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ABSTRACT: Asymmetric catalysis has emerged as a general and powerful approach for
constructing chiral compounds in an enantioselective manner. Hence, developing novel
chiral ligands and catalysts that can effectively induce asymmetry in reactions is crucial in
modern chemical synthesis. Among such chiral ligands and catalysts, chiral dienes and their
metal complexes have received increased attention, and a great progress has been made over
the past two decades. This review provides comprehensive and critical information on the
essential aspects of chiral diene ligands and their importance in asymmetric catalysis. The
literature covered ranges from August 2003 (when the first effective chiral diene ligand for
asymmetric catalysis was reported) to October 2021. This review is divided into two parts.
In the first part, the chiral diene ligands are categorized according to their structures, and
their preparation methods are summarized. In the second part, their applications in
asymmetric transformations are presented according to the reaction types.
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1. INTRODUCTION
Asymmetric catalysis offers one of the most straightforward and
powerful methods of introducing stereogenic centers to
construct chiral compounds from achiral substrates and
reagents, with applications that span pharmaceuticals, agrochemicals, and high-tech materials. Over the past few decades,
there has been dramatic growth in the development of novel
chiral ligands and catalysts that can effectively induce asymmetry
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in reactions. The successful development of chiral diene ligands
is one of the most significant advances in this field.
Olefins as ligands in organometallic chemistry have a rich
history.1 One of the earliest olefin−metal complexes is Zeise’s
salt (K[PtCl3(C2H4)]H2O),2 which was reported in 1827. Since
then, a large number of olefin−metal complexes have been
reported. The pioneering study on chiral olefins can be traced
back to 1962, when Cope reported the optical resolution of
trans-cyclooctene through the separation of its platinum
complex coordinated with an enantiomerically pure amine.3−5
Early investigations of chiral dienes were aimed at the
coordination chemistry of metal−olefin complexes. In this
respect, chiral complexes coordinated with naturally occurring
chiral dienes [RhCl(diene*)]2 (diene* = L1a, L1b, L1c),6
[RhCp(L1c)],7 [IrCp(L1c)],8 [RhCp(L1d)],9 and [Ag(L1a)]PF610 were prepared and studied. In addition, non-natural chiral
dienes L1e,11 L1f,12,13 L1g,14 and L1h15 were designed and
synthesized (Scheme 1). Their coordination capabilities with
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2021. The major representative chiral diene ligands frequently
employed in asymmetric catalysis with high efficiency are
summarized in Figure 1. This review does not deal with achiral

Scheme 1. Examples of Early Investigations into Chiral Diene
Ligands

Figure 1. Representative chiral diene ligands in asymmetric catalysis,
presented as an overview of selected milestones.

diene ligands or chiral monoolefin ligands, such as P−olefin, N−
olefin, and S−olefin hybrid ligands. The use of chiral dienes as
starting compounds for the synthesis of chiral organocatalysts,
typically chiral frustrated Lewis pairs,26 is an interesting research
field, but it is beyond the scope of this review.

2. SYNTHESES AND STRUCTURES OF CHIRAL DIENE
LIGANDS
Since the first application of chiral dienes in asymmetric
catalysis, research efforts directed toward the design, synthesis,
and study of novel chiral diene ligands have burgeoned. A variety
of chiral dienes based on rigid bicyclic and polycyclic skeletons
have been developed in addition to flexible acyclic diene ligands.
In this section, preparation methods for these compounds are
summarized and their structures are discussed.

various metals were also examined. It is worth noting that
optically active [RhCl(L1e)]2 was used as a catalyst for the
silylformylation of benzaldehyde; however, the preliminary
study did not afford satisfactory results.11
For a long time, applications of chiral diene−metal complexes
in catalysis were scarce. This might be attributed to the general
notions that olefin ligands serve only as placeholders for vacant
coordination sites and that their metal complexes possess only
limited stabilities. Chiral coordinating olefins may be envisaged
to easily dissociate in the course of a catalytic cycle, thereby
resulting in only a moderate induction of asymmetry. However,
a large number of asymmetric processes have been efficiently
catalyzed by chiral olefin−metal complexes since the first
independent disclosures by Hayashi and Carreira.16 Since then,
chiral dienes have established their broad generality and
applicability in asymmetric catalysis. In many cases, chiral
dienes exhibit higher catalytic activities and enantioselectivities
than conventional ligands, which are typically based on
phosphorus or nitrogen coordination.
This review focuses on the advances in the chemistry of chiral
diene ligands starting with the first effective chiral diene ligand
for asymmetric catalysis, which opened new avenues for the
development of asymmetric processes. 17 Prior to our
compilation, several elegant reviews partially covered this
subject.18−25 Herein, we comprehensively summarize the
development of chiral diene ligands by covering the literature
published from August 2003 (when the first effective chiral
diene ligand for asymmetric catalysis was reported) to October

2.1. Bicyclic Chiral Diene Ligands

2.1.1. Chiral Bicyclo[2.2.1]hepta-2,5-dienes. In 2003,
Hayashi reported a chiral diene (R,R)-Bn-nbd (L2a; nbd =
bicyclo[2.2.1]hepta-2,5-diene), which was used as a chiral diene
ligand for asymmetric catalysis for the first time (Scheme 2a).17
This C2-symmetric ligand is based on a bicyclo[2.2.1]hepta-2,5diene skeleton with benzyl groups at the 2,5-positions. The
synthesis of this ligand starts from known enantiopure
bicyclo[2.2.1]heptane-2,5-dione 2, which is produced by the
(R)-MeO-MOP/Pd complex-catalyzed asymmetric hydrosilylation of bicyclo[2.2.1]hepta-2,5-diene (norbornadiene, 1),
followed by oxidation.27 Ditriflation of diketone 2, followed by
the iron-catalyzed cross-coupling of ditriflate 3 with benzylmagnesium chloride, gave (R,R)-Bn-nbd (L2a).28 A series of chiral
C2-symmetric R-nbd (R = Me, Ph, iBu, cHex, allyl, etc.) ligands
were prepared via this reaction scheme.28−30 The diene ligand
can be isolated as a rhodium complex by treating the crude
mixture of the cross-coupling product with [RhCl(C2H4)2]2.28
This protocol is particularly useful for volatile (R,R)-Me-nbd
(L2f) and thermally unstable (R,R)-Ph-nbd (L2b).
B
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enantiomerically pure forms in two- or three-step reactions. The
monosubstituted dienes L3b based on the bicyclo[2.2.2]octa2,5-diene framework were also synthesized via asymmetric
cycloaddition between trifluoroethyl acrylate 4b and 1,3cyclohexadiene using 5 as the catalyst.
A family of chiral nbd-based diene ligands L4 with a methyl
group at the bridgehead were also prepared from enantiopure 5ketobornyl acetate 6 (Scheme 2c).32 The diketone 7 was
subjected to the bistriflation, followed by the palladiumcatalyzed cross-coupling of ditriflate 8 with arylboronic acids,
to give the corresponding 2,5-diarylated bicyclo[2.2.1]heptadienes L4a−d, which are different from dienes L2 in that
they bear three methyl groups, one of which is at the bridgehead.
Those substituted with a carbonyl group (L4e−g) were also
synthesized, where the palladium-catalyzed carbonylation of
alkenyl triflate was one of the key steps.33
(R,R)-Bn-nbd (L2a) was synthesized with 97% ee using the
asymmetric Diels−Alder reaction of a benzyl-substituted
cyclopentadiene with propynal, which was catalyzed by the
chiral supramolecular U-shaped boron Lewis acid catalyst 9. The
formyl group of the cycloaddition product was converted to a
benzyl group by a sequence of reactions (Scheme 2d).34
The diastereoselective Diels−Alder reaction of cyclopentadiene with N-(3-phenylpropioloyl)oxazolidinones 10 proceeded with moderate to high selectivity to give chiral dienes
L5a and L5b, which were unique in that one of the two olefins of
norbornadiene skeleton was substituted with two groups and the
other was unsubstituted. The obtained mixtures of diastereoisomers were readily made diastereomerically pure by
recrystallization (Scheme 2e).35
2.1.2. Chiral Bicyclo[2.2.2]octa-2,5-dienes. Chiral diene
ligands based on the bicyclo[2.2.2]octa-2,5-diene skeleton were
first reported by Carreira.36 The bicyclic ketone 11, which is
readily available from (−)-carvone, was converted to alkenyl
triflate 12, and palladium-catalyzed cross-coupling with arylzinc
reagents gave bicyclo[2.2.2]octa-2,5-dienes L6, where one of the
two double bonds was substituted with an aryl group and the
other was not (Scheme 3a). An advantage of this family of
ligands is their easy synthesis, which requires only four steps
from readily available (−)-carvone. Some expansion of the
ligands L6 and the improvement of the last cross-coupling step
using arylboronic acids were reported by Darses.37,38 This type
of bicyclo[2.2.2]octa-2,5-diene was introduced into DNA by
Jäschke39 through amide formation with L6, where Ar was 4(HOOC)C6H4 or 4-(NH2CH2)C6H4, and its iridium(I)
complex was used for asymmetric allylic amination.
In the pursuit of higher enantioselectivities for asymmetric
catalysis, Carreira40,41 modified the synthetic route from
(−)-carvone to produce the pseudo-C2-symmetric 2,5-disubstituted bicyclo[2.2.2]octa-2,5-diene ligands L7 (Scheme 3b). A
Grignard addition to (−)-carvone, followed by oxidation, gave
the enones 13, which were then subjected to cyclization
conditions to give the bicyclic ketones 14. Alkylation of the
ketone enolates, followed by the reduction of the alkylated
ketones 15 to olefins through the Pd-catalyzed reduction of
alkenyl triflate, led to the pseudo-C2-symmetric dienes L7.
Because the R2 groups are introduced by the enolate alkylation,
aromatic groups are difficult to install.
A family of C2-symmetric 2,5-disubstituted bicyclo[2.2.2]octa-2,5-dienes (bod) L8 was reported by Hayashi.42,43 The
synthesis started with the known racemic diketone 16, and
ditriflate formation followed by palladium-catalyzed crosscoupling gave the racemic diene L8 (Scheme 4a). The most

Scheme 2. Synthesis of Chiral Bicyclo[2.2.1]hepta-2,5-dienes

Another route to chiral dienes based on the nbd framework
was also reported through the catalytic asymmetric Diels−Alder
reaction of β-chloroacrylate 4a with cyclopentadiene promoted
by a chiral oxazaborolidine complex 5 (Scheme 2b).31 The
monosubstituted chiral dienes L3a were readily obtained in their
C
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Scheme 3. Synthesis of Chiral Bicyclo[2.2.2]octa-2,5-dienes

Scheme 4. Synthesis of Chiral Bicyclo[2.2.2]octa-2,5-dienes

reliable method of obtaining enantiopure L8 is HPLC resolution
with a chiral column (Chiralcel OJ), although optical resolution
of the racemic diketone 16 via the fractional recrystallization of a
mixture of diastereomeric hydrazones formed by the reaction
with (R)-5-(1-phenylethyl)semioxamazide is also possible.44
A scalable synthesis of enantiomerically pure bicyclo[2.2.2]octadiene (bod) ligands was also reported, where the
asymmetric Michael addition−aldol reaction of 2-cyclohexenone (0.50 kg) with phenylacetaldehyde in the presence of Lproline catalyst was used to provide bicyclic ketoalcohol 17
(0.72 kg, 66%, 44% ee) with a chiral bicyclo[2.2.2]octadiene
skeleton (Scheme 4b).45,46 Dehydration of 17, followed by
recrystallization of the resulting ketoolefin 18, gave an
enantiopure 18 in a 33% yield. A series of aryl-substituted
dienes L8b and L8g−k was prepared by adding the aryl
Grignard reagents to ketone 18, followed by dehydration. To
introduce alkyl groups, alkenyl triflate 19 was subjected to the
iron-catalyzed Grignard cross-coupling to give L8l and L8m.
A series of C2-symmetric bicyclic[2.2.2]octa-2,5-diene ligands
bearing two substituents on the two bridgehead carbons (L9)
was also reported (Scheme 4c).47 Enantiopure diketone-diester
21, which was obtained though the kinetic resolution of racemic
enol ester dl-20 with PPL (porcine pancreas lipase),48 was
subjected to the alkenyl triflate formation and palladiumcatalyzed cross-coupling to give the C2-symmetric dienes (S,S)22, which had two carbomethoxy groups at the bridgehead

carbons. Reducing the esters to methyl groups gave the
dimethyl-substituted dienes (S,S)-L9.
The single-step synthesis of a chiral bicyclo[2.2.2]octadiene
was also realized through the Diels−Alder reaction of (R)phellandrene with methyl propiolate in the presence of a Lewis
acid (Scheme 5a).49 Using 2-naphthyl propiolate instead of
methyl propiolate enabled the isolation of the cycloaddition
product L10b in a chemically and enantiomerically pure form
via simple recrystallization of the crude reaction mixture.50 The
2-naphthyl ester L10b was readily converted to other ester
derivatives L10c−e via direct transesterification or by way of its
carboxylic acid. Treating L10b with methyllithium gave tertiary
D
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chiral HPLC (Chiralpak IB) (Scheme 5c).69 The pseudo-C2symmetric diene L12 substituted with two methyl groups was
confirmed to coordinate to a Rh(I) complex and was used for
the asymmetric conjugate addition reaction.
A family of C2-symmetric tetrafluorobenzobarrelenes (tfb),
whose framework is based on a bicyclo[2.2.2] skeleton and is
fused with a tetrafluorobenzene ring, was synthesized through
the [4 + 2] cycloaddition of the corresponding 1,4-bis(alkyloxymethyl)benzene 24a with tetrafluorobenzyne generated in situ from pentafluorobenzene (Scheme 6a).70,71 A
(−)-menthoxy group (OR) was chosen as the chiral auxiliary for
L13a to avoid resolution with chiral HPLC columns. It should
be noted that this diene ligand was prepared in two steps from
commercially available materials, and each diastereoisomer was
isolated by column chromatography on silica gel, although the
yield was low (8%). The [4 + 2] cycloaddition of 1,4bis((methoxymethoxy)methyl)benzene 24b (OR 1 =
OCH2OCH3) with tetrafluorobenzyne gave dl-L13b, which
was optically resolved using a chiral stationary-phase column
(Chiralcel OD-H). The methoxymethyl protecting group was
removed, and the resulting diol was further transformed into
dibenzyl-substituted tbf L13c and silyl ether L13d.
The tfb ligands were found to possess a high coordination
ability toward rhodium(I) due to their electron-deficient
characters, and some efforts have continued to improve the
synthetic route to tfb ligands. Thus, the chiral Me-tfb ligand
L14a, which was substituted with two methyl groups at the 2,5positions, was prepared through the [4 + 2] cycloaddition of 4methylanisole (24c) with tetrafluorobenzyne, followed by the
resolution of racemic ketone dl-25 through the use of a chiral
stationary-phase column (Chiralpak AD-H). Subsequent triflate
formation gave 26, and iron-catalyzed Grignard cross-coupling
led to Me-tfb (L14a) (Scheme 6b).72 The palladium-catalyzed
carbonylation of 26 gave the unsymmetric ligand L14b bearing
an ester group, which was further transferred to an amide group
to yield L14c.
A more versatile and general route to C2-symmetric
tetrafluorobenzobarrelenes, namely, R-tfb (R = benzyl, phenyl,
ferrocenyl, etc.), has been achieved (Scheme 6c).73 The [4 + 2]
cycloaddition of 1,4-diisopropoxybenzene (24d) with tetrafluorobenzyne, followed by acidic hydrolysis, gave racemic
diketone dl-27 in a 40% yield. The resolution of diketone dl-27
through using a chiral stationary-phase column (Chiralpak IA)
easily gave both enantiomers (R,R)-27 and (S,S)-27 in high
yields. The formation of the enantiopure ditriflate 28 and its
subsequent cross-coupling with benzylmagnesium chloride,
phenylboronic acid, ferrocenylzinc chloride, and others led to
L13c and L15a−f. C2-Symmetric diester L15e was obtained
from the palladium-catalyzed carbonylation of ditriflate 28, and
transesterification gave 2-naphthyl ester L15f.
The chemical resolution of racemic tfb complexes L15-Rh via
the selective coordination of an enantiopure chelating ligand has
been reported (Scheme 6d).74 Treating racemic [RhCl(L15)]2
(2.0 equiv of Rh) with Na-(S)-Salox (1.0 equiv) selectively
produced one diastereomeric complex, namely, (R,R)-L15-Rh(S)-Salox, while the other enantiomer [RhCl((S,S)-L15)]2
remained intact. These complexes were separated by flash
chromatography in the presence of morpholine and then treated
with HCl to give both enantiomers of the dimeric chloridebridged complexes L15-Rh.
2.1.3. Chiral Bicyclo[3.3.1]- and Bicyclo[3.3.2]dienes.
C2-Symmetric dienes based on bicyclo[3.3.1]nonadiene and
bicyclo[3.3.2]decadiene skeletons were prepared from the

Scheme 5. Synthesis of Chiral Bicyclo[2.2.2]octa-2,5-dienes

alcohol L10g. A series of chiral diene ligands L11 containing
amide groups was also prepared by taking advantage of the ester
functionality of L10b (Scheme 5b).51−56 The chiral amidecontaining diene ligands (particularly L11d) have been
intensively investigated for heterogeneous asymmetric catalysis
with rhodium nanoparticles, which are used for enantioselective
arylation reactions.57−63 A metal−organic framework (MOF)
containing a chiral diene was also constructed through the
functionalization of the amide moiety (L11j).64 Immobilization
of the chiral amide-containing diene ligands has also been
reported.65−68
One of the polycyclic compounds, which contain a
bicyclo[2.2.2]octadiene moiety and are prepared by coppercatalyzed oxyalkynylation followed by the intramolecular [4 + 2]
cycloaddition of allenes with arenes, was optically resolved by
E
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Scheme 6. Synthesis of Chiral Tetrafluorobenzobarrelenes

