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Pd-catalyzed asymmetric Larock reaction for the
atroposelective synthesis of N—N chiral indoles

Jinlei Wang', Deng Pan?, Fen Wang', Songjie Yu**, Genping Huang?*, Xingwei Li'>*

Atropisomeric indoles defined by a N—N axis are an important class of heterocycles in synthetic and medicinal
chemistry and material sciences. However, they remain heavily underexplored due to limited synthetic methods
and challenging stereocontrol over the short N—N bonds. Here, we report highly atroposelective access to N—N
axially chiral indoles via the asymmetric Larock reaction. This protocol leveraged the powerful role of chiral
phosphoramidite ligand to attenuate the common ligand dissociation in the original Larock reaction, forming
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N—N chiral indoles with excellent functional group tolerance and high enantioselectivity via palladium-catalyzed
intermolecular annulation between readily available o-iodoaniline and alkynes. The multifunctionality in the
prepared chiral indoles allowed diverse post-coupling synthetic transformations, affording a broad array of
functionalized chiral indoles. Experimental and computational studies have been conducted to explore the re-
action mechanism, elucidating the enantio-determining and rate-limiting steps.

INTRODUCTION

The indole-based axially chiral platforms represent a privileged class
of functional heterocycles (1-4). Consequently, catalytic and enanti-
oselective synthesis of axially chiral indoles has become a highly im-
portant task in the past decades (5-26). In sharp contrast to the
well-developed C—C or C—N axially chiral indole platforms, synthetic
strategies to create indole-based biaryl scaffolds defined by a chiral
N—N axis have remained in its infancy (27-30) due to the synthetic
challenges associated with the steric hindrance imparted by a crowded
chiral N—N axis. In addition, the N—N bond may also undergo
cleavage due to its oxidizing nature. The enantioselective synthesis
of N—N atropisomers remained elusive until very recently when the
Lu/Houk and the Liu groups independently developed an N-allylic
alkylation reaction (31) or desymmetrization of an existing pyrrole
ring (32). Subsequently, increasing attention has been paid to two
categories of asymmetric synthetic strategies in this regard, namely,
late-stage functionalization (33-38) and de novo synthesis (39-42),
for the expedient construction of indole-based N—N atropisomers that
are known as unique and vital skeletons in bioactive molecules, organic
materials, and chiral ligands (Fig. 1) (43-46). Recently, metal-catalyzed
asymmetric peripheral C—H functionalization of N,N’-pyrrolylindoles
has been independently disclosed by You and Liu toward synthesis of
axially chiral N—N atropisomeric indoles (47-48), while the Li and
Niu groups independently reported metal-catalyzed [4 + 2] annulation
of amide substrates bearing a pre-existing indole ring to form N—N
axially chiral indoles (49-51).

On the other hand, the de novo construction of an indole ring has
also been recognized as an advantageous complement to the con-
struction of N—N axially chiral indoles owing to the availability of
substrates and synthetic modularity. In this context, Sparr and Wang
independently accomplished Pd- or CPA-catalyzed atroposelective
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intramolecular hydroamination of o-alkynylanilines (Fig. 2A) (52-53).
Soon after, Shi and colleagues ingeniously developed a CPA-catalyzed
[3 + 2] de novo indolization, providing various axially chiral N,N’-
bisindoles (54). More recently, Liu and colleagues disclosed the syn-
thesis of N—N indole atropisomers via a sequence of condensation
and palladium-catalyzed intramolecular N-arylation (55). Despite
these elegant studies, note that these reported systems mostly suffered
from intramolecular reactions, multiple manipulations, or limited
substitution patterns. The investigations on direct approaches of
metal-catalyzed enantioselective and intermolecular indolization re-
mained rarely touched.

