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Abstract: Transition-metal-catalyzed cross-coupling re-
actions and the Heck reaction have evolved into power-
ful tools for the construction of carbon-carbon bonds.
In most cases, the reactive organometallic intermediates
feature a carbon-transition-metal o bond between a sp*
hybridized carbon atom and the transition metal
(Csp>~TM). New, and potentially more powerful ap-
proach to transition-metal-catalyzed asymmetric organic
synthesis would arise if catalytic chiral nonracemic orga-
nometallic intermediates with a stereogenic sp’-hybri-
dized carbon atoms directly bonded to the transition
metal (C*sp>~TM bond) could be formed from racemic
or achiral organic substrates, and subsequently partici-
pate in the formation of a new carbon-carbon bond
(C*sp®~C) with retention of the stereochemical informa-
tion. To date, only a few catalytic processes that are
based on this concept, have been developed. In this ac-
count, both “classical” and recent studies on prepara-
tion and reactivity of stable chiral nonracemic organo-
metallics with a metal-bonded stereogenic carbon,
which provide the foundation for the future design of
new synthetic transformations exploiting the outlined
concept, are discussed, along with examples of relevant
catalytic processes.

Keywords: asymmetric synthesis -+ C—C coupling - C—H
Gctivation - metallacycles - transition metals )

Introduction

Reactions catalyzed by late-transition-metal complexes have
evolved into powerful tools for the creation of carbon-
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carbon bonds. In particular, diverse variants of cross-cou-
pling reactions, and the Heck reaction have been widely em-
ployed by the synthetic community.”! For most practical pur-
poses, these transformations directly connect sp- or sp*hy-
bridized carbon atoms in organic electrophiles (e.g., organo-
halides) with sp-, sp>, or sp>-hybridized carbon atoms in or-
ganic nucleophiles (RM, M=Mg, Zr, Zn, Al, B, Si, or Sn).
The key reactive intermediates possess carbon-transition-
metal (C—TM) o bonds, and the new carbon—carbon bonds
arise through carbometalation (Heck reaction) or by means
of reductive elimination (cross-coupling).”’! Asymmetric
Heck reactions,”” in which enantioselection occurs through
an enantioface selective carbometalation, represent the
most successful application of this methodology to asymmet-
ric synthesis of complex organic molecules. Atropisomer-se-
lective aryl-aryl cross-coupling,”! and desymmetrization
through enantioposition-selective cross-coupling!® and Heck
reactions!”! have also been described. In all these processes
the organic electrophiles give rise to organometallic inter-
mediates with a sp>-hybridized carbon bonded to the transi-
tion metal (Csp>~TM bond) [reactions (1) and (2) in
Figure 1].

A conceptually new and potentially more powerful ap-
proach to transition-metal-mediated asymmetric synthesis
would arise if organic electrophiles could be converted into
intermediates with a sp>-hybridized, stereogenic carbon
bonded to the transition metal (C*sp>~TM bond) [reac-
tions (3) and (4) in Figure 1]. If such complexes could be
generated in an enantiomerically pure form from either
chiral nonracemic, racemic or achiral organic substrates, and
subsequently participate in the “traditional” cross-coupling
or Heck reactions, organic products with multiple adjacent
stereogenic centers could be generated. When fully devel-
oped, this strategy holds the promise to allow for a direct
coupling of two stereogenic carbon centers (R—M=
C#sp*~M, Figure 1).

In numerous instances, synthetically powerful transition-
metal-catalyzed reactions evolved from studies with stable
isolated organometallic entities,[* although the outcome or
the kinetic behavior of catalytic reactions may differ from
the stoichiometric processes.*™ Thus, to develop a new
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Figure 1. Comparison of classical and new strategies for transition-metal-
mediated asymmetric synthesis.

technology that will realize the proposed approach to asym-
metric functionalization of sp>-hybridized carbon atoms [re-
actions (3) and (4) in Figure 1], systematic fundamental
studies on the chemistry of stable chiral nonracemic transi-
tion metal complexes featuring a metal-bonded stereogenic
sp>-hybridized carbon atom must be performed (Figure 2).
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Figure 2. Key components of the research aimed at the design of new
synthetic processes utilizing chiral nonracemic organometallics with a
metal-bonded stereogenic sp>-hybridized carbon atoms.

