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etric indolization by
a desymmetrizing [3 + 2] annulation strategy†

Changhui Wu, a Zhiqian Chang,a Chuanyong Peng,a Chen Bai,a Junhao Xinga

and Xiaowei Dou *ab

A new catalytic asymmetric indolization reaction by a desymmetrizing [3 + 2] annulation strategy is developed.

The reaction proceeds via a rhodium-catalyzed enantioposition-selective addition/5-exo-trig cyclization/

dehydration cascade between ortho-amino arylboronic acids and 2,2-disubstituted cyclopentene-1,3-diones

to produce N-unprotected cyclopenta[b]indoles bearing an all-carbon quaternary stereocenter in high yields

with good enantioselectivities. A quantitative structure–selectivity relationship (QSSR) model was established

to identify the optimal chiral ligand, which effectively controlled the formation of the stereocenter away

from the reaction site. Density functional theory (DFT) calculations, non-covalent interaction analysis, and

Eyring analysis were performed to understand the key reaction step and the function of the ligand.
Introduction

Chiral indoles are ubiquitous in natural products, biologically
active compounds, and functional molecules.1,2 Continuous
efforts have been devoted to developing efficient methods to
access chiral indoles, and remarkable successes have been
achieved in catalytic asymmetric transformations of indolyl
substrates over the past decades.3 Compared to asymmetric
functionalization of indoles, asymmetric indolization repre-
sents a fundamentally different approach to chiral indoles by de
novo construction of the indole ring. Therefore, it offers an
irreplaceable tool to create novel chiral indole structures and to
access otherwise difficult to prepare chiral indoles.4 However,
the lack of stereocenter in the indole ring can pose huge chal-
lenges for catalytic asymmetric indolization. In recent years,
with the elegant design of substrate and reaction cascade,
several catalytic asymmetric indolization reactions have been
developed, which successfully addressed the challenges in
asymmetric construction of axially chiral indoles.5–8 In contrast,
only a handful of examples have been disclosed for the
synthesis of centrally chiral indoles via asymmetric indoliza-
tion. One strategy is the asymmetric Fischer indolization
developed by List group9a and Mukherjee group9d (Scheme 1a).
Another strategy is the exquisitely designed asymmetric cascade
reaction of 2-alkynyl aniline derivatives reported by Lu group10a
ence, China Pharmaceutical University,

cpu.edu.cn

hemistry, Nanjing University, Nanjing,

SI) available: Experimental procedures,
ls. CCDC 2260854 (for 3aa). For ESI and
ther electronic format see DOI:

987
and Zhu group10b among others10 (Scheme 1b). Despite these
elegant works, developing new strategies for asymmetric indo-
lization to produce valuable chiral indoles is still highly
desirable.11

Inspired by the Reissert indole synthesis,12 which involves
intramolecular dehydrating cyclization of the in situ generated
b-aniline-substituted a-keto esters as the key step, we envisaged
that an intermolecular [3 + 2] indolization reaction could be
realized through cascade carbon–carbon bond formation/5-exo-
trig cyclization/dehydration reaction between functionalized
anilines and appropriate carbonyl substrates (Scheme 1c-top).
When a prochiral carbonyl substrate was employed, the asym-
metric [3 + 2] indolization shall be feasible. In light of our
experience in asymmetric synthesis by rhodium-catalyzed
conjugate addition of arylborons to a,b-unsaturated
carbonyls,13 we proposed to use ortho-amino arylborons under
rhodium catalysis to construct the C–C bond,14,15 and 2,2-
disubstituted cyclopentene-1,3-diones16 were selected as the
prochiral carbonyl substrates. Ideally, the reactions between
ortho-aminoarylborons and 2,2-disubstituted cyclopentene-1,3-
diones could proceed via a conjugate addition/5-exo-trig
cyclization/dehydration cascade to produce cyclopenta[b]
indoles bearing an all-carbon quaternary stereocenter (Scheme
1c-middle).17 In addition, the new strategy may overcome some
limitations of the existingmethods, such as the lengthy reaction
time9 and the tedious preparation of substrates.10 However,
there is a major challenge to be considered: the quaternary
carbon stereocenter is away from the reaction site while the
enantioselectivity is determined at the initial enantioposition-
selective conjugate addition step (Scheme 1c-middle). Thus,
the identication of a suitable catalyst that can effectively
recognize the remote quaternary carbon stereocenter is crucial
for the success of the asymmetric indolization.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Construction of centrally chiral indoles by catalytic asym-
metric indolization.