The rarity of intermolecular coupling systems in this context has
called for the development of expedient synthetic methods. As a
powerful solution to synthesize 2,3-disubstituted indoles, the Larock
indolization reaction via palladium-catalyzed heteroannulation of
o-iodoaniline with internal alkynes (Fig. 2B, top), reported in 1991
(56, 57), attracted our attention. However, the atroposelective version
of the Larock reaction remains untouched, even for the well-developed
C—C or C—N axis (58). We envisaged that the well-tailored N-
pyrrolyl-o-bromoaniline bearing steric demanding substituents on
the pyrrole ring could serve as a promising substrate for the construc-
tion of N—N axial indoles via this asymmetric annulation strategy. To
achieve this atroposelective system, the following three challenges
should be addressed: (i) the fragile N—N bond in the substrate (193 kJ/
mol) under harsh conditions (80° to 150°C), (ii) the strong back-
ground reaction in the absence of any ligand in the original Larock
reaction, and (iii) the reduced enantiocontrol caused by a chiral li-
gand dissociation in the catalytic process. All these obstacles prompt-
ed us to develop a more efficient catalytic system beyond the original
Larock indolization. While monodentate chiral phosphoramidites,
privileged ligands in asymmetric catalysis (59-62), have been largely
ignored in the Larock indole synthesis, they are powerful stronger -
acceptors than phosphine ligands with tunable donor properties by
facile modification of the substituents at both the oxygen and the ni-
trogen atoms, as well as alignment of the dialkyl amine group with the
phosphorus—metal bond via electronic interaction (63-64). These at-
tractive properties inspired us to conceive of an efficient strategy in
which phosphoramidites were explored as chiral ligands to achieve
asymmetric Larock indolization (Fig. 2B, bottom). We now report our
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Fig. 1. Indole-based N—N atropisomers as functional molecules.

A Synthesis of N—N axially chiral indoles via de novo indolization

Short N—N single bond Underdeveloped
Low stability of N—N bond ————

More crowded chiral axis

(R" = H or CO,R, R? = Me/Et or Ar) Pd or CPA CPA TSOH + Pd (2 steps, EWG: CO,R, CN)
B Design plan for Larock axially chiral indole synthesis
R PhsP PPhy PPhsR
i ‘Py— Ligand exchange
X Pd/PhsP (or w/o ligand) N Classical process =S o . . Pd-. I
@[ + R—=-R N R X pg D X X
NHPg 80°-150°C \ N~ = NHOR
Pg Pg
ﬂ Larock indole synthesis (since 1991)
: D
X R—— R R Challenges EEEE o PO\P/?NRZ Stronger n—acceptor
@ . \ R i. Hash reaction conditions New solution RZN:P\ /R Adjustable P—M bond
NH — TTTTTmmmmmmmmeemmmmoeeeees N . ) ) (oiziiiiiii “Pd
’{1 Elusive asymmetric version &Iil) ii. Fragile N—N bond in substrates @ ;( | I Tunable donor property (O/N)
O/ \o O’ \O iii. Poor stereocontrol due to L dissociation NH R
Pg”

C N—N axially chiral atropisomers via asymmetric Larock reaction (this work)

| R Pd(acac), R
@[ Chiral phosphoramidite Q_§~

N |‘| on
r._N__Rs i LiOH, LiCl RN RS

\_/ R = alkyl, aryl, silicon U

' First Larock axially chrial indole synthesis

' Phosphoramidite ligand in Larock reaction

\ Broad scope with outstanding enantioselectivity ~\ Detailed mechanistic studies

Fig. 2. Asymmetric synthesis of N—N axially chiral indoles and related challenges. (A) Synthesis of N—N axially chiral indoles via de novo indolization. (B) Design plan
for Larock axially chiral indole synthesis. (C) N—N axially chiral atropisomers via asymmetric Larock reaction.

findings on a precisely designed asymmetric Larock indolization sys-
tem for the atroposelective synthesis of N—N axially chiral indoles by
the employment of a chiral monodentate phosphoramidite ligand in-
stead of a commonly used monophosphine ligand (Fig. 2C).

