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CONSPECTUS: Transition-metal catalyzed C−H functional-
izations became a complementary and efficient bond-forming
strategy over the past decade. In this respect, Cp*Rh(III)
complexes have emerged as powerful catalysts for a broad
spectrum of reactions giving access to synthetically versatile
building blocks. Despite their high potential, the correspond-
ing catalytic enantioselective transformations largely lag
behind. The targeted transformations require all the remaining
three coordination sites of the central rhodium atom of the catalyst. In consequence, the chiral information on a competent
catalyst can only by stored in the cyclopentadienyl unit. The lack of suitable enabling chiral cyclopentadienyl (Cpx) ligands is the
key hurdle preventing the development of such asymmetric versions. In this respect, an efficient set of chiral Cpx ligands useable
with a broad variety of different transition-metals can unlock substantial application potential. This Account provides a
description of our developments of two complementary classes of C2-symmetric Cp

x derivatives. We have introduced a side- and
back-wall concept to enforce chirality transfer onto the central metal atom. The first generation consists of a fused cyclohexane
unit having pseudo axial methyl groups as chiral selectors and a rigidifying acetal moiety. The second ligand generation derives
from an atrop-chiral biaryl-backbone and which possesses adjustable substituents at its 3,3′-positions. Both ligand families can be
modulated in their respective steric bulk to adjust for the specific needs of the targeted application. The cyclopentadienes can
be metalated under standard conditions. The corresponding chiral rhodium(I) ethylene complexes are relatively air and moisture
and represent storable stable precatalysts for the targeted asymmetric Rh(III)-catalyzed C−H functionalizations. These
complexes are then conveniently oxidized in situ by dibenzoyl peroxide to give the reactive CpxRh(III)(OBz)2 species. For
instance, this catalyst is used for directed C−H activations of aryl hydroxamates and the subsequent enantioselective trapping
with olefins, providing dihydroisoquinolones in very high enantioselectivities. In addition, we have established highly selective
intramolecular trapping reactions with tethered higher substituted alkenes giving dihydrobenzofurans with quaternary stereogenic
centers. Concerning intermolecular reactions, allene coupling partners allow for an enantioselective hydroarylation yielding
substituted allylated compounds. A trapping process of the cyclometalated intermediate with diazo reactants enables the
enantioselective construction of isoindolinones. Moreover, the catalysts can be used for the construction of atropchiral biaryl
motives using a dehydrogenative Heck-type reaction. The development of flexibly adjustable chiral Cpx ligands is described in this
Account showcasing their applicability for a variety of Rh(III) catalyzed C−H functionalization reactions. These Cpx derivatives hold
promise as powerful steering ligands for further transition-metals used in asymmetric catalysis.

1. INTRODUCTION
Since the discovery of ferrocene in 1951,1 cyclopentadienyl
(Cp) or pentamethylcyclopentadienyl (Cp*) became a dominant
class of anionic ancillary ligands for a wide range with different
transition metals.2 The robust nature of the metal complexes
prompted strong interest for their use in catalysis. For applica-
tions in asymmetric catalysis, the underlying Cp metal com-
plexes can be categorized in several different classes. On one
hand, metallocenes have emerged as rigid and versatile back-
bone for chiral bidentate phosphine ligands such as Josiphos
(1)3 and chiral ansa-metallocenes (2)4 which are powerful
catalysts for several asymmetric reactions (Figure 1).5 On the
other hand, half-sandwich metal complexes having one single
Cp ligand derivative as stabilizing structure in addition to addi-
tional chiral ligands on the metal atom (3) are used for a broad
range of enantioselective transformations. For example, these
can include chiral diamines,6 diols,7 and phosphines.8 Moreover,

other complexes (4) comprise the combination of a Cp unit
tethered to phosphines9 or sulfoxides.10