Scheme 2 Ligand optimization for the model asymmetric indolization
reaction between cyclopentene-1,3-dione 1a and 2-amino-
phenylboronic acid 2a. Reaction conditions: 1a (0.10 mmol), 2a (0.20
mmol), and Rh catalyst (3 mol% Rh), in EtOH (1 mL) at 60 °C for 12 h.
Yield was the isolated yield of 3aa, and the er was determined by HPLC
analysis on a chiral stationary phase. Measured DDG‡ were calculated
using the formula DDG‡ =−RT ln(er), where R is the ideal gas constant,
and T is temperature.
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Herein, we report a rhodium-catalyzed asymmetric indoli-
zation reaction via enantioposition-selective addition/5-exo-trig
cyclization/dehydration cascade between ortho-amino-
arylboronic acids and 2,2-disubstituted cyclopentene-1,3-
diones, delivering N-unprotected cyclopenta[b]indoles bearing
an all-carbon quaternary stereocenter in high yields with good
to excellent enantioselectivities. The optimal chiral ligand that
can effectively controls the remote quaternary carbon stereo-
center was identied through a quantitative structure–selec-
tivity relationship (QSSR) model, and the steric repulsion as well
as the hydrogen bonding and dispersion interactions between
the ligand and the substrate were found to collectively
contribute to the high enantioselectivity (Scheme 1c-bottom).

Results and discussion

We initiated our investigation with 2-benzyl-2-methyl
cyclopentene-1,3-dione 1a and 2-aminophenylboronic acid 2a
© 2023 The Author(s). Published by the Royal Society of Chemistry
as model substrates. Aer preliminary screening of the reaction
conditions, it was found the reaction proceeded well in EtOH to
give the indole product, and the chiral diene18-ligated rhodium
catalysts gave promising results. As shown in Scheme 2, when
using ester–diene ligands (L1, L2, and L3), the reaction exhibi-
ted promising enantioselectivities. Interestingly, the enantio-
selectivity of the reaction was improved when the
corresponding amide–diene ligand was used (L1 vs. L4). Several
other amide–diene19 ligands were then tested. Intuitively, the
enantioselectivity of the reaction increases with the size of the R
group in the amide–diene ligands (R = Me, 89.5 : 10.5 er; R =

tBu, 93 : 7 er; R = 2,6-iPr2C6H3, 95 : 5 er). Thus, a quantitative
structure–selectivity relationship model was developed to
understand this system (see ESI-Section 5† for details).20 There
is a linear correlation between the percent buried volume Vbur/5
Å with a radius of 5 Å centered on the hydrogen atom of the
Chem. Sci., 2023, 14, 7980–7987 | 7981
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Table 1 Further optimization of the reaction conditionsa

Entry Solvent T Yieldb erc

1 EtOH 60 98 95 : 5
2 iPrOH 60 98 95 : 5
3 tBuOH 60 91 95 : 5
4 MeOH 60 98 92 : 8
5d EtOH 60 81 93.5 : 6.5
6e EtOH 30/60 98 96 : 4

a Reaction conditions: 1a (0.10 mmol), 2a (0.20 mmol), and Rh catalyst
(3 mol% Rh), in the corresponding solvent (1 mL) at T °C for 12 h.
b Isolated yield of 3aa. c Determined by HPLC analysis on a chiral
stationary phase. d Rh catalyst (1 mol% Rh) was used. e 1a (0.10
mmol), 2a (0.15 mmol), and Rh catalyst (3 mol% Rh), in EtOH (1 mL)
at 30 °C for 12 h, then at 60 °C for 5 h.
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View Article Online
amide in ligand and the measured Gibbs energy difference
DDG‡ between two competing diastereomeric transition states
(Scheme 2, training set). Leave-one-out (LOO) cross-validation
Scheme 3 The scope of 2,2-disubstituted cyclopentene-1,3-diones. R
(3 mol% Rh), in EtOH (2 mL) at 30 °C for 12 h, then heating at 60 °C for
catalyst.