RESULTS

Initial optimization studies

Our studies were initiated by investigation of palladium-catalyzed
indolization between N-pyrrolyl-o-bromoaniline (1a) and diphenyl-
acetylene (2a) in the presence of monophosphine ligands (L1 and L2;
Fig. 3), giving a good yield of the desired product 3 with rather low
enantioselectivity. In contrast, bisphosphine ligands such as L3 and
L4 all tend to exhibit poor reactivity, which is likely ascribed to the
unfavorable dissociation of a phosphine arm from the palladium
center to provide a vacant site for the m coordination. The desired
coupling product 3 was still obtained in 20% yield in the absence of
any ligand, demonstrating a background reaction in this coupling,

Wang et al., Sci. Adv. 10, eado4489 (2024) 10 May 2024
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Fig. 3. Initial results for the asymmetric Larock indolization. Reactions were carried
out using N-pyrrolyl-2-bromoaniline 1a (0.05 mmol), diphenylacetylene 2a (0.10 mmol),
Pd(OACc); (10 mol %), chiral ligand (P/Pd ratio = 2.5:1), base (2.0 equiv), 1,4-dioxane
(1.0 ml), under N; at 100°C for 10 hours. "H nuclear magnetic resonance yield using
1,3,5-trimethoxybenzene as the internal standard.
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which was also observed in previous Larock indole synthesis (65-69).
The substantial challenges exemplified by the above preliminary
outcomes called for the exploitation of another category of chiral
ligands to achieve asymmetric Larock indolization.

To examine our hypothesis, we next performed detailed optimi-
zation of the same reaction using Pd(OAc); as a catalyst and a chiral
phosphoramidite ligand (Cs,COs3, 1,4-dioxane, 100°C; Table 1). A
series of commercially available phosphoramidite ligands (L5 to L9)
were screened, all furnishing unsatisfactory outcomes in terms of ef-
ficiency and enantioselectivity (entries 1 and 2). Then, a SPINOL-
based chiral phosphoramidite ligand L10 was examined, affording
product 3 in good yield and improved enantioselectivity (entry 3).
Further comparisons with other analogous ligands L11 to L13 indi-
cated the superiority of L10 (entries 3 and 4). Examination of the
base additive revealed that LiOH obviously outperformed others
(entries 5 and 6). A series of palladium catalysts were next screened,
and Pd(acac), afforded enhanced enantioselectivity (entries 7 and 8).

Encouragingly, good efficiency and enantioselectivity were main-
tained under a lower reaction temperature with a lower catalyst load-
ing (6 mol %, entry 9). Further improvement of enantioselectivity
was obtained by switching substrate 1a to iodo analog 1b (entry 10).
The introduction of the LiCl additive slightly improved both the ef-
ficiency and enantioselectivity of the reaction (90% yield and 92% ee,
entry 14).

Scope of internal acetylenes

The scope of the alkyne substrate was next explored by using N-pyrrolyl-
o-iodoaniline 1b as a substrate (Fig. 4). Symmetrical diarylacetylenes
bearing electron-donating (alkyl and OMe), electron-withdrawing, and
halogen substituents at the para position of benzene ring all reacted
smoothly, providing the N—N atropisomers in consistently high yield
and excellent enantioselectivity (3 to 13, 90 to 95% ee). Moreover, inclu-
sions of alkyl, OMe, halogen, and CF; groups at the meta position of the
benzene ring were also well-tolerated, affording products 14 to 17 with

Table 1. Optimization studies of a representative indolization system. Reaction conditions: N-pyrrolyl-2-haloaniline (0.05 mmol), diphenylacetylene (0.10 mmol),
Pd catalyst (6 to 10 mol %), chiral ligand (L/Pd ratio = 2.5:1), base (2.0 equiv), additive (100 mol %), 1,4-dioxane (1.0 ml), under N, at 100°C for 10 hours.

