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ABSTRACT: A class of rationally designed planar-chiral rhodium-
(III) catalysts featuring prochiral 1,3,4-triaryl-2,5-dialkyl cyclo-
pentadienyl ligands has been developed. By a modular synthetic
strategy that enables rapid diversification, the prochiral cyclo-
pentadienyl ligands can be readily prepared in only three steps.
Resolution of the planar-chiral complexes is efficiently achieved by
flash column chromatography assisted by a chiral diene ligand. The
catalyst could enable highly regio- and enantioselective asymmetric
C−H activation of phenylhydroxamic acids with unactivated
terminal alkenes, affording 4-substituted dihydroisoquinolones
with high efficiency (55 examples, >20:1 rr, up to 98% yield, up to 99% ee). This transformation well addressed a long-standing
and notoriously challenging problem in asymmetric synthesis. This reaction tolerates a wide range of functional groups in reactants,
such as halogen, hydroxy, acetyl, alkoxy, amido, and cyano groups. Synthetic utilities of this methodology are showcased, such as the
concise syntheses of 4-n-butyl and 4-benzyl tetrahydroisoquinolines. Mechanistic studies have been conducted, including H/D
exchange, kinetic isotope effect (KIE), and capture of the metallacyclic intermediate. The 1,3,4-triaryl-2,5-dialkyl cyclopentadienyl
moiety proves to be the key structural feature for achieving high regioselectivity. The cyclopentadienyl ligand adopts a well-defined
conformation in the metallacycle intermediate formed during C−H activation. Density functional theory (DFT) calculations
revealed that the migratory insertion of olefin was irreversible, constituting the stereo- and regioselectivity-determining event.

■ INTRODUCTION
3,4-Dihydroisoquinolin-1(2H)-ones widely exist in natural
products and bioactive molecules.1 Being one of the most
straightforward synthetic methods, the [4 + 2] annulation
reaction of phenylhydroxamic acid derivatives with alkenes
through transition metal catalyzed C−H activation has drawn
much interest of chemists.1,2 It was first reported by Fagnou3

and Glorius4 in 2011. It should be noted that reactions with
terminal alkenes may give two regioisomeric products. In
general, for terminal olefins with electronically activating
groups such as aryl,3−5 vinyl6 and carbonyl,5c,i,6,7 3-substituted
dihydroisoquinolones were produced in high regioselectivity.
In contrast, for vinylsilanes8 and potassium vinyltrifluorobor-
ates,5a,g,9 4-substituted dihydroisoquinolones were generated in
high regioselectivity. However, for alkyl substituted terminal
alkenes, the regioselectivity issue is quite complicated. 3-
Substituted dihydroisoquinolones could be smoothly prepared
in high regioselectivity with cobalt,5b,f,i,m,10 palladium,11

ruthenium12 and rhodium5c,7b,13 catalysts and in high
enantioselectivity with cobalt catalysts5i,m. In contrast, 4-
substituted dihydroisoquinolones were generated in poor
regioselectivities (typically 1:1 ∼ 3:1 rr)3,5g,j,l,14 and poor

enantioselectivities (<62% ee), except for intramolecular
reactions.15 Interestingly, rhodium catalysts with sterically
demanding cyclopentadienyl (Cp) ligands favored the
formation of 4-substituted products.5h,16 The most effective
ones include [(C5H3