Review

Scheme 7. Synthesis of Chiral Bicyclo[3.3.1]dienes and
Bicyclo[3.3.2]-2,6-dienes

Unsubstituted bicyclo[3.3.1]nona-2,6-diene L16c and its
rhodium complex were also prepared and used for asymmetric
catalysis.77,78
9-Azabicyclo[3.3.1]nonadiene L16d was prepared from the
enantiopure diketone 29b through ditriflation and palladiumcatalyzed cross-coupling (Scheme 7b).79 The nitrogen atom in
the bridged ring enabled the facile immobilization of diene
ligands on silica, giving Silica-L16e for use in heterogeneous
catalysis. Both L16d and Silica-L16e were successfully applied
to the rhodium-catalyzed addition of arylboronic acids to Ntosylarylimines.
C2-Symmetric diene L18, which is similar to L16 in that its
basic skeleton is bicyclo[3.3.1]nonadiene but different in terms
of the locations of the substituents, was synthesized with the
expectation that L18 would be more enantioselective than L16,
as shown by a molecular modeling study (Scheme 7c).80 Starting
with achiral diketone 31, the enantiopure dienes L18 were
obtained through alkenyl triflate formation, Grignard crosscoupling, and HPLC (Chiralcel OJ) separation of racemic
dienes L18.
Bicyclo[3.3.1]nonadienes L19, which do not have substituents on the carbon�carbon double bonds but instead have

corresponding racemic diketones 29a and 30 (Scheme 7a).75,76
The addition of a phenylcerium reagent to the ketone, followed
by dehydration, gave the racemic dienes L16a (Ph-bnd) and
L17 (Ph-bdd), which were subjected to the HPLC (Chiralcel
OJ) separation to produce both of their enantiomers.
F
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ether groups at the allylic position, have also been prepared
(Scheme 7d).81 The synthesis started with enantiopure 2,6dione (S,S)-29a, which was oxidized to di(enone) and reduced
to give di(allylic alcohol) L19a. The alcohol was finally
converted to benzyl ether L19b.
2.1.4. Chiral Bicyclo[3.3.0]-, Bicyclo[3.4.0]-, and Bicyclo[4.4.0]-dienes. A family of chiral diene ligands with a
bicyclo[3.3.0]octa-2,6-diene skeleton was developed by Lin82,83
and Laschat84 (Scheme 8a). The ligands were synthesized from
enantiopure diol 32, which was obtained via the enzymatic
kinetic resolution of racemic 32.85 Oxidation into diketone 33,
followed by ditriflation and palladium-catalyzed cross-coupling,
led to 2,6-disubstitued bicyclo[3.3.0]octa-2,6-dienes L20 in
their enantiopure forms. Immobilization of this type of diene
ligand via the functionalization of the Ar group has been
reported.86,87
The diketone 33 was also used for the synthesis of dienes L21,
which do not have substituents on the carbon�carbon double
bonds but instead have oxygen functionalities at the allylic
positions. They are soluble in water and hence serve as useful
diene ligands for asymmetric catalysis in water (Scheme 8b).88
The 3,7-disubstituted bicyclo[3.3.0]octadienes L22, which
differ from L20 in terms of the locations of the substituents,
have been reported by Laschat89 and Strand90 (Scheme 8c).
Chiral diene L23, whose overall structure is [4.3.3]propellene,
was synthesized from enantiopure propellenedione 34 (Scheme
8d).91 The enantiopure allylic alcohol (R)-35, which was
obtained from the kinetic resolution of the racemate via lipasecatalyzed acetylation, was converted to bicyclo[4.3.0]diene
L24a by way of the palladium-catalyzed cross-coupling of
alkenyl triflate (Scheme 8e).92 The chiral diene with alkyl ether
(L24b) was also prepared from (R)-35.93 Bis(enone) L25 with a
bicyclo[4.4.0] scaffold was reportedly synthesized via the
oxidation of diketone (1S,6S)-36 (Scheme 8f).94 Its palladium
complex was tested as a catalyst for enyne cyclization, although
no enantioselectivity was observed.

Review

Scheme 8. Synthesis of Chiral Bicyclo[3.3.0]-,
Bicyclo[3.4.0]-, and Bicyclo[4.4.0]-dienes

2.2. Acyclic Chiral Diene Ligands

Chiral diene ligands are not necessarily based on a bicyclic
skeleton, but linear 1,5-hexadiene derivatives can be used as
chiral ligands for some asymmetric reactions. Their synthesis is
relatively easy, although their enantioselectivity is not as high as
that of bicyclic diene ligands. Chiral diene (3R,4R)-hexa-1,5diene-3,4-diol (L26), which was reportedly synthesized from Dmannitol (Scheme 9a),95 was used by Du as a chiral ligand for
Rh-catalyzed asymmetric conjugated additions.96
Some of the enantioenriched 1,5-hexadienes prepared by
palladium- or rhodium-catalyzed asymmetric reactions have
been examined for their enantioselectivities as chiral ligands in
catalytic asymmetric reactions. Thus, the palladium-catalyzed
oxidative diamination of 1,5-hexadiene with a diaziridinone gave
cyclic urea 38,97 which was further modified using the
substituents on the nitrogen atoms to form various 3,4diamino-1,5-hexadiene derivatives L27a and L27b (Scheme
9b).98,99 The palladium-catalyzed asymmetric allylic amination
of divinylethylene carbonate 39 gave chiral 1,5-hexadiene L28
substituted with an imido group and a hydroxyl group (Scheme
9c),100 and the rhodium-catalyzed asymmetric cyclization of
ene-diene 41 gave chiral 1,5-hexadiene L29, where the 3,4positions are a part of the pyrrolidine ring101 (Scheme 9d).
Oxazolidine 43 derived from L-serine was converted into chiral
diene L30102 through diastereoselective allylation and the
conversion of the ester group to a vinyl group (Scheme 9e). The

basic skeleton of this chiral diene is also 1,5-hexadiene, and its 3position is a chiral carbon center that shares the oxazolidine ring.
2,2′-Divinyl-1,1′-binaphthyls L31 substituted with aryl
groups at the 3,3′-positions have also been reported as chiral
ligands for asymmetric catalysis. 103 Their synthesis is
G

https://doi.org/10.1021/acs.chemrev.2c00218
Chem. Rev. XXXX, XXX, XXX−XXX

Chemical Reviews

pubs.acs.org/CR

Scheme 9. Synthesis of Chiral 1,5-Hexadienes
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Scheme 10. Synthesis of Binaphthyl-Based Chiral Dienes

diamino-1,1′-binaphthyl (DABN), gave a mixture of cationic
diastereoisomers. These diastereoisomers were separated by
fractional recrystallization, leading to the diastereomerically
pure rhodium complex 45. The subsequent removal of the chiral
diamine auxiliary gave the enantiomerically pure cationic
complex L32-Rh. This optical resolution method was applied
to achiral 1,5-diphenyl-1,5-cyclooctadiene (Ph-cod), which was
readily prepared from 1,5-dibromo-1,5-cyclooctadiene by a
palladium-catalyzed Grignard cross-coupling reaction (Scheme
11b). The enantiopure cationic complex L33-Rh was used to
study the racemization of this complex via the dissociation of the
diene ligand during the rhodium-catalyzed asymmetric conjugate arylation reaction.105 Symmetrically disubstituted
dibenzocyclooctatetraenes L34a and L34b were prepared, and
their enantiopure rhodium complexes were obtained through
optical resolution in a similar manner (Scheme 11c).106
C2-Symmetric 1,5-cyclooctadienes (cods) 47, which are
substituted at the allylic positions and have four stereogenic
carbon centers, were synthesized by the rhodium-catalyzed
double asymmetric allylic C−H functionalization of cyclooctadiene with aryldiazoacetates (Scheme 11d).107 Transforming the ester groups into bulky tertiary alcohols gave chiral
cod ligands, one of which was L35.
2.4. Structures of Chiral Diene−Rhodium Complexes

X-ray crystallographic analysis has been performed for some of
the chiral diene ligands coordinated to rhodium or iridium in the
form of [MCl(diene*)]2 (M = Rh or Ir). The main parameters,
including the bite angle of diene coordination (∠A), the torsion
angle of the two double bonds (∠B), and the selected bond
distance, are summarized in Table 1. Comparing the X-ray
structural data reveals some interesting properties of the
different [MCl(diene*)]2 complexes. The rhodium−diene
complexes based on the bicyclo[2.2.1] and bicyclo[2.2.2]
scaffolds (entries 1−9) have bite angles of diene coordination
ranging from 70.1° to 73.2°. It is worth noting that Fc-tfb-Rh
(entry 7), which exhibited high performance in many reports,
has the smallest bite angle of diene coordination among all the
complexes listed in Table 1. The diene framework is highly
symmetric, and the two double bonds (Cα�Cβ and Cα′�Cβ′)
are close to parallel (∠B < 1.6°). The diene−rhodium complexes
based on bicyclo[3.3.0] and bicyclo[3.3.1] scaffolds (entries
10−15) have much larger bite angles ranging between 86.9° and
88.9°. The two double bonds (Cα�Cβ and Cα′�Cβ′) in those
complexes are not parallel to each other but instead twisted by
degrees from 22.4° to 29.9° (∠B). For the cyclooctadiene-based
complexes (entries 16−19), the data indicate that they have
large bite angles (88.4−89.2°), and their two double bonds

straightforward and starts with bromo-ester (S)-44. Palladiumcatalyzed cross-coupling with arylboronic acids replaced the
bromide with aryl groups, and the ester was converted into vinyl
group using an aldehyde (Scheme 10).
2.3. Chiral 1,5-Cyclooctadiene−Rhodium Complexes

While all the chiral dienes mentioned above possess intrinsic
chirality by themselves, there have been reports of another type
of chiral diene ligands that are achiral by themselves but become
chiral upon coordinating to a metal. This concept was first
reported by Grützmacher104 with tetraene L32 (Ph-dbcot),
which is a monosubstituted dibenzocyclooctatetraene (Scheme
11a). Complexation of L32 with [RhCl(CO)2]2 and cationic
complex formation, followed by the coordination of (R)-2,2′H
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diene ligand effectively dissects the space, creating a very good
chiral environment around the metal. This steric differentiation
is much more effective in many asymmetric reactions than other
systems such as Rh/(R)-binap, whose origin of stereocontrol
comes from the face and edge difference of the phenyl groups on
the phosphorus atoms of (R)-binap.

Scheme 11. Synthesis of Chiral 1,5-Cyclooctadiene−
Rhodium Complexes

3. APPLICATIONS OF CHIRAL DIENE LIGANDS IN
ASYMMETRIC CATALYSIS
The enantioselective formation of a C−C bond via the
transition-metal-catalyzed asymmetric addition of organoboron
reagents to acceptors (including C�C, C�O, C�N, etc.) is
known as one of the most useful methods in organic synthesis
and has developed rapidly in recent years.109−112 In addition to
the traditional phosphorus and nitrogen coordination ligands, a
variety of chiral diene ligands have been developed and applied
in this field. In this section, asymmetric reactions catalyzed by
chiral diene−transition metal complexes are summarized.
3.1. Asymmetric Addition to Carbon�Carbon Double
Bonds

3.1.1. Asymmetric Addition to α,β-Unsaturated Carbonyl Compounds. α,β-Unsaturated carbonyl compounds,
including α,β-unsaturated ketones (enones), aldehydes, esters,
and amides, are known as good acceptors for conjugate addition.
Conjugate addition to enones has frequently been chosen as a
model reaction to examine a variety of newly developed chiral
ligands. Many of the characteristics discovered in this reaction
are applicable to other addition systems.
The first Rh-catalyzed conjugate addition of arylboronic acids
to enones can be traced back to a 1997 publication by
Miyaura.113 In this report, a rhodium complex generated in situ
from Rh(acac)(CO)2 and dppb catalyzes the conjugate addition
of arylboronic acids to α,β-unsaturated ketones, although the
yields are low except for that of methyl vinyl ketone (eq 1).

A breakthrough in this asymmetric methodology appeared in
1998, when Hayashi and Miyaura reported the use of the
rhodium catalyst Rh(acac)((S)-binap), which was generated
from Rh(acac)(C2H4)2 and (S)-binap, in the asymmetric
addition of arylboronic acids to α,β-unsaturated ketones (eq
2).114 For the first time, a broad range of aryl groups were
introduced to a variety of α,β-unsaturated ketones in high yields
with excellent enantioselectivities.

In 2002, Hayashi115 established the catalytic cycle of this
rhodium-catalyzed reaction and found that [Rh(OH)((S)binap)]2 was a more active catalyst than Rh(acac)((S)-binap).
Kinetic studies using [Rh(OH)(cod)]2 and [Rh(OH)((R)binap)]2 showed that the addition of phenylboronic acid to
methyl vinyl ketone was more than 20× faster with [Rh(OH)(cod)]2 than [Rh(OH)((R)-binap)]2.116,117 This is mainly

(Cα�Cβ and Cα′�Cβ′) are close to parallel. The exception is
those of RhCl(L33) (entry 17), which are twisted by 10.5°.
The X-ray structure of [MCl(diene*)]2 shows that the steric
difference between a bulky group and a small hydrogen on the
I

https://doi.org/10.1021/acs.chemrev.2c00218
Chem. Rev. XXXX, XXX, XXX−XXX

Chemical Reviews

pubs.acs.org/CR

Review

Table 1. X-ray Structures of Chiral Diene Ligands and Their Metal Complexesa
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Table 1. continued
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Table 1. continued

a

The parameters were measured from the reported corresponding X-ray structural data (CIF files) using the “Mercury” software. ∠A is the bite
angle of the diene’s coordination with the metal (∠A = ∠Cαβ−M−Cα′β′), where Cαβ is the centroid of Cα and Cβ and Cα′β′is the centroid of Cα′ and
Cβ′). ∠B = ∠Cα−Cβ or Cα′−Cβ′.

because the transmetalation step from the hydroxo−Rh
intermediate A to the Ph−Rh species B is much faster with
the cod ligand than with binap, as demonstrated by the rate
constant k1 being larger with the cod ligand than with binap
(Scheme 12). The addition of Ph−Rh B to the the olefinic
double bond of the enone, followed by the hydrolysis of a Rh−
enolate intermediate, gives the addition product and regenerates
the hydroxo−Rh species A. It is noteworthy that the rhodium
keeps a formal oxidation state of +1 throughout the catalytic
cycle. These key groundbreaking findings paved the way for an
intense and hot research activity in both this area and related
processes.
The first example of the successful application of chiral diene
ligands to asymmetric reactions appeared in 2003, when a
rhodium complex coordinated with chiral diene L2a was used as
a catalyst for the asymmetric conjugate addition of organoboronic acids to α,β-unsaturated ketones (Scheme 13).17 The
chiral diene−rhodium system exhibited a catalytic activity
higher than those other chiral rhodium catalysts used for the
asymmetric conjugate addition, and the enantioselectivity was
one of the highest. In the presence of [RhCl((R,R)-L2a)]2 as the
catalyst, both aryl and alkenyl groups were introduced to a
variety of cyclic and acyclic α,β-unstaurated ketones under mild
conditions, giving the corresponding addition products in high
yields with high enantioselectivity.
A stereochemical model has been proposed to explain the
stereochemical outcome of asymmetric conjugate addition

Scheme 12. Catalytic Cycle for the Rhodium-Catalyzed 1,4Addition of PhB(OH)2 to Enones and Kinetic Studies

reactions catalyzed by chiral diene−rhodium complexes.17
Scheme 14 depicts the addition of a phenylrhodium species to
2-cyclohexenone and a linear α,β-unsaturated ketone, using the
L
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activity of L8a is demonstrated by its strong performance in the
1,4-addition of PhB(OH)2 to 2-cyclohexenone and 2-cyclopentenone, which proceeds well with a low catalyst loading
(0.01 mol % Rh) without any loss of catalytic activity or
enantioselectivity (entry 6). The ligand L21a is water-soluble,
and its rhodium complex catalyzes asymmetric addition in
aqueous media. The cod-type ligands (L32−34), which are
achiral as they are but have chirality when coordinated to
rhodium, result in low to moderate enantioselectivity.104−106
The low enantioselectivity is attributed to the racemization of
the rhodium complex during the course of the reaction as a result
of the dissociation of the ligand and its recoordination with the
other enantioface. In addition to the chiral dienes where the two
alkenes are part of a rigid fused or bridged bicyclic framework,
m o r e fl e x i b l e a c y c l i c c h i r a l 1 , 5 - d i e n e s ( L 2 6 −
30)96,97,99−102,133,134 have been used as chiral ligands for this
reaction, although their enantioselectivity is not as high as that of
bicyclic ones. It should be noted that this is just one comparison
based on the model reaction, and some ligands might work
better for other specific substrates.
The asymmetric addition of phenylboronic acid to linear
enones was also used as a model reaction to evaluate the
activities of various chiral diene ligands with a rhodium catalyst
(Table 3). The chiral bicyclo[2.2.1]- and bicyclo[2.2.2]-based
ligands generally exhibited excellent enantioselectivities (90−
99% ee) in this reaction, while the chiral bicyclo[3.3.0]- and
bicyclo[3.3.1]-based ligands showed only moderate enantioselectivity (72−83% ee).
Heterogeneous catalysts for asymmetric reactions have
attracted increasing interest because they can be readily
separated from products and potentially reused. In this area,
much work has been done on chiral diene-modified heterogeneous rhodium catalyst systems. The chiral diene ligands
L10g130 and L11d58 have been used for heterogeneous catalysis
with Rh/Ag bimetallic nanoparticles (PI/CB Rh/Ag)57 and
cellulose-supported chiral Rh nanoparticles (L11d-Rh-Cell).59
Copolymer immobilized catalysts L11k-LIHBCB-Rh,65 PSL11k-RhCl,66 and L11l-RhCl;67 immobilized chiral diene
L20k;86 and a MOF containing the chiral diene catalyst L11jMOF-RhCl64 have also been reported. These heterogeneous
catalyst systems were evaluated using the asymmetric addition of
phenylboronic acid to cyclic and linear enones, and good to
excellent results were achieved in many cases (Table 2, entries 9,
10, and 17, and Table 3, entry 10).
Besides the simple cyclic and linear enones listed in Tables 2
and 3, ring-fused α,β-unsaturated carbonyl compounds are also
reactive acceptors for rhodium-catalyzed conjugate addition.
The reaction of naphthoquinone monoketal 48 with aryl- and
alkenylboronic acids in the presence of a rhodium−chiral diene
catalyst gave the corresponding addition products 49 in high
yields with excellent enantioselectivity (Scheme 15a).138 The
chiral diene ligand (R,R)-Ph-bod (L8b) was shown to be much
more effective than phosphine-based ligands such as binap and
phosphoramidites derived from 1,1′-binaphthol in terms of both
catalytic activity and enantioselectivity. This asymmetric
conjugate arylation was applied in the addition of a 2naphthylboronic acid ester to quinone monoketal 50 to give
(R)-51, which is a key intermediate for the total synthesis of
(+)-engelharquinone (Scheme 15b).139 The rhodium−L8b
complex has been reported to catalyze the asymmetric conjugate
addition of arylboronic acids to chromones 52, giving
enantioenriched flavanones 53 (Scheme 15c).140