! + Ph—=—Ph

CO,Me
1a (X=Br)or1b (X =1)

Pd (x mol%)
L (2.5 x mol%)

Base (2.0 equiv)
—_— |

additive (1.0 equiv) Ph
dioxane, T °C

Me

‘O "y OO w O, OO "y v

\7Ph LPn P N PN L.R=Cy

pleciiNeed o e

Me
L9
Entry X Catalyst (mol%) L Base Additive T (°C) Yield (%)’ Ee (%)"
1 Br Pd(OAc), (10) L5 Cs,CO; - 100 28 2
2 Br Pd(OAc), (10) L6-9 Cs,CO; - 100 20-56 -16-6
3 Br Pd(OAc), (10) L10 Cs,CO; - 100 84 31
4 Br Pd(OAc), (10) L11-13 Cs,CO; - 100 23-65 8-17

5 Br Pd(OAc), (10) L10 NazPO, - 100 81 49
6 Br Pd(OAc), (10) L10 LiOH 100 85 78
7 Br Pd(acac), (10) L10 LiOH 100 74 84
8 Br Pd(MeCN).Cl, (10) L10 LiOH 100 65 82
9* Br Pd(acac), (6) L10 LiOH 85 92 88
10* | Pd(acac), (6) L10 LiOH 85 78 90
11% | Pd(acac), (6) L10 LiOH LiCl 85 93 91
124 | Pd(acac), (6) L10 LiOH NaCl 85 87 89
13% | Pd(acac), (6) L10 LiOH Nal 85 62 89
14+8 | Pd(acac), (6) L10 LiOH LiCl 85 (90) 92

*'H nuclear magnetic resonance yield using 1,3,5-trimethoxybenzene as the internal standard, isolated yield in parenthesis.

high-performance liquid chromatography analysis. $18 hours.

Wang et al., Sci. Adv. 10, eado4489 (2024) 10 May 2024

1The ee was determined by

§The reaction mixture was stirred at room temperature for 10 min before heating.
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Fig. 4. Scope of alkynes in asymmetric Larock indolization. N-pyrrolyl-o-iodoaniline 1b (0.10 mmol), diarylacetylene 2 (0.20 mmol), Pd(acac), (6 mol %), L10 (15 mol
%), LIOH (0.20 mmol), and LiCl (0.10 mmol) in dioxane (2 ml), 85°C, 18 hours, isolated yield. “Bromoarene 1a (0.10 mmol) was used.

high efficiency (81 to 86% yield, 89 to 90% ee). An exception was ob-
served for an ortho OMe-substituted alkyne, which exhibited attenu-
ated efficiency and enantioselectivity (18, 65% yield, 81% ee), likely
due to steric effect. Meanwhile, 3,5-disubstituted and heteroarene-
based alkynes also reacted smoothly (19 and 20, 85 to 90% ee). A series
of symmetrical dialkylacetylenes were also explored. In this case, the
bromoarene substrate outperformed its iodo analog in terms of enan-
tioselectivity, and overall, a slightly decreased enantioselectivity has
been realized (21 to 23, 77 to 87% ee). An alkyl-aryl alkyne was also
explored. While the coupling of this alkyne proceeded smoothly, the
regioselectivity was somewhat low (24, 2.3:1 rr, 84% ee and 80% ee).
Gratifyingly, extension to several silyl-alkyl alkynes met with no diffi-
culty, providing the corresponding products in high enantioselectivity
and excellent regioselectivity (25 and 26, >20:1 rr), and the regioselec-
tivity agrees with that in LarocK’s original report (56). All these out-
comes verified the broad generality of the alkyne substrate.