Specifically, new strategies for an enantioselective genera-
tion of complexes with a C*sp>~TM bond must be devel-
oped, in addition to efficient methods for asymmetry trans-
fer into the metal-bonded stereocenter. Mechanistic studies
clarifying the stereochemical course of the C*sp™~TM bond
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formation are needed along with precise understanding of
the factors that control the configurational stability of the
transition-metal-bonded stereocenters. Finally, stereochemi-
cal course of reactions that would incorporate the metal-
bonded stereocenter into organic products must be studied,
and new reaction pathways sought (Figure 2).

Herein, we aim to summarize and put into perspective
both “classical” and recent studies with stable chiral nonra-
cemic organometallics, and the relevant catalytic processes,
that constitute the foundation for continued progress to-
wards the design of a general methodology for an enantiose-
lective transition-metal-catalyzed C—C bond formation to
sp>-hybridized carbon atoms.

Fundamental Chemistry of Complexes with the
Csp’—~TM Bond

At the onset of the development of the chemistry of transi-
tion-metal-alkyl complexes the thermodynamic feasibility of
a direct Csp’~H activation was questioned owing to the pre-
sumed weakness of the Csp™~M bond.” Since the energies
of Csp™~TM bonds were found to range from 40 to
80 kealmol ") the difficulties associated with C—H activa-
tion of alkanes had to arise from kinetic factors, for exam-
ple, decomposition through f-hydride elimination.™Y In gen-
eral, B-hydride elimination could be limited by the lack of
free coordination sites on the metal center, or if geometrical
factors preclude a coplanar arrangement of M-C-C-H
bonds."! Geometric rigidity around a transition-metal
center has been found to contribute to an unexpectedly high
thermal stability of complexes containing conformationally
free B-hydrogen atoms.”? Landmark mechanistic studies on
hydrocarbon activation with homogenous rhodium com-
plexes by Jones!"™ established that relative strengths of
C-TM bonds decrease in the order Csp*(aryl)-M >
Csp?(vinyl)~M > CH;~M > RCH,~M >R,CH-M > R;C-M >
PhCH,—M. Steric hindrance between the metal with its co-
ordination sphere and substituents on carbon was put for-
ward to rationalize this trend. A recent theoretical study™!
examined differences between the strengths of various types
of carbon-metal bonds for an entire series of second-row
transition metals. Electronic factors correlating the increase
of the bond strength to the increase of the ionic character of
the C°—M°* bond when moving to the left of the periodic
table, were suggested to play the most important role. In
agreement with experimental work of Brookhart,™ DFT
calculations''® on bisimino(propyl)palladium(i) complexes
revealed that the branched isopropyl complex 1 (Scheme 1)
was thermodynamically favored over the n-propyl isomer, as
far as the palladium center remained electron deficient and
sterically unhindered, resulting in a minimum negative
charge at the metal-bonded stereogenic carbon atom. An
experimental study revealed that the branched complex 2
was favored over the linear isomer 3 due to the stabilizing
interaction between the cyano group and the partial nega-
tive charge on the neighboring carbon atom.!”

These findings have opened up new avenues for overcom-
ing unfavorable kinetic and thermodynamic characteristics
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Scheme 1. Electronic effect of substituents (CN) on the relative stabilities
of palladium-alkyl complexes with primary and secondary metal-bonded
carbon atoms.

of transition-metal-alkyl complexes, thus significantly con-
tributing to the evolution of new synthetic applications of
organometallics with C*sp>~TM bonds.

Stereochemical Course of the C*sp’~TM Bond
Formation—Mechanistic Studies

Oxidative addition: Oxidative addition is a common term
for a class of reactions in which a metal is oxidized by the
addition of a Y—X species." Oxidative addition to chiral
nonracemic organohalides with a halogen bonded to a ster-
eogenic carbon atom would give rise to a metal-bonded ster-
eogenic carbon atom, assuming that the reaction will pro-
ceed with either clean retention or inversion of the absolute
configuration at the reaction center. Early exploratory stud-
ies on the stereochemical course of oxidative addition pro-
vided evidence for an Sy2-type displacement pathways oper-
ating with alkylhalide, or pseudohalide substrates."s! The
first unequivocal demonstration of the inversion of configu-
ration at a stereogenic sp>-hybridized carbon atom in oxida-
tive addition of palladium(0) complexes to chiral nonrace-
mic benzylic halides 4 was provided by Stille.'***] These ex-
periments are outlined in Scheme 2. Recently, C—Cl oxida-
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Scheme 2. Stille’s experiments demonstrating the inversion of configura-
tion at a stereogenic deuterated benzylic carbon atoms in oxidative addi-
tion with palladium(0) complexes.
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tive addition to Pd° involving retention of configuration at
the metal-bonded carbon atom, was theoretically proposed
to be feasible under certain conditions.!'*