tBu2)RhCl2]2 (Rh-A)5h,16a,b,d,g,17 reported
by Rovis (5:1 ∼ 19:1 rr) and [(C5H2

tBu2(CHtBuR))RhCl2]2
(Rh−B)16e,h by Perekalin (>15:1 rr). But, unfortunately,
optically pure Rh−B only led to poor enantioselectivities (34−
54% ee).16f,i,18 In 2024, Cramer disclosed an elegant planar-
chiral CpRh catalyst (Rh−C), which showed high enantiose-
lectivity but low to moderate regioselectivity. Only three
olefins were reported, including 1-hexene (7.5/1 rr, 86% ee),
allyl benzene (5.3/1 rr, 90% ee) and allyl alcohol (1.7/1 rr,
90% ee).5n Thus, a catalyst capable of delivering both high
regioselectivity and enantioselectivity across a broad substrate
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scope remains lacking. For the collection of previously
reported data, please see Section 2 in Supporting Information.
Herein, we present a class of tailor-made planar-chiral
rhodium(III) catalyst bearing a penta-substituted prochiral
cyclopentadienyl ligand (Cppx, the superscript “px” denotes
prochiral), which can efficiently catalyze this reaction in both
high regio- and enantioselectivity (>20/1 rr, up to 99% ee, and
up to 98% yield) with a broad substrate scope (55 examples)
(Figure 1a).

Whereas CpxM catalysts made from chiral Cp ligand-
s5a,e,j,l,7a,14b,15d,19 have been well established for asymmetric C−
H activation20 since the seminal work of Cramer,5a Ward and
Rovis,7a the use of planar-chiral CppxM catalysts20f,21 bearing
prochiral Cp ligands remains rare5n,14a,16f,i,18,22 since Pereka-
lin’s pioneering work16f. Its most attractive advantage lies in
the vast structural tunability of the Cppx ligand, which could
enable facile and flexible tuning of the catalysts’ electronic and
steric properties. However, the development of this promising
class of catalysts has been largely hindered by the lack of
established design guidelines and efficient synthetic method-
ologies. In an attempt to address this problem, we introduced a
Cppx design concept in 2023,14a which led to the development
of a class of planar-chiral CppxRh catalysts (Cppx =
C5HMe2PhAr). While these catalysts performed well in various
reactions, they proved ineffective for the aforementioned regio-
and enantioselective preparation of 4-alkyl substituted
dihydroisoquinolones (SI, page 4, entries 3−4). As part of
our ongoing efforts in designing and synthesizing planar-chiral
CppxM catalysts,14a,22a we herein present another design
concept for the development of such catalysts. As illustrated
in Figure 1b, the periphery of the cyclopentadienyl ring was

adorned by five achiral substituents in four different sizes,
namely, extra-large (XL), large (L), medium (M), and small
(S). Upon C−H activation, the substrate is assumed to be in
favor of embedding itself into the catalyst’s groove shaped
properly by the extra-large substituent XL and two large
substituents L, meanwhile heading its large segment toward the
site of the small substituent S. There are four possible ways (I,
II, III and IV) for a terminal olefin to approach the rhodium.
Owning to the large steric hindrance of substituents XL and L,
the approaching ways I, III and IV are blocked, which would
lead to high regio- and enantioselectivity.

■ RESULTS AND DISCUSSION
By a modular synthetic strategy that enables rapid
diversification, the designed penta-substituted CppxH could
be facilely synthesized via three steps from readily available
starting materials (Scheme 1). First, the condensation of 1,3-
disubstituted ketone 1 with 1,2-diketone gave tetrasubstituted
cyclopentadienones 2.23 Notably, 2c−e were isolated as
dissociable dimers thanks to the less sterically bulky alkyl
substituents in both 2- and 5-positions.23a,24 Reacting 2 with
2,6-dialkoxyaryl lithium gave alcohol 3, which was then
reduced to CppxH 4 (generally as a isomeric mixture). It was
reacted with [RhI(chiral diene)OAc]2 to provide the
CppxRhI(chiral diene) complex as a mixture of two
diastereomers (1.2:1 to 3.3:1 dr), which could be separated
by silica gel flash column chromatography.14a The exact
structures of (Sp)-Rh-1 and (Sp)-Rh-2 were determined by
single crystal X-ray crystallography. The absolute configu-
rations of the planar chirality of diastereomeric Rh-3 to Rh-7
were assigned according to the single-crystal structure of 14b

Figure 1. Research background and ligand design.
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in Figure 2c and circular dichroism (CD) spectra (Supporting
Information, Section 8). It should be noted that the
[CppxRhI2]2 complex (Rp)-Rh-7’ could be facilely prepared
by treating the corresponding CppxRhI(chiral diene) complex
(Rp)-Rh-7 with iodine. Meanwhile, the chiral diene could be
recovered in 95% yield.

