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ABSTRACT

Enantioenriched benzofused 5- and 6- membered rings continue to be found as notable motifs in important molecules such
as pharmaceuticals and natural products. A key synthetic strategy towards accessing these structures is via a metal-catalyzed
intermolecular carbometalation step across a substituted olefin or alkyne. This review emphasizes recent advances towards

accessing enantioenriched benzofused 5- and 6- membered rings via intermolecular carbometalation strategy, catalyzed by late

and early transition metals. Through covering the key mechanistic investigations and computed conformational analyses, this

review hopes to allow for a more unified understanding of how asymmetric control is attained across a diverse array of metals and

ligands, and to highlight significant advances made in the past decade.

1 | Introduction

Metal catalyzed asymmetric transformations remain a central
strategy in synthesis, as complex transformations can be achieved
in a one pot process, improving efficiency [1]. The design of new
chiral ligands and catalysts have helped advance the development
of asymmetric reactions. Specifically, carbometalations, where a
metal-carbon bond adds across carbon-carbon 7-systems, such as
alkynes or alkenes, have been a privileged strategy to construct
new C—C bonds. Products arising from methodologies involving
a carbometalation step can be obtained in both high regio-
and enantioselectivity. The enantiodetermining step is often the
carbometalation across the 7z-system, as the migratory insertion
allows for chiral induction (Figure 1). Furthermore, the added
challenge in developing intermolecular reactions has pushed
chemists to develop cost- and energy-efficient catalytic systems
to achieve such transformations.

Convergent synthesis strategies, where two or more partners
react, allow chemists to build a wide and diverse library of
products from combination of simple substrates. Intermolecular
carbometalations allow for greater structural diversity, and often
easier access to starting materials. Established reactions like the
Larock indole synthesis [2] allow chemists to access structurally
diverse indole products using simple starting materials. Disub-
stituted alkynes are easily accessible substrates via Sonogashira
coupling [3] or electrophilic additions to alkynyl anions [4, 5].
Retrosynthetically, they also provide easy access to acetylene-like
synthons, particularly for the synthesis of indenes, indenols and
indoles.

This review will focus specifically on transition-metal-
catalyzed, asymmetric syntheses of (hetero)benzo-fused 5-
and 6-membered rings via intermolecular carbometalations,
due to their widespread prominence as core structural
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FIGURE 2 | Natural products and pharmaceuticals containing
(hetero)benzo-fused 5- and 6- membered rings.

motifs in active pharmaceutical agents and natural products
(Figure 2) [6-10]. Given the recent publication of complete
and comprehensive reviews on the synthesis of axially chiral
molecules [11-13], this review will focus on point chirality
and synthesis of enantioenriched tertiary and quaternary
centers, while highlighting recent examples on the synthesis of
enantiomerically enriched atropoisomers.

2 | Palladium-Catalyzed Reactions
2.1 | Early Studies (RACEMIC)

The racemic synthesis of indenols via an intermolecular car-
bometalation was developed by Gevorgyan and Yamamoto in
1999 (Scheme 1, top) [14]. Following oxidative addition, the
aryl Pd(IT) species adds across a disubstituted alkyne to form
the corresponding vinyl Pd(II) intermediate. Addition into an
electrophilic carbonyl group yields the desired racemic indenol
1c.

Larock subsequently reported the synthesis of indenes combining
disubstituted alkynes and ortho-bromobenzaldehydes (Scheme 1,
bottom) [15, 16]. Upon deprotonation of the acidic malonate moi-
ety, the resulting carbanion attacks the vinyl-Pd(II) intermediate
to form a 6-membered palladacycle. The desired indene 1If is
formed via a final C—C reductive elimination. In both cases,
moderate to high regioselectivity was achieved, where the vinyl

Gevorgyan & Yamamoto (1999)

Pd(OAC); (5.0 mol%)

ol e (
R ¥ R? ¥ % 4q> R A R4
R3 DMF, 100 °C Z
© oHR?
1a 1b (x)-1c
1.5-5.0 equiv 14 examples

up to 85% yield

Larock (2005)
Pd(OAc), (5.0 mol%)

3
AN X . "Bu,NCI (1.0 equiv) R
RIE R i X
T coMe . 3% KOAc (2.0 equiv) R1mRA
R °
R2 DMF, 80 °C, 48 h J2co.me
1d 1e 1f
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X=1,Br
. to 86% yield
R? = CO,Me, CN, up fo 867 yie
SO,Ph Rs
SR
Pd''X
Vinyl Pd(ll)

SCHEME 1 | Palladium-catalyzed synthesis of racemic indenols and

indenes.
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MeOQ,
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2g 2h
>99% vyield, 82% ee 83% yield, 55% ee >99% vyield, 92% ee
SCHEME 2 | Palladium-catalyzed synthesis of indenes from cin-

namic ketones.

Pd(II) intermediate is bound to the carbon atom bearing the
largest substituent of the initial unsymmetrical alkyne.

2.2 | Enantioselectivity Studies

In 2009, Lu and coworkers synthesized enantioenriched indenes
from ortho-boronate cinnamic ketones (Scheme 2) [17]. Start-
ing from a cationic palladium catalyst, the aryl boronic acid
undergoes transmetalation, resulting in a cationic aryl Pd(II)
species. Regioselective migratory insertion across an unsym-
metrical alkyne occurs, after which conjugate addition to the
vinyl ketone followed by protodemetalation furnishes the desired
product. Indene 2e was obtained in quantitative yield and 91%
ee using bisphosphine ligand 2c. Chalcone derivative 2f was also
synthesized in quantitative yield and 82% ee. A limited scope
of alkynes was explored, with those bearing a phenyl ketone
resulting in poorer enantioinduction, as illustrated by product
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Lu (2011)
B(OH), {Pd[(ss)bdpp](HQO)Z)(BFA)Z Cone
O, e
OMe

1,4-dioxane, rt
PPh,PPh, | MeO
3a 3b A : 3c
2.0 equiv ' | 32% yield, 72% ee
(SSy-bdpp absolute

stereochemistry
undefined

SCHEME 3 | Preliminary enantioselective results for the synthesis of
aminoindenes.

Xu (2020)
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SCHEME 4 | Palladium(II)-catalyzed asymmetric synthesis of inde-
nols.

2 g. Symmetrical bis(methoxymethyl) substituted alkyne gave
product 2 h in quantitative yield and 92% ee.

Shortly after this initial report, Lu et al. synthesized enan-
tioenriched aminoindenes using a cationic palladium catalyst
(Scheme 3) [18]. While arylimine 3a gave the desired aminoin-
dene in a moderate 72% ee using (S,S)-bdpp, the yield could not
be improved beyond 32%.

In 2020, the Xu group showed that 2-formylphenylboronic acids
and diarylacetylenes could be transformed into indenols under
palladium catalysis (Scheme 4) [19]. Using chiral phosphinooxa-
zoline ligand 4c, indenol 4e was synthesized in 93% yield and 71%
ee. Fluorine-substituted substrates generally resulted in improved
enantioinduction, as showcased by 4f. Enantioinduction was
shown to be highly dependent on the migratory insertion’s

Luan (2015)
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SCHEME 5 | Palladium-catalyzed DYKAT of biaryls for the synthe-
sis of spiroindenes.

regioselectivity when using unsymmetrical alkynes, as product
4 g was obtained in 98% ee, while regioisomer 4g’ in 35% ee.

Annulative dearomatization constitutes one of the main method-
ologies to access enantioenriched spiroindenes. In 2015, the Luan
group reported the synthesis of spiroindenes 5d via the dearom-
atization of naphthol derivatives (Scheme 5) [20]. A dynamic
kinetic asymmetric transformation (DYKAT) strategy was used
to transfer axial to central chirality. Fast interconversion between
atropoisomers (S)- and (R)-5e, followed by oxidative addition
using a palladium catalyst bearing the chiral N-heterocyclic
carbene 5c resulted in intermediates (S)- and (R)-5f. Subsequent
dearomatization is favored from one face of 5f, leading to axial-
to-central chirality transfer. The desired spiroindenes 5d were
obtained in up to 97% ee.

In 2020, the Zhang group reported the asymmetric
dearomatization of 3-(2-bromophenyl)-1H-indole 6a using
internal alkynes, resulting in chiral spirocyclopentaneindolines
(Scheme 6) [21]. Using PC-Phos 6¢ as the chiral sulfinamide
ligand and Pd(Xantphos)Cl, as the precatalyst, spiroindole
6e was obtained in 92% yield and 92% ee. Alkyl-substituted
alkynes were also tolerated, as showcased by 6f synthesized
in 90% yield and 96% ee. Unsymmetrically substituted alkynes
resulted in regioisomeric mixtures, such as 6 g and 6g’. The
authors noted that the enantioselectivities were higher when the
alkyl group is installed closer to the chiral center being formed.
Control experiments showed that the catalyst responsible for the
enantioinduction was the dual ligand system 6 h, where both
PC-Phos 6¢ and Xantphos are coordinated to the metal center.
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Zhang (2020)
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SCHEME 6 | Synthesis of spirocyclopentaneindolines via an indole
dearomatization strategy.

In a 2022 report, the Jiao group developed a catalytic asymmetric
dearomatization of indole-tethered substrates to access spiro
indolenines (Scheme 7) [22]. Using the Carreira ligand 7c and
diphenylacetylene, spiroindene 7e was successfully obtained
from the corresponding Boc-protected indole in 88% yield and
90% ee. A 3-ethylindole-derived substrate led to spiroannulated
7f as a mixture of 1:2 Z/E isomers, with diminished enantios-
electivity. Using an alkyl-substituted dipropylacetylene, product
7 g was obtained in 91% yield, 84% ee, and was successfully
scaled up on a gram-scale in 98% yield and 80% ee. This pro-
tocol was also amenable to benzofuran substrates by employing
phosphoramidite ligand 7i. Following DFT studies, the authors
propose that the Pd/7c complex first undergoes oxidative addition
into the corresponding aryl bromide. Subsequent migratory
insertion of diphenylacetylene into the C(sp*)—Pd bond was
found to be turnover-limiting and selectivity-determining. Indole
dearomatization and $-H elimination eventually provide the
product.

Jiao (2022)

Pd(dba), (10 mol%)
MeOLi (1.5 equiv)

RS PhMe, 90 °C, 72 h
+ Pz
S
7a 7b
Y =NBoc, O 1.5 equiv 31 examples

up to 99% yield
up to 92% ee

7* 79

88% yield, 90% ee 79% yield, ZIE = 1:2
(2)-2.2.6e: 35% ee

(E)-2.2.6e: 51% ee

91% yield, 84% ee

30% yield, 67% ee
using 7i

Proposed
L*=T7c
Te
MeOH + LiBr
MeOLi PQOL*

palxL
/kofsu

SCHEME 7 | Asymmetric dearomatization of indoles towards the
synthesis of spiroindolenines.

