nature communications

Article

https://doi.org/10.1038/s41467-025-60109-5

Catalytic asymmetric intermolecular [4 + 2]
annulation of benzocyclobutenones with
Alkynes and activated carbonyls via C—C

activation

Received: 7 December 2024

Accepted: 13 May 2025

Huilai Liu™*, Zisong Qi®"*, Yue Shi>*, Wei Wang', Fen Wang', Zhi-Wen Ding?,
Ai-Qun Jia®>3, Genping Huang ®2

& Xingwei Li®'

Published online: 01 July 2025

M Check for updates

The activation of C—C bonds enables rapid construction of new organic fra-
meworks owing to facile structural reorganization. Nevertheless, enantiose-

lective C—C activation remains heavily underexplored and has been
predominantly limited to intramolecular reactions. We herein report two
categories of asymmetric intermolecular [4 + 2] annulations between benzo-
cyclobutenones (BCBs) and unsaturated reagents, namely, alkynes and cyclic
dicarbonyl compounds. The atroposelective coupling of BCB with several
classes of sterically hindered alkynes afford C—N and C—C axially chiral
2-naphthols. The [4 + 2] annulation of BCBs and a-dicarbonyls afford spir-
ocyclic products. Both coupling systems proceed efficiently with excellent
regio-, chemo- and enantioselectivity via substrate activation and judicious
choice of chiral bidentate phosphine ligands. Synthetic transformations of
selected products are demonstrated, and the derived chiral products are
shown to be useful additives in C—H bond activation or as ligands in Pd-
catalyzed C—C coupling.

Ever since the seminal reports by Liebeskind’, Jun**, and Murakami*”/,
catalytic activation of the C—C bond has been increasingly explored to
allow for the development of new synthetic methods owing to facile
reorganization of the structural framework®". These coupling systems
typically proceed via initial C—C oxidative addition, followed by
migratory insertion into an unsaturated bond, and reductive elimina-
tion releases the final product. Two strategies are typically employed
to ensure the catalytic reactivity. The installation of a proximal
directing group facilitates the C—C cleavage facilitated by the entropic
effect, which echoes chelation-assisted C—H activation that has been
heavily explored®. Alternatively, the employment of a strained ring
also activates the C—C bond toward oxidative addition*’"""°, Among

strained rings, benzocyclobutenones (BCBs) are readily available and
undergo diverse [4+2] and, occasionally, [4+1]*° annulation with
alkynes, alkenes, allenes, dienes, and carbonyls, affording fused and
bridged cycles™*°*.,

While this type of ‘cut-and-sew’ chemistry, dubbed by Dong*** a
leading researcher in the field, has witnessed tremendous progress,
the asymmetric cut-and-sew of BCBs remains underexplored. Existing
reports are predominantly limited to intramolecular reactions
(Fig. 1a)*. In 2012, Dong and coworkers reported the first intramole-
cular [4+2] annulation with olefins (Fig. 1a)*. The Xu group later
extended the coupling system to other tethered olefins****. The Dong
group further extended the m-partner to oximes, affording fused
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(a) Prior Intramolecular Asymmetric [4+2] Reactions of Benzocyclobutenones/Cyclobutanones

Alkene: [5,6]-fused cycle
(Dong, 2012)

Oxime: fused azacycle
(Dong/Xu, 2016)

Furan: spirocycle
(Xu/Lu, 2023)

fused cycle Ketone: no report

Aldehyde: bridged oxacycles
(Cramer, 2015)

Allene: bridged cycle

(Dong, 2016)

1,5-Enyne: diverse carbocycles
(Dong, 2022)
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bridged cycle

(b) Prior Intermolecular Asymmetric [4+2)/[4+1] Reactions of Benzocyclobutenones (only Two Examples, limited to central chirality)
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Fig. 1| Asymmetric C—C Cleavage of Benzocyclobutenones. a Prior intramole-
cular asymmetric [4 + 2] reactions of benzocyclobutenones/Cyclobutanones.
b Prior intermolecular asymmetric [4 + 2]/[4 + 1] reactions of benzocyclobutenones

(only Two Examples, limited to central chirality). ¢ Asymmetric intermolecular
[4 +2] coupling of benzocyclobutenone and alkynes/diketones in this work.

lactams*®. Subsequently, the Xu and Lu group took advantage of the
low aromaticity of furans and realized [4+2] annulation via
dearomatization*®. Alternatively, intramolecular [4 +2] annulation of
cyclobutanones with a different pattern of tethered coupling partner
afforded bridged cycles (Fig. 1a)*~*°. Thus, in 2014, the Cramer group
capitalized on the reactivity of an aldehyde-tethered cyclobutanone
and realized the Rh(l)-catalyzed intramolecular coupling to give
bridged oxacycles (Fig. 1a)*’. The Dong group developed intramole-
cular [4 +2] coupling with allenes*. Very recently, the Dong group
judiciously developed Rh(I)-catalyzed intramolecular annulation of 1,5-
enyne-tethered cyclobutanones, which occurred divergently to deliver
bis-bicyclic scaffolds and tetrahydroazapinones under catalyst
control*’. So far, only two intermolecular asymmetric systems have
been disclosed (Fig. 1b)*>*". The Krische group utilized ketols as the
coupling partner and realized Ru-catalyzed enantioselective [4 +2]
annulation with benzocyclobutenones™. Recently, the group of Feng
and Liu succeeded in Sc(lll)-catalyzed asymmetric [4 +1] homologa-
tion of benzocyclobutenones with diazo compounds®. Despite the
progress, only point-chiral products have been delivered, and it is
necessary to develop intermolecular coupling systems to accom-
modate diverse chirality patterns by taking full advantage of the
reactivity of BCBs. On the other hand, structurally related bipheny-
lenes are also strain-activated, and Rh and Pt-catalyzed atroposelective
coupling with alkynes has been reported****. However, these reactions
are also limited to intramolecular systems.