Scheme 13. First Example of the Asymmetric Addition of
Organoboron Reagents to Enones Catalyzed by a Chiral
Diene−Rhodium Complex

Scheme 14. Stereochemical Pathway

(R,R)-L2a ligand as an example. The (R,R)-L2a-Rh complex
recognizes the enantioface of the enones because of the steric
repulsion between the benzyl group on the diene and the
carbonyl moiety; the coordination with the αre-face is favorable
for both cyclic and linear enones, which leads to a product with
an (R)-configuration in the phenylation of 2-cyclohexenone.
A number of computational studies involving DFT calculations have been performed to analyze various aspects of the
mechanism of the asymmetric catalysis enabled by chiral diene
ligands.78,118−124 These studies are in good agreement with the
stereochemical model shown in Scheme 14 in terms of
predicting the absolute configuration of the products. In most
cases, steric factors are proposed to have a decisive effect on the
enantioface selection.
Since the first report on the chiral diene ligand (Scheme 13), a
variety of chiral dienes have been developed, and their abilities as
chiral ligands have been evaluated using rhodium-catalyzed
asymmetric conjugate addition as a model reaction. Both cyclic
and acyclic enones are good acceptors for the rhodium-catalyzed
asymmetric addition of boron reagents. The results are
summarized in Tables 2 (addition to cyclic enones) and 3
(addition to acyclic enones). In many cases, the chiral diene
ligands surpassed the conventional ligands in terms of both
catalytic activity and enantioselectivity.
The alkylated and phenylated variations of the chiral
bicyclo[2.2.1]heptadiene scaffold (L2−4)28,29,31,32,125,126 have
shown excellent enantioselectivities in the rhodium-catalyzed
asymmetric addition of PhB(OH)2 to enones. Other rigid chiral
dienes, including bicyclo[2.2.2]octadiene variations (L6−
15),31,37,40,44,46,47,49,50,64,71,127−129,131 bicyclo[3.3.0]octadiene
variations (L20−23),82−84,86,88−91,132 bicyclo[3.3.1]nonadiene
variations (L16, L18, and L19),75,78,80,81 and bicyclo[3.3.2]decadiene variations (L17),75 were all reported to give excellent
enantiomeric excesses. It is worth noting that the high catalytic
M
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Table 2. Rhodium-Catalyzed Asymmetric Addition of PhB(OH)2 to Cyclic Enones with Various Chiral Diene Ligands
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Table 2. continued

One of the interesting variations in the rhodium-catalyzed
addition is the 1,4-rhodium shift in the catalytic cycle. For
example, the reaction of (E)-1,2-diphenylethenylboronic acid

(54) with cyclic enones in the presence of the rhodium−chiral
diene complex [RhCl(L10d)]2 gave the addition product 55,
where the ortho-alkenylphenyl group was introduced in high
Q
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Table 3. Rhodium-Catalyzed Asymmetric Addition of Boron Reagents to Acyclic Enones with Various Chiral Diene Ligands
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Table 3. continued

yields with excellent enantioselectivity (Scheme 16a).141 The
catalytic cycle involves a 1,4-rhodium shift from an alkenylrhodium intermediate to an arylrhodium intermediate. The diene
ligand smoothly enables the 1,4-rhodium shift, while the
phosphine ligand (binap) inhibits the shift completely. DFT
calculations suggest that the 1,4-Rh shift occurs via C−H
oxidative addition to Rh(I) and reductive elimination from the
resulting square-pyramidal H−Rh(III) intermediate. The

selectivity is controlled by the appropriate choice of a chiral
diene ligand.142
The 1,4-rhodium shift from an alkylrhodium intermediate to
an arylrhodium intermediate was also reported during rhodiumcatalyzed conjugate addition.143 In the presence of [RhCl(L8b)]2 as a catalyst, the reaction of aryloxymethyltrifluoroborates 56 with α,β-unsaturated carbonyl compounds
successfully introduced 2-methoxyaryl groups at the β-position
with high enantioselectivity in high yields (Scheme 16b). This
S
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reagents can be used as nucleophiles with high catalytic activities
despite not being reactive with other ligands, such as chiral
phosphine ligands. Phenyl(trimethyl)stannane (PhSnMe3) was
found to be a reactive nucleophile when its addition to 2cyclohexenone was catalyzed by a complex between rhodium
and the chiral diene ligand (R,R)-Bn-nbd (L2a), leading to a
high yield of a stannyl enol ether that was subsequently
converted to the β-phenylated ketone by hydrolysis (80%, 95%
ee), while using binap as the ligand led to a less than 10% yield of
the product (Scheme 17).125

Scheme 15. Rhodium-Catalyzed Asymmetric Addition to
Ring-Fused Enones

Scheme 17. Rhodium-Catalyzed Addition of PhSnMe3 to 2Cyclohexenone

Scheme 16. Rhodium-Catalyzed Asymmetric Addition
Involving a 1,4-Rhodium Shift
An organoindium reagent (Ph2In(OH)) is also a reactive
nucleophile for rhodium-catalyzed 1,4-addition to α,β-unsaturated carbonyl compounds.144 Using the chiral diene ligand L7a
gave the arylation product in a 97% yield with 94% ee,
demonstrating the utility of diarylindium(III) hydroxide as an
aryl source with rhodium catalysts (Scheme 18).
Scheme 18. Rhodium-Catalyzed Asymmetric Arylation with
Diarylindium Hydroxides

Organo[2-(hydroxymethyl)phenyl]dimethylsilanes 58 have
been reported to be reactive arylating and alkenylating reagents
for rhodium-catalyzed 1,4-addition reactions.145 Under mild
conditions, the use of a chiral diene ligand L8a or L8b enabled
the reactions to proceed with high chemoselectivity, giving
enantioenriched ketones and piperidones 60 in good yields with
high enantioselectivity (Scheme 19a). It has been proposed that
the catalytic cycle of this reaction involves an alkoxy−rhodium
intermediate A, which undergoes the intramolecular migration
of the R1 group from silicon to rhodium.
The reaction of alkenyl[2-(hydroxymethyl)phenyl]dimethylsilanes 62 was applied to the synthesis of chiral
allylsilanes 63 via the addition to β-silyl α,β-unsaturated ketones
61 (Scheme 19b).146
While arylmetal reagents represented by arylboronic acids
have been most commonly used as aryl nucleophiles to form
aryl−rhodium (Ar−Rh) intermediates via transmetalation in the

reaction is proposed to proceed through a 1,4-shift of rhodium
from an aryloxymethyl−Rh intermediate to a 2-methoxyaryl−
Rh intermediate.
One advantage of using chiral diene ligands for rhodiumcatalyzed addition reactions is that a variety of organometallic
T
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unsaturated carbonyl compounds (Scheme 21a).80 The
enantioselectivity was higher than those reported with other
types of chiral diene ligands.40,125

Scheme 19. Rhodium-Catalyzed Asymmetric Arylation and
Alkenylation with Tetraorganosilicon Reagents

Scheme 21. Rhodium-Catalyzed Asymmetric Alkenylation

rhodium-catalyzed arylation reactions, nonmetallic arylating
reagents have also been developed. Acridinols 64 are reactive
toward β-aryl elimination on their rhodium alkoxides,
generating Ar−Rh intermediates, and can be used for the
rhodium-catalyzed conjugate arylation of α,β-unsaturated
carbonyl compounds (Scheme 20).147 The diene ligand (S,S)Scheme 20. Rhodium-Catalyzed Asymmetric Arylation with
Acridinols

Bn-bod ((S,S)-L8a) promoted asymmetric arylation, which
proceeded with high enantioselectivity. β-Aryl elimination on
the alkoxorhodium intermediate is strongly dependent on the
structure of the backbone of the tertiary alcohol bearing the aryl
group.
Compared to arylboronic acids as organometallic reagents for
rhodium-catalyzed asymmetric conjugate addition, alkenylboronic acids are used less often because they often readily undergo
decomposition reactions such as polymerization and protodeborylation. Furthermore, it has been accepted that the
enantioselectivity is generally lower for alkenylation than
arylation in rhodium-catalyzed asymmetric conjugate addition
reactions.125,138 As a new type of chiral diene ligand, 3,7disubstituted bicyclo[3.3.1]nona-2,6-dienes were designed and
used for asymmetric alkenylation. The diene L18b realized high
enantioselectivity (up to 99% ee) in the rhodium-catalyzed
additions of alkenylboronic acids to both cyclic and acylic α,β-

Bicyclic[3.3.0]dienes L20 have been used for the 1,4-addition
of 1-alkenylboronic acids to cyclic enones (Scheme 21b).132 The
enantioselectivity was found to be dependent on the steric
properties of the substituents on L20. In the alkenylation with
(E)-2-phenylethenylboronic acid, (E)-alkenylketones were
obtained with up to 87% ee.
U
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Potassium alkenyltrifluoroborates have been reported to have
advantages over alkenylboronic acids in terms of stability and
product yield in rhodium-catalyzed conjugate addition reactions. In the presence of 2 mol % L6c-Rh as the catalyst, the
asymmetric alkenylation of cyclohexenone with (E)-alkenylboronic acids proceeded well, giving the corresponding alkenylation
products in high yields with 82−84% ee (Scheme 21c).127
Alkenylation reactions with potassium alkenyltrifluoroborates
using the chiral diene−rhodium complex [Rh(OH)((S,S)L20a)]2 have also been reported, giving a variety of alkenylation
products with high enantioselectivity (Scheme 21d).148 The
enantioenriched alkenylation products obtained via asymmetric
conjugate addition to a five-membered ring lactam substrate
were converted to kainic acid and pregabalin.148
Enantiopure potassium alkenyltrifluoroborate 66 was used for
addition reactions to enones in the presence of a rhodium
catalyst with the chiral diene ligand L7b. The reaction
proceeded selectively under ligand control with (R,R,R)-L7b
or its enantiomer (S,S,S)-L7b to give the corresponding
alkenylation product with the opposite diastereomer ratio
(Scheme 21e).149
Using [RhCl(L7a)]2 as a catalyst, (E)-β-styrenylboronic acid
pinacol ester was employed for the asymmetric alkenylation of
five-membered α,β-unsaturated lactone to generate a key
stereogenic center for the total synthesis of the macrolide
natural products, hybridalactone and ecklonialactones.150
The installation of alkynyl groups via rhodium-catalyzed
asymmetric addition using alkynylboron reagents or terminal
alkynes is challenging because the alkynyl nucleophiles are also
reactive acceptors, reacting with the alkynyl−Rh intermediate to
produce enynes. To solve this problem, a new alkynylation
strategy involving the rhodium-catalyzed 1,3-rearrangement of
an alkynyl group from racemic alkynyl(alkenyl)carbinols was
developed; the reaction also involved β-alkynyl elimination as a
key step, which generated an alkynyl−Rh complex (Scheme
22a).151 While the (R)-binap ligand enables the asymmetric 1,3rearrangement of a variety of linear allylic alcohols with high
enantioselectivity, the chiral diene ligand (S,S)-L8b is more
effective than binap for the cyclic substrate 68 in terms of
governing the intramolecular alkynylation with higher enantioselectivity.
It was found that the rhodium-catalyzed asymmetric
alkynylation of α,β-unsaturated ketones could be realized
using (triisopropylsilyl)ethynylsilanol 70152 (Scheme 22b).
The diene ligand (R,R)-Bn-bod (L8a) enables the alkynylation
of cyclic enones, giving β-alkynylketones in high yields with high
enantioselectivity (77−91%, 78−91% ee), while the phosphine
ligand (R)-binap can be used for the reaction of acyclic enones.
Another alkynylating reagent, diphenyl[(triisopropylsilyl)ethynyl]methanol (71), can be used for the rhodium-catalyzed
asymmetric alkynylation of cyclic α,β-unsaturated carbonyl
compounds (Scheme 22c).43 The use of a chiral diene ligand
(R,R)-L8c gave high yields of the corresponding β-alkynylsubstituted carbonyl compounds with 95−98% ee.
Asymmetric 1,4-addition to α,β-unsaturated aldehydes is
challenging because of the competing 1,2-addition reaction, as
competitive processes are highly affected by the properties of the
ligands employed.153 Carreira used the chiral diene ligand L7b
for the rhodium-catalyzed asymmetric addition of arylboronic
acids to cinnamaldehyde derivatives, which gave the 1,4addition products, namely, 3,3-diarylpropanals, in 63−90%
yields with 89−93% ee (Scheme 23a).41 The obtained aldehydes
were converted to enantioenriched 1,1-diarylethanes by
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Scheme 22. Rhodium-Catalyzed Asymmetric Alkynylation

Scheme 23. Rhodium-Catalyzed Asymmetric Addition to
Enals

decarbonylation.154 The use of the chiral diene ligand (R,R)Bn-bod (L8a) has been also reported for asymmetric 1,4addition to α,β-unsaturated aldehydes.155 The corresponding
addition products were obtained with perfect 1,4-selectivity and
88−97% enantioselectivity for α,β-unsaturated aldehydes
substituted with both alkyl and aryl groups at the β-position
(Scheme 23b). In both cases, diene ligands show much higher
1,4-selectivity than other types of ligands, such as (R)-binap and
a phosphoramidite.
α,β-Unsaturated esters have also been frequently used as
acceptors in the rhodium-catalyzed asymmetric 1,4-addition of
organoboron reagents. Using the chiral diene ligand L7b allows
the addition of arylboronic acids to β-aryl-substituted α,βunsaturated tert-butyl esters (Ar1 = aryl, heteroaryl), leading to
enantioenriched 3,3-diarylpropanoates in 62−95% yields with
V
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89−94% ee (Scheme 24a).131 In a similar fashion, asymmetric
addition to indole-derived α,β-unsaturated esters by employing
the chiral diene ligand L20a has been reported (Scheme
24b).156
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used them as novel heterogeneous catalysts for the same
asymmetric reaction (Scheme 24c). Remarkably, the nanoparticle catalysts showed high performances in terms of yield,
enantioselectivity, and catalytic turnover that were superior to
those of the corresponding homogeneous metal complexes. The
catalysts were successfully recovered and reused in a gram-scale
synthesis with a low catalyst loading without a significant loss of
activity.58
Chiral diene ligands have been used for asymmetric addition
to α-substituted acrylates to produce conjugate addition
products bearing chiral carbon centers at the α-position. The
asymmetric arylation of dehydroamino acids 72 gave the
phenylalanine derivatives 73 with high enantioselectivity
(Scheme 24d),157 and the asymmetric conjugate arylation of
74 provided a route to enantioenriched nonproteinogenic
amino acids 75 (Scheme 24e).158
Arylidene cyanoacetates are reactive substrates toward
rhodium-catalyzed asymmetric conjugate addition. The addition of arylboronic acids to (E)-methyl 2-cyano-3-arylpropenoates 76 took place smoothly in the presence of a (R,R)-L8bRh catalyst, giving the corresponding 3,3-diaryl-2-cyanopropanoates 77 in high yields (90−99%) with high enantioselectivity
(96−99% ee) (Scheme 25a).159 The diene ligand exhibited
reactivity and enantioselectivity much higher than those of
phosphine ligands such as binap (33%, 46% ee). This catalytic
asymmetric transformation was applied to the asymmetric
synthesis of the urological drug (R)-tolterodine (61% overall
yield, 98% ee).
Arylidene Meldrum’s acids are also highly reactive toward
rhodium-catalyzed addition reactions. The reaction of 78 with
silyl-protected dioxaborinanes 79, followed by cyclization, gave
4-arylchroman-2-ones 81 with high enantioselectivity (Scheme
25b).160 The use of silyl-protected dioxaborinanes 79 as aryl
donors was found to be advantageous to achievehigh yields of
the addition products under anhydrous conditions. The
asymmetric alkenylation of arylidene Meldrum’s acids 82 with
alkenyltin 83 containing an allylic functionality has also been
reported (Scheme 25c).161 The use of a cationic Rh(I) catalyst
coordinated with L6d enabled the alkenylation, giving
enantioenriched products 84.
Cyclobutene-1-carboxylate 85, which has a four-membered
strained ring structure, has been investigated for the rhodiumcatalyzed conjugate addition of arylboronic acids (Scheme
26a).162 The use of the chiral diene ligand L20e allows the
asymmetric addition to proceed smoothly, giving chiral transcyclobutanes 86 in a highly diastereo- and enantioselective
manner; the diastereoselectivity of the reaction is higher than
that observed with phosphorus-based ligands, including binap
and a phosphoramidite.
Cyclopentene and cycloheptene carbonitriles and their
carboxylates have been studied for the asymmetric addition of
arylboronic acids (Scheme 26b).163 The reaction was catalyzed
by the rhodium complex of a chiral diene ligand (S,S)-L8b to
give the conjugate addition products cis-88 with moderate cisselectivity and high enantioselectivity. An addition product
(95% ee) obtained from cyclopentene carbonitrile and phenylboronic acid was used for the formal synthesis of the drug
candidate (+)-vabicaserin.
An enantiopure α,β-unsaturated ester 89, which was readily
prepared from (S)-prolinol, was subjected to the rhodiumcatalyzed asymmetric conjugate arylation (Scheme 27).164 The
reaction proceeded with high diastereoselectivity under ligand
control in the presence of a rhodium catalyst and the chiral diene