Pd(II)-catalyzed C—H activation strategies have additionally been
used to access quaternary spiro centers (Scheme 8). Starting from
an oxime-substituted substrate, product 8e was obtained in 89%
yield and 97% ee, with protected amino acid 8c acting as the chiral
ligand [23]. The oxime directing group had a large impact on
reactivity and enantioselectivity, as O-benzyl oxime substituted
product 8f was obtained in 45% yield and 77% ee. Due to a lower
rotation energy, 5,5-spirosystem 8 g was obtained as a racemic
mixture. Finally, non-spiro indenes 8 h could also be synthesized
using this methodology. An atroposelective C—H activation using
a PA(II) catalyst, followed by a migration across a disubstitued
alkyne leads to 8j. A second migration across a cyclic or acyclic
alkene occurs, where the donation of axial-to-central chirality
results in enantioenriched 8k. 8-H elimination yields the desired
product.

Recently, the Shi group developed the synthesis of spiroindenes
via a C—H activation/dearomatization strategy (Scheme 9) [24].
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Xu (2022)
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SCHEME 8 | Oxime-directed atroposelective synthesis of spiroin-
denes.

Similar to Xu’s report, the acetate-assisted concerted metalation-
deprotonation (CMD) is directed by the naphthol ring, followed
by migratory insertion across the alkyne moiety. Axial-to-central
chirality transfer provides the final spiro compound in high
enantioselectivity. Aryl-substituted alkynes gave moderate to
good yields, as exemplified by spiroindenes 9e-f. Dialkylacetylene
substrates were also compatible, although they resulted in lower
yields (9 g).

In 2025, the Lautens group developed a synthesis of enantioen-
riched, 2,3-unsubsituted indenes using enantiopure oxabicycles
as chiral acetylene surrogates (Scheme 10) [25], building on earlier
work [26]. Using the desymmetrized, enantiopure oxabicycle
10b, bearing a secondary and tertiary amide backbone, indene
product 10d was obtained in 84% yield and 81% ee. An isopropyl-
tethered styrene substrate generated the corresponding indene
10e in 91% ee, while the phenyl-substrate indene 10f provided a
much lower ee of 66%. Electron-poor boronic acids were slightly
detrimental to the enantioselectivity, as shown by example 10 g.
The enantioinduction arose from two selective carbopalladations;
the first taking place across the unsubstituted alkene moiety on
10b, resulting in a single regioisomer, and the second across the
styrene moiety resulting in high diastereoselectivity. Following
a post-catalytic thermal retro-Diels-Alder reaction, the diastere-
omeric indanes 10i and 10i’ were converted to the corresponding
indene enantiomer 10d.

Shi (2025)
Pd(OAC), (10 mol%)
Cu(OAc), (2.0 equiv)
R“—\ OH Mn(OAc),-4H,0 (1.0 equiv)
L R4 NEP:CPME (1:9), 90 °C, 24 h
+ >
T .
Z R SiPh
| e
% O
R : 0.,2° '
9%a % ; o™on ! 9d
1.5 equiv : ' 40 examples
H " up to 93% yield
1 SiPhg up to 96% ee
9c
| (20 mol%)

NEP: 1-ethyl-2-pyrrolidone
CPME: cyclopentyl methyl ether

o e

e
81% yield, 90% ee

of 9g
50% yield, 96% ee 39% yield, 83% ee

SCHEME 9 | Naphthol-directed CMD-mechanism towards the syn-
thesis of spiroindenes.

This methodology was later expanded towards the synthesis
of spiroindenes via intramolecular C—H activation as the ter-
mination step (Scheme 11) [27]. Preliminary enantioselective
results using enantiopure oxabicycle 11b showed the synthesis of
heterocycle-tethered spiroindenes 11d-f in 78% to 80% ee.

Aside from point chirality, there has recently been a considerable
effort in developing atroposelective syntheses. In 2024, the Zhang
group reported the first asymmetric Larock indole synthesis
(Scheme 12) [28]. Using Ming-Phos ligand 12c, the axially chiral
N-arylindole 12e was obtained in 87% yield using an aryl iodide,
and 92% yield with the aryl bromide, both in 93% ee. DFT analysis
supported that the migratory insertion of the alkyne was the
rate-determining step, while reductive elimination constituted
the enantiodetermining step. A AAG* of 2.3 kcal/mol between
the two diastereomeric transition states of the latter step was
calculated, thereby matching the high levels of experimental ee
values.

A similar asymmetric Larock indole synthesis starting from N-
pyrrolyl-haloanilines was reported by the Li group (Scheme 13)
[29]. Using the SPINOL-based phosphoramidite ligand 13c, the
atroposelective synthesis of indole 13e was achieved in 90% yield
and 92% ee using the corresponding iodoarene, and 88% yield
and 88% ee with the bromoarene. In some cases, the ee was
found to be highly dependent on the arylhalide; disubstituted n-
propyl indene 13f was obtained in 73% yield and 67% ee for the
iodoarene, as opposed to 83% yield and 87% ee for the bromoarene.
Nonlinear effect (NLE) experiments showed a negative NLE,
suggesting that more than one equivalent of ligand is bound
to the palladium during the enantiodetermining step, which
corresponds to the migratory insertion of the alkyne. Mechanistic
and DFT investigations suggest that the enantiodetermining step
is catalyzed by a [Pd(13c),] species in high enantioselectivity,
while the monoligated [Pd(13c)] catalyzes the reaction with
attenuated enantioselectivity. The calculated AAG” between the
bisligated Pd transition states was found to be 1.6 kcal/mol, while
the corresponding monoligated complex had a smaller AAG7, at
1.2 kcal/mol.
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Lautens (2025)

o) o ArB(OH), (1.2 equiv)
| [Pd(cinnamy!)Cl], (5.0 mol%)
N 77 u PCya'HBF, (30 mol%)
R A re + KsPO, (2.3 equiv)
o)
N PhMe/H,0 (80:1)
Q 90 °C, 4 h then 120 °C, 20 h
10a 10b 10¢c
1.5 equiv 16 examples
up to 93% yield
up to 91% ee
using 10b
K !"'Pr !"Ph
MeO MeO MeO

10d 10e 10g
84% yield, 81% ee 76% yield, 91% ee 91% yield, 66% ee 60% yield, 72% ee

Regio- and di: ive steps

10i

10§
10h" Minor Diastereomer

SCHEME 10 | Chiral oxabicycles as acetylene surrogates toward the
synthesis of indenes.

Lautens (2025)
o o OMe  [Pd(cinnamyl)CI]; (5.0 mol%)
| N P(Pr)s-HBF 4 (30 mol%)
. AN, N Cs,C0; (2.3 equiv)
r\{\ N o 1,4-dioxane/H,0 (50:1)
=Y, Q 120°C, 6 h
R! then xylenes, 150 °C, 16 h
1Ma 11b 1c
Y=N,C 1.5 equiv 3 examples

up to 83% yield
up to 80% ee

1d 1e
83% vyield, 78% ee 65% yield, 78% ee 83% yield, 80% ee

SCHEME 11 | Synthesis of 2,3-unsubstituted spiroindenes using chi-
ral oxabicycles.

In 2025, the Kumar group reported the synthesis of chiral
ferrocene-fused tetrahydropyridines (Scheme 14) [30].
Unsymmetrically-substituted allenes afforded products 14e-
g in moderate to excellent enantioselectivity, and up to 1:10 (E/Z)
selectivity. Ortho-nitrophenyl substituted sulfonyl product 14 h
was obtained in modest yield, yet good ee. The enantioselectivity
observed is due to intermediate 14i; the cesium ion interacts
with the sulfonyl group and chiral ligand 14c, creating a chiral

Zhang (2024)
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up to 96% ee
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X =Br, 92% yield, 93% ee

38% yield, 91% ee 89% yield, 90% ee

Et

Et
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WP N_,PdL Pl | N

AAG* = 2.3 kcal/mol

SCHEME 12 | Atroposelective Larock indole synthesis.
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: v/
N P-N !
13a 13b b o ! 13d
2.0 equiv o : 64 examples
' up to 93% yield
: H up to 97% ee
: 13¢c H
L (18 melk)
Ph pr Ph
X
D—ph @Eg—"tsr @E\S—Ph (I\g—ms
N N N N
\ \ \ N
N N N
Ph=—\ | Ph—\ | N\ | \ |
CO,Me CO,Me CO,Me CO,Me
13e 13f 13g 13h

X =1,90% yield, 92% ee X =1,73% yield, 67% ee 87% yield, 91% ee 92% yield, 90% ee
X =Br, 88% yield, 88% ee X = Br, 83% yield, 87% ee

Conformati ysi
L*=13¢
L* L
/ \ /
?d_Lk ’/Pe
N F'h ‘ z pd"-
1
N /
Ney
o @ / \ Co,Me
CO,Me
CO,Me

[Pd(13c),]
AAG* =1.6 kcal/mol

SCHEME 13 | Pyrrole-substituted, palladium-catalyzed asymmetric
Larock indole synthesis.
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Kumar (2025)
Q
[eNpe} Pd(OAc), (8 mol%) /\\S‘,,o
RN CsF (2.0 equiv) R\
H_b |.| CuO (1.0 equiv)
: + 1L THF, 75°C, 18 h ;
Fe RFSRY T - R? Fe
O )
: NHAC!
14a 14b H OH 14d
2.0 equiv E OO 30 examples
H up to 70% yield
H up to 98% ee
14c
(28 mol %)
Ne) W0 V.0 o]
= 2 2 O,N -
cry X cr X X NS

14e 14f 14g 14h
56% yield, 72% ee 50% yield, 91% ee 63% yield, 94% ee 34% yield, 93% ee
ElZ:1:5 ElZ:1:2 El/Z:1:10
Proposed

Cu'o + CsF + 14a

14d
Pd(L), cu
Q\S L
N
L,ﬁd OO R
\ Nt

141 R
14i

o}
w0
s\N o

U, 0
—Pd o A

iﬁ \/ byl

L
14k |J 14j
RZU\R3

SCHEME 14 | Synthesis of chiral ferrocenes via asymmetric palla-
dium catalysis using allenes as coupling partners.

catalytic pocket. The cationic interaction facilitates interaction
of the Pd(IT) center with the desired enantiotopic C—H bond
and prevents undesired §-H elimination from taking place. An
enantio-determining C—H activation step via CMD results in
intermediate 14j. Allene insertion into the C(sp?)—Pd bond
followed by reductive elimination affords the 6-membered
azacyclic product.