With a library of catalysts in hand, the reaction of O-Boc
phenylhydroxamic acid 5a with allyl benzene 6a was
investigated as the model reaction (Table 1). Both
CppxRhI(chiral diene) and [CppxRhI2]2 complexes can be
used in catalysis. However, it is important to add (BzO)2 to

oxidize CppxRhI(chiral diene) or AgNTf2 to abstract iodide
from [CppxRhI2]2 to generate the catalytically active species.
To our delight, in all the cases, 4-substituted dihydroisoqui-
nolone 7a was generated in high regioselectivity (>20:1).
Compared to Rh-1, the catalyst Rh-2 provided higher
enantioselectivity (53% ee vs 23% ee) and yield (91% vs
32%) (entries 1−2). When the substituent R2 in Rh-2 was
altered from phenyl to the less bulky ethyl (Rh-3), the
enantioselectivity of the reaction was further enhanced without
affecting the yield (entry 3, 94% yield, 87% ee), emphasizing
the well-shaped groove of Cppx ligand by the extra-large
substituent (2,6-dimethoxyphenyl) and two large substituents
(phenyl) played a crucial role. Further tuning of steric
hindrance of the alkyl substituent R1 (Rh-3 to Rh-6) could
not improve enantioselectivity (entries 3−6). Increasing the
steric hindrance on the alkoxy substituents of 2,6-dialkox-
yphenyl by replacing methoxy to ethoxy (Rh-7) resulted in
higher enantioselectivity of 90% ee (entry 7). When the
reaction temperature was lowered down from 0 °C to −20 °C,
the enantioselectivity was improved to 94% ee (entry 8). The
[CppxRhI2]2 complex Rh-7’ provided the same reaction
outcome as Rh-7, and the catalyst loading could be decreased
to 1.25 mol % (entry 9). It is also possible to run the reaction
in methanol, though slightly decreased enantioselectivity was
observed (entry 10).

Under the optimized reaction conditions, an array of alkenes
was examined (Table 2). Uniformly high regioselectivities were
observed (>20:1 dr). Of note, the 1-propene gas (in a balloon)
could be used as reactant, giving the product 7b in 89% yield
with 81% ee. Moreover, other aliphatic terminal alkenes with
linear or branched chains also reacted smoothly to give the
corresponding products in good yields with high enantiose-
lectivity (7c-i, 91−97% yield, 90−92% ee). Allyl chloride was a
good reactant (7j, 95% yield, 93% ee), which was problematic
in Perekalin’s work.16e,h Other chloro- and bromo-substituted
terminal alkenes were also applicable (7k−m, 90−94% yield,
90−93% ee). Allyl alcohol (7n) is a notoriously challenging
reactant, which has been extensively studied.3,5n,14a,16f But

Scheme 1. Synthesis of Planar-Chiral CppxRh Catalysts

aBy BF3•Et2O and HSiEt3. bThe dr values were determined by NMR.

Table 1. Catalyst Screening for the Reaction of O-Boc
Hydroxamic Acid and Allyl Benzenea

entry [Rh] yield (%) ee (%) 7a/7a’b

1 (Rp)-Rh-1 32 23 >20/1
2 (Sp)-Rh-2 91 53 >20/1
3 (Rp)-Rh-3 94 87 >20/1
4 (Rp)-Rh-4 98 88 >20/1
5 (Rp)-Rh-5 96 87 >20/1
6 (Rp)-Rh-6 97 88 >20/1
7 (Rp)-Rh-7 98 90 >20/1
8c (Rp)-Rh-7 98 94 >20/1
9d (Rp)-Rh-7’ 97 94 >20/1
10d,e (Rp)-Rh-7’ 97 92 >20/1