Palladium-catalyzed Suzuki cross-coupling of diastereo-
merically pure deuterated alkyl tosylates 5 was realized™”
indicating about 6:1 selectivity for a pathway proceeding
with an inversion of configuration at the stereogenic carbon
(Scheme 3).2!

p H
. Ph
tBu R
DH
D H inversion
- OTs Pd/PtBu,Me
tBu R + 9-BBN-Ph +
HD NaO;Iéd:gxane D H
> Ph 4
5 tBu E
H D
retention

Scheme 3. A catalytic Suzuki cross-coupling proceeding with predomi-
nant inversion of configuration at the stereogenic carbon.

C—H activation: The C—H activation corresponds to a direct
replacement of a C—H bond in hydrocarbons with a C—TM
bond. The general transformation can encompass an entire
spectrum of mechanistic possibilities. The two most signifi-
cant pathways (Figure 3) are: a) oxidative addition giving

a) M—X + R-H —= M

b) Mx + R-H — | M,

Figure 3. Alternative mechanistic pathways for transition-metal-mediated
activation of C—H bonds.

rise to a hydrido metal complex, and b) concerted activation
by an electrophilic metal center.”? <! For the well-developed
activation of C—H aromatic bonds by palladium complexes,
a SEATr-type reaction seems to be ubiquitous.”

Early examples of a direct activation of Csp>~H bonds by
the action of a transition-metal complex exploited a photo-
chemical removal of a coordinated ligand (L), or a reductive
elimination of dihydrogen from stable complexes
[MCp*(L),] or [MCp*(L)H,] (Cp*=n"-CsMes; L=PMe;,
CO; M =1Ir, Rh) yielding highly reactive 16-electron MCp*L
fragments. These species induced thermal Csp>~H activation
in hydrocarbons to afford isolable [MCp*(L)(alkyl)(H)]
complexes.™™ The C—H activation was found to be reversi-
ble, favoring the formation of primary RCH,—TM bonds in
reactions with acyclic aliphatic hydrocarbons.?! The mecha-
nism of similar reversible C—H activation was studied on di-
astereomerically pure iridium complexes 6ab, and their
deuterated analogs 7ab (Scheme 4).%1 Upon thermolysis,
diastereomerically pure complexes 6a and 6b underwent an
inversion of configuration at the metal-bonded stereogenic
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Scheme 4. Interconversion of diastereomeric (hydrido)alkyliridium com-
plexes and the deuterium scrambling of their o-deuterio analogues.

carbon atom, and the deuterium-labeled complexes 7a-b
participated in isotope scrambling. Both processes occurred
through the intermediate metal-alkyl complexes of the type
8a,b, in which either of the two diastereotopic C—H bonds
formed an agostic bond to the iridium center, and the C-H
activation presumably proceeded with a retention of config-
uration and the sp>-hybridized carbon.

The stereochemical course of an electrophilic cyclopalla-
dation at a benzylic carbon was investigated (Scheme 5)P
revealing a high (>11) kinetic isotope effect, and 94 % ster-
eospecifity for retention of configuration. Configurational

H Me, Cﬂ‘
Me —Pd
D D | 2
K,PdCl
N\ 2! 4 N\
P Meor:iT, H,0 _
9

Scheme 5. The retention of configuration in an electrophilic cyclopallada-
tion.

stability of the metal-bonded stereogenic center was com-
promised under strongly acidic conditions (HCIl), while a
weak acid (HOAc) was tolerated without racemization of
complex 9.

Sources of Stereochemical Information in Synthesis

of Stable Chiral Nonracemic Organometallics with

Transition-Metal-Bonded Csp*-Hybridized Carbon
Atoms

Application of the general principles of asymmetric synthe-
sis to the preparation of enantiomerically enriched organo-
metallic complexes opens up diverse pathways for the trans-
fer of asymmetry to the metal-bonded stereogenic carbon.