All these designs categorically exclude transformations falling
in the category “high coordination-sites demand” reactions. A
myriad of synthetically attractive transformations catalyzed by
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Figure 1. Different chirality origins in Cp−metal complexes and
available coordination sites for catalysis.
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half-sandwich complexes of transition-metals, for example,
Co(I),11 Rh(I),12 Rh(III),13 Ir(III),14 and Ru(II),15 have been
shown to require besides the Cp all remaining coordination
sites (5) for catalytic activity. These coordination sites (often
three) are required to bind substrates, reactants and to turn
over the catalyst. Thus, for competent catalysts for these reac-
tion classes, it is mandatory that the chirality generating sub-
stituents of Cp ligand are noncoordinating and do not reduce
the number of available coordination sites. Pioneering investiga-
tions were performed by Vollhardt and co-workers,16 Halterman
and co-workers,17 and others.18 For instance, Vollhardt and
Halterman reported a chiral C2-symmetric Cp derivative16c in
1986 and used the corresponding Co(I) complex for a cyclo-
trimerizations with up to 45% ee.19 Another example for a C2-
symmetric Cp ligand was reported by Halterman and Colletti in
1989.17c It consists of an atrop-chiral biaryl motif, and the
corresponding half-sandwich and metallocene complexes17a

were prepared, but with little to no use in catalysis. Notably,
two reports from Erker et al. (Zr(IV)-catalyzed aldol reac-
tion)18b as well as Gutnov et al. (Co(I)-catalyzed cyclotrimeriza-
tion, indenyl ligand)19 demonstrated the principal feasibility of
high enantioselectivities with such chiral Cp ligands. However,
the asymmetric inductions of the chiral Cp complexes of early
transition metals were inferior to other popular and simpler
ligand systems in benchmark transformations.20 These struggles
somewhat reduced for decades the interest in this approach.
However, the rapid rise of late transition-metal catalyzed
transformations and in particular the tremendous developments
of C−H functionalizations with the Cp*Rh(III) fragment13

renewed the demand for chiral Cp* surrogates. The lack of
suitable solutions is pointing to a significant gap in the currently
available chiral ligand weaponry. These shortcomings prompted
us to develop modular chiral Cp ligand classes with the poten-
tial to be applied for several different transition metals.

2. DESIGN AND SYNTHESIS OF THE CHIRAL
CYCLOPENTADIENYL LIGANDS

2.1. General Design Principles and Requirements

The shield and bulk design of the chiral Cpx complexes is based
on two main assumptions. First, the coordination of the third
ligand L3 to fluxional tricoordinated intermediate 6 would lead
to the formation of pseudotetrahedral [(η5-C5H5)MLSLLL3]
complexes 7 and ent-7 having a stereogenic central metal atom
(Figure 2). Second, we assumed that the configuration at the

metal atom of this intermediate would translate with very high
fidelity onto the formation of a single product enantiomer.
The opposite configuration at the metal would form the
opposite enantiomer of the product.
With these assumptions, a successful chiral catalyst would

possess an element of chirality (planar or in the periphery),
able to efficiently control the selective formation of a single
diastereomer. Two cooperating design elements were required

for this task and 1,2-disubstituted cyclopentadienyl ligands were
chosen as the most promising candidates. By these means, the
Cp can be divided in half: a bulky side carrying the substitutions
and an unsubstituted side (Figure 3). Both ligands of the metal

atom LL and LS should orient in a more or less parallel fashion to
the back shield avoiding steric congestion. In this orientation, one
approach trajectory for L3 is blocked, leaving as only possibility
the coordination via the unsubstituted site of the Cp. As a
controlling unit for the relative orientation of LL and LS with
respect to the 1,2-substitution of the Cp, an additional element of
bulk, the sidewall, resides at the carbon adjacent to the Cp ring.
This group favors an orientation of the larger residue (LL in this
case) away from the more demanding group. The better this
control worksor the bigger differences between LS and LL are
the more favorable the population ratio between 8a and 8b will
be, enabling an efficient enantioselective transformation. With the
general requirements for stereoselectivity discussed, four specific
criteria for the design of chiral Cp ligands can be summarized:

(a) A bulky substituent one side of the Cp perpendicular to
the Cp plane shields the metal so that only one trajectory
of an incoming reagent (L3) is possible.