aUnder N2, 5a (0.1 mmol), 6a (0.2 mmol), [Rh] (5 mol %), (BzO)2
(10 mol %), CsOAc (2 equiv), TFE (1 mL), 0 °C, 18 h. Isolated
yields are given. The ee values were determined by HPLC.
bDetermined by NMR. cAt −20 °C. d(Rp)-Rh-7’ (1.25 mol %),
AgNTf2 (5 mol %), TFE (0.2 M), −20 °C, 24 h. eWith MeOH as the
solvent.
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either poor regioselectivity or poor enantioselectivity was
observed. With our catalyst, the targeted product 7n was
obtained in 90% yield with 93% ee, which is the best result ever
achieved so far. Allyl acetate (7o) and allyl ethers (7p−q)
reacted smoothly as well (92−94% yield, 90−94% ee). Diallyl
ether could react with one or two double bonds depending on
the dosage of the amide 5, affording monodihydroisoquinolone
7r (69% yield, 91% ee) or bis- dihydroisoquinolone 7r’ (93%
yield, 99% ee). For allyl methacrylate, the reaction selectively
occurred at the allyl double bond (7s, 92% yield, 92% ee). Allyl
methyl carbonate reacted smoothly too (7t, 96% yield, 91%
ee). Allyl amine derivatives could also be used (7u−v, 72−97%
yield, 87−91% ee). Alkenes containing ketone (7w), ester
(7x), aldehyde (7y), and nitrile (7z) functionalities were
tolerated (60−98% yield, 80−92% ee). Allyl silane gave
moderate yield and low enantioselectivity (7aa, 51% yield, 31%
ee). Allyl boronic ester was tested. It was found the expected
product 7ab decomposed into 7b in the reaction (67% yield,
87% ee). Vinyl ether and vinyl silane could be respectively
converted to the products 7ac and 7ad (83−94% yield, 72−
86% ee). Norbornene (7ae, 92% yield, 92% ee) and
norbornadiene (7af, 82% yield, 88% ee) were good coupling
partners as well. Interestingly, the diene (E)-1-phenyl-1,3-
butadiene reacted smoothly to give the 3-substituted product
7ag (91% yield, 76% ee) with the reversed regioselectivity. In
this case, the electronic effects should dominate the
regioselectivity during the migratory insertion of the olefin.
However, styrene, dihydrofuran and acrylic ester were
nonreactive in this reaction. In these cases, O-Boc phenyl-
hydroxamic acid was almost quantitatively recovered.

Subsequently, the scope of O-Boc phenylhydroxamic acids
was explored (Table 3). Both ortho-fluoro and meta-methyl
substituted substrates gave the products in high yields and
enantioselectivities (7ah-7ai, 94−95% yield, 92−93% ee).
Para-substituted O-Boc phenylhydroxamic acids with a wide
range of functionalities (alkyl, Ph, MeO, PhO, halogen, CF3,
CN) were well tolerated, providing products generally in high
yields and high enantioselectivities (7aj-7as, 52−97% yield,
90−96% ee). The relatively low yield of 7as could be due to
the poisoning effect of cyano group on the catalyst. This
correlates with the lower yield of 7z in the case of allyl cyanide.
The para-vinyl O-Boc phenylhydroxamic acid reacted well,
leaving the vinyl intact (7at, 90% yield, 94% ee). O-Boc
phenylhydroxamic acids derived from piperic acid, 3,5-
dimethylbenzoic acid and 2-naphthoic acid were suitable
substrates (7au−7aw, 79−93% yield, 88−94% ee). Thienyl
amide was converted to the product 7ax in 95% yield with 82%
ee. Besides allyl benzenes, 4-allyl anisole and allyl penta-
fluorobenzene were also suitable coupling partners (7ay−7aaa,
94−96% yield, 92−94% ee). The absolute configuration of the
major enantiomer of product 7aaa was determined to be R by
single-crystal X-ray crystallography. We examined benzamides
bearing N-containing heteroatomatics, such as 2-picolinamide
and 2-quinolinamide. Unfortunately, no products were
obtained and the substrates were recovered in high yields.
The strong coordinating effect of the basic nitrogens of
substrates should poison the catalyst.