Wang et al., Sci. Adv. 10, eado4489 (2024) 10 May 2024

Scope of N-pyrrolyl-o-iodoaniline

The scope of the N-pyrrolyl-o-iodoaniline was next investigated with
diphenylacetylene as the coupling partner (Fig. 5). As expected, pres-
ence of alkyl, methoxy, phenyl, halogen, and ester groups at the four-
position of the pyrrole-attached phenyl ring is well tolerated, which was
evidenced by isolation of products 27 to 35 in high enantioselectivity
(89 t0 92% ee). Of note, the presence of a strong electron-withdrawing
group (NO; and CN) had only marginal influence (36 and 37, 84 to
85% yield and 88 to 89% ee). Pyrrole substrates with 2-naphthyl,
3-substituted-, 4-substituted-, and 3,4-disubstituted phenyl groups all
reacted smoothly, affording the products 38 to 44 in high enantioselec-
tivity (85 to 93% ee). Besides, those with a 2-thienyl group or even a
bulky tertiary alkyl group ortho to the chiral axis all coupled smoothly
(45 to 47). Extension to other ester functionalities on the pyrrole ring
expressed no evident effect on the efficiency and atroposelectivity (48
to 52). The absolute configuration of 48 was established by x-ray
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Fig. 5. Scope of N-pyrrolyl-o-iodoaniline in asymmetric Larock indolization. Reaction conditions: 1 (0.10 mmol), 2a (0.20 mmol), Pd(acac), (6 mol %), L10 (15 mol %)
LiOH (0.20 mmol), and LiCl (0.10 mmol) in 1,4-dioxane (2 ml), 85°C, 18 hours, isolated yield.

crystallographic analysis (CCDC 2313628). Replacing the methyl group
on the indole ring with a bulkier one tends to give lower enantioselec-
tivity (53 and 54), likely due to less steric bias of the two groups along
the chiral axis. Moreover, comparable yield and enantioselectivity were
also achieved for a series of substituted iodoaniline (55 to 63, 87 to
96% ee). Extension of the iodoaniline to a heteroaryl one also proved

Wang et al., Sci. Adv. 10, eado4489 (2024) 10 May 2024

successful (64, 90% ee). The viability of a fully substituted pyrrole ring
was also explored, and the corresponding product 65 was obtained in
excellent enantioselectivity (90% ee). The coupling of a bispyrrole teth-
ered by biphenylene afforded the distal N—N diaxes (66) in good yield
with high atropo- and diastereoselectivity. In contrast, a nearly racemic
product was observed for an indolyl-o-iodoaniline reagent (67), even
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though the rotational barrier was calculated to be 43.3 kcal/mol. Thus,
this negative result was presumably due to the loss of atroposelective
control caused by the introduction of the fused phenyl ring [vide infra
for density functional theory (DFT) rationalization].

Synthetic applications
Synthetic transformations of selected products were subsequently in-
vestigated. Two-gram-scale reactions by using both aryl iodides

A Gram-scale reactions
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in 65% yield. The nucleophilic addition of a Grignard reagent to the
ester group of 3 delivered tertiary alcohol 71 in 86% yield. Oxidation
of 71 by CAN afforded a valuable aldehyde 72, further oxidation of
which gave a chiral carboxylic acid 73. Moreover, the desilylation of
product 25 afforded product 74 in 86% yield, which could be further
dibrominated with NBS to afford product 75. In addition, treatment
of 50 with I,/AgNOj3 produced the 3-iodo product 76, which could
be converted into product 77 through a Kulinkovich cyclopropana-
tion. Moreover, aminolysis of 50 with an aniline generated the am-
ide 78 in 84% yield. In all cases, the N—N axially chiral indole-based
biaryl products were accessed with no erosion of enantiopurity.
The applications of selected derivatized products have been also
demonstrated in asymmetric catalysis (Fig. 6C). Enantioenriched car-
boxylic acid 73 was initially evaluated as a chiral additive in metal-
catalyzed desymmetrizative annulation between sulfoximine and
a carbene precursor such as sulfoxonium ylide or diazo reagent
(70-72). The corresponding sulfur-stereogenic sulfoximines were
obtained in moderate enantioselectivity (82, 42% ee; 83, 48% ee).
Considering the general trend that sterically hindered groups may
exert high stereocontrol, a bulkier chiral acid 81 was prepared from
50 by following the same route via intermediates 79 and 80
(Fig. 6B). The employment of chiral acid 81 led to improved enanti-
oselectivities for both catalytic reactions (82, 48% ee; 83, 62% ee).
These results demonstrated the synthetic potentials of our N—N
axially chiral backbones. We also attempted to experimentally de-
termine the configurational stability of the product 3. No erosion
of enantiopurity was observed after prolonged heating in mesitylene
(130°C). DFT studies indicated a markedly high barrier (44.8 kcal/
mol) for the rotation along the N—N axis, which is in line with related
reports (39-40).