3 | Rhodium-catalyzed Reactions
3.1 | Early Studies (RACEMIC)

In analogy to Gevorgyan and Yamamoto’s work using palla-
dium, Murakami and Hayashi concurrently reported a rhodium-
catalyzed racemic synthesis of indenols (Scheme 15) [31, 32].
Transmetalation between the hydroxorhodium(I) catalyst and
arylboronic acid 15a generates arylrhodium(I) intermediate 15 h.
Two sequential carborhodations with the alkyne and carbonyl

Murakami (2005); Hayashi (2005)

Murakami: R3
B(OH), R3 [Rh(OH)(cod)], (2 mol%)
4 1,4-dioxane, rt, 3 h ‘ R?
R + % - -
5 Hayashi: =
o R [Rh(OH)(cod)], (1.5 mol%) HO
15a 15b 1,4-dioxane/H,0 (20:1),35°C, 4 h (£)-15¢
1.2 equiv Murakami: 13 examples

up to 99% yield
Hayashi: 10 examples
up to 94% yield

Et ™S
Oy QO Oyeon Qeom
Ho H Ho H HO HO
(2)-15d (2)-15e (£)-15f (£)-15g
98% yield 92% yield, 95:5 rr 75% vyield, >95:5 rr 84% yield, >98:2 rr
(Murakami) (Hayashi) (Murakami) (Hayashi)
Proposed i
R

B(OH),
RZ
SseIN'S ¢t
Ho R

o)
H0 Rh'OH
R3

Rh!
ot «
R

1 QL

ORN' 150h

15j

2 R3

2%

SCHEME 15 | Rhodium-catalyzed racemic synthesis of indenols.

moieties, respectively, formed the five-membered ring 15j, fol-
lowed by protodemetalation to regenerate the Rh(I) catalyst and
release the indenol. In general, excellent regioselectivities were
observed when using asymmetrical alkynes bearing two signif-
icantly different functional groups, as illustrated by examples
15e-g.

3.2 | Enantioselectivity Studies

In the same report, Hayashi included preliminary results for
the enantioselective synthesis of indenols (Scheme 16) [31], with
benzyl-derived (S,S)-Bn-bod 16c providing a result of 81% ee,
whereas the phenyl-derived (R,R)-Ph-bod resulted in 70% ee.

In 2023, the Xue group was able to improve the selectivity of
this reaction in up to 99% ee by harnessing a new chiral bod
ligand 16 g comprising naphthyl and amide substituents [33].
The indenes’ ee values fluctuated depending on the position of
electron-donating and -withdrawing groups on the boronic acid’s
aryl ring, as demonstrated by 16i-j. When substituents other
than n-propyl were present on the alkyne coupling partner, the
selectivity of the transformation decreased slightly as exemplified
by 16k-1.

The same year, Xue reported a related synthesis of enantioen-
riched indenes using (R,R)-Ph-bod 17c as the chiral ligand
(Scheme 17) [34]. Replacing the arylboronic acid’s ortho-formyl
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Hayashi (2005) [Rh(C5H4)Cll; (2.5 mol%)

KOH (30 mol%)

B(OH), y 1,4-dioxane/H,0 (10:1) Et \ CO,Me
GEW 7 35°C, 4h CO,Me
H + - ‘
Me0,C T 3
© MeO,C ! Bn : OH
H N\ H
16a 16b : ' 16d

! 97% yield, 81% ee, >98:2 rr
(S,S)-Bn-bod & absolute stereochemistry

16c H undefined
(5.5mol%)  +

!

[RhCl(coe)], (2.5 mol%)

B(OH), KOH (40 mol%) R3
i | R3 1,4-dioxane/H,0 (20:1) =
N H o+ = i, 16 h RL | R2
R T > X /
° H 0 gy ' OH
16e 16f : "Bu !
15equiv A ﬂ)isu : 16h
H 15 examples
! 1-naph
nap up to 91% yield

(R,R)-naph-N-(5- H up to 99% ee
butylnonan-5-yl)amide-bod H
16

(5.5 mol%)

Cl
7Bu

JPr 7Pr
O O O QD)
Me,N %L cl A /
OH OH

oH OH ci

16i 16j 16k 16l
80% yield, 84% ee 76% yield, 99% ee 85% yield, 86% ee 85% yield, 77% ee

SCHEME 16 | Rhodium-catalyzed enantioselective synthesis of
indenols.

substituent with an activated alkene resulted in a similar
cyclization mechanism as in Scheme 15, with protodemetalation
occurring on a Rh-enolate intermediate to close the catalytic
cycle. Different aryl and alkyl substituents on the alkyne were
tolerated, resulting in modest to excellent enantioselectivity as
shown by examples 17e-g. Unsymmetrical alkynes resulted in
formation of both regioisomers, in up to 15:1 rr as illustrated by
17 h. The authors proposed that following the carborhodation
onto the alkyne, steric repulsion between one of the ligand’s
phenyl groups and the aryl group bound to the same carbon as
the rhodium atom disfavours 1,4-addition onto the re face of the
enone. Consequently, addition onto the si face is favoured, as the
substrate’s ketone moiety was deemed to have less pronounced
steric interactions with the ligand’s phenyl group.

As opposed to the previously shown methodologies that required
a functional group handle to commence the catalytic cycle, the
Cramer group made use of ketimine-directed C-H activation
to access enantioenriched indenamines 18d (Scheme 18) [35].
This study served as a follow-up to the same group’s work on
asymmetric carbocyclizations via C—H activation to generate,
in part, indanes and indanols [36-42]. Furthermore, a racemic
version with preliminary enantioselectivity results had been
published the year before by the Zhao lab [43]. Up until then, the
enantioselective preparation of chiral primary amines harnessing
C—H functionalization remained particularly rare and difficult to
achieve.

The catalyst’s counterion had a significant impact on conversion
and enantioselectivity; only rhodium complexes bearing hydrox-
ide, methoxide, and tert-butylamide counteranions led to product
formation, as halide- and other oxygen-based counteranions as
well as cationic complexes shut down reactivity. It was suggested

Xue (2023)

[RhCK(R,R)-Ph-bod}], (5.0 mol%)

B(OH 4

N ] (OH)z KOH (40 mol%) R

Q i Z
X R4 1,4-dioxane/H,0, rt, 16 h 1.7 3
| * =z > P R
o R3 g .

R2 : Ph i o

H /. E R2

17d
28 examples
H up to 98% yield
LR . up to 97% ee

sr s o oo

17a 170 i Ph
1.5 equiv 1.5 equiv i (R,R)-Ph-bod*
H 17¢c

Ph Ph Ph
17e 17 179 17h
80% vyield, 97% ee 75% yield, 80% ee 95% yield, 90% ee 90% vyield, 92% ee

15:1rr

Confor y

favoured disfavoured

SCHEME 17 | Rhodium-catalyzed enantioselective synthesis of
indenes from enone-tethered arylboronic acids.

that the coordinating hydroxide ion converted the Rh(I) complex
into the catalytically active Rh(III) species 18k following C—H
activation. Reductive elimination of water in the first catalytic
cycle would generate the arylrhodium(I) species 18m that would
undergo the two usual carborhodations. The resulting nitrogen-
bound Rh(I)-intermediate 180 would oxidatively add into the
ortho-C—H bond of a new molecule of aryl ketimine giving 181,
followed by reductive elimination to release the desired product.

When the ketimine substrate contained two different aryl groups,
C—H activation regioselectively occurred onto the more electron-
deficient ring as demonstrated in examples 18e-f [44]. Unsym-
metrical alkynes bearing an alkyl and an aryl group on either side
resulted in moderate regioselectivities as seen with 18 h. When
a coordinating group such as a thioether or a phthalimide was
placed on one of the alkyne’s substituents, a single regioisomer
was observed, as displayed in examples 18i-j. In terms of the
stereochemical outcome, the authors rationalized that the imine’s
si face was preferentially attacked by the vinylrhodium(I) moiety
due to the absence of steric hindrance that would occur between
the ketimine moiety and one of the ligand’s DTBM fragment if
attack were to happen on the re face.

A year prior, Cramer had reported a preliminary enantioselective
result for a related transformation (Scheme 19) [45]. Starting
from ketimine 19a and ester-tethered allene 19b, enantioenriched
fused tricycle 19d was obtained in 68% ee. The lactam moi-
ety results from an intramolecular addition-elimination process
between the in situ formed amine and pendant ester moi-
eties. The scope and enantioselectivity of this transformation
were improved in 2013, using (R)-BINAP, to afford indanylamine
products 19 h in high yields and enantioselectivity [46] .
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Cramer (2011)

H [{Rh(OH)(coe),},] (2.5 mol%) R3
jiZ | R PhMe, 100-120 °C, 16 h _
X R2 + = > R R*
R® yommmmmmmmsemmmoccscccccooe-o. \ S A
NH i Ar=35Buy4-OMe-CgH, ! r2NH,
18a 18b : : 18d
1.5 equiv H 19 examples
: MeO! PAr; ' up to 90% yield
H MeO. I PAr;, up to 96% ee
i\ (S)-DTBM-MeOBiphep
H 18c
: (6.0 mol%)
OMe OMe OMe
OzN OMe N7 OMe F3C OMe
0 g8 qe
ph NHz ph NH: i-pr NHz
18e 18f 18g
89% yield, 93% ee 74% yield, 80% ee ? 69% yield, 82% ee
OMe NPhth
0N 0N SBn O,N
Qogt e @8
ph NHy ph NH2 pp NH2
18h 18i 18

81% vyield, 95% ee, 4:1 17 59% vyield, 88% ee, >20:1 1 70% yield, 76% ee, >20:1 rr @

a) Ran with (R)-DTBM-MeOBiphep

H
r@gﬁh
NH

H o
Rh H,0
Fh ' Ph | or
NH H : 18a

NH

: NH
: 181 ;
LR ‘ OMe
OMe /
N OMe OMe

Rh'
NH
Ph
18n
C i y
si face YRh” R R, YRh™ re face
H /Rh X Rh\ NH
- N g
l R R 4 !
favoured disfavoured

SCHEME 18 | Rhodium-catalyzed enantioselective synthesis of
indenamines via directed C-H activation.

Asymmetric C—H functionalization reactions are well known to
be catalyzed by Rh(I) as well as Rh(III) complexes [47, 48]. In
2015, the You lab reported the first transition-metal-catalyzed
enantioselecive annulative dearomatization of 8-naphthols via an
initial C—H functionalization step [49] (SCHEME 20). Similar
catalytic syntheses had been previously published, yet only in
racemic fashion [50-54]. A Cp*Rh(III) complex was used as the
catalyst, as chiral cyclopentadiene ligands remain to date the

Cramer (2010)

o " [RN(OH)(cod)s)o] (26 mol%) ¢, "
PhMe, 100 °C, 16 h &
\©;(ph v N >
NH OO ; A N o

19a 19b : !
3.0 equiv :MeO OO PPh, :

(R)-TriMeOBiphep
19¢

PPh; | 19d
60% yield, 68% ee

6.0 mol%)

Cramer (2013)

R*

u KRh(OH)(cod)},] (2.5 mol%) J

z ° A
R1_\| o R g PhMe, 120 °C, 12h R1_:/ RS
" 0
: PPh,
19h
21 examples

19e 19f H PPhy
1.2 i H !
equv H OO ' up to 97% yield
H H up to 98% ee, >20:1 E/Z
(R)-BINAP :
H 199
: (6.0 mol%)

SCHEME 19 | Rhodium-catalyzed
indanylamines.

enantioselective  synthesis

most effective ligands for Rh(III)-catalyzed asymmetric C—H
functionalizations. [48] The reaction is constrained to having
halogens on the naphthol’s 3-position, as a methyl group and a
hydrogen atom resulted in low yields as illustrated by 20f. Both
symmetrical dialkyl- and diarylalkynes 20g-h were tolerated, and
the use of unsymmetrical alkynes resulted in generally good
regioselectivity as seen with 20e-f. Shortly after this report,
the You group reported the asymmetric synthesis of spiropyra-
zolones, following a similar mechanism, using chiral catalyst 20p
[55].