Scheme 24. Rhodium-Catalyzed Asymmetric 1,4-Addition to
α,β-Unsaturated Esters

A homogeneous rhodium complex generated from [RhCl(C2H4)2]2 and the secondary-amide-containing diene ligand
L11d efficiently catalyzed the asymmetric 1,4-addition of
arylboronic acids to α,β-unsaturated carbonyl compounds just
as other chiral diene−rhodium complexes did. Kobayashi
prepared chiral diene-modified Rh/Ag nanoparticles (NPs)
from Rh nanocomposites of polystyrene-based copolymers,
carbon black (PI/CB Rh/Ag), and the chiral ligand L11d and
W
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Scheme 25. Rhodium-Catalyzed Asymmetric 1,4-Addition to
Arylmethylene Derivatives

Scheme 27. Rhodium-Catalyzed Asymmetric Synthesis of
Pyrrolizidinones

Scheme 26. Rhodium-Catalyzed Asymmetric 1,4-Addition to
Cycloalkenecarboxylates

ligand L7b. Thus, after acidic hydrolysis of the addition product
90, ligand (R,R,R)-L7b gave pyrrolizidinone (S,R)-91 with 99:1
dr, while the diastereoisomer (S,S)-91 was produced with 90:10
dr in the reaction with the enantiomeric ligand (S,S,S)-L7b. This
asymmetric reaction was applied to the synthesis of
isaindigotidione (92), which is used to treat influenza and
encephalitis.165
Although amides are less electron-withdrawing than esters
and ketones, α,β-unsaturated amides are acceptors frequently
used for conjugate addition reactions. For example, α,βunsaturated amides 93, including Weinreb amides (R2 = Me,
R3 = OMe), regular amides such as benzylamides (R2 = H, R3 =
CH2Ph), and acyl pyrroles (R2, R3 = N-pyrrole), are all suitable
acceptors for the rhodium-catalyzed 1,4-addition of arylboronic
acids (Scheme 28a).166 In the presence of a rhodium catalyst and
the chiral diene ligand (S,S)-L8a, the addition reaction proceeds
smoothly, giving enantioenriched β-chiral amides 94 with high
enantioselectivity. Interestingly, a cooperative catalyst consisting
of Rh/Ag nanoparticles, Sc(OTf)3, and chiral diene L11d was
also reported to catalyze this reaction efficiently.61
Cyclic α,β-unsaturated amides are also reactive substrates for
rhodium-catalyzed asymmetric arylation. Using chiral diene
ligand L20a, the N-Boc-protected γ-lactam 95 underwent
asymmetric arylation with arylboronic acids, giving chiral βsubstituted γ-lactams 96 with high enantioselectivity (Scheme
28b).167 This asymmetric transformation has been employed for
the synthesis of (R)-baclofen and (R)-rolipram. The same
addition reaction to γ-lactam 95 using [2.2.1]bicyclic ligand L4d
was also reported,which gave high yields of 96 with excellent
enantioselectivity.168
The asymmetric arylations of α,β-unsaturated δ-lactam 97
and γ-lactam 95 were reported to take place.169 In the presence
of [Rh(OH)((S,S)-L20a)]2 as a catalyst, the reaction gave chiral
4-aryl-2-piperidinones 98 in high to excellent yields (76−94%)
and enantioselectivity (92% to >99% ee) (Scheme 28c).
Alkenes substituted with carbonyl groups at the 1,2-positions
are challenging substrates because the asymmetric arylation
products may undergo racemization caused by the acidic
hydrogen on the stereogenic carbon center substituted with
carbonyl and aryl groups. Di-tert-butyl fumarate 99 was used for
the rhodium-catalyzed asymmetric addition of arylboronic acids
X
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Scheme 28. Rhodium-Catalyzed Asymmetric Addition to
α,β-Unsaturated Amides

Scheme 29. Rhodium-Catalyzed Asymmetric Arylation of
Unsaturated Dicarbonyl Compounds

to give enantioenriched succinate esters 100 (Scheme 29a).30
The chiral diene ligand (R,R)-L2e effectively gave the
corresponding arylation products with high enantiopurity
(78−91%, 86−91% ee), while phosphorus-based chiral ligands
failed to induce high stereoselectivity. The chiral diene L4a was
also used for the same reaction and gave the target products with
higher enantioselectivity (69−99%, 95−99.5% ee).170
Maleimides 101 have also been investigated for the rhodiumcatalyzed asymmetric addition of arylboronic acids. Using
(R,R)-L2e30 and L4a171 under similar catalytic conditions gave
aryl-substituted succinimides 102 with high enantioselectivity
(Scheme 29b).
The asymmetric synthesis of 2,2-dialkyl-4-arylcyclopantane1,3-diones 104 was attempted via the rhodium-catalyzed
asymmetric addition of arylboronic acids to cyclopent-4-ene1,3-diones 103 under the standard basic conditions using KOH
or Cs2CO3 in dioxane/H2O; however the obtained arylation
products were racemic because the α-aryl ketone products 104
underwent racemization under the basic reaction conditions
(Scheme 29c).172 The reaction conditions were improved for
this reaction, and the reaction catalyzed by [RhCl(L10d)]2 in
the absence of base in toluene/H2O produced high yields (88−
98%) of 104 with high enantioselectivity (93% to >99%). When
(R)-binap-Rh was used as the catalyst, the reaction was very slow
under the same conditions.
3-Substituted maleimides 105 present an interesting
regiochemical challenge in addition reactions. Addition to the
less-substituted carbon of the alkene would result in 2,3-

disubstituted maleimides 107 with two stereogenic centers,
whereas addition to the more substituted carbon would generate
3,3-disubstituted maleimides 106 with a quaternary stereogenic
center (Scheme 29d).173 The regioselectivity was found to be
controlled by the choice of the ligand. The use of the
bisphosphine ligand (R)-H8-binap gave the arylation product
106 as the major product with high regio- and enantioselectivity,
while the use of the diene ligand (R,R)-Ph-bod gave the other
regioisomer 107 as a mixture of trans/cis isomers. Although the
trans/cis ratio of 107 is not high, the enantioselectivity is high for
both isomers.
The desymmetrization of maleimides bearing an orthosubstituted phenyl group on nitrogen 108 and ferrocene-fused
Y
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Scheme 31. Rhodium-Catalyzed Asymmetric Addition to β,βDisubstituted α,β-Unsaturated Carbonyl Compounds

benzoquinone 110 using rhodium-catalyzed asymmetric
arylation has been reported (Scheme 30).174 In the presence
Scheme 30. Rhodium-Catalyzed Asymmetric Construction of
the C−N Chiral Axis and Planar Chirality

of the (R,R)-Bn-bod (L8a)-rhodium catalyst, the addition of
arylboronic acids to maleimides 108 took place on the lesshindered face of the olefin with high enantioposition selectivity,
enantioselectivity, and diastereoselectivity to give the addition
product 109, which possessed a C−N chiral axis. The reaction of
ferrocene derivative 110 proceeded with high selectivity in a
similar manner to give the phenylation product 111, which had
ferrocene planar chirality in addition to carbon central chirality.
Computational modeling was performed for the enantioselectivity in this reaction.122
The catalytic asymmetric construction of all-carbon quaternary stereocenters is a subject of great importance in synthetic
organic chemistry, and the asymmetric 1,4-addition of organometallic reagents to β,β-disubstituted α,β-unsaturated carbonyl
compounds would represent a powerful method of creating such
stereocenters. Although the β,β-disubstituted α,β-unsaturated
carbonyl compounds are much less reactive than β-monosubstituted ones due to their sterically more-demanding
structure, a chiral diene−rhodium complex [RhCl(L10b)]2
was found175 to exhibit high catalytic activity in the asymmetric
1,4-addition of tetraarylborates to β,β-disubstituted α,βunsaturated ketones 112, giving the corresponding ketones
113 with a quaternary carbon stereocenter in high yields (62−
94%) and enantioselectivity (78−98% ee) (Scheme 31a). Using
phenylboronic acid or potassium phenyltrifluoroborate instead
of tetraphenylborate or rhodium or bisphosphine complexes
such as [RhCl(binap)]2 instead of diene complex [RhCl(L10b)]2 did not give the target addition products at all under
otherwise identical conditions. Although these results are highly
encouraging, the use of a large excess amount of Ar4BNa (4.0
equiv), where only one aryl group is transferred, is not desirable
from an economics viewpoint. Further investigation176 to solve
this problem revealed that arylboroxines can be used as reactive
nucleophiles when [Rh(OH)((R,R)-Ph-tfb (L15b))]2 is used as
a catalyst for the 1,4-addition to 112, and the reactions give the
same products 113 in high yields and enantioselectivities.
The reaction conditions used for β,β-disubstituted α,βunsaturated ketones were successfully applied to the reaction
of ester analogs 114 (Scheme 31b).177 The reaction of β,βdisubstituted α,β-unsaturated esters 114 with sodium tetraarylborates gave the addition products 115 with a quaternary
carbon stereocenter at the β-position of the esters. The diene

ligand L10c showed the highest enantioselectivity (99% ee) in
the asymmetric reaction of 114, where R = CH2CH2Ph, R′ =
Me, and Ar = Ph.
α,β-Unsaturated esters substituted with an amino or alkoxy
group at the β-position are challenging substrates for rhodiumcatalyzed conjugate addition because in most cases cinnamate
derivatives are formed as side products by β-elimination of the
amino or alkoxy group from the alkyl−rhodium intermediate
generated by the arylrhodation of the substrate. An isolated
hydroxorhodium−diene complex [Rh(OH)((S,S)-L13c)]2 was
found to catalyze the asymmetric addition of arylboronic acids
to β-phthaliminoacrylate ester 116 in the absence of bases,
giving high yields of the addition products β-aryl-β-phthaloylamino acid esters 117 with high enantioselectivity (93−99% ee)
(Scheme 32a).178 The perfect selectivity that gave the addition
products was observed only with the rhodium−diene catalyst,
with rhodium−phosphine catalysts giving a mixture of addition
products 117 and the cinnamate-type products, which are
formed through the β-amino elimination. Deprotection of the
phthaloyl group in 117 and basic hydrolysis of the ester gave βaryl-β-amino acids without a loss of enantiomeric purity.
Similarly, asymmetric conjugate arylation of β-alkoxyacrylate
esters 118 via the addition of arylboroxines in the presence of
[Rh(OH)((S,S)-L15c)]2 catalyst has been reported (Scheme
32b).179 The corresponding β-alkoxy-β-arylcarboxylic acid
esters 119 were obtained in high yields with high enantioselectivity. The use of the diene rhodium complex as a catalyst is
essential to give the addition products with high selectivity, the
selectivity being low with rhodium−phosphine catalysts.
β-Pyrazolyl acrylate esters 120 were also reported to undergo
the rhodium-catalyzed asymmetric addition of arylboronic acids
with ligand L4a to produce chiral N-alkylpyrazole products 121
Z
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catalyst [RhCl((R,R)-L15c)]2, and the reactions produced high
yields of chiral triarylmethanes 123 with high enantioselectivity
(up to 97% ee). Of the catalysts screened, including rhodium−
diene and rhodium−phosphine complexes, [RhCl((R,R)L15c)]2 proved to be the best for this transformation in terms
of both catalytic activity and enantioselectivity. The reaction
probably proceeds through rhodium-catalyzed addition to oquinone methide 124, which is generated via the dehydroamination of diarylmethylamine 122 and is in equilibration with 122
under the reaction conditions.
α,β-Unsaturated imines are also reactive toward the rhodiumcatalyzed asymmetric addition of arylboronic acids. The reaction
of cyclic N-sulfonyl ketimines 125 with arylboronic acids
proceeded in the presence of a rhodium catalyst and chiral diene
L8i, giving high yields of 1,4-addition products 126 with high
enantioselectivity (83−99% ee) (Scheme 34a).182 The 1,4-

Scheme 32. Rhodium-Catalyzed Asymmetric 1,4-Addition to
β-Heteroatom-Substituted α,β-Unsaturated Esters

Scheme 34. Rhodium-Catalyzed Asymmetric Addition of
Arylboronic Acids to α,β-Unsaturated Imines

(Scheme 32c).180 This asymmetric transformation has been
applied to the synthesis of an intermediate of (−)-indatraline.111
o-Quinone methide, which is classified as an α,β-unsaturated
ketone, is known to be a very reactive acceptor for conjugate
addition reactions, although the low availability of isolable
quinone methides is a serious drawback. A new strategy has been
developed where o-quinone methides are generated in situ
under the conditions of rhodium-catalyzed asymmetric
conjugate addition (Scheme 33).181 The readily available
racemic diarylmethylamines 122, which have a 2-hydroxy
group on one of the two aryl groups, were allowed to react
with arylboroxines (Ar2BO)3 in the presence of a rhodium

addition products 126 have a reactive sulfonyl imine moiety and
undergo 1,2-addition of arylboronic acids (see section 3.2) in
the presence of a rhodium−chiral sulfoxide−olefin catalyst,
giving diarylated benzosulfamidates with a high ratio of
diastereoisomers. The 1,4-addition or 1,2-addition path in the
rhodium-catalyzed reaction of α,β-unsaturated N-sulfonyl
ketimines 127 with arylboronic acids was selectively controlled
through the choice of ligands on the rhodium catalyst. The use of
the chiral diene ligand L8j selectively gave the 1,4-addition
products 128, while the use of the sulfoxide−olefin ligand (R)129 gave the 1,2-addition products 130 (Scheme 34b).183
Compared with asymmetric 1,4-addition to α,β-unsaturated
carbonyl compounds, asymmetric addition to extended
conjugated systems is more challenging due to the difficulty of
controlling the regioselectivity. The reaction of 1,3-pentadienyl
ketone 131 (R = alkyl) with arylboroxins in the presence of a
chiral diene−iridium complex [IrCl((S,S)-L14a)]2 was found to
proceed with perfect 1,6-selectivity, giving the addition products
132 as a mixture of olefin isomers; the main isomer was an allylic
ketone with (Z)-geometry (Scheme 35a).184 The enantioselelctivity at the 1,6-addition was very high (90−99% ee), which

Scheme 33. Rhodium-Catalyzed Asymmetric Arylation of
Diarylmethylamines

AA
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yields (70−89%) of axially chiral allenylsilanes 139 with 94−
99% ee (Scheme 36).187 The chiral diene ligand must be Fc-tfb

Scheme 35. Iridium- and Rhodium-Catalyzed Asymmetric
1,6-Addition to α,β,γ,δ-Unsaturated Carbonyl Compounds

Scheme 36. Rhodium-Catalyzed Asymmetric 1,6-Addition of
Arylboronic Acids to Enynamides

(L15c), which has two ferrocenyl groups on the tfb skeleton, to
achieve the high yields of allenes 139. The yields of 139 are
much lower (around 25%) with other tfb ligands, such as those
substituted with phenyl or benzyl, because the rhodium catalysts
form a stable alkenylrhodium complex and lose their catalytic
activity. Rhodium complexes with phosphorus-based ligands
such as binap and phosphoramidite do not catalyze this addition
reaction. The reaction pathway leading to allene 139 has been
proposed to proceed through alkenylrhodium B, which is
generated by the addition of arylrhodium A to alkyne of 138.
Isomerization of B to benzylidene-π-allylrhodium C, followed
by hydrolysis, produces allene 139.
3.1.2. Asymmetric Addition to α,β-Unsaturated Sulfonyl Compounds. α,β-Unsaturated sulfonyl compounds have
been reported to be reactive acceptors for the rhodium-catalyzed
conjugate addition.188 The reaction of alkenylsulfonate 140a
with p-tolB(OH)2 in the presence of a rhodium catalyst
coordinated with (S,S)-Fc-tfb (L15c) gave a high yield of the
hydroarylation product 141a with 96% ee (Scheme 37a).189
Replacing the diene ligand L15c with the bisphosphine ligand
binap changed the reaction pathway, and the cine-substitution
product 142a was produced as a main product together with a
low yield of 141a. The proposed formation of the cinesubstitution product 142a occurs via a sequence of reactions
starting with the β-hydride elimination of an alkylrhodium
intermediate A, which is generated by the arylrhodation of the
alkenylsulfonate 140a. It is interesting that using diene ligands
produces selectively produces a hydroarylation product while
cine-substitution is a main reaction with binap ligand. A
deuterium-labeling experiment suggested that the alkylrhodium
intermediate A retains its configuration during pronoation. A
wide variety of α,β-unsaturated sulfonyl compounds 140 were
transformed into the corresponding chiral β-arylation products
141 with high enantioselectivity (96−>99.5% ee) in the
presence of [RhCl((S,S)-L15c)]2 as a catalyst.
Cyclopropylboronic acid can participate in the asymmetric
addition to α,β-unsaturated sulfonyl compounds 140 under
similar reaction conditions. The ligand L15c on the rhodium
catalyst facilitates the installation of a cyclopropyl group, giving
the products 143 with high enantioselectivity (Scheme 37b).190
It has been also reported that cyclopropylboronic acid addition

was determined after a base-catalyzed isomerization of the olefin
mixture to conjugated ketones 133. Using a diene−rhodium
catalyst instead of a diene−iridium for the reaction of 131 under
the same conditions gave a 1:1 mixture of 1,6- and 1,4-adducts.
The iridium complex [IrCl((S,S)-L14a)]2 successfully used in
the reaction of 131, as shown in Scheme 35a, turned out to be
catalytically inactive for the reaction of 4-aryl-1,3-butadienyl
ketones 134. Electronically tuning the diene ligand ((S,S)L14a) by replacing the two methyl groups with two ester groups
greatly improved the catalytic activity (Scheme 35b).185 In the
presence of the [IrCl((S,S)-L15f)]2 catalyst, the corresponding
1,6-addition products 135 were obtained in high yields with high
enantioselectivity.
The three-component reaction of electron-deficient 1,3dienes 136, organoboronic acids, and aldehydes to produce Zhomoallylic alcohols 137 using a chiral diene−rhodium complex
[RhCl((R,R)-L15b)]2 as the catalyst has been reported
(Scheme 35c).186 The reaction proceeds by way of the
allylrhodium intermediate A, which is generated by the
asymmetric δ-arylation of 136 with an arylrhodium intermediate
and attacks the aldehyde through the six-membered ring
transition state to give 137 with high enantio-, diastereo-, and
(Z)-selectivity. Mechanistic studies suggest that the allylrhodation of the aldehyde is the rate-determining step.
The asymmetric 1,6-addition of arylboronic acids to β-alkynyl
acrylamides 138, which are substituted with a trialkylsilyl group
on the alkyne terminus, took place in the presence of a chiral
diene−rhodium catalyst [RhCl((S,S)-L15c)]2, giving high
AB
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to the alkenylsulfone moiety using a sterically demanding chiral
diene ligand L11f (Scheme 37d). Several examples of addition
to 3-alkyl-substituted substrates to produce arylation products
bearing a chiral quaternary carbon center have also been
reported.
3-Sulfolene (148), which is an abundant chemical in industry,
is not reactive toward rhodium-catalyzed addition reactions
because its olefin double bond is not activated by conjugation
with sulfone. It was known that 3-sulfolene (148) undergoes
isomerization to 2-sulfolene (149), which is expected to be a
reactive substrate, under basic conditions, reaching an
equilibrium mixture in a ratio of about 1:1. The (R,R)-L15cRh complex-catalyzed reaction of 3-sulfolene (148) with
arylboronic acids under highly basic conditions (KOH, 10
equiv) realized the asymmetric synthesis of 3-arylsulfolanes 150
in high yields with high enantioselectivity, where the isomerized
2-sulfolene (149) underwent rhodium-catalyzed conjugate
addition (Scheme 38).192 This isomerization−asymmetric
arylation sequence has also been successful for six-membered
ring and linear allylic sulfone acceptors.