7982 | Chem. Sci., 2023, 14, 7980–7987
and 3-fold cross-validation were implemented to avoid over-
tting. Guided by this model, we synthesized ligands featuring
different Vbur/5 Å (L6, L11, L12, L13, L14, L15) and tested their
performances (Scheme 2, validation set). The newly synthesized
ligands tted well with the established model. Notably, ligand
L15 featuring the largest percent buried volume exhibited the
best enantiocontrol, however, it was not used for further study
due to the lower reactivity. Pleasingly, ligands L14 and L18
proved to be optimal when considering both reactivity and
enantioselectivity, and ligand L14 was selected for further
investigation due to its easier preparation.

With ligand L14 in hand, further optimization was con-
ducted to establish the optimal reaction conditions (Table 1).
Similar yield and enantioselectivity were obtained when iPrOH
was used instead of EtOH (entries 1 and 2). tBuOH led to
a decreased yield (entry 3) while MeOH led to a diminished
enantioselectivity (entry 4). Reducing the amount of catalyst to
1 mol% Rh slightly affected the yield and enantioselectivity
(entry 5). When the reaction temperature was lowered, the
conjugate addition reaction still proceeded well, but the
subsequent intramolecular cyclization was not complete. Thus,
the reaction was carried out successively at 30 °C and 60 °C to
complete the conjugate addition and cyclization respectively,
which further improved the enantioselectivity (entry 6, 96 : 4 er).
eaction conditions: 1 (0.20 mmol), 2a (0.30 mmol), and Rh catalyst
5 h. a Rh catalyst (8 mol% Rh) was used. b [RhCl(L11)]2 was used as the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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With the optimal reaction conditions in hand, the scope of
2,2-disubstituted cyclopentene-1,3-diones for asymmetric
indolization was explored (Scheme 3). Cyclopentene-1,3-diones
substituted with methyl and various benzylic groups, including
those with electron-donating and electron-withdrawing groups
at para, meta, and ortho positions were all suitable (3aa to 3ka).
Replacement of the phenyl moiety with a naphthyl (3la, 3ma) or
a heteroaryl unit (3na) did not affect the reaction outcome.
Cyclopentene-1,3-diones bearing allylic substituent (3oa) and
different types of alkyl substituents (3pa to 3ra) also exhibited
good yields and high enantioselectivities. The ester and amide
groups were tolerated (3ra, 3ta), and the enantioselectivity for
the bulky amide-containing substrate was much higher (85 : 15
er versus 97 : 3 er). The 2-ethyl-2-benzyl substituted substrate
exhibited lower enantioselectivity (3ua) compared to its methyl
congener (3aa), probably due to the diminished steric difference
between the two substituents at 2-position. The spirocyclic
substrates were also suitable for this reaction (3va, 3wa).
Notably, the 7-substituted spiroindane substrate gave the
highest enantioselectivity (3wa, 99 : 1 er), which might be
partially attributed to better enantio-face recognization induced
by the rigid spiro structure and the substituent. The absolute
conguration of 3aa was determined by X-ray crystallography
analysis, and the absolute conguration of other products was
assigned by analogy.
Scheme 4 The scope of 2-aminoarylboronic acid pinacol esters.
Reaction conditions: 1a (0.20 mmol), 2′ (0.30 mmol), and Rh catalyst
(3 mol% Rh), in EtOH (2 mL) at 60 °C for 12 h.

