substituents gave lower enantioselectivities (entries
1-5). When the volume of the R groups was increased
to t-Bu, the enantioselectivities rose markedly (en-
tries 6-8). The enantioselectivity with 156i (R )
adamantyl) and Ti(OR*)4 (entry 9, 83% at 20 mol %
and 87% stoichiometrically) is approaching that of
BINOL and Ti(O-i-Pr)4

340-342 (89% ee).
A model was advanced to explain the wide variance

of the enantioselectivities. The four-coordinate bis-
(alkoxide) complex 160 (Figure 85) exists as a single
enantiomer. Coordination of the substrate (S) poten-
tially leads to six trigonal bipyramidal isomers
(Figure 86).

In compounds A-C, the MBP ligand is bound
through apical and equatorial positions, as in the
structures of (MBP)TiCl2(THF),334 (MBP)Zr(BH4)2-
THF,332,333 and (MBP)Ti(OTf)(η2-2-C6H4-CH2NMe2).337

The structure of (MBP)Ti(OR*)2(NMe2H) [162, OR*
) (S)-OCHEt(4-C6H4-Cl)] was reported (Figure 87),
and the asymmetric environment created by the MBP
ligand is evident from this structure. The HNMe2 acts
as a substrate analogue and is trans to the axial MBP
phenoxide oxygen in the distorted trigonal bipyra-
midal geometry.

In geometries D-F, the MBP ligand is roughly
symmetric with respect to the substrate, and the
asymmetry would be transferred from just one (D,
F) or two (E) proximal chiral alkoxide ligands. In
geometries A-C, the MBP ligand is asymmetric with
respect to the substrate position. Due to the large
impact of the MBP ligand on the ee of the product
[from 9% ee (R) to 83% ee (S)], it was proposed that

Table 17. 2,2′-Methylenebis(phenol) Derivatives
156a-j (MBP -H2) Used in the Asymmetric Addition of
Alkyl Groups to Aldehydes

Figure 86. Possible geometries of substrate adducts.
Diastereomers which are generated by inversion of the
MBP ligand are not shown.

Figure 87. Structure of (MBP)Ti(OR*)2(NMe2H) (162)
illustrating the asymmetric binding of the MBP ligand.
[OR* ) (S)-OCHEt(4-C6H4-Cl)]
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the MBP ligand is directly involved in formation of
the chiral environment and the transmission of
asymmetry to the substrate. Based on Okuda’s
structure (159, Figure 85) and the structure of
(MBP)Ti(OR*)2(NMe2H) (162, illustrated in Figure
87), geometry A was favored. It must be noted,
however, that it is often very difficult to deduce the
metal geometry of a complex in the transition state.
Crystal structures provide information on how the
ligands bind to metals and what is the preferred
geometry in these ground-state complexes.

Substrate coordination can temporarily increase
the number of stereocenters in a catalyst.99,100 In this
(MBP)Ti system, it is proposed that a change in metal
geometry from tetrahedral to trigonal bipyramidal
on coordination of a substrate can induce asymmetry
in the (MBP)Ti metallocycle. Once in an asymmetric
geometry, the (MBP)Ti moiety can participate in, or
even control, the relay of asymmetry to the aldehyde
substrate. On the basis of this work, the authors
proposed that catalysts with achiral ligands that
become asymmetric when the catalyst binds the
substrate would be particularly effective in the
optimization of asymmetric catalysts.

7. Concluding Remarks
In this review, we have presented examples of how

large, flexible achiral and meso ligands can be used
in the optimization of asymmetric catalysts. Although
this approach to catalyst development is in its
infancy, successful results have been obtained with
a variety of catalyst types in several different classes
of reactions. It is, therefore, clear that catalyst
optimization through the modification of achiral and
meso ligands represents a viable approach. The
benefits of catalyst optimization with achiral and
meso ligands are that many different catalysts can
be prepared with a single chiral ligand and a series
of achiral ligands and that achiral ligands are, in
general, more economical and less labor intensive to
prepare than enantiopure chiral ligands.

This review also highlights a number of achiral and
meso ligands that could potentially be employed in
the optimization of enantioselective catalysts. These
ligands have chiral conformations when bound to
transition metals and in many cases are stereo-
chemically dynamic. Through interaction of these
ligands with chiral ligands, the chiral environment
of the catalyst can be extended.