To better explore the values of our products, the bioactivities of
our N—N axially heterobiaryl scaffolds were next investigated. The
cytotoxicity of a representative compound 25 derived from a TMS-
substituted alkyne was evaluated against several cancer cells such
as hCG and Michigan Cancer Foundation-7 (MCF-7) (see the Sup-
plementary Materials). Preliminary evaluation indicated that this

compound exhibited a noticeable cell inhibitory rate (ICso = 53.4 pM
for hCG and ICs = 71.6 pM for MCF-7) in anticancer activities at the
micromolar level, indicating their promising applications in medici-
nal chemistry.

To clarify the role of chiral phosphoramidite ligand L10 in the
Larock indolization reaction, the nonlinear effect (NLE) of this chiral
ligand has been investigated in the coupling of 1b and 2a (Fig. 7A). A
negative NLE was observed in this system, suggesting that the palladi-
um species involved in the enantio-determining step is likely stabilized
by > two L10 ligands. In addition, the enantioselectivity of this cou-
pling reaction varies with the L10/Pd ratio (Fig. 7B). An initial increase
of ee with the L10/Pd ratio was found for product 3, and saturation
behavior was then observed with L10/Pd > 2.5. This seems to suggest
reversible ligation of the second chiral ligand L10. In line with this ob-
servation, higher enantioselectivity was observed when the reaction
was carried out in a more concentrated solution (Fig. 7C). Collectively,
all these data support that the Pd(II) species that undergo enantio-
determining steps likely bear two chiral phosphine ligands [Pd(L10),],
one of which is more prone to dissociation to give a monoligated spe-
cies that competitively participates in enantio-determining step with
attenuated enantioselectivity. Last, kinetic studies have been conduct-
ed to probe the rate-determining step (Fig. 7, D to F). The reaction is in
zeroth order with respect to both substrates 1b and 2a and is a first-
order dependence for the palladium catalyst, suggesting that the
C—N reductive elimination is the rate-limiting step. Further mecha-
nistic details of this coupling system were then elucidated by compu-
tational studies.

DFT calculations have been performed at the PBE0-D3B](cpcmy/
def2-TZVPP//B3LYP-D3(B])/SDD&6-31G(d) level of theory (see the
Supplementary Materials for details). N-Pyrrolyl-o-iodoaniline 1b
and diphenylacetylene 2a were selected as the model substrates. Ac-
cording to the experimental mechanistic studies (Fig. 8), both bisli-
gated and monoligated reaction pathways have been evaluated. The
monoligated pathway bears a higher barrier of C-I oxidative addition
following the substitution of a chiral phosphine ligand by 2a, which
agrees with experimental studies that suggest the involvement of two

A Nonlinear effect B Effect of L10/Pd ratio C Effect of concentration
100
. 91.7 92.0 gg o7 o19
o 9N S
& X & 91 89.9,
< o % 882 s 90
S E} 2 89
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Fig. 7. Mechanistic studies of coupling of 1b and 2a. (A) Nonlinear effect of the ligand L10. (B) Effect of the L10/Pd ratio on the enantioselectivity. (C) Effect of concen-
tration on the enantioselectivity. (D) Zeroth-order dependence of 1b. (E) Zeroth-order dependence of alkyne 2. (F) First-order dependence of the Pd catalyst.
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L A Calculated energy profile of Pd-catalyzed reaction j
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Fig. 8. Computational studies. (A) Calculated energy profile of the bisligated reaction pathway leading to desired product 3. (B) Optimized geometries of the
enantioselectivity-determining migratory insertion transition states. Bond distances are given in angstrom.

chiral phosphine ligands. For clarity, only the bisligated pathway is
discussed in the main text (Fig. 8A), while the results of the monoli-
gated pathway are provided in the Supplementary Materials. Our
DFT studies commence with the ligand exchange between the alkyne-
coordinated Pd(0) complex IM1 and N-pyrrolyl-o-iodoaniline 1b,
leading to intermediate IM2. Subsequently, the C-I oxidative addition
takes place through the transition state TS1. This step is highly exer-
gonic, and the resulting Pd(II)-intermediate IM3 is more stable than