Scheme 37. Rhodium-Catalyzed Asymmetric Conjugate
Addition of Arylboronic Acids to α,β-Unsaturated Sulfonyl
Compounds

Scheme 38. Rhodium-Catalyzed Asymmetric Conjugate
Addition of Arylboronic Acids to 3-Sulfolene

3.1.3. Asymmetric Addition to Nitroalkenes. Nitroalkenes have been reported to be highly reactive acceptors for
the rhodium-catalyzed asymmetric conjugate addition of
organoboronic acids with chiral phosphorus-based ligands.193−196 However, high levels of enantioselectivity were
achieved only in the addition to α-substituted 1-nitroalkenes
(cyclic nitroalkenes),193 and low levels of enantioselectivity
(<50% ee) were often observed for 1-nitroalkene substrates
lacking α-substitutents.194−196 The use of a chiral diene ligand
L20c led to high enantioselectivity in the addition of arylboronic
acids to nitroalkenes 151, which do not have α-substitutents,
and the reaction produced β,β-disubstituted nitroalkanes 152
(Scheme 39a).197 The use of KHF2 as an additive is important to
achieve optimal results. A nordehydroabietyl amide-containing
chiral diene L11i was also applied to this rhodium-catalyzed
asymmetric arylation with similar enantioselectivity.53
In the rhodium-catalyzed arylation of β-nitroacrylates with
arylboronic acids, the arylation selectively takes place at the αcarbon (the carbon connected with ester group) because the
nitro group is more electron-withdrawing than the ester group.
TThe asymmetric arylation of α-substituted β-nitroacrylates
153 to give chiral α,α-disubstituted β-nitropropionates 154 was
reportedly catalyzed by a L4c/Rh complex (Scheme 39b).198
Both (E)- and (Z)-isomers of β-nitroacrylates gave the same
enantiomer of the product, and a range of esters and aryl groups
were tolerated. Asymmetric arylation of unsubstituted βnitroacrylates 155 using chiral diene ligand L4e has also been

occurs with α,β-unsaturated ketones, esters, and nitroalkenes as
well as α,β-unsaturated sulfonyl compounds.
Asymmetric addition to β-imido-substituted α,β-unsaturated
sulfones 144 takes place in the presence of a L4a−Rh catalyst,
giving chiral β-aryl β-imido sulfones 145 (Scheme 37c).191 This
reaction was applied to the asymmetric synthesis of the
heteroatom-rich active pharmaceutical ingredient apremilast.
Benzothiophene 1,1-dioxides 146 were found to be reactive
toward rhodium-catalyzed asymmetric addition.55 At a high
temperature (120 °C), aryl and alkenyl groups were introduced
AC
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Nitroalkenes
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Scheme 40. Rhodium-Catalyzed Asymmetric Addition of
Arylboronic Acids to Alkenylheteroarenes and Styrene
Derivatives

reported, and the reactions gave the corresponding α-arylation
products 156 with high enantioselectivity.199
3.1.4. Asymmetric Addition to Weakly Activated
Alkenes. Some of the alkenes conjugated with highly
electron-withdrawing groups, such as carbonyl (ketone,
aldehyde, ester, and amide), imino, sulfonyl, and nitro groups,
have been widely used as reactive acceptors for the rhodiumcatalyzed asymmetric addition of arylboron reagents. On the
other hand, those weakly activated by arenes and heteroarenes
have been studied less for asymmetric arylation reactions.
β-Substituted alkenylheteroarenes, where heteroarenes are
quinolone, quinoxaline, pyrimidine, oxazole, and oxadiaxole,
have been reported to be reactive toward rhodium-catalyzed
conjugate arylation. In the presence of a rhodium catalyst
coordinated with the chiral diene ligand L11a or L11c, which
has a bulky amide group, the β-substituted alkenylheteroarenes
157 smoothly underwent the addition of arylboronic acids,
giving the addition products 158 in high yields and
enantioselectivity (Scheme 40a).52,56
It has been also reported that alkenes activated by adjacent
arenes containing strongly electron-withdrawing groups also
undergo the rhodium-catalyzed conjugate addition of arylboronic acids. Thus, in the presence of the chiral diene ligand L11b
under microwave (μw) irradiation, the rhodium-catalyzed
asymmetric addition of arylboronic acids to β-substituted pnitrostyrenes 159 takes place, giving the corresponding
hydroarylation products 160 with high enantioselectivity
(Scheme 40b).51 The presence of a nitro group at the paraposition is essential, as a nitro substitution at the ortho- or metaposition is not reactive. Other electron-withdrawing groups such
as acetyl, nitrile, or methanesulfonyl at the para-position cannot
activate the alkene for arylation, but the presence of two
electron-withdrawing substituents makes the arylation possible,
as shown by the synthesis of 161.

3.1.5. Asymmetric Addition to Other Alkenes. It has
been reported that cis-but-2-ene-1,4-diol (162) participates in
the rhodium-catalyzed asymmetric arylation reaction, although
the yields and enantioselectivity are not very high. Thus, the
reaction of 162 with arylboroxine in the presence of the L7b-Rh
catalyst gave 2-arylbut-3-en-1-ols 163 in moderate yields with
53−87% enantioselectivity (Scheme 41a).200 The reaction is
Scheme 41. Rhodium-Catalyzed Asymmetric Arylation and
β-Hydoxy Elimination

AD
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assumed to proceed through the addition of an arylrhodium(I)
intermediate across the carbon�carbon double bond of the
cyclic boronate of 162 and subsequent β-oxygen elimination.
The reaction of 2-(1-hydroxyalkyl)cyclohexenone (Baylis−
Hillman adduct) 164 with arylboronic acids also proceeds
through the arylrhodation−β-hydroxy elimination sequence.201
The use of the chiral diene ligand L6e gave the enantioenriched
products 165 (Scheme 41b), although the yield and
enantioselectivity are not high enough to be satisfactory. Chiral
phosphine rhodium complexes do not catalyze this reaction at
all.
A new type of rhodium-catalyzed asymmetric arylation that
involves β-fluoride elimination in the catalytic cycle has been
developed.202 Using the chiral diene ligand (R,R)-L15c, the
reaction of 1-(trifluoromethyl)alkenes 166 with arylboroxines
(when R = alkyl, SiMe3) or ArZnCl (when R = Ar) gave high
yields (78−95%) of chiral 1,1-difluoroalkenes 167 with high
enantioselectivity (95−99% ee) (Scheme 42a). The reaction is
proposed to proceed through the β-fluoride elimination of a
β,β,β-trifluoroalkylrhodium intermediate A, which is generated
by the asymmetric arylrhodation of 1-(trifluoromethyl)alkene
166.
The readily available E-allyl difluorides 168, where one of the
three fluorides in 166 is replaced by a carbonyl group, are also
good substrates for the rhodium-catalyzed addition/β-fluoride
elimination process. The use of (R,R)-L15c facilitated the
reaction, giving chiral monofluoroalkenes 169 with perfect
enantioselectivity (>99% ee in all cases) and a high level of Z/E
selectivity (up to 20:1) (Scheme 42b).203
The 1-(trifluoromethyl)ethenes substituted with carbonyl
groups at the 2-position are interesting acceptors in terms of the
regiochemistry during the arylrhodation step in the rhodiumcatalyzed arylation reactions. The arylation of β(trifluoromethyl)acrylamide 170 with ArBF3K to give α-arylated
acrylamide 171 was found to selectively take place at the αposition, demonstrating that the CF3 group governs the
regioselectivity (Scheme 42c).204 The use of the chiral diene
ligand L11g gave a series of enantioenriched gem-difluoro olefins
171 in high yields and high enantioselectivity. The products 171
exhibited thermodynamic stability toward isomerization.
The reaction shown in Scheme 42a was extended to the
asymmetric synthesis of axially chiral fluorinated allenes starting
with propargyl difluorides 172 and organozinc reagents
(Scheme 42d).205 Interestingly, alkylzinc reagents (benzyl,
neopentyl, and methyl) can be used for this transformation in
addition to arylzinc reagents. The reaction in the presence of a
the L15c-Rh catalyst produced high yields of the chiral allenes
173 with high enantioselectivity, with the limitation that the R1
group must be a bulky tertiary alkyl group.
There have been several reports on one-pot tandem reactions
involving rhodium-catalyzed asymmetric conjugate addition as a
key step. There are those that consist of the catalytic synthesis of
α,β-unsaturated ketones and rhodium-catalyzed asymmetric
conjugate addition (Scheme 43) and those that consist of
rhodium-catalyzed asymmetric conjugate addition to electrondeficient alkenes and palladium-catalyzed cyclization (Scheme
44).
A one-pot reaction consisting of the gold-catalyzed isomerization of propargyl alcohols 174 into α,β-unsaturated ketones
175 and their rhodium-catalyzed asymmetric reaction with
arylboronic acids has been reported (Scheme 43a).206 Thus, the
reaction mixture that results from the Meyer−Schuster
rearrangement of 174 catalyzed by IPrAuNTf2, which contains
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Scheme 42. Rhodium-Catalyzed Asymmetric Arylation and
Defluorination

(E)-enone 175, was subjected to the asymmetric conjugate
arylation with arylboronic acids; the reaction was catalyzed by a
complex between rhodium and the chiral diene ligand L10b.
The one-pot tandem reaction gave high yields of the
corresponding β-arylated ketones with high enantioselectivity.
These results demonstrate that the presence of the gold catalyst
IPrAuNTf2 does not disturb the rhodium-catalyzed asymmetric
reaction.
The sequential hydroacylation of alkynes and asymmetric
conjugate addition of boronic acids to provide enantioenriched
β-substituted ketones has also been reported (Scheme 43b).207
High enantioselectivity (up to >99% ee) was achieved using two
rhodium catalysts, one of which was achiral rhodium complex
([Rh(dcpm)(C6H5F)]BArF) for the hydroacylation and the
other of which was a chiral diene complex ([Rh(L11h)AE
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Scheme 43. Catalytic Synthesis of Enones or Arylboronic
Acids Followed by Rhodium-Catalyzed Asymmetric 1,4Addition in One Pot

Scheme 44. Rhodium-Catalyzed Asymmetric 1,4-Addition to
Electron-Deficient Alkenes Followed by PalladiumCatalyzed Cyclization

(MeCN)2]BArF) for the asymmetric conjugate addition. In the
presence of both rhodium complexes, the hydroacylation of
alkyne with 2-aminobenzaldehyde 177 took place, producting
α,β-unsaturated ketone 178. Then, asymmetric conjugate
addition initiated by the addition of aryl or alkenylboronic
acid and potassium carbonate to the reaction mixture resulted in
the formation of the conjugate addition product 179 with high
enantioselectivity. It is interesting that the diene−rhodium
complex does not lose its catalytic activity for the conjugate
addition during the hydroacylation reaction.
Another one-pot reaction is a combination of the palladiumcatalyzed asymmetric allylation of allyl enol carbonates 180 and

rhodium-catalyzed asymmetric conjugate addition (Scheme
43c).208 The reaction mixture containing enantioenriched
cyclohexenone 181, which was obtained from 180 by catalysis
with a tBuPhox-palladium complex, was subjected to the
asymmetric conjugate arylation via the addition of arylboronic
acid and a chiral diene (L6f)−rhodium catalyst. Although the
enantioselectivity of the first palladium-catalyzed allylation is not
high, that of the second conjugate addition with the diene−
rhodium catalyst is very high, and the final product 182 is
eventually produced with a high % ee and a dr of 10:1−5/:1.
Starting with aryl halides or aryl triflates, the one-pot
asymmetric synthesis of β-arylketones that proceeds by way of
arylboronic acids has been reported (Scheme 43d).209 The
borylation of aryl halides and triflates with B2(OH)4 was
catalyzed by a nickel-bisphosphine complex, and the generated
arylboronic acids were used without isolation or purification for
the next rhodium-catalyzed asymmetric conjugate addition.
Using chiral diene ligand L8b, the conjugate addition products
AF
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Table 4. Rhodium-Catalyzed Asymmetric Arylation of N-Sulfonylimines 192
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Table 4. continued

were obtained with high enantioselectivity, as high as that
obtained using isolated arylboronic acids.
One-pot reactions consisting of rhodium-catalyzed asymmetric conjugate addition as the first reaction and palladiumcatalyzed intramolecular N- or O-arylation as the second
reaction have also been reported. The most interesting is that
reported by Lautens, where all the substrates (α,β-unsaturated
amide 183, and arylboronic acid), KOH as a base, and the
catalysts necessary for both the reactions ([RhCl((R,R)L10d)]2 and L-Pd-G1) were mixed “all-in-one” and the mixture
was heated to 110 °C for 18 h (Scheme 44a).210 Both the
reactions, namely, rhodium-catalyzed asymmetric arylation to
form β,β-diarylamides 184 and palladium-catalyzed N-arylation,
proceeded well under the “all-in-one” conditions, giving chiral
dihydroquinolinones 185 (40−93%, 72−96% ee).
The same type of two one-pot catalytic reactions under “all-inone” conditions was successfully applied to the asymmetric
synthesis of aza-dihydrodibenzoxepines 188 (Scheme 44b).211
Thus, 2-alkenylpyridine substituted with chloride at the orthoposition (186), 2-hydroxyphenylboronate, a rhodium catalyst
precursor [RhCl(C2H4)2]2, and the chiral diene ligand L11b

were mixed in dioxane, and this solution was added to a solution
containing Pd(OAc)2 and tBuX-Phos in dioxane/water. The
reaction mixture was heated at 100 °C for 16 h, and 188 was
produced with high enantioselectivity. The reaction proceeds
through 187, which forms through rhodium-catalyzed asymmetric conjugate arylation and undergoes palladium-catalyzed
O-arylation. Although not performed under “all-in-one”
conditions, a similar one-pot system was reported that consisted
of the rhodium-catalyzed asymmetric conjugate arylation of
alkenylpyridine 189, forming 190, and subsequent palladiumcatalyzed C−H arylation to produce to the dihydrobenzoquinoline product 191 (Scheme 44c).212
3.2. Asymmetric Addition to Carbon�Nitrogen and
Carbon�Oxygen Double Bonds