(b) The substituent on the sidewall creates a repulsion which
would push the large component LL preferentially to the
less hindered position.

(c) The parent cyclopentadienyl anion should be C2-
symmetric. This avoids dealing with a diastereoselective
complexation reactions with the transition-metal pre-
cursor since both faces of the Cp anion are equivalent.
Otherwise, separation of often sensitive diastereomeric
product mixtures could be tedious.

(d) The scaffold should be easily sterically and electronically
modifiable, preferably at a late stage of the synthesis,
enabling an adaptation to the reactivity and selectivity
requirements of the envisioned reaction.

2.2. Synthesis of Two Chiral Cp Ligand Families and Their
Rhodium(I) Complexes

We opted for two different chiral carbon scaffolds to access two
independent and complementary ligand classes which are either

Figure 2. Generation of a stereogenic metal center by coordination of L3.

Figure 3. Schematic concept for the chiral Cpx metal complexes.
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more amenable toward a modification of the back shield (1st
generation)21 or at the sidewalls (2nd generation)22 (Figure 4).
The first generation builds on the skeleton 10 reported by
Vollhardt and Halterman in 1986.16c An additional methyl sub-
stituent should enable a better chiral microenvironment around
the metal atom. The acetal moiety enables a modular adjust-
ment of the size and nature of the back wall. The second
generation of ligands uses the atropchiral scaffold 11 disclosed
by Halterman and Colletti in 1989.17c While the naphthyl
portion represents a fixed back wall, the variability of the ligand
properties is achieved by the introductions of ortho-substituents,
enabling a broad range of modulations of the side wall by sterics
as well as auxiliary substrate coordinating groups.
The first ligand generation derives from the chiral pool using

D-mannitol as starting material to access cyclic sulfate 12
(Scheme 1). Alkylation of sodium cyclopentadienide with 12

and subsequent ketal cleavage provided diol 13 as platform
intermediate. The individual ligand members 14 were accessed
by introduction of sterically different ketals and cyclic silylethers.
The corresponding cyclopentadienyl anions were obtained by
deprotonation with thallium ethoxide. Subsequent complex-
ation with rhodium(I) ethylene chloride as metal source gave
chiral CpxRh(I) complexes 15a−15d in high yields (other Cp

anions gave inferior results in the complexation step). These
complexes proved to be fairly air stable, easy to handle and con-
veniently soluble in most organic solvents. Moreover, applica-
tion in catalysis using either Rh(I) or with a suitable oxidant,
Rh(III), can be envisioned.
Complementary to this ligand family, the second generation

of chiral Cp derivatives draws its chirality from an atrop-chiral
biaryl backbone, originating from Binol. Binol is elaborated in a
straightforward manner to the double electrophile 16 following
Maruoka’s protocol.23 The alkylation of sodium cyclopentadienide
with 16 afforded a mixture of the 1,2-disubstituted cyclopentadiene
and spirocyclic diene (Scheme 2). Independently, both can be

conveniently demethylated and represent the platform inter-
mediates to access the different members of the second generation
family. The robust spirocycle 17 tolerates a broader range of trans-
formations; however, it must be thermally rearranged into the Cpx

ligand precursor. Ligands having a variety of ethers, silyl ethers, as
well as alkyl and aryl substituents were prepared so far. Similar to
the first generation complexes, deprotonation and salt metathesis
delivered the corresponding CpxRh(I) ethylene complexes 18 in
good yields. As before, these are reasonably stable and can be
purified by column chromatography or crystallization.
X-ray crystal structures of members from the first and second

generation Cp ligands provide a good visualization of the antic-
ipated orientations around the central metal atom (Figure 5).21,22

Both complexes share a similar selection mechanism. In the
side view, one can see that the approach of the third ligand/
reactant L3 will proceed from the left for both ligand families
and the alternative approach from the right side is blocked by
the cyclic chiral selector group. The top view of the complexes
allows visualization of the relative orientations of the presumed

Figure 4. Parent carbon scaffolds used for C2-symmetric chiral Cpx

ligands.