Not all catalysts can be optimized by using achiral
and meso ligands. In general, the catalyst must have
a chiral ligand and an achiral or meso ligand coor-
dinated during the asymmetric bond-forming step.
There are, however, many reactions that do meet
these criteria. Given the ingenuity and resourceful-
ness of chemists, we predict that an increasing
number of catalysts will be optimized using these
techniques.

8. Acknowledgments
We thank the National Institutes of Health (NIGMS

058101) for supporting this work. We are grateful to
Dr. Patrick J. Carroll for generating the X-ray

structural diagrams from data in the Cambridge
Crystallographic Data Centre and Alice Chen for
finding, copying, and entering the references into
EndNote.

9. References
(1) Noyori, R. Asymmetric Catalysis in Organic Synthesis; Wiley:

New York, 1994.
(2) Jacobsen, E. N., Pfaltz, A., Yamamoto, H., Eds. Comprehensive

Asymmetric Catalysis; Springer: Berlin, 1999; Vols. 1-3.
(3) Ojima, I., Ed. Catalytic Asymmetric Synthesis, 2nd ed.; Wiley-

VCH: New York, 2000.
(4) Angelaud, R.; Matsumoto, Y.; Korenaga, T.; Kudo, K.; Senda,

M.; Mikami, K. Chirality 2000, 12, 544-547.
(5) Bromidge, S.; Wilson, P.; Whiting, A. Tetrahedron Lett. 1998,

39, 8905-8908.
(6) Brouwer, A. J.; van der Linden, H. J.; Liskamp, R. M. J. J. Org.

Chem. 2000, 65, 1750-1757.
(7) Buck, R. T.; Coe, D. M.; Drysdale, M. J.; Moody, C. J.; Pearson,

N. D. Tetrahedron Lett. 1998, 39, 7181-7184.
(8) Copeland, G. T.; Miller, S. J. J. Am. Chem. Soc. 2001, 123, 6496-

6502.
(9) Degrado, S. J.; Mizutani, H.; Hoveyda, A. H. J. Am. Chem. Soc.

2001, 123, 755-756.
(10) Duursma, A.; Minnaard, A. J.; Feringa, B. L. Tetrahedron 2002,

58, 5773-5778.
(11) Evans, M. A.; Morken, J. P. J. Am. Chem. Soc. 2002, 124, 9020-

9021.
(12) Gilbertson, S. R.; Chang, C.-W. T. J. Chem. Soc., Chem.

Commun. 1997, 975-976.
(13) Guo, J.; Wu, J.; Siuzdak, G.; Finn, M. G. Angew. Chem., Int.

Ed. 1999, 38, 1755-1758.
(14) Janes, L. E.; Kazlauskas, R. J. J. Org. Chem. 1997, 62, 4560-

4561.
(15) Kagan, H. B. J. Organomet. Chem. 1998, 567, 3-6.
(16) Korbel, G. A.; Lalic, G.; Shair, M. D. J. Am. Chem. Soc. 2001,

123, 361-362.
(17) Krueger, C.; Kuntz, K.; Dzierba, C.; Wirschun, W.; Gleason, J.;

Snapper, M.; Hoveyda, A. J. Am. Chem. Soc. 1999, 121, 4284-
4285.

(18) Long, J.; Ding, K. Angew. Chem., Int. Ed. 2001, 544-547.
(19) Luchaco-Cullis, C. A.; Mizutani, H.; Murphy, K. E.; Hoveyda,

A. H. Angew. Chem., Int. Ed. 2001, 40, 1456-1460.
(20) Moreau, C.; Frost, C. G.; Murrer, B. Tetrahedron Lett. 1999, 40,

5617-5620.
(21) Moyesherman, D.; Welch, M. B.; Reibenspies, J.; Burgess, K. J.

Chem. Soc., Chem. Commun. 1998, 2377-2378.
(22) Reetz, M. T.; Becker, M. H.; Klein, H.-W.; Stockigt, D. Angew.

Chem., Int. Ed. 1999, 38, 1758-1761.
(23) Sawada, M.; Yamaoka, H.; Takai, Y.; Kawai, Y.; Yamada, H.;

Azuma, T.; Fujioka, T.; Tanaka, T. J. Chem. Soc., Chem.
Commun. 1998, 1569-1570.