The rhodium complexes with chiral diene ligands catalyze the
asymmetric addition of organometallic reagents to carbon�
nitrogen and carbon�oxygen double bonds as well as addition
to carbon�carbon double bonds, as described in the previous
section (section 3.1).
3.2.1. Asymmetric Addition to Imines. The asymmetric
addition of organometallic reagents to imines offers one of the
AH
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most reliable methods of synthesizing enantioenriched α-chiral
amines. In 2004, Hayashi42 reported that a chiral diene−
rhodium complex catalyzed the asymmetric addition of
arylboroxines to N-tosylarylimines, giving the corresponding
chiral diarylmethylamines with high enantioselectivity (95−99%
ee). The chiral diene, (R,R)-Ph-bod (L6b), showed a clear
superiority over chiral phosphorus ligands in terms of both
enantioselectivity and catalytic activity. Since then, a variety of
chiral dienes have been prepared and evaluated using the
addition of arylboron reagents to N-tosylarylimines or Nnosylarylimines as the model reaction. The nosyl protecting
group has the advantage being easily removed from the addition
products. The results for the phenylation of the N-tosyl- or Nnosylimine of 4-chlorobenzaldehyde 192 are summarized in
Table 4.28,50,60,64,66,76,82,89,92,123,213
High enantioselectivity was observed with C2-symmetric or
pseudo-C2-symmetric chiral diene ligands with bicyclic[2.2.1],
bicyclic[2.2.2], bicyclic[3.3.0], bicyclic[3.3.1], and bicyclic[3.3.2] skeletons in this asymmetric arylation of arylimines
(entries 1−10), while the acyclic diene L31, which is based on a
chiral binaphthyl framework, exhibited only moderate enantioselectivity (84% ee) (entry 11).
An immobilized chiral diene ligand Silica-L16e, which was
prepared from the azo-bridged bicyclic[3.3.1]diene ligand L16d,
was reported to efficiently catalyze the asymmetric addition of
arylboronic acids to the arylaldimine (entry 6),79 and catalyst
was recovered and reused five times without significant loss of
yield or enantioselectivity. Heterogeneous catalyst systems
involving the diene-based ligands described in Table 1 have
also been successfully used for this model reaction (entry
12),60,64,66,87 and good to excellent yields and enantioselectivity
were achieved.
Using bicyclic[2.2.1]diene ligands L5a and L5b, the
asymmetric phenylation of tosylimine 192 was studied under
microemulsion conditions with a hydrophilic sugar surfactant,
and the yield of amine 193 was found to be higher under the
microemulsion conditions than under homogeneous conditions
with dioxane as the solvent (entry 13).35 The influence of the
nuclearity (monomeric or dimeric) and charge (neutral or
cationic) of chiral diene−rhodium complexes on the catalytic
activity and enantioselectivity was also studied for the same
reaction using L5a and L5b as chiral ligands.214
Since N-sulfonyl aldimines were demonstrated to be reactive
toward rhodium-catalyzed asymmetric arylation, several types of
aldimines with electron-withdrawing N protecting groups have
been investigated in this area. Bis-sulfamyl imines 194 have been
used as substrates for the asymmetric addition of arylboroxines
in the presence of a rhodium catalyst and chiral diene L10b
(Scheme 45a).215 The reaction proceeded at 100 °C and gave
the corresponding diarylation products, sulfamides 195, with a
high chiral/meso ratio. As expected from the double asymmetric
addition, the enantiomeric purities of the chiral isomers were all
very high. The sulfamides 195 were readily converted to two
molecules of the corresponding chiral diarylmethylamines via
mild heating in aqueous pyridine.
Aliphatic N-tosylaldimines 196 also undergo the rhodiumcatalyzed arylation with ArB(OH)2 (Scheme 45b).216 Using the
chiral diene ligand L20a, the addition proceeds smoothly under
neutral conditions to give high yields of the addition products
197 with high enantioselectivity. A diphenylphosphinyl group
was used as both a protecting group and an activating group on
arylaldimine (Scheme 45c), 33 and the reaction of Ndiphenylphosphinyl aldimine 198 with arylboronic acids in the
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Scheme 45. Rhodium-Catalyzed Asymmetric Arylation of
Aldimines

presence of a L4f-Rh complex as the catalyst gave the
corresponding N-diphenylphosphinyl amines 199 with high
enantioselectivity.
Azomethine imines 200, which are 1,3-dipoles typically
employed for [3 + 2] cycloadditions with alkenes or alkynes,
have been reported to undergo rhodium-catalyzed asymmetric
arylation (Scheme 45d).217 With sodium tetraarylborate as an
arylating reagent and a chiral diene ligand L10c on rhodium, the
reaction of 200 proceeded at 90 °C to give the corresponding 1(diarylmethyl)pyrazolidin-3-ones 201 with high enantioselectivity. The arylation does not take place at all with binap as a
ligand on the rhodium catalyst.
The asymmetric synthesis of 1-aryltetrahydroisoquinolines
203 via the rhodium-catalyzed enantioselective reaction of 3,4dihydroisoquinolinium tetraarylborates 202 has been reported
(Scheme 45e).218 The dual roles of anionic tetraarylborates,
which function as both prenucleophiles and stabilizers of 3,4AI
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dihydroisoquinolinium cations, enable this rhodium-catalyzed
asymmetric arylation. The use of the bicyclo[2.2.1] diene ligand
L4g is essential for this transformation, as no reaction takes place
with bicyclo[2.2.2] or bicyclo[3.3.0] ligands L8b or L20a,
respectively. This asymmetric arylation was applied for the
synthesis of (−)-solifenacin and (−)-cryptostyline I.
The rhodium-catalyzed asymmetric arylation of N-tosylaldimines to produce enantioenriched diarylmethylamines was used
for one-pot synthesis of 5,6-dihydrophenanthridine derivatives
by combining it with palladium-catalyzed dimerization and
elimination reactions (Scheme 46).219 The reaction of arylimine

Review

Scheme 47. Rhodium-Catalyzed Asymmetric Synthesis of
Chiral Hetereoarylmethylamines

Scheme 46. Rhodium-Catalyzed Asymmetric Arylation of NTosylaldimines Followed by Palladium-Catalyzed
Cyclization

ketimines 212, which were prepared from acetophenone
derivatives (Scheme 48a).222 Using sodium tetraarylborates as
Scheme 48. Rhodium-Catalyzed Asymmetric Arylation of NSulfonyl Ketimines

204, derived from 2-bromobenzaldehyde, with arylboroxin was
catalyzed by a chiral diene−rhodium complex [RhCl(L10b)]2
and gave enantioenriched aryl(2-bromophenyl)methylamine
205, which was not isolated; however, a palladium catalyst
Pd(PPh3)4 was added to the reaction mixture containing 205,
and the reaction mixture was heated to 120 or 130 °C. The
reaction of two molecules of 205 took place under palladium
catalysis to give 6-aryl-substituted 5,6-dihydrophenanthridine
206, whose enantiopurity was very high (98 → 99% ee) because
the enantioselectivity of the rhodium-catalyzed asymmetric
arylation was very high.
Enantioenriched amines substituted with heteroaromatic
rings at a chiral carbon center are of great interest due to their
prevalence in biological and pharmaceutical sciences. In this
context, N-sulfonyl indolylimines 207 have been investigated as
heteroarene-containing acceptors for the rhodium-catalyzed
asymmetric arylation with arylboronic acids using chiral diene
(R,R)-L20a (Scheme 47a).220 This protocol provides a route to
enantioenriched 2- or 3-indolyl(aryl)methylamines 208 wherein
the heteroaryl fragments come from the imine substrates. An
alternative way to introduce heteroaryl fragments to imines is to
use heteroarylboronates 210 as nucleophiles for the rhodiumcatalyzed asymmetric arylation of imines. Using the rhodium−
diene complex [Rh(OH)((S,S)-L20a)]2 as the catalyst,
pyridinyl, furyl, and thienyl groups were successfully introduced
to aryl N-tosylimines and N-nosylimines, giving the corresponding chiral heteroarene-containing amine products 211 (Scheme
47b).221 Of the boronate esters, the boronate of 2,2dimethylpropane-1,3-diol gave the highest yields of 211.
The catalytic asymmetric addition of carbon nucleophiles to
ketimines provides straightforward access to enantioenriched
chiral amines possessing an α-tetrasubstituted carbon stereocenter. The chiral 1,1-diarylethylamines 213 were synthesized
via the rhodium-catalyzed asymmetric arylation of N-tosyl

reactive arylating reagents, the arylation proceeded with high
enantioselectivity in the presence of a rhodium catalyst with a
chiral diene ligand ((R,R)-L8d). This asymmetric arylation also
took place for ketimines of a dialkyl ketone and an indanone.
Potassium organotrifluoroborates RBF3K (R = aryl, alkenyl)
were also reported to be effective arylating reagents for this
asymmetric transformation under similar conditions (Scheme
48b).223
In the catalytic asymmetric addition to N-sufonyl ketimines,
the enantioface of the C�N bond is differentiated by the steric
interactions between a substituent on the chiral ligand and a
sulfonyl moiety on the nitrogen atom of the imine. Thus, the
geometry (syn or anti) of the N-sufonyl imines greatly affects the
enantioselectivity. While ketimines derived from diaryl ketones
have inherent difficulties controlling the enantioselectivity of the
arylation due to the lack of a sufficient steric difference between
the two aryl rings, cyclic N-sulfonyl ketimines with fixed imine
geometries are expected to provide excellent enantioface
AJ
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center was created with high enantioselectivity (94−99% ee).
The asymmetric arylation of six-membered-ring N-sulfonyl
ketimine 218 also proceeded well using the same catalyst,
although its reactivity was lower. Desulfonylation of the product
219 via reduction with LiAlH4 gave triarylmethylamine 220.
The cyclic six-membered-ring ketimines 221 with an ester group
are reactive for the rhodium-catalyzed arylation with arylboronic
acids (Scheme 49b).225 The reaction took place with a chiral
diene−rhodium complex [Rh(OH)((S,S)-L13c)]2 to give
arylation products 222 in high yields with high enantioselectivity. One of the products was converted to α,α-diaryl-α-amino
acid 223 without a loss of enantiopurity.
Cyclic N-sulfonyl ketimines 224 and 226 substituted with aryl
and alkyl groups, respectively, have been reported to be also
suitable substrates for the rhodium-catalyzed asymmetric
arylation (Schemes 49c and d).226,227 In the presence of a
rhodium catalyst coordinated with chiral diene ligand L15c or
L20a, the arylation with arylboronates proceeded smoothly to
give high yields of the corresponding chiral N-sulfonyl amines
225 or 227 with high enantioselectivity.
The rhodium-catalyzed asymmetric arylation of 3-hydroxyisoindolin-1-ones 228 with arylboroxines proceeded to give
arylated isoindoline-1-ones 230, which possessed a quaternary
carbon center substituted with three aryl groups and one amide
group (Scheme 50a).228 This reaction probably takes place on

selectivity for the asymmetric arylation. Thus, five-memberedring N-sulfonyl ketimines 216 were found to be reactive and
enantioselective imines for rhodium-catalyzed asymmetric
arylation (Scheme 49a).224 In the presence of a rhodium
catalyst with L10d as a chiral diene ligand, the arylation with
arylboroxines proceeded smoothly to give high yields of
benzosultams 217, where a triarylsubstituted stereogenic carbon
Scheme 49. Rhodium-Catalyzed Asymmetric Arylation of
Cyclic N-Sulfonyl Ketimines

Scheme 50. Rhodium-Catalyzed Asymmetric Arylation of 3Hydroxyisoindolin-1-ones

cyclic N-carbonyl ketimines 229, which are generated in situ by
the dehydration of 228 with arylboroxine as a dehydrating
reagent. The use of boroxines is essential to obtain the high
yields of the arylation products, as the yields are very low when
boronic acids are used instead of boroxines. Similarly, using a
chiral diene−rhodium catalyst, the reaction of CF3-substituted
3-hydroxyisoindolin-1-ones 231 with aryl boroxines gave the
corresponding arylation products 232 with high enantioselectivity (Scheme 50b).229
The catalytic enantioselective installation of an alkenyl moiety
to a C�N double bond using alkenyl nucleophiles is an
attractive approach to the formation of chiral allylic amines. The
first reported example used alkenylsilane 234 for the addition to
AK
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the N-nosyl imine 233a; the reaction was catalyzed by the chiral
diene−rhodium complex [RhCl(L16a)]2 and gave allylic amine
235 with 91% ee (Scheme 51a).230 The use of alkenyltri-
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asymmetric alkenylation of imines. The asymmetric alkenylation
of cyclic aldimines 236 proceeded in the presence of a chiral
diene−rhodium catalyst [RhCl(L9a)]2, giving chiral αbranched allylic amines 237 (Scheme 51c).231
The asymmetric alkenylation of N-nosyl arylaldimines 233
(Scheme 51d)232 and N-nosyl alkylimines 196 (Scheme 51e)233
also took place with potassium alkenyltrifluoroborates. Using
the chiral diene−rhodium complex [RhCl(L20a)]2 as the
catalyst, the alkenylation gave the corresponding chiral allylic
amines 238 and 239 with high enantioselectivity. Microwave
irradiation was employed to facilitate the asymmetric
alkenylation of N-tosyl arylaldimines 209 with potassium
alkenyltrifluoroborates in the presence of a rhodium catalyst
with ligand L4b (1 mol % Rh) (Scheme 51f).234 The reaction
proceeded well, producing a diverse range of chiral allylic amines
240 within 1−2 h.
In rhodium-catalyzed addition reactions, alkylation is more
difficult than arylation or alkenylation because the alkyl rhodium
intermediate is less reactive toward addition to carbon�carbon
or carbon�nitrogen double bonds. N-Tosyl arylaldimines 209
were found to be reactive enough for asymmetric methylation.
The reaction of dimethylzinc with 209 in the presence of a
rhodium complex coordinated with chiral diene (R,R)-L8b gave
1-aryl-1-ethylamines 241 with high enantioselectivity (94−98%
ee) (Scheme 52a).235 Trimethylboroxine can be also used for

Scheme 51. Rhodium-Catalyzed Asymmetric Alkenylation of
Imines

Scheme 52. Rhodium-Catalyzed Asymmetric Alkylation of
Imines

fluoroborate as an alkenyl nucleophile in the rhodium-catalyzed
addition to imines was first reported during studies on
asymmetric addition to N-sulfonyl ketimines using (R,R)-L8d
as a chiral diene ligand (Scheme 51b).223 Thereafter, potassium
alkenyltrifluoroborates with a broad scope have been widely
used as alkenyl nucleophiles for the rhodium-catalyzed
AL
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the asymmetric methylation of N-tosyl and N-nosyl arylimines,
which is efficiently catalyzed by the chiral diene complex
[RhCl((S,S)-L15c)]2 (Scheme 52b).236
A cyclopropyl group was introduced at benzylic positions with
high enantioselectivity by reacting cyclopropylboroxine with Nsulfonylimines in the presence of a hydroxorhodium complex of
a chiral tfb ligand ([RhOH((S,S)-L15a)]2) (Scheme 52c).237
Both acyclic N-sulfonylimines 209 and cyclic N-sulfonylimines
216 were allowed to react with cyclopropylboroxine, and the
reactions gave the corresponding chiral α-cyclopropylbenzylamines with high enantioselectivity.
The rhodium-catalyzed asymmetric allylation of imines has
been intensively studied by Lam, who used cyclic N-sulfonyl
imines as very reactive imines and potassium allyltrifluoroborates as allyl nucleophiles (Scheme 53a).238,239 In the presence
of a rhodium catalyst with the chiral diene ligand L9a, the
reaction of cyclic N-sulfonyl imine 236a with allyltrifluoroborate
244a gave an 87% yield of the homoallylamine 245aa with 96%
ee. E-Crotyltrifluoroborate 244b and its (Z)-isomer 244c gave
the anti-product 245ab and the syn-product 245ac, respectively,
with high diastereo- and enantioselectivity. These results are
consistent with a cyclic chairlike transition state formed by the
allylrhodium intermediate and the imine. The reaction of Nsulfonyl ketimine 246 with allyltrifluoroborates 244 also
proceeded. The reaction formed a C−C bond at the more
substituted terminus of the allyl fragment regardless of the
original position of boron atom in the allyltrifluoroborates.
Similarly, chiral dienes L4a and L4b were employed as ligands
for the rhodium-catalyzed asymmetric allylation of arylaldimines
209 and alkylaldimines 196 with potassium allyltrifluoroborates
to give the corresponding homoallylamines 248 and 249
(Scheme 53b).240,241
The L10b-Rh-catalyzed allylation of cyclic N-sulfonyl
ketimine 250, which is less reactive than 236a or 246 used in
Scheme 53a, with prenyltrifluoroborate 244d gave the
unexpected product 251 with 97% ee together with a minor
amount of the expected prenylation product 252 (251/252 =
87/13) (Scheme 53c).242 The prenylrhodium intermediate A,
which is generated by transmetalation of 244d, undergoes a 1,4rhodium shift to generate the allylrhodium intermediate B,
which reacts with imine 250 to give the allylation product 251.
In the allylation with γ,γ-dibenzylallyltrifluoroborate 244e, after
intermediate D is formed by the 1,4-rhodium shift of the
allylrhodium intermediate C, it undergoes a 1,3-allylic rhodium
shift to generate the most stable allylrhodium intermediate E,
which reacts with cyclic N-sulfonyl aldimine 236a to form the
allylation product 253.
Another type of isomerization in allylrhodium intermediates
was observed in the reaction of δ-trifluoroboryl β,γ-unsaturated
esters 254 (Scheme 53d).243 Here, the reaction of N-sulfonyl
aldimine 236 with 254 was catalyzed by a L6a-Rh complex to
give the homoallylic amine products 255, where the carbon−
carbon bond was formed at the carbon substituted with an ester
group. A chain-walking mechanism from F to H by way of G in
the allylrhodium intermediates was proposed as the reaction
pathway.
In the rhodium-catalyzed three-component reaction of 1,3enyne 256, arylboronic acid, and cyclic N-sulfonylaldimine
236a, an allylrhodium intermediate generated from 1,3-enyne
256 and arylboronic acid attacks imine 236a to give homoallylic
sulfamates 257 with high enantioselectivity (Scheme 53e).244
The addition of an arylrhodium species to the triple bond of 1,3enyne generates the alkenylrhodium intermediate A, which
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Scheme 53. Rhodium-Catalyzed Asymmetric Allylation of
Imines

undergoes a 1,4-rhodium shift from alkenyl to allyl to form an
allylrhodium species B. Whent he chiral diene ligand (S,S)-L14b
was used on rhodium, the enantioselectivity for the allylation of
the imine with B was very high.
AM
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3.2.2. Asymmetric Addition to Aldehydes and
Ketones. The rhodium-catalyzed asymmetric addition of
arylboronic acids to aromatic aldehydes provides convenient
access to chiral diarylmethanols. In the first report on this
asymmetric reaction, Eycken used the chiral diene ligand L2d
for the addition of PhB(OH)2 to 4-CF3C6H4CHO, and the
diarylmethanol was produced with 42% ee (Scheme 54a).29
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Scheme 55. Rhodium-Catalyzed Asymmetric Arylation of
Ketones

Scheme 54. Rhodium-Catalyzed Asymmetric Arylation of
Aldehydes

Using the chiral diene ligand (S,S)-L15c greatly improved the
enantioselectivity. In the reaction of the aldehydes 258 with
bulky aromatic groups, such as 1-naphthyl, ferrocenyl, and orthosubstituted phenyls, the corresponding diarylmethanols 259
were obtained with high enantioselectivity (83−94% ee)
(Scheme 54b).73
Rhodium-catalyzed asymmetric arylation has been applied to
ketones using the chiral diene ligand (R,R)-L20g (Scheme
55a). 245 The addition to aryl alkyl ketones gave the
corresponding tertiary alcohols 260 with moderate enantioselectivity, ranging between 43% and 68% ee. α-Ketoesters are
more reactive toward nucleophilic addition reactions than
regular ketones, and the asymmetric arylation of 2-oxo-2arylacetates 261 reportedly took place in the presence of 0.5 mol
% of a rhodium catalyst with the chiral diene ligand L4c
(Scheme 55b).246 The reaction gave high yields of chiral α,αdiaryl-α-hydroxy esters 262 with high enantioselectivity.
Dynamic kinetic resolution was reported in the rhodiumcatalyzed arylation of β-stereogenic α-keto-β-aryl esters
(Scheme 55c).247 Thus, the reaction of racemic α-keto esters
(±)-263 with arylboronic acids under basic conditions was
catalyzed by a complex between rhodium and the diene ligand
L2g or L2h to give β-stereogenic α-hydroxy-α,β-diaryl esters
264 with high levels of diastereo- and enantioselectivity.
Racemization studies employing a series of sterically differentiated tertiary amines suggest that the steric nature of the
amine base additive exerts a significant influence on the rate of
substrate racemization.