© 2023 The Author(s). Published by the Royal Society of Chemistry
The scope of 2-aminoarylborons was also explored. Although
2-aminophenylboronic acid is commercially available, other 2-
aminoarylboronic acids are not readily accessible. Given the
availability and well-established preparation of 2-amino-
arylboronic acid pinacol esters,21 they were employed for the
scope study. It was found the pinacol esters exhibited lower
reactivity at 30 °C, therefore the previously established condi-
tions were slightly modied, and the reaction was conducted
constantly at 60 °C. As shown in Scheme 4, the reaction using 2-
aminophenylboronic acid pinacol ester proceeded smoothly to
give the indolization product in 98% yield with 94.5 : 5.5 er
(3aa), which is comparable to the optimal result from 2-ami-
nophenylboronic acid. The N-methyl 2-aminophenylboronic
acid pinacol ester was also tested under the standard condi-
tions, and the N-methyl product was obtained in a moderate
yield (43%) with a high enantioselectivity (95 : 5 er). The lower
reactivity of the N-methyl reagent might be attributed to the
lower reactivity of the corresponding bulkier arylrhodium
species. All the other 2-aminoarylboronic acid pinacol esters
bearing either electron-donating or electron-withdrawing
substituents at different positions worked well to produce the
substituted chiral indoles in high yields with good enantiose-
lectivities (3ab to 3ai). It is worth noting that the electron-
withdrawing groups such as –CF3 (3ac), –CO2Me (3ae), and –

CN (3ai) are generally not well tolerated in the Fischer indoli-
zation, as they would result in diminished reactivity of the
corresponding arylhydrazine substrates.9

A 2 mmol scale synthesis of product 3aa was conducted to
demonstrate the scalability of the asymmetric indolization
reaction, and 3aa could still be obtained in 98% yield with 95 : 5
Scheme 5 Synthetic transformations of the chiral indole product.

Chem. Sci., 2023, 14, 7980–7987 | 7983
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Fig. 2 The non-covalent interaction analysis within the sign(l2)r
colored RDG plot and the topology analysis of the electron density
within the framework of QTAIM for ligand L8 (R = tBu) and L15 (R =
CPh3).
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er under standard conditions. Synthetic transformations of 3aa
to other indole derivatives were illustrated in Scheme 5.
Oxidation of 3aa with DDQ (2,3-dichloro-5,6-dicyano-1,4-
benzoquinone) under mild conditions produced 4, a chiral
analogue of natural product bruceolline E featuring the cyclo-
penta[b]indole-1,2-dione core.22 Reduction of the ketone moiety
in 3aawith NaBH4 was highly effective, giving the chiral indole 5
bearing continuous quaternary–tertiary stereocenters in
a highly diastereoselective manner. Protection of the free NH
moiety with a Boc group could be performed under conven-
tional conditions (6). In addition, conversion of the ketone to
vinyl-OTf was viable (7), which could undergo Pd-catalyzed
Kumada coupling to construct new carbon–carbon bond on
the cyclopenta[b]indole ring (8).

To further explain the origin of enantioselectivity, we per-
formed DFT calculations on the enantiocontrol step of the
reaction (Fig. 1). We rst identied the transition states for the
enantioposition-selective alkene insertion step (with L8-ligated
catalyst as a model), which was found to follow Hayashi's
stereochemical model.24 These transition states are stabilized
by hydrogen bonding interactions between the N–H of the
ligand and the carbonyl group of the substrate (see ESI-Section
6† for details). The surface distance projection maps of ligand–
rhodium–substrate complex reexed the relative spatial rela-
tionships between the substrate and the ligand.25 For the tran-
sition state (TSDisf) leading to the unfavorable product, the
benzyl group is closer to the ligand, and its rotation is hindered
by the tert-butyl and methyl groups of the ligand. For the tran-
sition state (TSFav) leading to the favorable product, the rota-
tion of the benzyl group is not affected, which has a more
Fig. 1 The DFT model of transition states for the alkene insertion with
L8-ligated catalyst (L8, R = tBu) established at the SMD(ethanol)//
PWPB95-D4/def2-TZVPP//C-PCM(ethanol)/PBE0-D4/def2-TZVP(for
Rh)/def2-SVP (for other atoms) level.23 (a) The optimized structures of
transition states with DDGTS = 1.63 kcal mol−1 and ercalc = 92 : 8 (erexp
= 93 : 7). (b) The surface distance projectionmaps displayed from−0.5
Å to 3.5 Å centered on the rhodium atom.