Classical resolution: The use of chiral nonracemic “spectator
ligands” as “resolving agents” for separation of racemic
transition-metal organometallics provided the first examples
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of chiral nonracemic complexes featuring a metal-bonded
stereogenic sp>-hybridized carbon atoms. By this method,
enantiomerically enriched complexes 12-14 (Scheme 6)
were obtained.?"!
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Scheme 6. Preparation of enantiomerically enriched cyclopalladated com-
plexes through classical resolution by using chiral auxiliary ligands as the
resolving agents.

A bridge splitting reaction of racemic cyclopalladated
dimer 10 with optically active (S)-leucine followed by a
series of fractional precipitations yielded diastereomerically
enriched cyclopalladated complex 11, which upon the re-
moval of the chiral resolving agent by the treatment with a
mild acid (HOAc, racemization occured with HCI) generat-
ed dimeric complex 12 with ee’s up to 45%.%" Assumption
that the carbon—-metal bond remains intact during the ligand
exchange process was supported by an excellent agreement
between the de (33%) of the diastereomerically enriched
complex 11,”77% and the ee (28%) measured for the final
product 12.

Substrate-directed asymmetry transfer: In an approach anal-
ogous to the “organic” substrate-induced stereocontrol, a
chiral auxiliary group is covalently attached to the organic
substrate, or the organic substrate incorporates a stereocon-
trolling element before its interaction with the metal center
is initiated. This concept has been utilized for cyclopallada-
tion of a chiral nonracemic f-ketosulfoxide 15 (Scheme 7)
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o 0. Pd(OAc), 7
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@\ AcOH, 70°C
Me
Me
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3

Scheme 7. Synthesis of an enantiomerically pure cyclopalladated trimer
by means of asymmetry transfer from a covalently bonded sulfoxide
chiral auxiliary group.
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that afforded complex 16 with palladium in two distinct
bonding modes and diastereoselectivity >98%.* The
metal-bonded stereogenic center has been proposed to arise
through a nucleophilic attack of an in situ generated palla-
dium—enolate on an electrophilic palladium center to form a
carbon-metal o-bond stereoselectively, through the transfer
of asymmetry from the sulfoxide stereocenter. ortho-Metala-
tion of the aromatic ring completed the formation of com-
plex 16.

In an unusual variant of a palladium(0)-mediated oxida-
tive cyclization, C,-symmetrical cyclopropene 17, bearing
esters of the lactic acid as covalently bonded chiral auxilia-
ries, afforded selectively trans-palladacycle 18 (Scheme 8) as

18
AT [Pd,(dba),]

o O

R* = (R)-CH(Me)COOEt

*RO~*
|

17
18b O |_/ \Lo

Scheme 8. Diastereoselective oxidative cyclization of chiral nonracemic
C,-symmetrical cyclopropenes yielding palladacycles with two metal-
bonded stereogenic carbon atoms.

a 94:6 mixture of diastereomers 18a and 18b.””! The asym-
metry transfer was realized through a regioselective attach-
ment of palladium and carbon to the two symmetry none-
quivalent carbon atoms in the palladium mt-complex with the
cyclopropene. A preferential chelation of palladium to one
of the two esters was proposed to direct the regiochemistry
of the oxidative cyclization.

A formal diastereoselective hydridoplatination of a bis-
imine ligand incorporating a chiral nonracemic 1,2-diamino-
cyclohexane backbone was achieved by means of a stepwise
N-protonation/metalation sequence (Scheme 9).” The reac-
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= Me
N H
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NN 20 H
“ HCI AgOCOCF, HNaCI
Jo . TN
/N\Plt/Me /N\(FI/Me
UV — — P h
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Scheme 9. Stereodivergent, diastereoselective hydridoplatination of an
imine yielding two chiral nonracemic (aminoalkyl)platinum complexes.
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tion proved highly diastereoselective giving rise to either the
diastereomer 19a,b or 20, which differ in the configuration
at the metal-bonded stereogenic carbon (Scheme 9). Rever-
sible inversion of configuration at the metal-bonded stereo-
center between complexes 19b and 20 was achieved by the
addition of NaCl and via halide abstraction with AgOTH.

Stereocontrol by metal-centered chirality: It is conceivable
that a stereogenic metal center could be employed as the
stereocontrolling element for the creation of a metal-
bonded stereogenic carbon. Racemic cationic ruthenium
complex 21, featuring a stereogenic ruthenium center, react-
ed with LDA to afford a cycloruthenated complex 22 as a
6:1 mixture of diastereomers (Scheme 10).*"

o e
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?: oc™ " "PPh, 0
cl
oC Tu 'cO
Cl
AgOTf
o 1°
\
LDA, THF OC““"'T”"”|:>|:>h2 ©
5 oTf
\
21

Scheme 10. Diastereoselective synthesis of a racemic carbon-bonded
ruthenium enolate exploiting the transfer of stereochemical information
from a stereogenic metal center.