The authors initially proposed a mechanism that lacked infor-
mation regarding the turnover-limiting and enantiodetermining
steps. In order to provide a complete picture, a computational
study on the transformation was published a year later. [56]
The authors propose that the catalytic cycle commences via
ligand exchange between one of the acetate ligands on rhodium
and the deprotonated naphthol substrate, resulting in 20i. C—H
activation on the pendant aryl ring would then ensue to form a
six-membered rhodacycle 20j, which is proposed to constitute
the turnover-limiting step based on KIE experiments and cal-
culations that determined it has the highest energetic barrier.
Potassium carbonate effectively neutralizes the two equivalents of
acetic acid that are produced from the reaction, which renders the
C—H activation process irreversible. Subsequent migratory inser-
tion to form the eight-membered rhodacycle 20k was identified
as the enantiodetermining step. Although high-energy 7-oxaallyl-
Rh species 201 can exist in equilibrium with 20k, it does not take
part in C—C bond formation, contrary to the original proposal.
The rhodacycle then undergoes reductive elimination followed
by dissociation, forming the desired indene product. The active
Rh(IIT) species is regenerated via oxidation of Rh(I) by copper
acetate.

Shortly after You’s 2015 report, the Lam group reported a
related transformation that also harnessed a Cp*Rh(III) complex
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You (2015)

OMe
20c !
(5.0 mol%) ! Z

:
Ry

5 LS et S 1L \ R5
+ / R R X I i,
R (BzO), (5.0 mol%) o QO R?
Cu(OAc), (1.0 equiv)
K2COj (2.0 equiv) R®
PhMe, 85 °C, 3-69 h
20a 20b 20d
2.0 equiv 26 examples

up to 98% vyield
up to 94% ee

Selected

Me

o5

20f 20,
93% yield, 90% ee, 17:1 rr 38% yield, 78% ee, 11:1 rr 98% vyield, 84% ee

20h
69% yield, 90% ee

Ph

O

CPIRN(OAC), KOAc + KHCO
3
2 Cu(OAc), KoCOs
2 CuOAc cpX

Cu(OAc), (2.0 equiv) N"" g2
AmylOH, 80 °C, 1 h
20n 200 20q
1.5 equiv 25 examples
up to 99% yield
up to 98% ee
SCHEME 20 | First catalytic asymmetric annulative dearomatiza-

tion reaction of S-naphthols with alkynes.

(Scheme 21) [57]. Starting from the aryl-substituted hydroxy-
pyran-2-ones 21a, spiroindenes 21d were successfully synthe-
sized. The authors proposed a stereochemical model wherein
configuration 21e is favoured over 21e’ following an enol-directed
C—H activation, as the former minimizes arene-ligand interac-
tions. Migratory insertion also favours configuration 21f, as the
arene group next to the rhodium metal center in 21f is also
clashing with the ligand. Rotation of the 4-alkoxypyran-2-one
moiety in 21f away from the ligand to minimize steric interactions
yields the 6-membered rhodacycle, and ultimately, the major
enantiomer 21 g.

In 2016, Cramer reported the synthesis of spirocyclic sultams
using a similar Cp*Rh(IIT) complex (Scheme 22) [58]. The use

Lam (2015)
H : 21c
RL ] Q R3Ot (5.0 mol%)
O O P e s .
| o + 2%
_ R Cu(OAc); (2.1 equiv)
HO DMF, 50 °C, 1-24 h
21a 21b 21d

1.5 equiv 23 examples

up to 94% yield
up to 97% ee

Confor

21g

Disfavoured conformations of the rhodacycles

0% o]
21e' 21f

Disfavoured rotation leading to the minor enantiomer

SCHEME 21 |
cyclic 1,3-dicarbonyl compounds and alkynes.

Enantioselective synthesis of spidoindenes from from

of an oxidant, AgNTf,, was shown to be essential for reactivity.
Chiral L-phenylalanine was also used as an additive, improving
reactivity without impacting the enantioselectivity; using D-
phenylalanine also provided the desired product in comparable
ee. Dialkyl alkynes displayed lower reactivity and enantioselec-
tivity, as illustrated by example 22i. The authors propose that
the oxidized Rh(II) species undergoes reversible C—H activation,
followed by migratory insertion across diphenylacetylene to
intermediate 22k. Addition across the C—N bond sets the chiral
center, followed by protonation to get the desired product.

In 2021, a report by the Li group showed the synthesis of three
classes of indenes starting from nitrones 23a (Scheme 23) [59].
Aminoindenes with point chirality were furnished in high enan-
tioselectivity using the Cramer-type catalyst 23c. Furthermore,
naphthyl-substituted spiroindenes 23k and indole-substituted
spiroindenes 23m were provided in high enantio- and diastereos-
electivity. The axially and centrally chiral model product 23n was
obtained in 88% yield and 95% ee, whereas 23p was obtained in
90% yield and 92% ee. When alkyne 23i had an alkyl substituent
as R*, the authors noted poor reaction efficiency. This reduced
yield was explained following DFT calculations, as the authors
noted the importance 77— stacking interactions between the tosyl
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Cramer (2016)
22¢ :
RE S
N 4
2 R
S\\O + %
7\ R®
R? N
22a 22b : : 22e
1.2 equiv ! 22d H 21 examples
; %) up to 99% yield
,»(50m0|/o), up to 94% ee
AgNTf, (10 mol%)
2-Cl-p-Xyl, 80 °C, 14 h
Ph o] Ph 7Bu
F3C.
Qo O
“/NH "IN “NH
Or% O% O3
22f 22g 22h 22i

99% yield, 90% ee 99% yield, 94% ee 49% yield, 36% ee

Prop

29% yield, 81% ee

[CP*RN'(CHa),]

AgNTf,

\ll

SCHEME 22 | Rhodium-catalyzed synthesis of indenyl-spirocyclic
sultams.

group’s benzene ring (R® on 23i) and the phenyl group (R* on 23i)
of the corresponding alkyne.

Recently, the You group reported the enantioselective synthesis
of indenols (Scheme 24) [60]. Employing the chiral Cp*Rh(III)
complex 24c¢, the model reaction with benzophenone 24a and
diphenylacetylene furnished the desired indenol 24f in 90%
yield and 97% ee. Following parallel KIE experiments and DFT
calculations, the authors proposed that C—H bond cleavage
constituted the rate-determining step.

Aside from indenes and indenols, rhodium asymmetric trans-
formations towards the synthesis of atropoisomers have also
attracted considerable interest. In particular, the You group has
reported multiple enantioselective transformations over the past
few years [61-64]. In 2021, the group synthesized azoniahelicenes
25e from naphthyl-substituted isoquinolines 25a (Scheme 25)
[64]. Products were obtained in excellent enantioselectivity,

Li (2021)

N o Ar N
R4 U + = e s
©\7NVRZ R3/ R—7 P R
H
AgSbFg (16 mol%) Ho' N\/
23a 23b HOAc (2.9 equiv)
1.3 equiv DCM, 23 °C, 12 h 23d
26 examples

up to 95% yield
up to 99% ee

ol gl O, o

N‘Bn H N‘Bn
HO
23e 23f 23g 23h
81% yield, 99% ee 91% yield, 98% ee 36% yield, 98% ee 55% yield, 90% ee
Axially and ly chiral ind
23
(4.0 mol%)!

R4

RZ
Ay I
R‘,— ) +
z o OO RO T oMe  MT E

AgSbF (16 mol%)

(e}
=
[}

23a 23i HOPiv (2.0 equiv) 23k
1.1 equiv DCM, 23°C,12h 39 examples
up to 91% yield
up to 99% ee, >20:1
dr
e R /HO‘UARZ
] R.E *.H
1 NN + I | 5 \ / R*
R & A 23j (4.0 mol%) _

Ts N
7 \ J AgSbFg (16 mol%) J Ts
R HOPiv (2.0 equiv) Rs/@—/?/
DCM, 23 °C, 12 h =
23a 231 23m
1.1 equiv 39 examples
up to 91% yield
up to 99% ee,
. I >20:1dr

HO\ .Bn O.,,-Bl

QZT“ N

23p
88% yleld 95% ee 58% yleld 97% ee 90% yield, 92% ee 67% yield. 95% ee

SCHEME 23 | Synthesis of point chiral indenes and axially and
centrally chiral indenes via rhodium catalysis.

using chiral Cp*Rh(III) catalyst 25c. They followed up on this
report by synthesizing the Satoh-Miura products 25i from similar
isoquinolines 25f [61]. The nature of the catalyst’s counteranion
was found to have a significant impact on product distribution.
In the absence of copper, an excess of silver salts acts as both
the oxidant and halogen-abstractors. Silver acetate was shown
to favor the sole formation of desired Satoh-Miura products 25i,
while AgOTf, AgNTf,, AgSbF,, and AgPF, saw the formation of
azoniahelicenes 25e.

The You group expanded on this methodology via the synthe-
sis of axially chiral, morpholine-substituted isoquinolines from
aromatic imines and alkynes (Scheme 26) [62]. The standard
product 26e was generated in 90% yield, 91% ee, and the reaction
conditions tolerated various substitution patterns (26f, 26 g).
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You (2025)
~ " oA (
1 u(OAC), .0 equiv
R P R? * 3% 272 » R A R3
R DME, 40 °C, 24-48 h (A~
o i Bne_COH R2OH
24a 24b 1O N0 i 24e
1.2 equiv H H 33 examples
H H up to 98% yield
H : up to 99% ee
: 24d |
... (80 mol%)
Ph Et Et
SoH EACE ow
24f 249 24h 24i

90% vyield, 97% ee 68% vyield, 90% ee

7

95% yield, 98% ee 73% yield, 90% ee

SCHEME 24 | Rhodium(III)-catalyzed synthesis of indenols.