7984 | Chem. Sci., 2023, 14, 7980–7987
favorable entropy effect. The DDGTS is 1.63 kcal mol−1, and the
calculated er is in good agreement with the experimental result
(ercalc = 92 : 8 versus erexp = 93 : 7).

The non-covalent interaction analysis was also applied to
transition states to understand the effect of the size of ligand
substituent on enantioselectivity (Fig. 2).26 In the favorable
transition state of ligand L8 (R = tBu), there is a CH/p inter-
action between tBu and benzyl group. In the favorable transi-
tion state of ligand L15 (R = CPh3), there are some p/p

interactions between CPh3 and benzyl group. The electron
density r(r), the Laplacian of electron density V2r(r), and the
energy density H(r) of critical points also indicate these non-
covalent interactions are van der Waals interactions which are
usually dominated by dispersion effects.27 These interactions
are absent in the favorable transition state of ligand L4 (R=Me)
as well as in those unfavorable transition states, thought to
contribute greatly to the enantioselectivity (see ESI-Section 6†
for details). As the size of the substituent on the ligand
increases, its interactions with the benzyl group increase,
leading to improved enantioselectivity.

Eyring analysis was also performed for different ligands
(Table 2).28 For ligand L4 (R = Me), the differential activation
entropy DDS‡ is the factor dominating enantioselectivity. As we
explained above, the rotation of the benzyl group in the unfa-
vorable transition state is hindered, which is entropically
unfavorable due to the steric repulsion of the ligand. For ligand
L8 (R = tBu) and ligand L14 (R = CHPh2), the differential acti-
vation enthalpy DDH‡ becomes an increasingly important factor
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Eyring analysisa

Entry Ligand
DDH‡

(kcal mol−1)
DDS‡

(cal mol−1 K−1)

1 L4 (R = Me) −1.224 0.445
2 L8 (R = tBu) −1.671 0.128
3 L14 (R = CHPh2) −2.412 −1.573

a Reaction conditions: 1a (0.10 mmol), 2a (0.20 mmol), and Rh catalyst
(3 mol% Rh), in the EtOH (1 mL) at T °C for 12 h.
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for enantiocontrol, which is consistent with our observation
that there are additional non-covalent interactions in the
favorable transition states. For L14, though the existence of
enthalpy–entropy compensation reduces the favorable differ-
ential activation entropy DDS‡ to some extent, the signicant
favorable differential activation enthalpy DDH‡ greatly
enhances the enantioselectivity.29

The role of amide–diene ligand in controlling enantiose-
lectivity can be summarized as follows: (1) the rigid skeleton of
the ligand provided steric repulsion to control the enantiose-
lectivity, which is important in ligands with small substituents;
(2) the amide moiety of the ligand provided hydrogen bonding
interaction to stabilize the transition state; (3) the substituent
moiety of the ligand provided dispersion interactions to stabi-
lize the favourable transition state, which is important in
ligands with large substituents.

Conclusions

In conclusion, we have developed a new type of asymmetric
indolization reaction based on a desymmetrizing [3 + 2] annu-
lation strategy, and a range of valuable cyclopenta[b]indoles
bearing an all-carbon quaternary stereocenter were obtained in
high yields with good enantioselectivities via a rhodium-
catalyzed enantioposition-selective addition/5-exo-trig
cyclization/dehydration cascade.30 In this study, the optimal
chiral ligand that can effectively control the formation of the
remote stereocenter was identied based on a QSSR model, and
further studies such as DFT calculation, non-covalent interac-
tion analysis and Eyring analysis were performed to understand
the multiple functions of the ligand.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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