Interestingly, when O-Boc hydroxamic acid 5a was allowed
to react with an equimolar olefin mixture of allyl benzene,
styrene, 2-methylbut-2-ene, cyclopentadiene, dihydrofuran,
and cyclohexene, 4-benzyl dihydroisoquinolone 7a was
obtained as the sole product in 96% yield with 94% ee
(Scheme 2). It clearly demonstrated the remarkable chemo-

Table 2. Scope of Alkenesa

aUnder N2, 5 (0.1 mmol), 6 (0.2 mmol), (Sp)-Rh-7’ (1.25 mol %),
AgNTf2 (5 mol %), CsOAc (2 equiv), TFE (0.5 mL), −20 °C, 24 h.
The regioselectivities for all reactions were determined to be >20:1 dr
by NMR. Isolated yields are given. The ee values were determined by
HPLC. bAt 0 °C. c5 (0.2 mmol), 6 (0.1 mmol), (Sp)-Rh-7’ (2.5 mol
%), and AgNTf2 (10 mol %). dThe product 7ab was not detected,
which decomposed into 7b in the reaction.
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selectivity of this reaction, which favored unactivated terminal
alkenes.

Then, synthetic utilities of this methodology are showcased
(Scheme 3). First, dihydroisoquinolone 7aab is the key
intermediate for the preparation of HIV-1 protease inhibitor
8.25 It was previously prepared through seven steps from the
chiral cinnamic acid derivative 9.25 With our protocol, in

contrast, its preparation only took one step (96% yield, 90%
ee) by reacting 5a with the readily available and cheap alkene
3-buten-1-ol (6b). Second, in a literature,26 the 4-n-butyl
tetrahydroisoquinoline 10 was synthesized from nitroalkene 11
via five steps in 68% yield with 85% ee. By our protocol, it
could be concisely prepared by reduction of the product 7c
from the reaction of 5a with 1-hexene (6c) in 72% overall yield
with 92% ee. By the same way, 4-benzyl tetrahydroisoquinoline
12 could also be easily prepared in two steps with 70% overall
yield and 94% ee, which was previously synthesized via seven
steps from 13 in 43% overall yield.27 The syntheses of 10 and
12 were also reported by Cramer by the same strategy.5n

To gain mechanistic insight into this reaction, several
control experiments were carried out. First, deuterated O-Boc
phenylhydroxamic acid 5a-d5 (>99% D) was subjected to the
standard reaction condition in the absence or presence of
alkene 6a. It was found that no hydrogen incorporation
occurred, suggesting that cleavage of C−H bond should be
irreversible in the reaction (Figure 2a). Second, the primary
kinetic isotope effect was studied and kH/kD was determined to
be 1.2, indicating the cleavage of C−H bond was not the
turnover-limiting step (Figure 2b). Third, stoichiometric
reaction of O-Boc phenylhydroxamic acid 5a with (Sp)-Rh-7
in the presence of AgOAc followed by the addition of PMe3
generated rhodacyclic compounds 14a (18% yield) and 14b
(62% yield) in 0.3/1 dr. Of note, when PPh3 was applied
instead of PMe3, the corresponding rhodacyclic product was
low-yielding and not sufficiently stable to allow isolation, which
could be attributed to the serious steric clashes between the
sterically hindered Cppx ligand and sterically demanding PPh3
(Figure 2c). The three- dimensional structure of 14b was
revealed by single crystal X-ray diffraction, which hints
stereocontrol event of the catalytic reaction. Interestingly, the
ethyl moiety of n-propyl points upward, forcing the two

Table 3. Scope of O-Boc Phenylhydroxamic Acidsa

aUnder N2, 5 (0.1 mmol), 6 (0.2 mmol), (Rp)-Rh-7’ (1.25 mol %),
AgNTf2 (5 mol %), CsOAc (2 equiv), TFE (0.5 mL), −20 °C, 24 h.
The regioselectivities for all reactions were determined to be >20:1 dr
by NMR. Isolated yields are given. The ee values were determined by
HPLC. bWith (Sp)-Rh-7’.