You (2021)

RS
+ 4/ H
R : 25¢
25a 25b 25e
1.0 equiv 25 examples
up to 99% yield
up to 95% ee
You (2022)
R3
. =z
R3
25h
Lo 30mo%) L
25f 25g AgSbFg (20 mol%) .
1.0 equiv 2.2 equiv Cu(OAc); (1.0 equiv) 2si

25 examples
up to 85% yield
up to 94% ee

{AmylOH, 100 °C, 36 h

SCHEME 25 | Synthesis of azoniahelicenes and Satoh-Miura prod-
ucts from naphthyl-substituted isoquinolines.

Finally, replacing the morpholine moiety on the naphthyl frag-
ment was also amenable, as dimethyl-amine-derived product26 h
was obtained in 57% yield and 84% ee. DFT calculations concluded
that the migratory insertion of the alkyne into the C—Rh bond
constituted the rate- and enantiodetermining step, for which
a difference AAG* of 1.3 kcal/mol was calculated between the
diastereomeric transition states.

You (2025)
RS
: H s
= : 26¢ H ~zZ X R
Rl
R (1.25 mol%) N
S NHR3 RE Mmoo 2N s
| * / - ,\\‘
= N, RS Cu(OAc),"H,0 (2.0 equiv) NS R4
R2C R TFE, 70°C, 2 h R
=
X
26a 26b 26d
2.0 equiv 35 examples

up to 98% yield
up to 98% ee

Ph Ph "Bu

N Ph Br- N Ph N Ph N Ph
‘ ~N ﬁo ‘ ~-N ﬁo ‘ ~-N ﬁo ‘ N
sendiiventice ndiven

26e 26f 269 26h
90% yield, 91% ee 92% yield, 84% ee 88% yield, 65% ee
51

Enantio- and rate-determining step

SCHEME 26 | Atroposelective synthesis of morpholine-substituted
isoquinolines.

In 2023, the Li group developed the synthesis of N-N axially
chiral biaryls 27e from benzamides 27a and internal alkynes
(Scheme 27) [65]. Product 27f was obtained in 70% yield and 94%
ee employing chiral Rh(III) catalyst 27c. The opposite enantiomer
could be obtained using rhodium catalyst 27d, in 68% yield
and 96% ee. Unsymmetrical alkylarylacetylenes showed high
regioselectivity, as shown by product 27i obtained in 45% yield
and 87% ee. Computational studies determined that the alkyne
insertion is the rate- and enantiodetermining step. In transition
state (S)- 27i, the 5-membered rhodacycle undergoes a minor
distortion relative to diastereomeric (R)- 27j to create a vacant
coordination site for the approaching alkyne.

Additionally, the You group developed a Rh(III)-catalyzed syn-
thesis of planar chiral ferrocene complexes (Scheme 28) [63]. Fer-
rocene product 28e was obtained in 77% yield and 94% ee.
Dialkylacetylenes were also tolerated in this reaction, as 28f was
obtained in 84% yield, albeit with lower enantiocontrol. Sub-
stitution on the ferrocenecarboxamide was also explored, as
products 28g and 28h were both obtained in moderate yields and
high ee. The Kumar group recently developed a diastereoselective
variation of this reaction, using allenes under rhodium catalysis
[66].

In 2017, Antonchick and Waldmann reported the synthesis
of spiropyrazole rings via a rhodium-catalyzed C—H activa-
tion approach. Products were obtained in high yields and
enantiomeric excess values (Scheme 29) [67]. In 2022, a
similar dearomatization strategry was achieved concurrently
by the Ackermann and Mei group, via an electrooxidative,
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Li (2023)

2
* = : _ oorad | 27e or27¢’
R Ag20 (1.5 equiv) 19 exanlgs
MesCO,H (1.2 equiv) up to 87% yield
PhMe, 30 °C, 48 h

Oj i
NH
N
) up to 97% ee

27a
R?
oj /Z

N 1

N R

Y,

27e

using 27¢

o ? /'Z'Ph
N
N Ph
Co-

27f
68% yield, 96% ee
using 27c:
70% yield, 94% ee

7h
83% yield, 94% ee 45% vyield, 87% ee

<

(S)-27j (favoured) (R)-27j
AAG* = 2.1 keal/mol

SCHEME 27 | Rhodium-catalyzed synthesis of axially chiral N-N
biaryls.

You (2022) ; i
0 : 0
=X owe RO ; NH
N i —
F:e H + RQ% - F:e S R
R
> Ag2CO3 (14 mol%) >
1 1
R EtsN (2.0 equiv) R
28a 28b 1-MeCHA (1.0 equiv) 28d

TFE, 60 °C, 24 h
2.0 equiv 32 examples

up to 90% yield
up to 99% ee

o o 0 o
NH NH NH NH
] e ] e 1 — ] —
Fe Ph Fe Fe Ph Fe Ph
D (@>N @\COQMe O,
28e 28f 289 28h

77% yield, 94% ee 84% yield, 41% ee 65% yield, 99% ee 73% yield, 96% ee

SCHEME 28 | Rhodium-catalyzed asymmetric  synthesis of
ferrocenecarboxamides.

rhodium-catalyzed annulation [68, 69]. Electrocatalytic methods
to synthesize spirocycles enantioselectively remain elusive and
as such, these two methods provided an important breakthrough
in the field. Cyclic voltametry studies done by the Mei group
reveal that catalyst 29e is oxidized at the anode preferentially
over the reactants, product, and [RhCp*ClL,],. In their proposed
mechanism, the 6-membered rhodacycle 29f undergoes migra-
tory insertion, forming an eight-membered ring intermediate.

Antonchick & Waldmann (2017) ' :

CO,Me |
N

: 2-Naph :

FURR PN :

o X 7 : o R°

3 H 3 4
H R RS i : R R
= v Z : 2% : ’]‘Jl
RN R* L. (50mol%) . ; N=

2 2
R Cu(OAcC), (2.0 equiv) R R
29a 29b MeOH, 0°C,72h 29d
2.0 equiv 1.0 equiv 31 examples
up to 90% yield
up to 97% ee
Mei (2022)
o 5
3 oR
H R R® 3 4
R R
_ E . = NJl
_ 3
R' ; R* N,
R
R? R1
29a 29b
. 29d
1.0 equiv
q n (820); (10 mol%) 43 examples
BusNPFg (1.5 equiv) up to 82% yield
MeOH,U=1.2V, rt up to 88% ee
Proposed h.
ICp*
Rh Cp oH 0
R3 RS
(Bz0), N\ = N\
U =
N= R? N=, R
29d RhlCp* R? k2
ibn " 29a
anodic
oxidation /Cpx
0] RS _Rpll
R _JJ Rl s PR
N7~ \ R /)
|4 R4 NN
N=/\—, \
2 NS R’
R R k2
29h 29f
Cpt R®
\ \Rh‘" R® 4/
o N\ -R* R
RY
D
N ]
R? R
29g

SCHEME 29 | Synthesis of spiropyrazolone via thermal and elec-
trooxidative rhodium catalysis.

Isomerization to species 29 h followed by reductive elimina-
tion affords product 29d. The reduced Rh(I) species then gets
regenerated to Rh(III), following anodic oxidation.

The Shi group later expanded the use of electrooxidative methods
to synthesize chiral sulfoximines 30d via a rhodium-catalyzed
C—H activation sequence from the corresponding meso NH-
sulfoximines 30a (Scheme 30) [70]. This reaction demonstrated
high regioselectivity when harnessing unsymmetrical alkylary-
lacetylenes, where the aromatic substituent ends up proximal
to the nitrogen atom (30e). The opposite regioselectivity was
observed for alcohol-substituted alkynes due to the Rh—O
coordination following migratory insertion.

The Li group described the synthesis of axially chiral naph-
thylamines and C—N biaryls (Scheme 31) [71]. Sulfoxonium
ylides 31a acts as the directing group for C—H activation.
Insertion across the amino alkyne occurs with high regio- and
enantioselectivity, resulting in naphthylamine products 31f-g, or
indole-substituted, C—N biaryl products 31h-i.
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Shi (2024) RVC iﬁ Pt

[CP*RACly], (4.0 mol%)
AgSbFg (20 mol%)
Et;N (20 mol%)

o, //NH "BuyNPF (0.5 equiv) 0 /+R2
. R‘ EtOH, 1t, 12 h AL
O/ \Om + CCE @1.0 mA R1m
NP
.' H R3
30a 30b 30d
2.0 equiv 2.0 equiv 33 examples

up to 99% yield
up to 96% ee

148 198 N/Rh\

S\‘N S°N ‘S’ ~
o

A Ao | 5D

30e 30f

96% yield, 92% ee, 94:6 r  42% yield, 83% ee, >20:1 It Favoured Transition State

SCHEME 30 | Synthesis of chiral sulfoximines under rhodium-
catalyzed and electrooxidative conditions.

Li (2022)
: 31c : oH
o 9 A H (4.0 mol%) ;
N P EEEEEE PR P PP EE PP N
A Bt * 2 FZ R
R1@)\/Et R~N/ TIPFg (16 mol%) (- "
R3 Zn(OTH), (10 mol%) T
..DCM,30°C, 24 r2NRe
: o
31a 31b vCl H 31e
H NH E 34 examples
: al up to 99% ee
: c O
: 31d
oo (L0equiv)
OH OH OH OH

o Yo Fro Y

T

31h
92% yield, 97% ee

Ts®

31i

31g
78% yield, 90% ee 84% yield, 82% ee 85% yield, 99% ee

SCHEME 31 | Synthesis of axially chiral naphthylamines.

Similar to Shi’s electrochemical report (Scheme 30), Cramer and
coworkers reported a chiral-at-phosphorus asymmetric synthesis
of phosphinamides (Scheme 32) [72]. The substitution pattern
on the aminoaryl moiety was found to have a considerable
impact on the yield and enantioselectivity. Strongly electron-
withdrawing groups (32e-g) provided high reactivity, while ortho
substitution led to decreased yields. The same group also reported
the synthesis of identical phosphinamides motifs via a kinetic
resolution [73].

Cramer (2016)

~/.
\_/
4
\\ NH R
sSac
(PhCO,), (5.0 mol%) R
Ag,COj3 (2.0 equiv)
32a 32b K,CO3 (1.0 equiv) 32d
1.5 equiv tBuOH, 90 °C, 16 h 27 examples

up to 86% vyield
up to 92% ee

32e 32f 329
85% yield, 90% ee 75% yield, 90% ee 72% yield, 82% ee

SCHEME 32 | Synthesis of chiral-at-P phosphinamides via rhodium
catalysis.

Ni(dppe)Br; (5.0 mol%)

Cheng (2002)
Zn (2.75 equiv)

R3
R! | . R!
COR O‘ COR!
e . » z
I R o R2
MeCN, 80 °C, 13 h

33a 33b (%)-33¢c
1.5 equiv 13 examples

up to 88% yield
4
R | R
N,
R3
o

Ni(dppe)Br; (5.0 mol%)

Zn (2.75 equiv) HO R?
MeCN, 80 °C, 13 h
33a 33d (£)-33e
1.5 equiv 20 examples

up to 87% yield

™S "Bu Ha
MeO.
O O~ Qoo
HO HO HO

(%)-33g (%)-33h (%)-33i
67% yield, 12.4:1 rr 90% yield, 8:1 rr 87% yield

SCHEME 33 | Nickel-catalyzed racemic synthesis of indenols.