Depending on the deprotonation conditions, different dia-
stereomeric ratios of products were obtained, indicating that
the main diastereomer 22 was the kinetic product with a rel-
atively high barrier for epimerization of the metal-bonded
stereogenic carbon.

Auxiliary ligand-controlled asymmetry transfer: The transfer
of stereochemical information from chiral nonracemic
“spectator” or “auxiliary” ligands into the transition-metal-
bonded stereogenic carbon atom would constitute an attrac-
tive path for stereoinduction. Diverse reactions catalyzed by
transition-metal complexes bearing chiral nonracemic li-
gands are in fact based on this premise.”? However, trans-
formations creating reactive intermediates with transition-
metal-bonded stereogenic carbon atoms remain rare (vide
infra). Furthermore, only a few studies on the efficiency and
mechanism of the auxiliary ligand-induced asymmetry trans-
fer were performed with stable isolated organometallic enti-
ties.[>%]

Asymmetric cycloplatination of a Csp*~H bond yielding a
diastereomerically enriched stable complex by the transfer
of asymmetry from chiral nonracemic auxiliary sulfoxide li-
gands was demonstrated by Ryabov®! (Scheme 11). Treat-
ment of ketone 23 with a platinum complex armed with an
enantiomerically pure sulfoxide ligand afforded a combined

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim — 2641
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Scheme 11. Asymmetric cycloplatination of a Csp~H bond with the
transfer of asymmetry from a chiral nonracemic auxiliary sulfoxide
ligand.

47% yield of two separable diastereomeric cycloplatinated
complexes 24 in 45 % diastereomeric excess.

Our interest in this area relates to the chemistry of palla-
dacycles.’ Investigation of the transfer of asymmetry from
chiral nonracemic bidentate phosphine ligands L ((S,S)-
DIOP) in complexes 25 into the metal-bonded stereocenter
in palladacycles 26a,b revealed that the absolute sense of
stereoinduction could be controlled by the selection of the
base (e.g., LDA or rBuOK) (Scheme 12),! yielding diaster-
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Scheme 12. Stereodivergent synthesis of enantiomerically enriched palla-
dacycles featuring palladium-bonded ester and amide enolates.
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eomeric palladacycles (26.1a,b and 26.2a,b) in 30-80 % de.
Further enrichment in the content of the thermodynamic di-
astereomers 26.2a (from 14 % de to 46 % de) or 26.2b (from
44% de to 74 % de) could be induced by the treatment with
one equivalent of tBuOK. Absolute configurations of com-
plexes 26.1a and 26.2a were assigned based on an X-ray
crystallographic study on palladaycle 27 and correlations of
the specific rotations for complexes 28 generated by ligand
exchange (Scheme 12) assuming retention of configuration
at the metal-bonded stereocenter. Enantiomerically en-
riched palladacycles 28 proved configurationally stable
under standard workup and manipulations.

Stereochemical Course of Conversion of a
C#sp®~TM bond into a C*sp’—C Bond

The “fate” of the metal-bonded stereocenters: To develop
synthetically useful applications of chiral nonracemic transi-
tion-metal organometallics with a metal-bonded sp’-hybri-
dized stereogenic carbon atom, transfer of the metal-bonded
stereocenter into a carbon framework of organic molecules
must be explored. Mechanistically, the reactions could in-
volve either migratory insertion of an unsaturated function-
ality into the C*sp>~TM bond (C*sp>~TM + C=C/C=C—
C#sp®-C-C-TM/C*sp>-C=C-TM), or a reductive elimination
(C*sp>-TM-C—C#sp>-C 4+ TM). Although it is generally ac-
cepted® that both migratory insertion and reductive elimi-
nation proceed with a retention of the absolute configura-
tion at the migrating carbon atom, studies involving a step-
by-step investigation of the stereochemical course of these
pathways remain rare. Stille continued his seminal mecha-
nistic work to elucidate the stereochemical course of reduc-
tive elimination.””! Experiments outlined in Scheme 13 pro-

a) Me,Sn
p-NO,C¢H,CH,Br Ph
Ph  [Pd(Ph,P).] PPhy PhCditve) Mo~
D', —_— C]‘Fl’d N''D —> e—Q'D
cl 4% PPh, %y  526% H
';‘;efr?g’k:‘ retention
’ (92%)
81.0% ee 31.5% ee
b) Me,Sn
Ph [PACI(Ph4P),(PhCH,)]
cat. Ph
1y —— g
D'/ -~ Me —Q D
H overall inversion H