Axially chiral biaryls are an important class of three-dimensional
platforms, and atroposelective synthesis of axially chiral compounds
has evolved into a dynamic research field* %, Axial chirality has been
constructed via difunctionalization of alkynes through two approa-
ches, namely, radical and ionic pathways**".Metal-catalyzed non-
radical dicarbonfunctionalization of alkynes is challenging in terms of
reactivity and regioselectivity’®**. Metal-catalyzed radical difunctio-
nalization of alkynes offered an alternative approach, but existing

systems are limited to employment of reactive alkynes and/or stable
radical species® . Alternatively, as a special class of dicarbonfunc-
tionalization of alkynes, Tanaka pioneered in atroposelective synthesis
of biaryls via [2 + 2 + 2] cycloaddition between diynes and alkynes via a
metallacyclopentadiene intermediate®® . On the other hand, the clo-
sely related five-membered metalacyclic intermediates are obtainable
from oxidative addition of benzocyclobutenones as in the synthesis of
2-naphthols**”*7*, In this regard, although such naphthol synthesis
has been realized by Liebeskind", Shi*, Harrity’?>, Martin”>, and Wang’*,
no atroposelective systems have been developed. The reactivity and
ready availability of BCBs inspired us to address axial chirality via
enantioselective intermolecular [4 +2] reactions between BCBs and
alkynes. In addition, the reactivity of the BCBs also accommodates
ketones as a coupling partner”. Here, we report Rh(l)-catalyzed
enantioselective annulative coupling of BCBs with alkynes and ketones
via C—C bond cleavage, affording C—N axially chiral indolylnaphthols
and spirocyclic products, respectively (Fig. 1c).

Results and disccusion

Optimization of the [4 + 2] Annulation Reaction

We conducted our studies with initial identification of a sterically
hindered alkyne that could couple with benzocyclobutenone (1a)
using a Rh(l) catalyst stabilized by a BINAP ligand. It was found that
naphthalene-based alkynes exhibited no reactivity in our initial
attempts (see Supplementary Information). These outcomes indicated
the intrinsic challenge of this intermolecular C—C activation-[4 + 2]
annulation. We reasoned that the challenge in atroposelective [4 + 2]
annulation with alkynes may reside in the alkyne insertion process due
to the steric bulkiness of the alkyne. Therefore, an electronically biased
alkyne such as ynamine®®’®”” was employed, leading to C—N axially
chiral biaryls or anilides. Indeed, good reactivity was observed for a 1-
alkynyl-2-sulfonylindole and for a related ynamide (see Supplementary
Information).
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Further optimization studies were conducted using 1-alkynyl-2-
sulfonylindole 2 as a substrate in the presence of a cationic Rh(I) cat-
alyst (Table 1). Closely comparable outcomes were obtained when the
(5)-BINAP or L2 was used as a ligand (entries 1 and 2). Moving to a
Segphos (L3) resulted in improved enantioselectivity (entry 3). The
reaction efficiency and selectivity were heavily dependent on the
backbone of the chiral ligand, and employment of a bipyridyl-based
ligand L5 ((R)-P-Phos) afforded both good activity and enantioselec-
tivity (85% ee, entry 5). A series of solvents were then investigated
(entries 6-9), and the highest enantioselectivity was realized in THF
(90% ee, entry 7). The counter anion also had noticeable effects, and
[Rh(COD)1,OTf outperformed others in terms of enantioselectivity
(entry 10, 94% ee), while a neutral dimeric catalyst failed to show any
catalytic activity (entry 11). Lowering the catalyst loading to 4 mol% led
to a sluggish reaction, and the same trend was also observed when the
reaction was conducted at 90 °C. Therefore, the conditions outlined in
entry 10 were retained for further studies (Conditions A).

Scope of the Atroposelective [4 + 2] Annulation Reactions

After the establishment of the optimal reaction conditions, we next
evaluated the generality of this atroposelective coupling system (Fig. 2,
top). Introduction of a 3-methyl group, halogen, or an EDG into the
4-position of the indole ring had a negligible impact on the reactivity
and enantioselectivity (4-6, 90-92% ee). The same trend is followed
for substrates with an electron-donating or -withdrawing group at the

Tolerance of alkyl or halogen groups in the indole ring was observed,
and the enantioselectivity varied within a narrow range of 91-94% ee
for the substrates examined. To our delight, a structurally related
ynamide also reacted smoothly under these conditions to afford pro-
duct 41 in excellent enantioselectivity.