Scheme 1. Synthesis of the First Generation of Chiral Cpx

Ligands and Their Rh(I) Complexes

Scheme 2. Synthesis of the Second Generation of Chiral Cpx

Ligands and Their Rh(I) Complexes
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three coordinated intermediate. The roughly parallel orienta-
tions of ethylene groups with respect to the steric bulk of the
cyclic selector substituent in both complexes shows the favorite
alignment for two ligands LL and LS. If they have different
steric properties, the large ligand LL occupies preferentially the
position away from the bulky group and the small ligand LS

resides close to it.

3. APPLICATIONS OF THE CHIRAL Cpx METAL
COMPLEXES IN CATALYSIS

3.1. Asymmetric CpxRh(III)-Catalyzed Dihydroisoquinolone
Synthesis

Transition-metal-catalyzed C−H functionalizations gained high
importance over the past decade, including enantioselective
transformations.24 For instance, major advances have been
made in the area of ortho-directed Csp2−H functionalizations
with Cp*Rh(III) catalysts.13 Fagnou et al.25 and Glorius et al.26

in 2011 independently reported a Cp*Rh(III)-catalyzed
reaction of aryl hydroxamates 19 and olefins 20 leading to
dihydroisoquinolones 21 (eq 1).

The obtained heterocycle 21 bears stereogenic centers and is
a potentially useful scaffold of interest. An asymmetric version
of this transformation could only be enabled by a suitable chiral
Cpx ligand. We have therefore selected this reaction as proof of

concept for our designed ligands. Mechanistically,27 it is
assumed that the reaction involves a Rh(III) catalyst bearing
two carboxylate ligands (Scheme 3). The reaction proceeds
after an induction period directly with the Rh(I) complexes 15
due to a presumed oxidation to Rh(III) by the substrate. How-
ever, in situ oxidation of 15 with dibenzoylperoxide rapidly gen-
erates the competent catalyst, resulting in a faster and cleaner
reaction. Moreover, this method allows for an exact amount of
carboxylate during the concerted-metalated-deprotonation

Figure 5. X-ray crystal structures of the chiral CpxRh(I) complexes 15b and 18a.

Scheme 3. Catalytic Cycle of the Rh(III)-Catalyzed
Dihydroisoquinolone Synthesis
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(CMD) step.28 Coordination of catalyst 22 to the directing
hydroxamate group would give 24. The CMD step involving
the carboxylate would remove the aromatic hydrogen atom
and lead to the formation rhodacyclic intermediate 25. This 16-
electron fluxional key intermediate is now adopting a
minimized conformation with respect to the chiral Cpx ligand.
Subsequent diastereoselective coordination of the olefin would
form chiral-at-metal species 26. This association is considered
as the enantiodetermining step of the process. Subsequent
migratory insertion delivers seven-membered rhodacycle 27. In
turn, reductive C−N bond formation closes the ring and
reoxidation of the catalyst to Rh(III) by cleavage of the N−O
bond of the internal oxidant occurs. The nature of leaving
group of this built-in oxidant is important for the selectivity of
the reaction and as well to some extent for the reactivity. The
Boc-protected hydroxamate proved to be superior to other acyl
derivatives in terms of the enantioselectivity. Moreover, the
decomposition of the released tert-butyl carbonic acid into tert-
butanol and carbon dioxide avoids increasing acidity of the
reaction media and reduced reaction rates as observed in the
case of pivaloyl substituted substrates.
The impact of the different design parameters of the chiral

CpRh(I) complexes 15 on enantioselectivity in the reaction of
hydroxamate 23a and styrene is depicted Scheme 4. Complex