(71%)

(R29 61.4%ee 8% ee

Scheme 13. Original Stille’s studies on the stereochemical course of the
reductive elimination indicating a partial retention of configuration at
the metal-bonded stereogenic carbon atom.

vided evidence indicating that the transmetalation/reduc-
tive-elimination sequence proceeded with 52.6 % retention
of configuration in the stoichiometric transformation
(Scheme 13a). In the catalytic reaction, 13% overall inver-
sion was observed (Scheme 13b). The poor stereoselectivity
of the catalytic reaction was at least partially accounted for
by the observed racemization of (R)-a-deuteriobenzylbro-
mide 29 under the reaction conditions.
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Migratory insertion of dimethyl acetylenedicarboxylate
(dmad) into enantiomerically enriched cyclopalladated com-
plex 12, available by resolution (Scheme 6), was investigated
with the aim to provide a relevant mechanistic insight, as
well as a potential approach to enantiomerically enriched
heterocycles.”” Reaction of complex (R)-12 obtained in
45% ee, with dimethyl acetylenedicarboxylate (dmad) af-
forded heterocycle 30 in 40 % ee (Scheme 14). By this pro-

Me H COOMe
Cl
v
N/Pd\/ f
2 COOMe
N
Me
45% ee 40% ee  COOMe
(R)-12 (R)-30

Scheme 14. “Fate” of the palladium-bonded stereogenic carbon atom
during migratory insertion of dimethyl acetylenedicarboxylate. Prepara-
tion of an enantiomerically enriched heterocycle.

cess, the stereochemical information from complex 12 was
transferred with 88% efficiency into the heterocyclic prod-
uct 30, providing support for a concerted mechanism® of
the migratory insertion process. In the absence of experi-
mental evidence, the absolute configuration of the “original-
ly” metal-bonded stereogenic carbon atom in the heterocy-
cle 30 was assigned as R, assuming that the concerted migra-
tory insertion proceeded with a retention of configuration.
However, inversion of configuration at the metal-bonded
stereocenter was not rigorously ruled out. The original evi-
dence for a net retention (80 % efficiency) of absolute con-
figuration at the migrating carbon atom was obtained in a
study of insertion of dimethyl acetylenedicarboxylate into
an iron—carbon bond in [CpFe(CO),CH(D)CH(D)¢Bu].*!

Following a precedent involving achiral palladacycles,*
preparation of racemic oxapalladacycles 31 and their conver-
sion into highly substituted 2H-1-benzopyrans 32 through a
regiocontrolled insertion of alkynes was demonstrated in
our laboratories (Scheme 15).*)

To approach the development of an asymmetric variant of
this protocol, the insertion of dimethyl acetylenedicarboxy-
late into the chiral nonracemic palladacycle 26.1b, generated
in 54% de by means of diastereoselective ring closure and
further enriched up to 96 % de by flash column chromatog-
raphy, was studied (Scheme 15).*] Reaction proceeding for
6 h at 100°C afforded the benzopyran (—)-33 in 88.4% ee,
corresponding to 92% efficiency in the transfer of the ste-
Areochemical information embedded in complex 26.1b.
Since absolute configurations of both the complex 26.1b
and the benzopyran (—)-33 could not be assigned, the reten-
tion of configuration at the metal-bonded stereogenic
carbon atom as shown in Scheme 15, was assumed according
to literature precedents;*** however, the inversion could
not be rigorously ruled out.