4 | Nickel-catalyzed Reactions
4.1 | Early Studies (RACEMIC)

In 2002, the Cheng group developed the racemic and regiose-
lective synthesis of 2,3-disubstituted indenols from a reductive
nickel-catalyzed carbocyclization (Scheme 33) [74]. After reduc-
tion of the Ni(II) precatalyst to Ni(0), an oxidative addition
into the ortho-halophenyl ketone 33a followed by a highly
regioselective insertion into the propiolate results in a vinyl
Ni(I) intermediate 33f. Intramolecular nucleophilic addition
into the ketone followed by transmetalation with zinc halide
and protonation yields the desired product. A year later, Cheng
expanded this reductive nickel catalysis to a diverse set of
internal alkynes [75]. The migratory insertion across the alkyne
was moderately regioselective, with the Ni center being pref-
erentially bound to the carbon with a less electron-donating
substituent.
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Lam (2016)
Ni(OAC),4H,0 (10 mol%)

B(OH), MeCN/2-MeTHF (3:2) Et
Et. 80°C,20h
X ’ -
| ¥ \Ph gTTTTTTm e \ Ph
o) H \Bu :
o/w : OH

34a 34b : =N
2.0 equiv :
: PPh,

Fe

: 34c
| é (10 mol%)

34d
81% yield, 87% ee

SCHEME 34 | Nickel-catalyzed asymmetric synthesis of an indenol.

4.2 | Enantioselectivity Studies

In 2016, Lam and coworkers reported a novel asymmetric nickel-
catalyzed anti-carbometalative cyclization (Scheme 34) [76].
While the report primarily focused on intramolecular anticar-
bometalations, one example included an intermolecular syncar-
bometalation of an alkyne. Reaction of 2-formylphenylboronic
acid 34a with ethyl phenyl acetylene 34b afforded indenol 34d
in 81% yield and 87% ee.

Ye and coworkers reported the asymmetric nickel-catalyzed
synthesis of indenes from aryl nitriles and alkynes (Scheme 35)
[77]. Ni(cod), in conjunction with Al'Bu; as the Lewis acid co-
catalyst enabled the carbocyanation to proceed smoothly. A dual
ligand system of P(4-MeOC¢H,); and (R,R)-TADDOL ligand 35c
was required to access model substrate 35e in 84% yield and 92%
ee. Oxidative addition of Ni(0) into the C—CN bond is facilitated
by coordination of the nitrile to the aluminium complex, leading
to intermediate 35i. A migratory insertion across the alkyne
results in 35j, which undergoes alkene insertion and reductive
elimination to afford the desired product. Enantioinduction is
controlled by the irreversible alkyne insertion step, where DFT
calculations determined that coordination of the two aluminium
centers to the TADDOL ligand 35c occurs. Asymmetric control
was achieved by formation of this chiral aluminium complex.
In transition state 351 the o-donation of the nitrile and 7-
donation of the arene group on the phosphine ligand to the
aluminum/TADDOL species stabilizes the chelation. The authors
observed that aryl nitriles with electron-neutral or electron-
donating groups worked well within the reaction conditions.
However, electron-withdrawing groups resulted in decreased ee.

Li and coworkers reported an asymmetric synthesis of inde-
nols starting from either ortho-haloaromatic ketones or ortho-
haloaromatic 8-alkenyl ketones (Scheme 36) [78]. Model substrate
36e was obtained in 66% yield and 96% ee using In-Box chiral
ligand 36c. High ee values were obtained for terminal alkynes,
as illustrated by examples 36e-g. However, the enantioselectivity
decreased significantly with internal alkynes. The authors rea-
soned the selectivity of the si face attack may be disfavoured by
the hinderance of disubstituted alkynes as showcased by example
36 h. After oxidative addition, a cis-carbonickelation of the alkyne
affords formation of vinyl Ni(II) intermediate 36j, which attacks
the si face of the carbonyl atom to set the stereocenter, resulting in
alkoxide-Ni(II) intermediate 36k. Protonation and isomerization
afford the desired product.

Similar to You’s 2022 report (Scheme 28), the Ye group reported
two years prior the synthesis of chiral ferrocenes via a nickel-

Ye (2020)
Ni(cod); (10 mol%)
~CN 4 (4-MeOCgH,)3P (10 mol%) R
1 Al'Buz (40 mol%) S
R Q%‘/RZ ’ 3% ’ - R'G R
R Z
"hexane, 25 °C, 16 h Ré CN
35a 35b : Mar i 35d
1.5 equiv H O, OH 18 examples
P : up to 91% yield
' [o) OH up to 98% ee

35¢
i Ar=3,5-Bu,CeHy !
| (20 mol%)

TPr 'Pr TPr
F3C.
O MO O
$ CN $ CN 3 CN
=
MeO

35e 35f 359
84% yield, 92% ee 85% yield, 79% ee 69% yield, 93% ee

ARy
U
N PAr
S~ o :
35e Ni§ npr
\\
cN /
"Pr
35h
/Pl "Pr AR
_-ARy
Z
O‘ F’\ ¢ F
i Pr Ni
IN"PAr “Par,
N
R3A|I 35i

« Ar
BuE BU ArAr

Higu Al-g

I’B’Bu By %

\ £ @ \ Iz
Ar-R F
wop—Cove .
/

A

>

%
e

OMe

1

=\,
Y/

i

351 351
favoured disfavoured

SCHEME 35 | Nickel- and aluminum-catalyzed asymmetric synthe-
sis of indenes.

and aluminum-catalyzed C—H activation (Scheme 37) [79]. The
aluminum catalyst acts as a Lewis acid activator and an anchor
for ligand 37c to allow for enantioinduction to occur; as 37c
coordinates to both nickel and aluminum, allowing for the
activation of the formyl C—H bond, giving rise to six-membered
nickelacycle 37k. A second C—H activation via an electrophilic
aromatic substitution mechanism generates bicyclic nickel inter-
mediate 37m and alkene byproduct. Re-insertion of alkyne
followed by reductive elimination affords the desired product.
While methyl groups on the meta and para positions of the aryl
rings of the alkyne did not hinder the reaction (37e-f), ortho-
methyl substitution led to no reaction, presumably due to steric
hindrance. However, ortho-fluoro substitution was compatible
with the reaction conditions as demonstrated by 37 g. Dialkyl
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Li (2021)
NiBry-dme (2.5 mol%) Ré
N Br R4 Mn (3.0 equiv)
R' 2 =z MeCN/MeOH, 60 °C, 16 h RUCY g3
—_—
Z R RO o P
H ‘R?
o o HO
36a 36b

1.5 equiv

gN

36¢

7 : 36d
B B 37 examples
H up to 72% yield
: up to 99% ee
(5.0 mol%) '

® ey oo oy

369 36h
59% yield, 94% ee 47% yield, 68% ee

@QE;T
(o}

Ni'(L*) 1Br

54% yield, 95% ee

Proposed

Ni%(L*),
Mn + L* /

Nit!

L*=4.23c

_0

36h

Ph
“O Ph
/ Ph  Ph
o Nill(L*)p1Br
(L*)n4BrNihayy \_/ S
36k

=0

36

SCHEME 36 | Nickel-catalyzed asymmetric synthesis of indenols.

alkynes were tolerated under the reaction conditions, although
an N-heterocyclic carbene (IPrNHC) needed to be employed as
an additive.

In 2025, the Song group reported an enantioselective annulation
of f-bromoenones with alkynes resulting in five-membered cyclic
tertiary alcohols (Scheme 38) [80]. On four instances, chiral
tetrasubstituted indenols 38d could be accessed in good yield and
ee via oxidation of the product 38 h. The products are obtained in
enantioselective fashion via an axial-to-central chirality transfer.
After a regio- and enantioselective migratory insertion of the
alkyne into the C—Ni bond of 38e, the stable axially chiral 1,3-
diene 38f is obtained. Intramolecular migratory insertion across
the carbonyl group, followed by transmetalation, reductive elim-
ination, and protodeboronation affords cyclopentadienol 38 h,
which is aromatized to the corresponding indenol under ambient
air.

In 2019, the Kong group reported a highly regioselective and
enantioselective reaction towards the synthesis of 2,3-fused
cyclopentannulated indolines (Scheme 39) [81]. When starting
from unsymmetrical alkynes, a single regioisomer is obtained as
illustrated by examples 39e-f. A benzyl substituent was tolerated
on the nitrogen atom in 39 g, allowing straightforward access to
the corresponding N-H indoline as the N-benzyl group is easily
removed.

Ye (2020)
, 3\\ Ni(cod), (10 mol%) Q  R3
Ry’ H AlBus (30 mol%) R Y
H R* PhMe, 110 °C R*
"+
Fe R Fe
t R2 R2
37a 37b 37d
2.5 equiv 27 examples

up to 98% yield
up to 99% ee

1
37¢ BY
(10 mol %)

37h
72% yield, 98% ee

37e
98% yield, 95% ee

96% vyield, 97% ee

Prop

37h
AlBug ;
BuH
. +
©,/Bu }' 37¢ \<\

37g
84% yield, 95% ee

\  0-A--Bu . By { Nifcod)y |
ON( b Nicody, (e AL Pt
Ni‘P\/—O 0" "0 Bu : JI\ :
N Q) 37i : \1;1 Hi
Ph 3 i e
= Ph : E | Bu
z ! H .
. <z Fe 520 Al
Fc= Fe N
v oB Ni-pg
@O N O B
e LT
’@ R 37j
d
37m V‘} | i
N.__09/Bu
— OoN -'Bu
/= Fe@Y  A-B
PH  Ph | ) N
o /Bu Niip
AN A B
QK | B Q.9 37k
STNi._ O
Ho R
H‘I%Ph\o\% Ph
Ph =

SCHEME 37 | Nickel-catalyzed asymmetric synthesis of chiral fer-
rocenes.

5 | Cobalt-catalyzed Reactions
5.1 | Racemic Studies

The racemic cobalt-catalyzed carbocyclization of ortho-
iodobenzaldehydes or ortho-iodophenyl ketones to access
indenols was explored by Cheng in 2003 (Scheme 40, top) [82].
The observed regioselectivity was highly substrate-dependent,
ranging from 1:1 to >20:1, as showcased by examples 40d-g. In
terms of the mechanism of the reaction, the Co(II) precatalyst
is reduced in the presence of zinc to the active Co(I) catalyst
40k, which undergoes oxidative addition to give intermediate
401. This is followed by insertion of the alkyne into the C—Co
bond, resulting in a seven-membered cobaltacycle 40m, which
undergoes intramolecular nucleophilic addition to give 40n.
Reduction with zinc results in Co(I) alkoxide 400, which
undergoes transmetalation with Znl, to regenerate the Co(I)
catalyst. The resulting zinc alkoxide 40p undergoes hydrolysis
to give the final indenol product. Alternatively, reduction of
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Song (2025)
NiBry-dme (10 mol%)
B,pin; (2.0 equiv)

Br O NaOH (2.0 equiv) R2
MeO. R R3 MeCN (0.1 M), 35°C, 60 h O
SR Qo

OMe

.
HO R

38a 38b 38d
1.5 equiv 4 examples

up to 73% vyield
up to 95% ee

L* = 38¢c

SCHEME 38 | Nickel-catalyzed asymmetric synthesis of chiral ter-
tiary alcohols.