Scheme 2. Competitive Experiments

Scheme 3. Synthetic Applications
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adjacent benzene rings to tilt in opposite directions. Affected
by the tilt of phenyl, the other phenyl also tilts accordingly. As
a result, the space below the methyl group becomes less
crowded, while the space below the propyl group becomes
more crowded. As such, a well-defined chiral pocket is built up.
In order to intuitively show the steric surroundings around
rhodium, the steric map was generated for 14b by the
SambVca 2.1 tool28 (Figure 2d). Consistent with our design
concept, the groove of Cppx along the north−south direction
can be easily recognized (steric map A), which can perfectly
accommodate phenylhydroxamic acid substrate (steric map B).
Owing to the steric hindrance, alkene preferably approach
rhodium from the southeast direction. To investigate the
influence of substituents on the Cp ring on the control of the
regioselectivity of reaction, four catalysts (Rh-8 to Rh-11)
were tested (Figure 2e). When Rh-8 (with the n-butyl group
on the Cp ring of Rh-5 replaced by Me) was used, the
regioselectivity remained unchanged at >20/1. When Rh-9
(with both phenyl groups on the Cp ring of Rh-8 replaced by
two methyl groups) was employed, the regioselectivity
decreased to 6/1. With Rh-10 (where the 2,6-dimethox-
yphenyl group on the Cp ring of Rh-8 was replaced by a
methyl group), the regioselectivity dropped to 10/1. When
Rh-11 (with both the 2,6-dimethoxyphenyl and the two phenyl
groups on the Cp ring of Rh-8 replaced by methyl groups) was
used, the regioselectivity was further reduced to 1.4/1. These
results identify the 1,3,4-triaryl-2,5-dialkyl cyclopentadienyl
architecture as the critical determinant for achieving high
regioselectivity.

To gain further insight into the mechanism and origins of
selectivities, we performed DFT calculations at the ωB97X-D/
def2-TZVPP-SMD(TFE)//B3LYP-D3(BJ)/def2-SVP level on
the [4 + 2] annulation of phenylhydroxamic acid 5a with allyl
benzene 6a catalyzed by (Sp)-Rh-6 (Figure 3a). The computed
free energy profile supports a Rh(III)/Rh(V) catalytic cycle.
Starting from the C−H activation intermediate Int1, the olefin
undergoes migratory insertion via TS2 with a barrier of 10.6
kcal/mol to give the rhodacyclic intermediate Int3. This step is
calculated to be irreversible and thus constitutes the stereo-
and regioselectivity-determining event. Subsequent oxidative
addition of the N−OBoc group generates the Rh(V) nitrene
species Int5, followed by a facile reductive elimination through
TS6 to afford the stable Rh(III) intermediate Int7, which
undergoes protonation to release the observed product 7a. An
alternative Rh(I)/Rh(III) pathway involving direct reductive
elimination from Int3 to Int11 is energetically disfavored,
consistent with previous mechanistic study by Lan, Houk and
coworkers.29 We note that the calculated energy of TS6 is
slightly lower than that of Int5 due to the use of different levels
of theory in geometry optimization and single-point energy
calculation, but IRC analysis confirmed the validity of TS6 and
its proper connection to both Int5 and Int7 (Figure S6).