Recently, the first successful application of a stereoselec-
tive transmetalation/reductive-elimination sequence for
cross-coupling of an sp*-hybridized carbon atom in organic
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26.1b (B2%) {-)=33

{86% de, 'H NMR)™ (88.4% oo, HPLC)

Scheme 15. Efficient transfer of the stereochemical information from a
high-enantiopurity palladacycle with a palladium-bonded stereogenic
carbon into a highly enantiopure 2H-1-benzopyran. [a] The assignment of
the absolute configuration is arbitrary.

electrophiles to an sp>hybridized carbon atom in the nucle-
ophile has been reported (Scheme 16).*" Stoichiometric rac-
emic nickelalactones 34a,b featuring a metal-bonded stereo-
genic carbon atom, were generated in situ through the oxi-
dative addition of the C(O)—O bond of an anhydride to a

i) [Ni(cod),] H

(1.5 equiv) : ~-COOH
neocuproine ii) PhyZn

dppb NI Ph

H
34a 35a (T7%)
o]
i) INi(cod),] H H cooH
(1.5 equiv) .
neocuproine /O ii) Ph,Zn
dppb NI R — Sph
H L H
34b 35b (60%)

Scheme 16. Decarbonylative nickel-mediated cross-coupling of cyclic an-
hydrides. Retention of the stereochemical integrity of nickel-bonded sp*-
hybridized carbon atoms during a reductive elimination event.

low-valent nickel complex followed by decarbonylation.
Without isolation, the nickelalactones 34a,b reacted with di-
phenylzinc to afford acids 35ab as single diastereomers
with no loss of the stereochemical integrity at the metal-
bonded sp’-hybridized carbon.

While the main focus of this review are methodologies di-
rectly leading to C*sp™~C bond formation, reactions that
convert complexes with C*sp*~TM bond into activated or-
ganic compounds capable of subsequent carbon-carbon
bond formation are also relevant. Most significant recent de-
velopments in this area are represented by both stoichiomet-
ric and catalytic borylation of hydrocarbons.*!! Racemic
complex 36,[%! featuring a secondary (nonstereogenic) iridi-
um-bonded sp>-hybridized carbon, reacted with diarylborane
to afford cyclohexylborane 37 (Scheme 17) in quantitative
yields at ambient temperature.
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36 37

Scheme 17. Borylation of a racemic(hydrido)cyclohexyliridium complex
yielding an achiral cyclohexane with a functionalized secondary carbon
atom.

Catalytic Asymmetric Reactions Exploiting
Intermediates with Stereogenic Metal-Bonded
Csp*-Hybridized Carbon Atoms

Transition-metal-catalyzed cross-coupling of chiral nonrace-
mic main group metal reagents, featuring a metal-bonded
stereogenic carbon to aryl or vinylic halides, mediated by
catalytic organometallics of general formula Csp>-TM-C#sp®,
was developed into a wuseful synthetic methodology
(Scheme 18).2! In several cases involving enantiomerically

i

Me
/©/\SiF3 0 [P4(PPh,).]
X * \© TBAF X

32% ee
X =H, MeO ’ Me
34% ee [P4(PPh,).]
TBAF HMPA, X
75°C 28% ee
Ph + TfO_ _N [Pd(PPhy),]  Ph
v\ X N
B(OH), \@ TBAF  HMPA, | b
75°C =
89% ee
Pd(PPh,),Cl
. Ph
CH;(CH, )5 SnBu;  Ph Cl toluene 18 h, CHZ)/<H/
94% ee 5°C 94% ee
(74%)
MgCl B X =
Ph Ph
[Pd(dppfCL;]
91% ee 5 days, -78°C 88% ee
THFE  5g96)
Me cat. Me O
Zngy PCEOBNAPICH
PhCH(Br)COOMe
additive Me
(racemic) (67%)

Scheme 18. Representative examples of transition-metal-catalyzed cross-
coupling reactions with chiral nonracemic main group metal reagents fea-
turing a metal-bonded stereocenter.

enriched silicon and tin reagents, the stereochemical course
(inversion or retention) of the coupling reaction could be
controlled by the choice of reaction conditions (solvent po-
larity). However, for most practical purposes, absolute
configurations of the cross-coupling products corresponded
to overall retention of absolute configuration through the
transmetalation/reductive-elimination events.'*”
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Scheme 19. Dynamic kinetic resolution of racemic organomagnesium re-
agents in cross-coupling reactions catalyzed by chiral-nonracemic nickel
and palladium complexes.