Alkynes substituted with an electron-deficient alkene at an
appropriate distance are an interesting class of substrates
because both internal alkynes and electron-deficient alkenes
have multiple bonds reactive toward rhodium-catalyzed
arylation with arylboronic acids. It was found that the reaction
of 1,6-enynes 265 with arylboronic acids in the presence of a
rhodium catalyst coordinated with the chiral diene ligand (S,S)L8a gave the cyclization products 266 with high chemoselectivity and enantioselectivity (Scheme 56a).248 This reaction
probably proceeds through the arylation of the alkyne to form an
alkenylrhodium intermediate A, which intramolecularly attacks
the electron-deficient olefin in a 1,4-fashion. Interestingly, in the
reaction using a bisphosphine ligand, binap, in place of the diene
ligand, the main reaction pathway is direct 1,4-addition to the
electron-deficient olefin, and the alkynyl group remains intact.
The reaction of 1,5-enynes 267, where the alkyne terminus is
substituted with aryl groups (typically phenyl), with sodium
tetraarylborates has also been studied using rhodium catalysis
(Scheme 56b).249 The reaction proceeded with high enantioselectivity in the presence of a chiral diene−rhodium complex,
producing spirocarbocycles 268; in contrast, a binap−rhodium
complex did not catalyze this reaction. The addition of an
arylrhodium species to the alkyne of 267 takes place via
regiochemistry, where the rhodium forms a bond with the
benzylic carbon to generate alkenylrhodium intermediate B.
Following the 1,4-shift of rhodium to the ortho-position of the
aryl group resulting from tetraarylborate, the intramolecular

3.3. Asymmetric Tandem Reactions

Transition-metal-catalyzed tandem reactions involving the
formation of multiple carbon−carbon bonds are powerful
tools for preparing structurally complex molecules in a
convergent manner from relatively simple precursors.
AN
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arylative cyclization has been reported (Scheme 56c).250 The
reaction with arylboronic acids was catalyzed by a rhodium
complex bearing chiral diene L6f to give bicyclic products 270,
where two stereocenters were formed with good enantioselectivity.
In the arylative cyclization of O-tethered alkyne-enoates 271,
tetrahydrofurans 272 and tetrahydrobenzo[6d]oxepines 273
formed selectively depending on the substituents at the alkyne
terminus (Scheme 56d).251 Thus, the reaction of 271, where R =
Me, gave 272 via the reaction pathway shown in Scheme 56a,
while that of 271, where R = o-tolyl, gave 273 through the
arylrhodation of the alkyne via the other regiochemistry and 1,4rhodium shift sequence shown in Scheme 56b. Using chiral
diene ligands L6g and L10g for the syntheses of 272 and 273,
respectively, led to high enantioselectivity in both reactions.
The reaction of 1,6-enynes 274 with ArZnCl was catalyzed by
a chiral diene−rhodium complex, and 2-(alkylidene)cyclopentylmethylzincs 275 were produced in high yields with
high enantioselectivity (95−99% ee). The enantioenriched
alkylzincs 275 were readily converted to a wide variety of
functionalized products 276 by taking advantage of their unique
reactivity (Scheme 56e).252 This type of rhodium-catalyzed
asymmetric−tandem cyclization has been used for the synthesis
of chiral bicyclo[2.2.1]hepta-2,5-dienes.253
Aldehydes and ketones substituted with an alkynyl group in an
appropriate position undergo arylative cyclization in rhodiumcatalyzed reactions with arylboronic acids. Thus, in the presence
of a rhodium catalyst with the chiral diene ligand (S,S)-L8a, the
reaction of 277 gave high yields of cyclic allylic alcohols 278 with
high enantioselectivity (Scheme 57a).254 The yields of 278 are
low when phosphorus-based chiral ligands are used. This
arylative cyclization may proceed through an alkenylrhodium
intermediate generated by the arylrhodation of the alkyne,
similar to the pathway shown in Scheme 56a.
Rhodium-catalyzed arylative cyclization has been applied to
the asymmetric synthesis of 1-(trifluoromethyl)cyclobutanols
280 (Scheme 57b).255 The reaction of 1-(trifluoromethyl)-4alkyn-1-ones 279 with arylboronic acids, which was catalyzed by
the chiral diene L6h-Rh complex, proceeded through a reaction
pathway consisting of the arylrhodation of the alkyne and
intramolecular addition to the ketone carbonyl, giving the
cyclobutanols 280 in generally good to high yields and
enantioselectivity.
N-Tethered keto-enoates 281 also undergo asymmetric
arylative cyclization (Scheme 57c).256 The reaction proceeds
through a rhodium enolate intermediate A, which is generated
by the conjugate addition of an arylrhodium intermediate to the
enoate and attacks the ketone intramolecularly. Using a rhodium
catalyst with chiral diene (R,R)-L8b, highly functionalized
piperidines 282 bearing three contiguous stereogenic centers
were obtained with generally high enantio- and diastereoselectivity.
The asymmetric arylative cyclization was applied to the
desymmetrization of 1,3-diketones bearing a propargyl group
283 (Scheme 57d).257 An aryl group, 2-CF3C6H4, was
introduced at the alkyne terminus of 284 to control the
regiochemistry of the addition of an arylrhodium intermediate to
the triple bond, which formed alkenylrhodium intermediate B.
The 1,4-shift of rhodium to the ortho-position of Ar2, followed
by intramolecular addition to the ketone carbonyl, leads to the 1tetralol products 284. High enantio- and diastereoselectivity was
achieved using chiral diene ligand L6i.

Scheme 56. Rhodium-Catalyzed Asymmetric Arylative
Cyclization of Enynes

conjugate addition of arylrhodium C to the enone moiety leads
to the spirocarbocycle 268.
The desymmetrization of cyclohexadienones substituted with
a terminal alkyne 269 via rhodium-catalyzed asymmetric
AO
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Scheme 57. Rhodium-Catalyzed Asymmetric Arylative
Cyclization of Alkyne- or Alkene-Substituted Aldehydes and
Ketones
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Scheme 58. Rhodium-Catalyzed Asymmetric Arylative
Cyclization of Alkynylhydrazones

acid in the presence of the chiral diene−rhodium catalyst L7aRh, which gave a polycyclic indanone derivative 288 with 80%
enantioselectivity (Scheme 59a).259 Another example is the
reaction of 2-formylphenylboronic acid with alkyne 289, which
gave the indenol derivative 290. Using the chiral diene ligand
(S,S)-L8a, a high yield (97%) of 290 was obtained with 81% ee
(Scheme 59b).260
Arylative cyclization has been applied to the asymmetric
synthesis of axially chiral biaryls. Thus, in the presence of a
rhodium catalyst with the chiral diene ligand L11e, which has a
bulky amide group, the reaction of 2-(cyanomethyl)phenylboronate with 1-arylalkynes 291, where the aryl group
is an ortho-substituted aromatic group, gave high yields of axially
chiral 2-aminobiaryls 292 with high enantioselectivity (Scheme
59c).54 The reaction probably proceeds through alkenylrhodium intermediate A, which is generated by the arylrhodation of
alkyne 291, and iminorhodium species B, which is formed by an
intramolecular attack on the cyano group.
In the develooped asymmetric synthesis of 4-alkyl-4Hchromenes 295, the rhodium-catalyzed asymmetric conjugate
arylation of β-alkyl-substituted enones with 2-hydroxyarylboronic acids as a key step (Scheme 59d).261 The hemiacetals 294
produced by the rhodium-catalyzed arylation and subsequent
intramolecular hemiacetalization were subjected to acidic
dehydration, leading to the formation of 4-alkyl-4H-chromenes
295. The enantioselectivity at the conjugate arylation is
generally high with diene ligand L10b.
Nishimura successfully made an asymmetric version of his
previously developed iridium-catalyzed [3 + 2] annulation by
employing a chiral tfb-based ligand. Thus, the reaction of
potassium trifluoro(2-formylphenyl)borate with alkyl-substituted 1,3-butadienes, typically isoprene, in the presence of a
iridium catalyst generated from [IrCl(coe)2]2 and (R,R)-L13d
gave high yields of 1-indanol derivatives 296 with high
enantioselectivity (Scheme 60a).70
Through the use of the chiral diene ligand (S,S)-L15c, high
enantioselectivity was also reported in the iridium-catalyzed [4 +
2] annulation of salicylimines 297 with 1,3-dienes, which
formed the corresponding 4-aminochromanes 298 (Scheme
60b).262 This annulation reaction was proposed to proceed
through the phenoxoiridium(I) intermediate A, which underwent oxidative cyclization with the 1,3-diene to form the πallyliridium(III) species B. Reductive elimination led to the
formation an oxygen−carbon bond with the π-allyl cabon,
leading to the six-membered-ring product 298.
The iridium-catalyzed asymmetric [3 + 2] annulation with
1,3-dienes has been extended to the reactions of α-oxocarboxamides 299, α-iminocarboxamides 301, and α-oxocar-

Tosylhydrozone was found to be a reactive acceptor for the
intramolecular addition of the alkenylrhodium intermediate
generated by the arylrhodation of the alkyne. Tosylhydrazone
285, which has an alkynyl group in an appropriate distance, was
allowed to react with aryl- or alkenylboronic acid in the presence
of a rhodium catalyst with chiral diene ligand L10c at 0 °C for 24
h, which produced allylic tosylhydrazine 286 (Scheme 58).258
When the reaction mixture containing 286 was heated to 60 °C,
allylic diazene rearrangement took place to give endocyclic
alkene 287. In the asymmetric reaction using diene ligand L10c,
the chirality of the stereogenic carbon center generated during
the addition to C�N of the hydrozone is transferred to the
allylic position via a suprafacial rearrangement. The enantioselectivity of the overall reaction is generally high (82−95% ee).
Arylboron reagents substituted with functional groups at their
ortho-positions have reacted with alkenes or alkynes to give
cyclization products. An example of an asymmetric variant is the
reaction of benzonorbornadiene with 2-cyanophenylboronic
AP
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Scheme 59. Rhodium-Catalyzed Addition and Cyclization
with ortho-Functionalized Arylboron Reagents
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Scheme 60. Iridium-Catalyzed Asymmetric Annulation with
1,3-Dienes

organometallic intermediates are generated by the metalation of
an aromatic or vinylic C−H bond.265
Iridium-catalyzed [3 + 2] annulation with 1,3-dienes, which
was first reported in the reaction of cyclic N-sulfonyl ketimines
305 (Scheme 61a),266 has been successfully extended to the
asymmetric version in the reaction of cyclic N-acyl ketimines
229 generated in situ by the dehydration of 3-aryl-3hydroxyisoindolin-1-ones 228 (Scheme 61b).267 Thus, the
reaction of 228 with 1,3-dienes 306, typically isoprene, took
place with high regio- and enantioselectivity in the presence of
DABCO and a cationic chiral diene−iridium complex generated
from [IrCl((S,S)-L14a)]2 and NaBArF4, giving the corresponding spiroaminoindane derivatives 307 in high yields. A wide
variety of 1,3-dienes can participate in this asymmetric [3 + 2]
annulation reaction. The reaction is proposed to proceed
through the aryliridium(I) intermediate A, whose oxidative
cyclization with diene forms π-allyliridium(III) B; reductive

boxylic acids 303 (Schemes 60c and d).263,264 The use of tfbbased chiral diene ligands (S,S)-L14c and (S,S)-L15c led to the
formation of γ-lactams 300 and 302 and γ-lactones 304 in high
yields with high enantioselectivity.
3.4. Asymmetric C−H Functionalization

The functionalization of aromatic C−H bonds has realized the
step-economic synthesis of useful compounds in organic
chemistry; hence, the development of asymmetric reactions
involving C−H functionalization is important and challenging
subject. This section describes asymmetric C−C bond-forming
reactions catalyzed by chiral diene−metal complexes where
AQ
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Scheme 61. Iridium-Catalyzed Asymmetric [3 + 2]
Annulation via C−H Functionalization

Review

Scheme 62. Asymmetric Synthesis of Planar-Chiral
Ferrocene Derivatives via Iridium- and Rhodium-Catalyzed
Enantioselective C−H Functionalization

Scheme 63. Iridium-Catalyzed Asymmetric C−H Alkylation
and Allylation

elimination leads to the product 307. Under similar conditions,
silyl-substituted 1,3-enynes 308 were allowed to react with 3hydroxyisoindolin-1-ones 228 to give the corresponding
aminoindane derivatives 309 in high yields with high regio-,
diastereo-, and enantioselectivity (Scheme 61c).268
Enantioposition-selective C−H alkylation has been reported
in the iridium-catalyzed addition of isoquinolinylferrocene 310
to various types of alkenes (Scheme 62a).269 Planar-chiral
ferrocene derivatives 311 were obtained in 32−96% yields with
75−98% ee using a cationic iridium catalyst coordinated with
the chiral diene ligand L6j.
Another enantioposition-selective C−H functionalization
reaction shown to synthesize a planar chiral ferrocene derivative
is the oxidative cyclization of 2-(hydrosilyl)arylferrocenes 312
(Scheme 62b).270 In the presence of a chiral diene L6a-Rh
catalyst and t-butylethene as a hydrogen acceptor, the
dehydrogenative C−Si bond-forming reaction took place with
moderate enantioselectivity to give planar-chiral benzosiloloferrocenes 313. Interestingly, the enantioselectivity was dependent on both the hydrogen-accepting alkene and the chiral diene
ligand.
Asymmetric hydroarylation of vinyl ethers with N-sulfonylbenzamides 314 was achieved using the chiral diene−
hydroxoiridium complex [Ir(OH)((S,S)-L14a)]2 as the catalyst
(Scheme 63a). 271 The reaction took place with high
enantioselectivity, giving the branch arylation products 315 in
high yields. The reaction was proposed to proceed via the

hydridoiridium(III) species A generated from hydroxoiridium(I) and 314.
The asymmetric olefinic C−H allylation of N-tosylacrylamide
316 with 1,3-dienes 317 to give enantioenriched 1,4-dienes 318
using the chiral diene−iridium catalyst [IrCl((S,S)-L15c)]2 has
been reported (Scheme 63b).272 The olefinic hydridoiridium(III) species B may be involved in the catalytic cycle.
3.5. Asymmetric Reactions with Diazo Compounds

Metal carbenes generated from diazo compounds play
important roles in modern organic chemistry as active
intermediates in useful transformations, including cyclopropanation, X−H (X = C, O, N, B, Si) insertion, and so on.
AR
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The asymmetric cyclopropanation of alkenes with dimethyl
diazomalonate 319 was reported to be catalyzed by a cationic
chiral diene−rhodium complex generated from [RhCl((R,R)L15d)] and NaBArF4 (Scheme 64).108 The key intermediate is

Review

Scheme 65. Rhodium-Catalyzed Asymmetric Carbene
Insertion into X−H Bonds

Scheme 64. Rhodium-Catalyzed Asymmetric
Cyclopropanation of Alkenes

the rhodium(I) complex A, where the ligand L15d is a tridentate
ligand coordinated to Rh with two olefins and the carbonyl
oxygen of the amide. The enantioselectivity is high for the
addition to styrene derivatives. Rhodium−phosphine complexes
do not show catalytic activity for this transformation.
It has been reported that chiral diene ligands exhibit high
performances in the rhodium(I)-catalyzed asymmetric B−H
insertion of α-diazo carbonyl compounds 321 with amine−
borane adducts, which leads to the corresponding secondary
alkylboranes 322 (Scheme 65a).273 The highest catalytic activity
and enantioselectivity (up to 99% ee) were observed with the
chiral diene L8h, where one of the aryl substituents on the
alkenes was an electron-withdrawing aromatic group. Using the
same chiral diene ligand L8h under similar reaction conditions,
asymmetric Si−H insertion of α-diazoesters and α-diazophosphonates took place to give chiral α-silyl esters 324 with high
enantioselectivity (Scheme 65b).274
An asymmetric reaction of styryldiazoacetates 325 with N,Ndialkylaniline derivatives 326, typically (3-methoxyphenyl)pyrrolidine, was reported in the presence of a chiral rhodium−
diene (L8h) catalyst (Scheme 65c).275 The arylation took place
preferentially at the vinylogous site to produce chiral γ,γdiarylsubstituted α,β-unsaturated esters 327 with high (E)selectivity and enantioselectivity. As an extension of this
asymmetric arylation, one-pot cascade reactions consisting of
rhodium-catalyzed asymmetric arylation and organocatalyzed
asymmetric oxa-Michael cyclization have been developed
(Scheme 65d).276 For example, styryldiazoacetate 325a was
allowed to react with 3-hydroxylaniline derivative 328 in the
presence of a chiral diene rhodium catalyst [RhCl(L8k)]2 and
cinchona alkaloid-derived thiourea organocatalyst 329 or 330.
The stereochemistry of the oxa-Michael reaction of the arylation
product 331 was controlled by the organocatalyst, giving transor cis-isomers of 2,3-disubstituted dihydrobenzofuran 332 with
high selectivity.
The rhodium(I)-catalyzed asymmetric C−H insertion of αdiazoesters 321 using a chiral diene-complex [RhCl(L2b)]2 as a
catalyst was reported for benzofuranones 333 (Scheme 65e).277
A series of benzofuranones 334 bearing consecutive quaternary

and tertiary stereogenic centers were synthesized with high
diastereo- and enantioselectivity. It is noted that a low catalyst
loading (0.1 mol % Rh) and a slight excess (1.1 equiv) of the
diazoester are sufficient to run the reaction; the slow addition of
the diazoester using a syringe pump is unnecessary.
AS
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An asymmetric three-component reaction of aryldiazoacetates 321, aromatic amines 335, and β-nitroacrylates 336 was
achieved using a chiral diene L8b-Rh complex as the catalyst
(Scheme 66a).278 The reaction was proposed to proceed