28 having as sole source of chirality the remote dimetyl ketal
provided only a poor enantioselectivity of 10% ee. Bringing the
chirality closer to the reactive metal center in the form of two
methyl groups on the cyclohexane ring (29) improved the
enantioselectivity already to 62% ee. Without conformational
restriction, the methyl groups orient in a pseudoequatorial
fashion. A pseudoaxial position brings them closer to the metal
center and hence strengthens their influence on the ligand
alignment around the metal. Indeed, combination of the acetal
group fixing the methyl group in the axial position significantly
enhanced the enantioselectivity to 84% ee with a dimethyl
acetal 15a and to 92% ee using a diphenyl ketal group (15b).
Moreover, 1 mol % 15b at ambient temperature in ethanol with-
out any precaution of moisture and oxygen exclusion provides
similar yields and selectivities. Importantly, complex 15b effi-
ciently operates in a range of solvents (alcohols, acetone, toluene
dichloromethane) allowing an adaption to the substrate solubility.
The substrate scope of the transformation concerning aryl

hydroxamates 23 is broad, tolerating a range of common func-
tional groups. Besides several styrenes which provide con-
sistently high enantioselectivities, other olefin classes are as well
suitable. For instance, TIPS-buten-yne reacts exclusively with
its olefin portion. Concerning higher substituted olefins, cyclic
derivatives such as dihydrofuran, cyclopentene, or 1,3-cyclo-

hexadiene provide the dihydroisoquinolone products in good
enantioselectivities (Scheme 5). However, acrylates react
only sluggishly, due to a suspected too strong binding to the
rhodium center. Terminal aliphatic alkenes give regioisomeric
mixtures and more substituted olefins do not react with the
present catalyst system.
The selectivity of the dihydroisoquinolone synthesis can be

rationalized with a cartoon model of the cyclometalated
intermediate 25 (Scheme 6). The large OBoc substituent of

the hydroxamate unit favorably orients away from the steering
methyl group of the side wall. The large acetal group acting as
the back wall enforces an approach of the styrene from the
accessible face. Its phenyl group is avoiding interaction with the
Cp ring. Conformation 25a is preferred over 25b and thus the
transformation is selectively leading to (R)-21a.
Complementary to our strategy using a rhodium-catalyst

equipped with a small molecule ligand,21 Rovis et al. reported a
supramolecular catalyst system for the same transformation.29

An achiral Cp*Rh(III) complex tethered by a linker to a biotin
unit was used in conjunction with engineered streptavidin
variants. The required chiral environment is created by the
outstanding binding of streptavidin to the biotin entity. In this

Scheme 4. Selectivities of Different First Generation
Cpx Rhodium Complexes in the Enantioselective
Dihydroisoquinolone Synthesis

Scheme 5. Selected Scope for the Dihydroisoquinolones

Scheme 6. Selectivity Model for the Enantioselective
Dihydroisoquinolone Synthesis
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supramolecular assembly, an artificial metalloenzyme is created,
providing an efficient chiral pocket (Scheme 7). A specific
engineered glutamic acid residue of the streptavidin is the
carboxylate cofactor for the CMD step of the cyclometalation.
Noteworthy, the substrate spectrum is complementary to the
one of our catalyst. While 15b works most efficiently with styrenes,
electron-deficient acrylates display low reactivities. For catalyst
system 30, the acrylates are the most reactive and selective
substrate class (Scheme 7). This complementary behavior can
be attributed to the different steric and electronic properties of
the disubstituted Cpx compared to the sterically more demand-
ing and electron-rich pentasubstituted Cp* unit of 30.
3.2. Benzofurans with Quaternary Stereocenters by
Asymmetric Hydroarylations

The common limitation in scope for the dihydroisoquinolone
synthesis is the low intrinsic reactivity toward higher substituted
olefins with the exception of the aforementioned cyclic ones
and strained methylenecyclopropanes.30 1,1-Di- or trisubsti-
tuted olefins failed to undergo a reaction with rhodacyclic
intermediate pointing toward a weak binding to the metal or
more difficult migratory insertion. In addition, regioselectivity
becomes as well an issues. To overcome these limitations, we
investigated tethering the olefin partner in the meta-position
with respect to the hydroxamate ester group. Allyl ethers such
as 32 might give access to valuable dihydrobenzofurans with
quaternary stereogenic centers, being stable toward oxidative
metabolism to aromatic benzofurans (Scheme 8).31 For steric
reasons, the CMD pathway should strongly favor the less
congested ortho-position for the C−H activation step.
However, this would lead to dead-end intermediate 34, but
no polymerization would occur due to the low reactivity of the
substituted olefin. The CMD step is reversible and added
carboxylic acid should accelerate this behavior. Once the
desired hindered ortho-position is addressed, species 33 can
undergo a productive reaction pathway. Because of the tether,
the regiochemistry for the 1,1-disubstituted olefin insertion is
locked leading to intermediate 35 with a quaternary stereogenic
center. In the absence of β-hydride elimination pathway and the
lower propensity of the N-OMe directing group to engage in
reductive C−N bond formation, proto-demetalation would
become the favorable pathway. Again, additional carboxylic acid
should enhance this protonation step. An exploratory achiral