Kong (2019) 1) NiCly*dme (10 mol%)
Mn (4.0 equiv)
MnBr;, (1.0 equiv)
Et3N (10 equiv)

4
Br THF, 60 °C, 12 h R: o~
4 | 2 R® > Z N
R'T T e RE an
[ + / . 5
B I
R? R : o : R?
39a 39b H \ 7 H 39d
3 equiv H N N 27 examples
H up to 73% yield

39¢ up to 96% ee

C5H11 & )\\
W " '
o
Ph
Ph
N H N H N\ H

3% 39f
45% yield, 91% ee 45% yield, 87% ee

a-alkyl-Ni(ll)

62% yleld 90% ee

SCHEME 39 | Nickel-catalyzed asymmetric synthesis of indolines.

Co(IIT) intermediate 40m to Co(I) intermediate 40q, followed by
migratory insertion across the alkyne to give rise to 40r couldn’t
be excluded as another possible mechanistic pathway.

Cheng later utilized cobalt catalysis to access indenes by reacting
ortho-iodoacetophenones or ortho-iodobenzaldehydes with acry-
lates (Scheme 40, middle) [83]. Conditions utilizing Co(dppe)Cl,
with an additional equivalent of dppe resulted in product yields
up to 75%. The reason for requiring excess ligand was incon-
clusive, but the authors postulated that the excess ligand may
stabilize the cobalt complex over the course of the reaction. When
no extra dppe ligand was included, the cobalt complex was found
to decompose over time.

Cheng (2003), Cheng (2004)

R5
R! ! ,  Coldppe)l; (5.0 moi%) R!
R 2Zn (2.75 equiv) O‘ R.
R 4 S *
R? R“/ —_— » R -
o MeCN, 80 °C, 3 h HO
40a 40b (£)-40c
1.5 equiv 32 examples

up to 99% vyield

Selected

Ho M
(£)-40d (£)-40e (£)-40f (£)-40g
95% yield, >20:1 rr 86% yleld 11 95% yield, 8.1:1 rr 45% yield, 9:1 rr

Cheng (2004)
Co(dppe)Cl, (5.0 mol%)
R | dppe (5.0 mol%)
" Zn (2.75 equiv) 4
R
o MeCN, 80 °C, 24 h
40h 40i (£)-40j
2.0 equiv 11 examples
up to 75% yield
P
(E = dppe r
P~ oo
S = solvent ( /C°\|

p
Ph

Ph
H,0
O = O3
Ho H 1zno M '
40p H
I

% 2Zn

P, o
znl, (p/c" s
40k
Ph
0 .
Pu, |
H ool
(Pscol0 < o
P Io‘
400 Ph. Ph
401
(P>Co‘ (P>Co' zn
Znl N \ P" o= Znl, Ph
H Pz
7n 4or P H Ph/
/ 40q

Ph. Ph
Ph i
)
P\Com-OH k/ ,0\ _
p rx

40n 40m

SCHEME 40 | Cobalt-catalyzed racemic synthesis of indenes and
indenols.

Zhong (2025) Col, (5.0 mol%)

(£)-BINAP (10 mol%) or
| PMe; (10 mol%)

A i X X
R Mn (2.75 equiv) 10 2 1dL
& R z ——— » R Z R or R %
o MeCN, 80 °C, 12-24 h HO HO
41a 41b (£)-41c (¥)-41c’
1.5 equiv using PMe3 using (1)-BINAP
43 examples 49 examples

up to 98% yield up to 97% yield
SCHEME 41 | Cobalt-catalyzed and ligand-directed regioselective
synthesis of racemic indenols.

In 2025, Zhong and coworkers extended this cobalt catalyzed
carbocylization to terminal alkynes, allowing for the
regiodivergent synthesis of 2- or 3- substituted indenols
(Scheme 41) [84]. Trimethyl phosphine as the ligand affords
exclusively 2-substituted indenols 41c, whereas utilizing BINAP
leads to a reversal in regioselectivity, giving 3-subsituted
indenols 41¢’.

5.2 | Enantioselectivity Studies

Jia and co-workers reported an enantioselective cobalt cat-
alyzed reaction of 2-ortho-haloraryl-N-heteroarenes to access
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Jia (2022)
Col, (5.0 mol%)
In (2.0 equiv)
P - IPrOH (5.0 equiv)
Re L N MeCN, 60 °C, 36 h
SN, 7 T -
AT : H '
o p PPN
: 42¢ :
42a 42b : : 42d
1.5 equiv \...(60mal%) 76 examples

up to 95 % yield

3 - R4 - . 0
(R? = R* = CHg: 1.0 equiv) up to 99% ee

42f 42g
78% yield, 1:1 1, 30% yield, 99% ee
99% ee, 97% ee >20:1rr
Run at 80 °C

42e
74% yield, 99% ee 37% yield, 8:1rr,
91% ee (major)

Run at 80 °C

Proposed
L* = 42¢ Col,

SCHEME 42 | Cobalt-catalyzed
N-heterocyclic compounds with spiro quaternary stereocenters.

asymmetric synthesis of

N-heterocyclic compounds possessing spiro quaternary stereo-
centers (Scheme 42) [85]. When unsymmetrical alkynes were
employed, the regiomeric ratio varied from 1:1 to >20:1 rr,
as illustrated by examples 42e-h. Oxidative addition of Co(I)
into the C—Br bond of quinoline-tethered 42i generates aryl-
Co(ITI) intermediate 42j. Carbocobaltation of the alkyne results
in vinyl-Co intermediate 42k, which coordinates to the N-
atom of the quinoline moiety. An intramolecular dearomative
migratory insertion into the C=N bond of the azacycle results
in intermediate 421. Protodemetalation by ‘PrOH releases both
the product 42e and Co(III), which is reduced by indium to
regenerate Co(I).

6 | Other Rare-Earth-Metal-Catalyzed Reactions
6.1 | Early Studies (RACEMIC)

The Hou group has made considerable progress in accessing
benzofused 5- and 6-membered rings within the space of rare-
earth-metal-catalyzed reactions. In 2020, they reported a catalyst
controlled diastereodivergent synthesis of aminoindanes via the
coupling of aldimines and alkenes (Scheme 43) [86]. Yttrium
catalyst 43b led to synthesis of the cis-diastereomer 43a, whereas
scandium catalyst 43e resulted in the formation of the trans-

Hou (2020)

AP

; (10 mol%) : P

NHR?
[Ph3CI[B(C6Fs)a] (10 mol%) 43d

[PhsCI[B(C¢Fs)4] (7.5 mol%)

(#)-43a (4)-43f

o M=Y, 3.0 equiv o
35 examples PhMe, 120 °C, 24 h VNS ;uiv PhMe, 120 °C, 24 h 35 oxamples
up to 94% yield ! up to 94% yield
up to >19:1 dr up to >19:1 dr
P
43b or 43e
M=Sc, Y

l/ [PhsC(B(CeFs)a]
L

43a or 43f

®
. @C‘L
\
LmgBY Z N"Bu
431
SCHEME 43 | Initial racemic work to access aldimines in a diastere-

odivergent manner starting from different rare earth catalysts.

Hou (2024) [P

ﬁsn\ne3
} = ;
W ;
@Jb OQ I
e ;
7 : (10 mol%) H : g
R‘—\ | 5 R = H, Me i : (|0m0|/) H R1—\ | |
Ar M / b e ; “Ar
2 - 2
NHR [PhsCIIB(CeFs)s] (10 mol%) A Ar [PhaCIIB(CeFs)a] (10 mol%) NHR
()4da PhMe, 50 °C, 12-48 h PhMe, 50-70 °C, 24-48 h @4
51 examples 44d 45 examples
up {0 94% yield 4.0 equiv up 0 90% yield
up to >19:1 dr up to >19:1 dr

SCHEME 44 | Diastereodivergent synthesis of aminotetralins.

diastereomer 43f, with both products being obtained in up to
>19:1 dr. The active cationic catalyst 43 g, generated from reac-
tion with co-catalyst [Ph;C][B(C¢Fs),], can undergo C(sp*)—H
activation at the aldimine substrate’s ortho position to result in
43 h. Regioselective migratory insertion of a styrene derivative
into the metal-aryl bond gives seven-membered metallacycle
431, which undergoes intramolecular nucleophilic addition and
protodemetalation to afford the desired aminoindane products.
The difference in diastereoselectivity was attributed to the olefin
insertion step, where the yttrium catalyst and styrene interact
favorably during the insertion step due to a smaller orbital energy
gap between the two species [86, 87]. The less bulky (CsHMe,)
ligand also favours cis selectivity. In the case of the scandium
catalyst, the repulsion between bulky ligand (CsMe,SiMe,) and
benzaldimine results in a C—H 7-interaction between the H atom
of the N'Bu group and benzene ring of the styrene, resulting in the
observed trans selectivity.

Subsequently, Hou and coworkers were able to extend this
methodology to synthesizing aminotetralins via a benzylic
C(sp®>)—H activation (Scheme 44) [88]. As established in their
earlier work, the use of an yttrium catalyst resulted in the
cis-diastereomer whereas a scandium catalyst resulted in the
trans-diastereomer.
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Hou (2023)

Qo % Oy :
i o —<> : : [ —<> SiMe;
i3 : o, ;
H C Prl'si H H C ’Si :
: N : M : NN :
N i R‘ij[fNRz H [ :
: H ; ;
H 45b : H 4se :
7 H : H 7
R*—\ | Ar (10 mol%) : 45¢ H (6 mol%) RIC Ar
2 rroemmoereeereeeeoeeeent + T S < 2
NHR® " 1PhoCI[B(CeFo)e] (10 mol%) Poar [Ph:CIIB(CoFo)a] (6.0 moith) NHR
453 PhMe, 70 °C, 24-96 h PhMe, 80 °C, 24 h 4sf

31 examples 45d 35 examples
up to 85% yield 4.0 equiv up to 93% yield
up to 94% ee, >19:1 dr up to 98% ee, >19:1 dr

analysis

Eormation of cis diastereomer:

@Q_ph

NH'Bu

Major enantiomer

uPh
NHBu

Minor enantiomer

45g'
Disfavoured

Eormation of trans diastereomer:

_ T os
0 o
=, SiMe; <> SiMes
—0) — . QO
OO [N < Ph @sc. J< p— /
ph\% N Ph N NHBU
d Major enantiomer

a5h
Favoured

iPh
—_—
NH'Bu

Minor enantiomer

ash’
Disfavoured

SCHEME 45 | Scandium-catalyzed asymmetric synthesis of
aminoindanes.