Methods described in Scheme 18 require an enantiomeri-
cally pure substrate to produce a chiral nonracemic cross-
coupling product. Synthetically more attractive strategies
would create the stereogenic carbon atom utilizing only cat-
alytic quantities of a chiral material. A dynamic kinetic reso-
lution of racemic organomagnesium and organozinc re-
agents during nickel- or palladium-catalyzed cross-coupling
in the presence of chiral nonracemic phosphine ligands have
met this challenge (Scheme 19).1/

Arylation and vinylation of racemic or achiral ketone,
ester, and amide enolates catalyzed by chiral nonracemic
nickel and palladium(0) complexes™*! (Scheme 20) provided
organic products in 70-98 % enantiomeric purities and al-
ready found applications to complex target synthesis.**

Success of transformations described above, in which the
nucleophilic component is the source of the stereogenic
center, contrasts sharply with the paucity of complementary
catalytic enantioselective methods involving electrophiles as
the source of the stereogenic carbon atom. At present, re-
search towards realizing such reactions evolves around the

O
O
[Pdy(dba)s]/BINAP ] /w
3 #NaHMDS Me o]
PR
(86%)
(95% ee)
o Me
[Ni(cod)2)/(S)-BINAP
+ NaHMDS, ZnBr;
Cl OMe
\@ (86%)
(96% ee)

[Pd(dba),}/L

O {BuONa,DME

Br

CC 0 -
N

I|3n Me @;N\V/N ‘g
©

BF4 (76% ee)

Scheme 20. Catalytic asymmetric arylation of ketone, ester, and amide
enolates.
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Scheme 21. Transition-metal-catalyzed cross-coupling to alkyl halides and
pseudohalides.

development of methods for transition-metal-catalyzed
cross-coupling to primary achiral alkylhalides (RCH,X)
(Scheme 21b-¢).! Only rarely, cross-coupling to racemic
stereogenic secondary carbon atoms in organic electrophiles
was studied (Scheme 21a).*")

Rhodium carbenoids generated by the action of chiral
nonracemic rhodium complexes on a-diazoesters, participate
in insertion into C—H bonds providing a process of extraor-
dinary synthetic importance for the preparation of enantio-
merically enriched organic products.! Although mechanis-
tically distinct from processes discussed in this review, the
net transformation allows for a metal-catalyzed conversion
of a prochiral C—H bond into a C*sp’—C bond [reaction (4)
in Figure 1]. The process shows preference for insertion into
tertiary C—H bonds thus providing a pathway complementa-
ry to the “classical” C—H activation methods (Scheme 22).

H [Rh{(R)-dosp}.] Ar
s ) Meooc” R
r e H

OTBS oTBS
DOSP = N-(p-alkyphenyl)sulfonylprolinate 96-98% de, 74-92% ee

N,

Scheme 22. Catalytic enantioselective functionalization of prochiral
Csp’~H bonds through insertion of rhodium carbenoids arising from o-
diazoesters.

Conclusion

In this account, studies on the preparation and reactivity of
stable chiral nonracemic late-transition-metal organometal-
lics with a metal-bonded sp*-hybridized stereogenic carbon
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atom have been summarized, with the goal to define the
foundations for the development of new catalytic asymmet-
ric carbon-carbon bond-forming processes. Although late
transition metals form relatively weak o-bonds to sp>hybri-
dized carbon atoms yielding complexes susceptible to p-hy-
dride elimination, new avenues for fine-tuning of steric and
electronic parameters of these organometallics that could fa-
cilitate the use of such entities as intermediates for asym-
metric organic synthesis have been discovered. Especially
the C—H activation appears a synthetically attractive avenue
for stereoselective formation of a C*sp3—TM bond, as far as
a sufficiently powerful stereocontrolling element could be
designed. Studies exploring transfer of asymmetry either
from covalently bonded chiral auxiliary, chiral nonracemic
metal centers, or from chiral nonracemic “spectator ligands”
demonstrated that stable organometallics featuring a metal-
bonded stereogenic carbon centers could be generated in
notable optical purities. This work provided useful data on
configurational stabilities of the metal-bonded stereocenters.
Only a few systematic studies investigating the conversion
of stable nonracemic organometallics with a C*sp>~TM
bond into nonracemic organic products are currently avail-
able. Migratory insertion of activated alkynes allowed for a
highly efficient transfer of the stereochemical information
into nonracemic heterocycles, and a recent report indicated
that stereochemical integrity of a metal-bonded sp’-hybri-
dized carbon atom originating from an organic electrophile
could also be retained during the transmetalation/reductive-
elimination steps. It is our hope that this review will further
stimulate research directed towards the design of new path-
ways for the incorporation of the transition-metal-bonded
stereogenic carbon into high-enantiopurity organic mole-
cules® At present, asymmetric arylation of racemic
ketone-, ester-, or amide enolates represents the only widely
used methodology, catalytic in the source of asymmetry, that
fulfills the concept outlined in this review.
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