(24) Sawada, M.; Yamaoka, H.; Takai, Y.; Kawai, Y.; Yamada, H.;
Azuma, T.; Fujioka, T.; Tanaka, T. Int. J. Mass Spectrosc. 1999,
193, 123-130.

(25) Sigman, M. S.; Vachal, P.; Jacobsen, E. N. Angew. Chem., Int.
Ed. 2000, 39, 1279-1281.

(26) Taran, F.; Gauchet, C.; Mohar, B.; Meunier, S.; Valleix, A.;
Renard, P. Y.; Creminon, C.; Grassi, J.; Wagner, A.; Mioskowski,
C. Angew. Chem., Int. Ed. 2002, 41, 124-127.

(27) Taylor, S. J.; Morken, J. P. J. Am. Chem. Soc. 1999, 121, 12202-
12203.

(28) Welch, C. J.; Pollard, S. D.; Mathre, D. J.; Reider, P. J. Org.
Lett. 2001, 3, 95-98.

(29) Ding, K.; Ishii, A.; Mikami, K. Angew. Chem., Int. Ed. 1999, 38,
497-501.

(30) Lipkowitz, K. B.; Schefzick, S. Chirality 2002, 14, 677-682.
(31) Gao, D.; Schefzick, S.; Lipkowitz, K. B. J. Am. Chem. Soc. 1999,

121, 9481-9482.
(32) Lipkowitz, K. B.; Schefzick, S.; Avnir, D. J. Am. Chem. Soc. 2001,

123, 6710-6711.
(33) Lipkowitz, K. B.; D’Hue, C. A.; Sakamoto, T.; Stack, J. N. J. Am.

Chem. Soc. 2002, 124, 14255-14267.
(34) Kozlowski, M. C.; Waters, S. P.; Skudlarek, J. W.; Evans, C. A.

Org. Lett. 2002, 4, 4391-4393.
(35) Kozlowski, M. C.; Panda, M. J. Mol. Graphics Model. 2002, 20,

399-409.
(36) Panda, M.; Phuan, P.-W.; Kozlowski, M. C. J. Org. Chem. 2003,

68, 564-571.
(37) Vidal-Ferran, A.; Moyano, A.; Pericas, M. A.; Riera, A. Tetra-

hedron Lett. 1997, 38, 8773-8776.
(38) Seyden-Penne, J. Chiral Auxiliaries and Ligands in Asymmetric

Synthesis; John Wiley and Sons: New York, 1995.
(39) Miura, K.; Katsuki, T. Synlett 1999, 783-785.

3340 Chemical Reviews, 2003, Vol. 103, No. 8 Walsh et al.



(40) Mikami, K.; Korenaga, T.; Terada, M.; Ohkuma, T.; Pham, T.;
Noyori, R. Angew. Chem., Int. Ed. 1999, 38, 495-497.

(41) Ueki, M.; Matsumoto, Y.; Jordy, J. J.; Mikami, K. Synlett 2001,
1889-1892.

(42) Mikami, K.; Aikawa, K. Org. Lett. 2002, 4, 99-101.
(43) Mikami, K.; Terada, M.; Korenaga, T.; Matsumoto, Y.; Ueki, M.;

Angelaud, R. Angew. Chem., Int. Ed. 2000, 39, 3532-3556.
(44) Balsells, J.; Walsh, P. J. J. Am. Chem. Soc. 2000, 122, 1802-

1803.
(45) Davis, T. J.; Balsells, J.; Carroll, P. J.; Walsh, P. J. Org. Lett.

2001, 3, 2161-2164.
(46) Costa, A. M.; Jimeno, C.; Gavenonis, J.; Carroll, P. J.; Walsh,

P. J. J. Am. Chem. Soc. 2002, 124, 6929-6941.
(47) Kitamura, M.; Suga, S.; Kawai, K.; Noyori, R. J. Am. Chem. Soc.

1986, 108, 6071-6072.
(48) Noyori, R.; Suga, S.; Kawai, K.; Okada, S.; Kitamura, M. Pure

Appl. Chem. 1988, 60, 1597-1606.
(49) Noyori, R.; Kitamura, M. Angew. Chem., Int. Ed. Engl. 1991,

30, 49-69.
(50) Kitamura, M.; Oka, H.; Noyori, R. Tetrahedron 1999, 55, 3605-

3614.
(51) Kitamura, M.; Suga, S.; Oka, H.; Noyori, R. J. Am. Chem. Soc.