Review

Scheme 67. Rhodium-Catalyzed Asymmetric [4 + 2]
Cycloaddition of Alkyne-1,3-Dienes

Scheme 66. Rhodium-Catalyzed Asymmetric ThreeComponent Reactions

tivity (Scheme 68a).280 Using bis(phosphine) ligands such as
dppe and binap instead of the diene ligand did not lead to any
production of 343 or 345. A catalytic cycle has been proposed
for this cycloisomerization. The coordination of the alkyne
moiety of 1,6-enyne to a coordinatively unsaturated cationic
rhodium(I) species A, which is generated from [RhCl(PPh3)((R,R)-L13b)] and NaBArF4, affords the η2-alkyne−rhodium
complex B. The 6-endo-dig cyclization of B, which forms two
carbon−carbon bonds, gives the rhodium carbenoid C. A βhydrogen shift leads to the product 343a while regenerating the
cationic rhodium species A.
The [RhCl(PPh3)((R,R)-L13b)] complex is a good catalyst
for the asymmetric cycloisomerization of nitrogen- and oxygenbridged 1,6-enynes, but there are some limitations in terms of
the substrate scope and catalyst efficiency. For example, the
oligomerization of enynes is sometimes observed, probably due
to the dissociation of nonchelating triphenylphosphine. To solve
this problem, new chiral diene−phosphine tridentate ligand−
rhodium catalysts [RhCl(L10e)] and [RhCl(L10f)] were
designed, synthesized, and applied to the asymmetric cycloisomerization of nitrogen-bridged 1,6-enynes 346 to give 3azabicyclo[4.1.0]heptene derivatives 347 with high enantioselectivity (Scheme 68b).281
As another approach to generating a rhodium(I) catalyst with
a single vacant coordination site for the electrophilic activation
of the alkyne moiety in the asymmetric cycloisomerization, a
design for 1,6-enyne substrates that create chelate coordination
between the alkyne moiety and the amide carbonyl attached to
the 1,6-enynes was proposed (Scheme 68c).282 Thus, nitrogenand oxygen-bridged 1,6-ene-ynamides 348 bearing an amide
moiety at the alkyne terminus were used for the asymmetric
cycloisomerization. Using the chiral diene−rhodium complex
[RhCl((S,S)-L15c)]2, bicyclo[4.1.0]heptene products 349 were
obtained in high yields with high enantioselectivity. The chelate
coordination between the alkyne and the amide carbonyl of 348
plays an important role in the high catalytic activity.
A chiral diene−rhodium complex reportedly catalyzed the
asymmetric intramolecular cycloaddition of biphenylenes with
acetylene (Scheme 69).283 Benzo[b]fluoranthene-based axially
chiral polycyclic aromatic hydrocarbons 351 were obtained with

through a rhodium-asscociated ammonium ylide A, which was
generated from diazoacetate and an aromatic amine and reacted
enantioselectively with nitroacrylate in a Michael addition-type
fashion. The products, γ-nitro-α-aminosuccinate derivatives
337, were obtained with high diastereo- and enantioselectivity.
This asymmetric three-component reaction was extended to the
reaction of α-alkyldiazoacetates 338 with aromatic amines and
aromatic aldehydes (Scheme 66b).124 Using the chiral diene
L8b-Rh(I) complex, the intramolecular α-H shift of an αalkyldiazoacetate-derived carbene was successfully suppressed
to obtain β-hydroxyl-α-alkyl-α-amino acid derivatives 339,
although the yields and stereoselectivity are not very high.
3.6. Asymmetric Cycloisomerization Reactions

The transition-metal-catalyzed cycloisomerization reaction has
emerged as an atom-economical process for synthesizing diverse
cyclic compounds in a single step.
The intramolecular [4 + 2] cycloaddition of alkyne-1,3-dienes
340 to form cyclohexadienes 341 was achieved using a cationic
chiral diene−rhodium catalyst (Scheme 67).279 It is remarkable
that the rhodium−diene complex is much more catalytically
active for this transformation than rhodium−bisphosphine
complexes. Using the chiral diene ligand (S,S)-L8b leads to
the development of a highly active and enantioselective
asymmetric variant of this reaction. This catalyst system was
also applied to the intermolecular asymmetric cycloaddition of
1,3-dienes with alkynes. The catalytic cycle proposed for this
reaction involves the oxidative cyclization of alkyne-1,3-diene
with cationic rhodium(I) to form the rhodacyclopentene
intermediate A, which undergoes a suprafacial 1,3-allylic
migration of rhodium to give the rhodacycloheptadiene species
B. Reductive elimination produces the [4 + 2] cycloadduct 341.
Using the chiral diene−rhodium complex [RhCl(PPh3)((R,R)-L13b)], which has an achiral monophosphine as the
second ligand, the asymmetric cycloisomerization of 1,6-enynes
342 and 344 gave 3-aza- and 3-oxabicyclo[4.1.0]heptene
derivatives 343 and 345, respectively, with high enantioselecAT
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platinum catalyst generated from PtCl2[(R,R)-L8b)] and
AgSbF6 was also found to effectively catalyze the same reaction
with high reactivity and selectivity.284
A unique asymmetric ring contraction of isooxazoles into 2Hazirines with a tetrasubstituted stereocenter was found to be
catalyzed by a chiral diene−rhodium complex (Scheme 70).285

Scheme 68. Rhodium-Catalyzed Asymmetric
Cycloisomerization of 1,6-Enynes

Scheme 70. Rhodium-Catalyzed Asymmetric Isomerization
of Isoxazoles to 2H-Azirines

Thus, 5-alkoxyisooxazoles 352 were treated with a rhodium
catalyst of the electron-deficient chiral diene ligand L10d. The
ring contraction proceeded under mild conditions to produce
alkoxycarbonyl 2H-azirines 353 with various substituents,
including halogens, with high enantioselectivity. The catalytic
cycle supported by DFT calculations includes a rhodium−
imidocomplex A as the most probable intermediate for this
rhodium-catalyzed reaction.
3.7. Asymmetric Allylic Substitution

As one of the seminal works on chiral diene ligands, Carreira
reported the kinetic resolution of allylic carbonates using his
ligand for iridium-catalyzed allylic substitution (Scheme 71).36
Scheme 71. Kinetic Resolution by Iridium-Catalyzed Allylic
Substitution of Allyl Carbonates
Scheme 69. Rhodium-Catalyzed Asymmetric Synthesis of
Axially Chiral Polycyclic Aromatic Hydrocarbons

The kinetic resolution of allylic carbonates 354 with PhOH
proceeded with high selectivity in the presence of a chiral diene
(L6b)−iridium catalyst to give unreacted carbonates 354 with
high enantiopurity together with enantioenriched phenyl ether
355.
A chiral diene ligand was connected with nucleic acids, and
the iridium complexes were used for the kinetic resolution of an
allylic acetate (Scheme 72).39 The reaction of racemic acetate
356 with morpholine takes place in an aqueous solution with the
chiral diene L6k−iridium catalyst to give enantioenriched
unreacted acetate 356 and the allylic amination product 357. It
was demonstrated that the catalytic reaction occurred in the

high enantioselectivity from the reaction of biphenylenes 350 in
the presence of a cationic rhodium catalyst generated from
[RhCl((R,R)-L8b)]2 and NaBARF4. Interestingly, a cationic
AU
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Scheme 72. Kinetic Resolution by Allylic Amination with
DNA-Supported Iridium Catalysts
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Scheme 73. Rhodium-Catalyzed Asymmetric Amination of
Allylic Trichloroacetimidates

presence of DNA and that the structure of the DNA modulated
the stereochemical outcome of the reaction.
The asymmetric allylic substitution of racemic allylic
trichloroacetimidates, which is classified as a dynamic kinetic
asymmetric transformation, has been intensively studied by
Nguyen using chiral diene−rhodium catalysts.286,287 The allylic
amination of racemic tertiary allylic trichloroacetimidates rac358 with anilines was catalyzed by the rhodium complex of
(S,S)-L8e to give α,α-disubstituted allylic N-arylamines 359
with good to excellent levels of regio- (branch and linear) and
enantioselectivity (Scheme 73a).288 Secondary allylic trichloroacetimidates rac-360 also participate well in this rhodiumcatalyzed asymmetric allylic amination with N-methylanilines
(Scheme 73b).289 The use of a chiral diene ligand (S,S)-L8b
gave high yields of the corresponding allylic branched
arylamines 361 with high regio- and enantioselectivity. The
same chiral diene−rhodium catalyst was applied to the
asymmetric synthesis of chiral allylic 1,2-diamines 363
possessing tertiary or quaternary allylic carbon centers via the
asymmetric amination of secondary or tertiary allylic trichloroacetimidates rac-362 possessing β-nitrogen substituents
(Scheme 73c).290
The enantioenriched allylamines 364, which were obtained
via the rhodium-catalyzed allylic amination of acetimidates rac358 with ortho-formylaniline derivatives and have an orthoformylphenyl functionality, were subjected to the rhodiumcatalyzed intramolecular hydroacylation of terminal olefins to
give 2-alkyldihydrobenzoazepin-5-ones 365 without a loss of
enantiopurity (Scheme 73d).291
The asymmetric synthesis of allylic fluorides via the iridiumcatalyzed allylic fluorination of allylic trichloroacetimidates has
been reported (Scheme 74).292,293 A chiral diene-−ridium
complex [IrCl((S,S)-L20f)]2 catalyzes the reaction of rac-360
with Et3N·3HF to give allylic fluorides 366 with high branch and
linear selectivity and enantioselectivity. The enantiopure allylic
trichloroacetimidate 367, which was a mixture of diastereoisomers in a 1.5:1 ratio, was subjected to allylic fluorination
with [IrCl((S,S)-L20f)]2 and its enantiomer as catalysts to give
the fluorination products syn-368 and anti-368, respectively,
with high diastereoselectivity, indicating that the reaction is
highly controlled by the chirality of the iridium catalyst.

Scheme 74. Iridium-Catalyzed Asymmetric Fluorination of
Allylic Trichloroacetimidates

3.8. Miscellaneous Asymmetric Reactions

The iridium-catalyzed asymmetric hydroacylation of norbornene with salicylaldehydes 369 using the chiral diene−iridium
complex [IrCl((S,S)-L14a)]2 has been reported (Scheme

75).294 The desymmetrization of norbornene by enantioposition-selective hydroacylation took place to give the correspondAV
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Scheme 75. Iridium-Catalyzed Asymmetric Hydroacylation
of Norbornene

substrated scope is not broad, this is a rare example where the
chiral diene ligands have been used for a palladium-catalyzed
cross-coupling reaction. A mechanistic study using ESI-MS/MS
experiments of key intermediates has been reported.
As another example of chiral diene ligands being used for
palladium-catalyzed cross-coupling-type reactions, a threecomponent reaction was reported for the synthesis benzofuranones 333, where the asymmetric 3,4-diphenylation of 1-aryl1,3-butadienes 317 with phenyldiazonium tetrafluoroborate and
phenylboronic acid took place in the presence of a chiral diene
L10g-palladium catalyst (Scheme 78).298 Although the yields of

ing addition products 370 in good to high yields and
enantioselectivity.
The same chiral diene−iridium catalyst [IrCl((S,S)-L14a)]2
was slo used for asymmetric cyclization of N-arylsulfonyl-4pentenamides 371, which gave the corresponding chiral 2pyrrolidone derivatives 372 (Scheme 76).295 Fine-tuning the

Scheme 78. Palladium-Catalyzed Asymmetric Vicinal
Diarylation of Terminal 1,3-Dienes

Scheme 76. Iridium-Catalyzed Asymmetric Hydroamination
of N-Sulfonyl-4-pentenamides

the diphenylation products 375 are low (25−30%) even in the
presence of a large amount (20 mol %) of the palladium catalyst,
the enantioselectivity is high (75−82% ee).
The chiral diene L6b has been used as a resolving reagent for a
bisphosphine−rhodium complex (Scheme 79a).299 Treating
L6b with [RhCl(coe)2]2 forms the complex [RhCl(L6b)]2. The
abstraction of chloride, followed by the addition of biphep,
which racemizes at room temperature as a free ligand, leads to
the formation of a pair of diastereomers (3:1). Enantiomerically
pure [Rh((S)-biphep)(L6b)]+SbF6− was isolated by fractional
crystallization. This complex was used as a catalyst for the

aryl group on the sulfonylamide of 371 and a base additive
increased the enantioselectivity to 91% ee. A mechanistic study
revealed that the reaction proceeds via the nucleophilic attack of
the amide on the alkene moiety, which is activated by
coordination to iridium(I).
A chiral diene ligand was used for palladium-catalyzed
asymmetric cross-coupling to produce axially chiral biaryls
(Scheme 77).296,297 In the presence of 5 mol % PdCl2(L20h), a
chiral dene−palladium complex, and 15 mol % L20h, a diene
ligand, the reaction of 2,6-disubstituted phenyl bromides with 2substituted phenylboronic acids gave the corresponding biaryls
with moderate to high enantioselectivity. Although the

Scheme 79. Resolution of Biphep on Rhodium with a Chiral
Diene Auxiliary

Scheme 77. Palladium-Catalyzed Asymmetric CrossCoupling to Give Axially Chiral Biaryls
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hydroboration of styrene to give 1-phenylethanol in a 57% yield
with 12% ee. A structurally similar complex [Rh((S)-DMbiphep)(L7c)]+BF4− was also prepared and used as a catalyst for
the asymmetric hydrogenation of a dehydroalanine derivative to
give the hydrogenation product with 91% ee (Scheme 79b).300
The asymmetric polymerization of achiral arylacetylenes to
give helical polyacetylenes using a chiral diene−rhodium catalyst
has been reported (Scheme 80a). 72 The reaction of

Review

Scheme 81. Platinum-Catalyzed Asymmetric Oxidation of a
Cyclic Ketone

Scheme 80. Rhodium-Catalyzed Asymmetric Polymerization
of Achiral Arylacetylenes
82a).303 This ruthenium-catalyzed dimerization was extended to
the reaction of a conjugate diene, employing L6a as a chiral
Scheme 82. Ruthenium-Catalyzed Asymmetric CrossDimerization

arylacetylenes 378 proceeded smoothly with a cationic rhodium
complex of C2-symmetric tetrafluorobenzobarrelene (R,R)L14a to give high yields of the optically active polyacetylenes.
Although their enantiomeric purities were not described, the
helical chirality of the polymer was kinetically controlled by the
chirality of the diene ligand.
The asymmetric cyclopolymerization of nitrogen-bridged 1,8diynes containing one terminal and one internal alkyne 379 was
also investigated (Scheme 80b).301 A rhodium complex
generated from [RhCl((R,R)-L14a)]2, triphenylethenyllithium,
and triphenylphosphine catalyzed the polymerization to give
enantiomerically enriched polymers with helical chirality. This
polymerization proceeded through the alternating reactions of
the terminal and internal alkynes, forming polyacetylenes with a
1,2-dialkylidene heterocyclic unit.
During their studies on the platinum-catalyzed α,β-desaturation of cyclic ketones to give the corresponding α,β-unsaturated
ketones, Dong reported the preliminary result on the
asymmetric version of this oxidation reaction (Scheme 81).302
Thus, achiral ketone 380 was treated with benzoquinone in the
presence of a chiral diene−platinum catalyst generated from
[PtCl2((R,R)-L8b)] and AgOCOCF3 to give a low yield of the
α,β-unsaturated ketone 381 with 30% ee.
Asymmetric cross-dimerization reactions catalyzed by a chiral
diene−ruthenium complex have been reported. In the presence
of [Ru(η6-naphthalene)(L16d)] as a chiral catalyst, the reaction
of 2,5-dihydrofuran with methyl methacrylate gave the crossdimerization product 382 (74%, E/Z = 93/7, 80% ee) (Scheme

ligand to give 1,4-diene 383 (31%, 58% ee) (Scheme 82c).304 In
the reaction of 2,5-dihydrofuran with conjugated dienes, the
enantioselectivity was low with chiral diene ligands L16d and
L6a and was improved by using pseudo-C2-symmetric diene
ligand L4a. The reaction with 2-phenyl-1,3-butadiene gave a
mixture of regioisomeric products 384 (41%, 34% ee) and 385
(48%, 91% ee) (Scheme 82b).305

4. CONCLUSIONS AND OUTLOOK
In the past few decades, a number of chiral diene ligands
pioneered by Hayashi and Carreira have emerged for
asymmetric catalysis. This has strengthened the connections
between catalysis and other disciplines and has had a profound
effect on asymmetric transformations. As summarized in this
review, distinct families of chiral ligands and various highly
efficient asymmetric catalytic systems have been developed and
established for different reaction substrates. Many publications
point out the superiority of chiral dienes over other conventional
chiral ligands in terms of the catalytic activity and
enantioselectivity in certain transformations. However, this
research area using chiral diene ligands remains underdeveloped
because of their applications for limited metals such as rhodium,
iridium, and palladium. In future, more and more studies should
AX
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