experiment revealed the influence of the additives, independ-
ently confirmed by findings from Rovis et al.32 Without
additives, products 36a and 37a were formed in roughly equal
amounts. The addition of pivalic acid induced the selective
formation of hydroarylated product 37a. Moreover, AgSbF6
further enhanced the protonolysis.
Contrasting the behavior of Cp*, all chiral Cpx ligands

provided irrespective of additives exclusively hydroarylation
product 37a (Scheme 9). The previously best first generation

complex 15b afforded dihydrobenzofuran 37a with 56% ee,
while the unsubstituted parent scaffold of the second genera-
tion complex 18e gave already rise to 39% ee. Complex 18a
having two methoxy substituents in the ortho-positions dramatically
improved the selectivity of 37a to 90% ee and 83% yield. The
nature of the carboxylic acid had little influence on selectivity.
However, for unclear reasons, the addition of silver salts almost
completely abolished the enantioselectivity.

Scheme 7. Asymmetric Dihydroisoquinolone Synthesis by
Rovis−Ward Supramolecular Approach

Scheme 8. Pathways of Aryl Hydroxamate C(sp2)−H
Functionalizations with Tethered Alkenes

Scheme 9. Performance of Cpx Rhodium Complexes in
Enantioselective Hydroarylations
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With the optimal conditions, the reaction is relatively robust
in terms of yield and selectivity over a broad substrate range
(Scheme 10). Besides common electron-rich and electron-poor
groups, the mild nature of the transformation tolerates as well
phenols and nitro groups on the hydroxamate portion. The
olefin part is as well amenable to several variations, ranging
from simple alkyl or aryl groups to functionalized ethers and
free allylic alcohols. Noteworthy, an allylic acetate group
reacts well without undergoing ionization to the π-allyl
species usually observed with transition metals. In contrast,
the nature of the heteroatom in the tether proved to be
important for the selectivity. For instance, a basic nitrogen
atom leads to comparable reactivity, but dramatically reduced
enantioselectivity.
3.3. Directed Enantioselective C−H Allylations

To further expand the applicability of asymmetric C−H func-
tionalization for intermolecular reactions, we identified allenes
as reactive and valuable coupling partners. The principal reactivity
of allenes toward cyclometalated Cp*Rh(III) intermediates has
been demonstrated by Ma et al.33 and Glorius and Wang34 for
nonasymmetric transformations. The use of an achiral trisub-
stituted allene such as 39a would result in the formation of
allylated product 40a possessing a stereogenic center at the
benzylic position.22 In this respect, we evaluated the potential of
the chiral CpxRh complexes in the reaction N-OMe phenyl
hydroxamate 38a and trisubstituted allene 39a (Scheme 11).
The second generation class of ligands proved again superior.

The parent unsubstituted member 18e gave allylated product
40a in 35% ee (Scheme 12). An enhanced selectivity of 55% ee

was observed with methoxy groups in both ortho-positions
(18a). Increasing the bulk by a replacement of the OMe groups
by larger OTIPS group (18c), gave an improved enantiose-
lectivity of 80% ee which was further increased to 93% ee by
conducting the transformation at −20 °C in dichloromethane.
Remarkably, the C−H activation efficiently takes place at such
low temperatures. In analogy to the previous transformations
with the cyclometalated intermediates, steric and electronic
variations of the hydroxamate substrate have little influence
on the enantioselectivity of the allylation (Scheme 12). Fur-
thermore, the transformation displays the typical good toler-
ance of functional groups. The nature of the allene acceptors
does not interfere significantly with the selectivity of the
reaction, and thus different esters, ethers and free hydroxyl
groups are compatible. In addition, a highly sensitive allylic
bis-benzylic stereogenic center (40k) is not racemized under
the mild conditions.
Most likely, the selectivity criteria are based on steric con-