1998, 120, 9800-9809.
(52) Kitamura, M.; Suga, S.; Niwa, M.; Noyori, R. J. Am. Chem. Soc.

1995, 117, 4832-4842.
(53) Goldfuss, B.; Houk, K. N. J. Org. Chem. 1998, 63, 8998-9006.
(54) Goldfuss, B.; Steigelmann, M.; Khan, S. I.; Houk, K. N. J. Org.

Chem. 2000, 65, 77-82.
(55) Rasmussen, T.; Norrby, P.-O. J. Am. Chem. Soc. 2001, 123,

2464-2465.
(56) Chen, Y. K.; Costa, A. M.; Walsh, P. J. J. Am. Chem. Soc. 2001,

123, 5378-5379.
(57) Buono, F.; Walsh, P. J.; Blackmond, D. G. J. Am. Chem. Soc.

2002, 124, 13652-13653.
(58) Kitamura, M.; Okada, S.; Suga, S.; Noyori, R. J. Am. Chem. Soc.

1989, 111, 4028-4036.
(59) Girard, C.; Kagan, H. B. Angew. Chem., Int. Ed. 1998, 37, 2922-

2959.
(60) Pu, L.; Yu, H.-B. Chem. Rev. 2001, 101, 757-824.
(61) Nugent, W. A. J. Chem. Soc., Chem. Commun. 1999, 1369-1370.
(62) Knowles, W. S. Acc. Chem. Res. 1983, 16, 106-112.
(63) Knowles, W. S.; Sabacky, M. J.; Vineyard, B. D. J. Chem. Soc.,

Chem. Commun. 1972, 10-11.
(64) Dang, T. P.; Kagan, H. B. J. Chem. Soc., Chem. Commun. 1971,

481-482.
(65) Kagan, H. B.; Phat, D.-T. J. Am. Chem. Soc. 1972, 94, 6429-

6433.
(66) Miyashita, A.; Yasuda, A.; Takaya, H.; Toriumi, T.; Ito, K.;

Souchi, T.; Noyori, R. J. Am. Chem. Soc. 1980, 102, 7932-7934.
(67) Noyori, R.; Ohkuma, T. Angew. Chem., Int. Ed. 2001, 40, 40-

73.
(68) Noyori, R.; Yamakawa, M.; Hashiguchi, S. J. Org. Chem. 2001,

66, 7931-7944.
(69) Ohta, T.; Takaya, H.; Noyori, R. Inorg. Chem. 1988, 27, 566-

569.
(70) Morton, D. A. V.; Orpen, A. G. J. Chem. Soc., Dalton Trans. 1992,

641-653.
(71) Brunner, H.; Winter, A.; Breu, J. J. Organomet. Chem. 1998,

553, 285-306.
(72) Hao, J.; Hatano, M.; Mikami, K. Org. Lett. 2000, 3, 4059-4062.
(73) Seebach, D.; Beck, A. K.; Heckel, A. Angew. Chem., Int. Ed. 2001,

40, 92-138.
(74) Seebach, D.; Plattner, D. A.; Beck, A. K.; Wang, Y. M.; Hunziker,

D.; Petter, W. Helv. Chim. Acta 1992, 75, 2171-2209.
(75) Gothelf, K. V.; Hazzel, R., G.; Jørgensen, K. A. J. Am. Chem.

Soc. 1995, 117, 4435-4436.
(76) Braun, M. Angew. Chem., Int. Ed. Engl. 1996, 35, 519-522.
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M. R. J. Org. Chem. 1999, 64, 2994-2995.

(98) Mimoun, H.; Yves de Saint Laumer, J.; Giannini, L.; Scopelliti,
R.; Floriani, C. J. Am. Chem. Soc. 1999, 121, 6158-6166.

(99) von Zelewsky, A. Stereochemistry of Coordination Compounds;
John Wiley & Sons Ltd.: West Sussex, 1996.

(100) Brunner, H. Angew. Chem., Int. Ed. 1999, 38, 1194-1208.
(101) Faller, J. W.; Parr, J. Organometallics 2000, 19, 1829-1832.
(102) Faller, J. W.; Grimmond, B. J.; D’Alliessi, D. G. J. Am. Chem.