6.2 | Enantioselectivity Studies

In 2023, the Hou group followed up on the diastereodivergent
synthesis of aminoindanes with an enantioselective variant
utilizing chiral scandium half sandwich catalysts (Scheme 45)
[89]. The use of chiral catalyst 45b, which has a less sterically
demanding cyclopentadienyl ligand, results in the exclusive
formation of the cis-diastereomer with high enantioselectivity.
The analogous yttrium complex was effective but displayed
lower enantioselectivity. Switching to chiral catalyst 45e with
a more sterically encumbering trimethylsilylcyclopentadienyl
ligand reverses selectivity to the trans-diastereomer with high
enantiocontrol. The formation of the major enantiomer for the
cis-diastereomer is proposed to occur via transition state 45 g,
where there is minimum repulsion between the styrene’s aryl
group and the 3,3-Ph group on chiral catalyst 45b [89, 90].
Furthermore, the smaller cyclopentadienyl ligand allows for
interaction between the scandium atom and aryl group of the
styrene, leading to generation of the cis product. Formation of the
minor enantiomer occurs via transition state 45g” wherein steric
repulsion takes place between the N‘Bu group and the 3,3’-Ph
group on 45b. Formation of the major enantiomer for the trans-
diastereomer occurs via transition state 45 h, where similarly
repulsion is minimized.

Hou (2021)

46¢

N H (6.0 mol%)
R P . R®
7Y g =z .
'S RY [PhsCI(B(C4Fs)a] (6.0 mol%)
PhMe, 65-80 °C
46a 46b 46d

32 examples
up to 95% yield
up to 94% ee

Selected

46e
90% yield, 80% ee

87% yield, 82% ee 83% yield, 68% ee 75% yield, 78% ee

P

L= CO Ph . ||_«
*&9) iMes N ’Si
CO Ph (‘:\//N\

46¢c
[PhsCIIB(CeFs)al

Analysis

c
O Ph
i ’__—_ SiMe3
O ®5c. @ss
LR N
Pﬁ‘\g\/ \ N Ph 3 [\\N
Mé - i)

461 46"
favoured disfavoured

SCHEME 46 | Synthesis of enantioenriched dihydroquinolines via
scandium catalysis.

Hou and coworkers reported an enantioselective half-sandwich
scandium-catalyzed synthesis of N-H spiro-1,2-dihydroquinolines
46d starting from 2-aryl quinolines 46a (Scheme 46) [91]. Cat-
alyst 46c, with phenyl substituents at the 3,3’-positions of the
binaphthyl moiety and a TMS substituent on the cyclopentadi-
enyl ring, proved optimal in giving rise to good reactivity and
enantioinduction. While Jia and coworkers observed regiose-
lectivity issues in their cobalt catalyzed system to access spiro-
1,2-dihydroquinolines (Scheme 42) [85], Hou’s system provided
single regioisomers. The quinoline’s N atom directs the scandium
center to the ortho-position of its pendant aryl fragment via C—H
activation. Migratory insertion of the alkyne affords the seven-
membered metallacyle 46j, which undergoes 1,2 addition to the
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Hou (2025)

[Ph3C][B(CqFs)a] (10 mol%) z
PhMe, 70-85 °C NHR?
47a 470 a7d
40 examples
up to 95 % yield
up to 99% ee

o i analysis

47e 47¢"
favoured disfavoured

SCHEME 47 | Asymmetric synthesis of aminoindenes via scandium
catalysis.

C=N bond of the quinoline moiety to afford a quaternary spiro
center. The active catalyst is regenerated by an acid base reaction
between the Sc-amido bond and the phenyl ortho C—H bond of
another molecule of substrate. DFT studies suggested that the
driving force for the dearomative spiroannulation results from
the scandium alkenyl species 46j bearing a strongly nucleophilic
character. In contrast, an analogous rhodium alkenyl species
possesses almost no nucleophilic character. The TMS group on
the chiral catalyst was found to play a key role in the high ee values
observed. Migratory insertion of the alkyne into the Sc-aryl bond
constitutes the enantioselectivity determining step. The authors
surmised that the transition state 461’ for the minor enantiomer
shows steric repulsion between the TMS substituent and the 2-
phenyl group of the starting material, whereas less repulsion was
observed in transition state 461 leading to the major enantiomer.

Hou and coworkers later reported a scandium-catalyzed enan-
tioselective 342 annulation of aldimines with internal alkynes
to afford 1-aminoindenes (Scheme 47) [92]. Out of the many
chiral scandium half sandwich catalysts that were screened,
‘butylcylopentadienyl-ligated catalyst, 47c, afforded the highest
ee values. The enantioselectivity is determined by the alkyne
insertion, with the ‘butyl substituent playing a key role. En
route to the major enantiomer, a C—H 7-noncovalent interaction
between the ‘butyl substituent on the Cp ligand and phenyl group
of the benzaldimine was observed, as shown in transition 47e. No
such noncovalent interaction was observed in transition state 47e¢’
leading to the minor enantiomer.

7 | Ruthenium-Catalyzed Reactions
7.1 | Early Studies (RACEMIC)

A report by Jeganmohan and coworkers in 2012 describes the
ruthenium-catalyzed synthesis of indenols (Scheme 48) [93].
Notably, carbonyl-directed C—H activation followed by migra-
tory insertion across disubstituted alkynes occurs with high
regioselectivity.

Jeganmohan (2012)

[{RuCly(p-cymene)},] (2.0 mol%)

"
~ - . AgSbFg (8.0 mol%) R
10 R CuOAc, H,0 (25 mol%) N
R A R 3% R R?
R DCE, 120 °C, 10 h ™
o HO
48a 48b 48¢
1.2 equiv 11 examples

up to 88% yield
R® = aryl, R* = alkyl, SiR3

SCHEME 48 | Racemic synthesis of indenols via ruthenium cataly-
sis.

Wang (2024)

49¢
| (5.0 mol%)

: b)@: :
: Ru——:
: ‘O ol HCTJZ;
H 2,

+ =
R¥ AgSbFg (20 mol%)
Cu(DMBY), (1.0 equiv)
DCE, 90 °C, 30 min
49a 49b 49d
1.2 equiv 36 examples
up to 99% yield
up to >99% ee
Selected examples —————
Ph Ph CO,Me
O‘ Ph O‘ COMe O Ph

49

e 49f
90% yield, >99% ee

98% yield, 93% ee

49g 49g' |
38% yield, >99% ee 59% yield, >99% ee |

o] AgSbF
o} 6
[ ’OW%L/ l Cu(DMB),
WY

;
~o
)

SCHEME 49 | Ruthenium-catalyzed synthesis of spirosultams using
BenRu catalyst.

7.2 | Enantioselectivity Studies

In analogy to Cramer’s 2016 report (Scheme 22) [58], the Wang
group reported the synthesis of spirocyclic sultams using the
newly reported BenRu complex 49c (Scheme 49) [94]. The
proposed mechanism starts by forming the catalytically active
ruthenium-DMB (3,3-Dimethyl-1-butanol) complex, followed by
imine-directed C—H activation. Coordination and insertion of the
disubstituted alkyne results in a seven-membered ruthenacycle.
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Wang (2025)
N H Ré '\ : R*
d
RIT _ R2 + 3% R \ R3

R AgSbFg (6.0 mol%) Z 2
o Cu(OPiv), (1.0 equiv) R

5 A MS (30 mg) OH

50a 50b DCE, 120 °C, 10 h 50d

1.2 equiv 77 examples

up to 99% yield
up to 98% ee

COE
coza
HO

50f
99% vield, 91% ee

o

6

h

50g
94% yield, 95% ee

50e
91% yield, 94% ee

Unfavourable conformation

SCHEME 50 | Ruthenium-catalyzed synthesis of enantioenriched
indenols.

Addition across the C=N bond, followed by transmetalation with
Cu(DMB), and protonation yields the desired product 49e.

Very recently, a report by Wang and coworkers showed the
application of the newly designed Ben ligands towards the
synthesis of indenols (Scheme 50) [95]. The use of tetrasubstituted
Ben ligand 50c led to the desired indenol product 50e in 91% yield
and 94% ee. These reaction conditions were amenable to a wide
substrate scope, with different alkyne partners (50f), carbonyl
substitution (50 g) and aryl substitution (50 h) being tolerated.
Based on KIE experiments, the authors proposed that C—H bond
cleavage towards the formation of the Ru-arene intermediate con-
stitutes the turnover-limiting step. In the minor diastereomer’s
C—H activation intermediate, there is an unfavorable interaction
between the bulky phenyl ring on the acetophenone and the
ligand’s ethyl group [96]. Alternatively, in the favorable con-
formation, a stabilizing -7 interaction between the substrate’s
and ligand’s arene rings help lock the substrate prior to alkyne
coordination.

Wang and coworkers followed up on their report using a new class
of Ben ligands to make indanols by extending the methodology
to phenol directed asymmetric C—H activation of -naphthols
with alkynes to access spirocyclic indenes (Scheme 51) [97].
The desired spirocyclic product 51e was obtained in 95% yield
and 94% ee utilizing chiral BenRu catalyst 51c. Dialkyl alkynes
were tolerated in the reaction conditions as well, as illustrated
by 51f-g. The authors propose that the migratory insertion of
the alkyne to afford eight membered intermediate 511 is the
enantio-determining step. Based on KIE experiments, the authors
proposed that C—H bond cleavage resulting in 51j is likely the
turnover-limiting step.

Wang (2026)

+ %
R KOPiv (1.0 equiv)
Cu(OPiv), (3.0 equiv)
1,4-dioxane, 120 °C, 36 h
51b 51d
2.0 equiv 47 examples

up to 99% yield
up to 97% ee

Selected

51h
66% yield, 90% ee

47% yield, 91% ee
(48 h)

51e
95% yield, 97% ee

31% yield, 83% ee

SCHEME 51 | Ruthenium-catalyzed annulative

dearomatization of S-naphthols with alkynes.

asymmetric

8 | Conclusion and Perspectives

This review summarizes the progress carried out in the first
quarter of the 21% century in transition metal-catalyzed asym-
metric intermolecular carbometalations for the construction of
enantioenriched molecules bearing stereodefined tertiary and
quaternary centers as well as axial chirality. There remains
a significant gap in the literature as to potential dual metal-
photocatalytic methods to synthesize stereodefined centers, as
most procedures require elevated reaction temperatures. How-
ever, the diversity of metals and ligands that facilitate reactions
showecase a variety of mechanistic pathways and conformational
effects, leading to high asymmetric induction.
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