The origins of enantioselectivity can be explained by
comparing the favored transition state TS2 with its
enantiomeric counterpart TS2-Minor (Figure 3b), which is
higher in free energy by 2.3 kcal/mol, in line with the
experimentally observed 88% ee. In TS2, the bulky 2,6-
dimethoxyphenyl substituent of the Cp ligand is positioned on
the same side as the olefin, but the terminal unsubstituted
carbon of the olefin points toward this substituent, minimizing
steric repulsion. In contrast, in TS2-Minor, the substrate
orientation forces the N−OBoc group to approach the same
2,6-dimethoxyphenyl substituent, introducing steric clash that

Figure 2. Mechanistic studies. aThe steric map was generated by the
SambVca 2.1 tool (bondi radii scaled by 1.17, sphere radius 10 Å,
mesh spacing 0.1 Å). The red and blue zones indicate the more- and
less-hindered zones, respectively. The axes indicate the distance away
from the metal.
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destabilizes this pathway and accounts for the enantioselectiv-
ity.

The regioselectivity is also governed by the migratory
insertion step (Figure 3b). In TS2, the olefin inserts nearly
perpendicular to the Cp plane, thereby avoiding steric
congestion with the ligand. Reversing the insertion site
would direct the benzyl-substituted olefinic carbon toward
the sterically demanding 2,6-dimethoxyphenyl group, generat-
ing strong steric repulsion. As a result, the regioisomeric
transition state TS8 adopts an almost parallel orientation
relative to the Cp ring, but this distortion renders it 4.5 kcal/
mol higher in energy than TS2, in excellent agreement with the
experimentally observed exclusive regioselectivity. Together,
these results demonstrate that the unique steric environment of
the 1,3,4-triaryl-2,5-dialkyl penta-substituted Cp ligand en-
forces the preferred insertion trajectory, thereby governing
both enantio- and regioselectivity and validating migratory
insertion as the key stereocontrolling step in this Rh(III)-
catalyzed annulation.

■ CONCLUSIONS
In conclusion, we proposed a new design paradigm for Cppx

ligands and successfully developed a new category of planar-
chiral rhodium(III) catalyst featuring a 1,3,4-triaryl-2,5-dialkyl

penta-substituted Cppx ligand. Notably, by a modular synthetic
strategy that enables rapid diversification, the Cppx ligands can
be facilely prepared via three steps. Resolution of the planar-
chiral complexes is efficiently achieved by flash column
chromatography assisted by a chiral diene ligand. With this
new catalyst, the regio- and enantioselectivity were simulta-
neously controlled for the asymmetric C−H activation of
phenylhydroxamic acids with unactivated terminal alkenes. A
series of 4-substituted dihydroisoquinolones were yielded in
high regio- and enantioselectivity (55 examples, >20/1 rr, up
to 99% ee). This method provides a highly straightforward
route to prepare various synthetically important 4-substituted
dihydroisoquinolones and 4-substituted tetrahydroisoquino-
lines with high optical purity. Mechanistic studies have been
carried out, including H/D exchange, kinetic isotope effect
(KIE), and capture of the metallacyclic intermediate. The
deuterium labeling experiments identified that the irreversible
C−H activation is not rate-limiting. The 1,3,4-triaryl-2,5-
dialkyl cyclopentadienyl moiety proves to be the key structural
feature for achieving high regioselectivity. The Cppx ligand
adopts a well-defined conformation in the metallacycle
intermediate formed during C−H activation. DFT calculations
revealed that the migratory insertion of olefin was irreversible,
constituting the stereo- and regioselectivity-determining event.

Figure 3. (a) DFT-computed free energy profile for the [4 + 2] annulation of 5a with 6a catalyzed by (Sp)-Rh-6; (b) Computed enantio- and
regioselectivity of the migratory insertion step.
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This new class of planar-chiral CppxRh catalysts is expected to
offer opportunities to address other asymmetric C−H
activation reactions with challenging selectivity issues. More-
over, these modular synthesized Cppx ligands also hold great
potential to generate other chiral metal complexes, broadening
their utility in asymmetric catalysis.
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