siderations (Scheme 13). Rhodacyclic key intermediate 41 is
preferentially arranged pointing its O-methyl hydroxamate
moiety away from the bulky OTIPS tail of the ligand (41a).
The allene acceptor approaches in a fashion orienting the
substituent R away from the Cp part, minimizing its steric
interactions giving selectively (R)-40.
3.4. Asymmetric Isoindolone Synthesis by Enantioselective
Carbene Insertions

Expanding the trapping possibilities for the cyclometalated
intermediate, Rovis reported the use of donor−acceptor-
substituted diazo derivatives as one-carbon unit for the inter-
ception.35 With Cp* as achiral ligand, racemic isoindolones
possessing a stereogenic center are obtained as valuable
products. A brief complex and condition screening of our
chiral Cpx ligand portfolio revealed that the large OTIPS
version of the second generation ligand (18c) provided the best
enantioselectivity, giving isoindolone 43a in 93% ee and
83% yield (Scheme 14).36 Moreover, the C−H activation and
carbene insertion is operating at very mild ambient condi-
tions. While the orientation of substrate with respect to the

Scheme 10. Dihydrobenzofurans by Asymmetric
Hydroarylation of Tethered Olefins

Scheme 11. Performance of Cpx Rhodium Complexes in
Enantioselective C−H Allylations
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CpxRh-fragment would be similar to the previous examples,
the approach and coordination of the diazo component con-
sists of the enantio-determining step. Large differences be-
tween the sizes of R1 and R2 of the carbene substituent should
improve the enantioselectivity. Key for a high enantioselectiv-
ity was the use of the bulky 2,4-dimethyl-3-pentyl ester group
of 42a.
Concerning the scope of this transformation, a broad range

of the aryl hydroxamate substrates 19, ranging from electron-
poor, electron-rich, and halogenated substituents, are tolerated,
a common feature of this kind of activations (Scheme 15).

Carbene coupling partners basing on non-α-branched diazo-
esters 42 provide high enantioselectivities and can be
peripherally modulated with functional groups.
The obtained selectivity in the isoindolone synthesis can be

rationalized by the preferred substrate orientation with respect
to the chiral Cpx ligand (Scheme 16). In analogy to the afore-
mentioned orientation of the cyclometalated intermediate, the
O-Piv hydroxamate unit favors an orientation pointing away
from bulky OTIPS tail of the ligand. The carbene bound to the
rhodium atom has two options to minimize interaction with the
Cp group. The one where the very bulky ester substituent of
the carbene is pointing away from O-Piv hydroxamate unit is
preferred (45a) over the opposite orientation (45b) suffering
from a clash between the ester and the hydroxamate.

Scheme 12. Asymmetric Hydroarylation with Trisubstituted
Allenes

Scheme 13. Stereoselectivity Model for the C−H Allylation
with the Second Class Chiral Cpx Ligands

Scheme 14. Performance of Cpx Rhodium Complexes in
Enantioselective Carbene Insertions

Scheme 15. Isoindolones by Enantionselective Carbene
Insertions
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3.5. Synthesis of Axially Chiral Biaryl Compounds

In 2014, You and co-workers demonstrated the utility of our
CpxRh(I) complexes in an enantioselective approach of axially
chiral biaryls.37 The chiral axis of the biaryl substrates 46a
having no substituent in the ortho-position interconverts at low
temperature. Installation of a substituent at the ortho-position
increases this rotational barrier generating stable axially chiral
biaryls. The installation of this substituent has been realized by
a directed C−H bond activation forming metallocycle 47
(Scheme 17). In turn, 47 is intercepted with an olefin in a