Wang et al., Sci. Adv. 10, eado4489 (2024) 10 May 2024

IM2 by as much as 20.7 kcal/mol. The ensuing insertion of alkyne into
the Pd—C bond was evaluated, and the removal of HI must occur with
the assistance of the base additive LiOH, giving rise to the four-
membered palladacycle IM4. Then, the migratory insertion of in-
coming alkyne 2a into the PdA—C bond occurs via transition state TS2,
resulting in intermediate IM5. Last, the catalytic cycle is completed by
the C—N reductive elimination via transition state TS3, which would
deliver the desired product 3 and regenerate the intermediate IM1.
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The computations show that the C—N reductive elimination is
the rate-determining step of the overall reaction, consistent with
our kinetic studies. The enantioselectivity is determined by the mi-
gratory insertion step. The transition state TS2 is lower in energy
than TS2’ by 1.6 kcal/mol (—1.8 versus —0.2 kcal/mol), in accord-
ance with the experimentally observed enantioselectivity. Scru-
tiny of the optimized geometries reveals the presence of multiple
noncovalent interactions (i.e., C—H...n and =...n) in TS2 and
TS2’ (Fig. 8). However, the steric repulsion between the Me group
of the N-pyrrolyl-o-iodoaniline moiety and the chiral ligand was
observed in TS2’ (2.08 and 2.41 A), which is absent in TS2, thereby
rendering TS2' higher in energy than TS2. [To be noted, the en-
ergy difference of the migratory insertion in the mono-ligated
phosphine pathway was also examined (see the Supporting Mate-
rial for details), and a smaller AAG” = 1.2 kcal/mol was identified,
which agrees with our experimental conclusions drawn from
Figure 8.] In addition, we also scrutinized the poor enantioselectivity
of product 67 by the same modeling. A much lower AAG” (0.5 kcal/
mol) has been identified, which is in line with our experimentally
observed low enantioselectivity (see Fig. 5 and the Supplementary
Material for details).

DISCUSSION

We have developed the asymmetric Larock indole synthesis by
employment of chiral phosphoramidite ligands to achieve the
atroposelective construction of N—N axially chiral indoles. The
indole ring in the atropisomeric product was constructed via a
Pd-catalyzed annulation between readily available N-pyrrolyl-o-
iodoaniline and internal alkynes. The reactions proceeded in high
efficiency and enantioselectivity and exhibited a broad substrate
scope and functional group compatibility. In addition, synthetic
transformations of the products delivered various functionalized
N—N axially chiral indole-based biaryls with multifunctionali-
ties, which greatly expanded the arsenal of the underrepresented
but important class of N—N atropisomers. Representative de-
rivatized products have been demonstrated as a potential chiral
additive in asymmetric C—H activation reactions. Therefore, this
study not only unveiled an efficient asymmetric Larock indoliza-
tion system but also provided a de novo entry to N—N axially
chiral indole rings to add new members to the important family
of the N—N atropisomers with synthetic and, possibly, biological
applications.

MATERIALS AND METHODS

Synthesis of 3 to 66

Under N, atmosphere, Pd(acac), (6 mol %), LiOH (2 equiv), N-
aryl-2-haloaniline 1 (0.1 mmol), and alkyne 2 (2.0 equiv) were
added to an oven-dried 10-ml sealed tube equipped with a stir bar.
Then, chiral ligand L10 (15 mol %) was dissolved in 1.0 ml of
1,4-dioxane in a separate tube and then transferred to the first one,
followed by rinsing with an additional 0.50 ml of 1,4-dioxane. Af-
ter stirring at the indicated temperature for 18 hours (monitored
by thin-layer chromatography), the reaction mixture was diluted
with EtOAg, filtered, and concentrated. The crude residue was pu-
rified by flash chromatography on silica gel using ethyl acetate and
hexane (20:1 to 15:1) as the eluent to afford the desired prod-
ucts 3 to 66.
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