Soc. 2001, 123, 2525-2529.
(103) Faller, J. W.; Parr, J. Organometallics 2001, 20, 697-699.
(104) Faller, J. W.; Grimmond, B. J. Organometallics 2001, 20, 2454-

2458.
(105) Reetz, M. T.; Neugebauer, T. Angew. Chem., Int. Ed. 1999, 38,

179-181.
(106) Clayden, J.; Johnson, P.; Pink, J. H.; Helliwell, M. J. Org. Chem.

2000, 65, 7033-7040.
(107) Clayden, J. Synlett 1998, 810-816.
(108) Ahmed, A.; Bragg, R. A.; Clayden, J.; Lai, L. W.; McCarthy, C.;

Pink, J. H.; Westlund, N.; Yasin, S. A. Tetrahedron 1998, 54,
13277-13294.

(109) Rios, R.; Jimeno, C.; Carroll, P. J.; Walsh, P. J. J. Am. Chem.
Soc. 2002, 124, 10272-10273.

(110) Mino, T.; Kashihara, K.; Yamashita, M. Tetrahedron: Asymmetry
2001, 12, 287-291.

(111) Clayden, J.; Lai, L. W.; Helliwell, M. Tetrahedron: Asymmetry
2001, 12, 695-698.

(112) Sibi, M. P.; Venkatraman, L.; Liu, M.; Jasperse, C. P. J. Am.
Chem. Soc. 2001, 123, 8444-8445.

(113) Vogl, E. M.; Groger, H.; Shibasaki, M. Angew. Chem., Int. Ed.
1999, 38, 1570-1577.

(114) Kobayashi, S.; Ishitani, H. J. Am. Chem. Soc. 1994, 116, 4083-
4084.

(115) Kobayashi, S.; Hachiya, I.; Ishitani, H.; Araki, M. Tetrahedron
Lett. 1993, 34, 4535-4538.

(116) Ferreira, E. M.; Stoltz, B. M. J. Am. Chem. Soc. 2001, 123, 7725-
7726.

(117) Jensen, D. R.; Pugsley, J. S.; Sigman, M. S. J. Am. Chem. Soc.
2001, 123, 7475-7476.

(118) Dearden, M. J.; Firkin, C. R.; Hermet, J.-P. R.; O’Brien, P. J.
Am. Chem. Soc. 2002, 124, 11870-11871.

(119) Mueller, J. A.; Jensen, D. R.; Sigman, M. S. J. Am. Chem. Soc.
2002, 124, 8202-8203.

(120) Jensen, D. R.; Sigman, M. S. Org. Lett. 2003, 5, 63-65.
(121) Keith, J. M.; Larrow, J. F.; Jacobsen, E. N. Adv. Synth. Catal.

2001, 1, 5-26.
(122) Hashihayata, T.; Ito, Y.; Katsuki, T. Tetrahedron 1997, 53,

9541-9552.
(123) Hashihayata, T.; Ito, Y.; Katsuki, T. Synlett 1996, 1079-1081.
(124) Zhang, W.; Loebach, J. L.; Wilson, S. R.; Jacobsen, E. N. J. Am.

Chem. Soc. 1990, 112, 2801-2803.
(125) Irie, R.; Noda, K.; Ito, Y.; Matsumoto, N.; Katsuki, T. Tetrahe-

dron Lett. 1990, 31, 7345-7348.
(126) Jacobsen, E. N.; Wu, M. H. Epoxidation of Alkenes Other than

Allylic Alcohols. In Comprehensive Asymmetric Catalysis; Ja-
cobsen, E. N., Pfaltz, A., Yamamoto, H., Eds.; Springer: Berlin,
1999; Vol. 2, pp 649-678.

(127) Dalton, C. T.; Ryan, K. M.; Wall, V. M.; Bousquet, C.; Gilheany,
D. G. Top. Catal. 1998, 5, 75-91.

(128) Katsuki, T. Asymmetric Epoxidation of Unfunctionalized Olefins
and Related Reactions. In Catalytic Asymmetric Synthesis, 2nd
ed.; Ojima, I., Ed.; Wiley-VCH: New York, 2000; pp 287-326.

(129) Palucki, M.; Finney, N. S.; Pospisil, P. J.; Güler, M. L.; Ishida,
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