Heck-type coupling providing product 48a. The Rh(III)
catalyst is regenerated from the formed Rh(I) species by an ex-
ternal oxidant. A brief screening of chiral CpxRh(I) complexes
equipped with the different members of the second generation
ligand class revealed methoxy-substituted version 18a as the
most selective one. This ligand provides the properly balanced
steric bulk inducing a good selectivity and while maintaining
a high reactivity. Ligand with bulkier ortho-groups resulted
in diminished yield and enantioselectivity. Besides the li-
gand choice, the composition of the reoxidation system con-
tributed significantly to the reaction performance. The
combination of stoichiometric amounts of Ag2CO3 with
20 mol % of Cu(OAc)2 increased the enantioselectivity to

80% ee from 72% ee obtained from a reaction with Cu(OAc)2
as sole oxidant.
For the scope of the reaction, few variations of the directing

group bearing portion were investigated (Scheme 18). The

naphthalene portion can be varied, although a significant
impact on the reactivity and selectivity has been observed. As
long it is terminal, the nature of the olefin acceptor can be
varied over a wide range (styrenes, acrylates, acrylamides, vinyl
phosphate, ethylene) with minor influence on the enantiose-
lectivity. This is an indication that the chiral axis might be set
during the cyclometalation step forming intermediate 47, and
the C−C bond formation is locking and conserving the axis.
3.6. Applications with Other Metals

In 2014, Hou and co-workers showed the suitability of our
second generation chiral Cpx ligand system in asymmetric rare-
earth metal catalysis.38 The required scandium complexes 49
were prepared by mixing the cyclopentadiene ligand precursor
with cyclometalated complex Sc(CH2C6H4NMe2-o)3 at low
temperature in THF. The obtained Cpx scandium complexes
49 were subsequently used to catalyze asymmetric hydro-2-
pyridylations of olefins (Scheme 19). Under the optimized
conditions, the reaction of 2-picoline (50a) and norbornene

Scheme 16. Selectivity Model for the Enantioselective
Isoindolone Synthesis

Scheme 17. Cpx-Ligand Screen for the Enantioselective
Dehydrogenative Heck Coupling

Scheme 18. Construction of Axially Chiral Biaryl
Compounds

Scheme 19. Asymmetric Olefin Hydropyridylation with
Chiral Scandium Cpx Complexes
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gave 51a in 92% yield and 78% ee with the large OTIPS second
generation ligand (complex 49c).
The process was further utilized for the hydropyridylation of

terminal olefins. The reaction operates at mild conditions and is
selective for the branched products. The observed selectivity for
1-hexene is superior to the one for norbornene, giving products
51 in up to 96% ee (Scheme 20). Besides 1-picoline, a variety of

ortho-substituted pyridines including iodo, chloro, and bromo
substituents are tolerated. Longer terminal olefins as well as
β-branched hydrocarbons are efficiently transformed.

4. SUMMARY AND CONCLUSION
The rapid growth in C−H functionalization technology and
especially the broad reactivity profile of Rh(III) catalysts
strongly revived the interest in chiral half-sandwich metal com-
plexes. Over the past few years, our group has developed two
complementary classes of chiral C2-symmetric cyclopentadiene
derivatives. Both are amenable to late stage modifications to
adapt them to the specific reaction requirements. Their cor-
responding CpxRhI complexes have proven to be efficient chiral
catalysts for asymmetric C−H functionalizations. While the
catalytic applications so far have concentrated on Rh(III)-
catalyzed transformations, the ligands have as well a promising
potential for other transition metals. The number of different
reactions catalyzed by Cp* complexes of late transition metals
ranging from Rh, Ir, Ru to Co, Fe, Ni, as well as early transition
metals is large. Showcasing the potential of our ligands with
these metals became a focus of our research. In the future,
additional critical tasks comprise a refinement of the under-
standing of the selectivity-determining factors of the trans-
formations. This knowledge would build an essential foundation
to the design of additional modular and even more selective
ligand platforms. Moreover, more efficient and shortened ligand
syntheses and, along the same lines, better complexation strategies
from stable precursors are required to further enhance the user-
friendliness of these ligands in asymmetric catalysis.
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