To further expand the scope of the alkyne, we utilized 1-alkynyl-2-
naphthol (42) as another class of electronically biased alkyne, which
has been explored as a substrate in organocatalysis’®. Extensive
screening of the chiral ligand revealed that the (R)-BTFM-Garphos L7
performed well (Conditions C, see the Supplementary Information for
optimization studies), and the coupling of benzocyclobutenone and
42 afforded a (S)-configured 2,4"-binaphthol 43 in excellent enantios-
electivity and in moderate yield (Fig. 3). Brief studies of the scope of
this class of alkyne indicated that electron-donating and -withdrawing
groups in the alkyne terminus were compatible, with the enantios-
electivity ranging from 93-95% ee (44-49). The absolute configuration
of product 46 has been determined by ECD spectroscopy (see Sup-
plementary Data 2 and 3 for details) together with the crystallographic
structure of a racemic sample of 45.

We found that the four-membered ring was not limited to a BCB,
and biphenylene®*>* also underwent the same [4 +2] annulation with
alkyne 2 to give 50 in high enantioselectivity and with moderate yield
under the reaction Conditions A using a P-Phos ligand in Equation (1).
This reaction likely also proceeded through a related rhodacyclic
intermediate.

OMe
Oy, WK
) Rh(COD),0Tf (8 mol%) N TS ]
L5 9
o O LI
Il THF, 100 °C OO MeO @ PPh, o
SRR
Ph
OMe
2 50, 50% vyield, 87% ee L5

5- or 6- position (7-11, 93-95% ee). The scope of the alkyne with respect
to the aryl terminus was then investigated. Alkynes bearing both
electron-donating and -withdrawing groups at the para and meta
positions were tolerated (12-20, 89-94% ee). The absolute config-
uration of the product (R)-16 has been established by X-ray crystal-
lography (CCDC 2360303). The aryl terminus was then smoothly
extended to a 2-thienyl group with excellent enantioselectivity (21,
96% ee). The 2-EWG group in the indole ring was also expanded to an
ethanesulfonyl (22). Variations of the substituents in the BCB ring was
also briefly performed, and alkyl, trifluoromethyl, alkoxyl, halogen,
and a fused benzene ring at different positions were all generally
compatible (23-31, 84-96% ee). Of note, the 2-substituent of the
indole ring is not limited to a sulfonyl group, and a dialkyl phosphate
ester also performed well (32, 99% ee). In all cases, the axially chiral
products were obtained with exclusive regioselectivity with respect to
both the BCB and the alkyne. Extension of the alkyne terminus to an
alkyl group, however, met with difficulty. The coupling of an n-propyl
based alkyne proceeded in poor enantioselectivity, albeit with excel-
lent catalytic reactivity (product 33). This may indicate the participa-
tion of the alkyne terminus during the chiral induction.

In contrast to the compatibility of the 2-sulfonyl/phosphate group
in the indole ring, extension to a 2-ester group met with difficulty
under the original reaction conditions. Further optimization revealed
that an EDG-functionalized Segphos ligand L6 sufficed in combination
with a slightly different catalyst [Rh(COD),INTf, (Conditions B, see
Supplementary Information for details). The scope of this coupling
system was briefly explored (Fig. 2, bottom). While the reaction effi-
ciency is generally lower than that of the 3-sulfonylindole-based
alkynes, moderate yields have been realized for the products 35-40.

Optimization of the Spirocyclization Reaction

Having established the scope of the atroposelective [4 + 2] annulation,
we next explored the intermolecular [4 +2] spirocyclization between
BCB and an activated carbonyl compound. Again, although asym-
metric coupling of BCB with ketone has been reported, it is mostly
limited to intramolecular reactions’®. It should be noted that the
uncatalyzed reaction between BCB and isatin has been reported to
proceed through a ketene methide intermediate®, which may pose an
undesired racemic background reaction during the development of
our asymmetric system. The Rh-catalyzed reaction of N-methylisatin
and a simple BCB substrate using an electron-rich bidentate bispho-
sphine ligand gave two regioisomeric mixtures in a poor ratio
(r.r.=1.6:1) as a result of competitive cleavage of the C(O)—C(sp?
versus C(0)—C(sp®) bond (Table 2, entry 1), and the major product was
isolated in 90% ee. Then, a gem-dimethyl BCB was employed as a
substrate to block the competing C(O)—alkyl reaction site. Optimiza-
tion studies indicated that the enantioselectivity was generally high
when different BIPHEP ligands were used, and an electron-rich ligand
(L8 and L9) tended to give enhanced reactivity, likely due to a higher
tendency of oxidative addition (Table 2). Finally, both excellent yield
and enantioselectivity (99% ee) were realized when the L8 ligand was
used (Conditions D).

Scope of Enantioselective [4 + 2] Spirocyclization Reactions

The scope of this asymmetric spirocyclization system was then
explored (Fig. 4). Tolerance of N-alkyl, -aryl, -benzyl, and -allyl groups
in the isatin was verified (52-56, 97-99% ee). In the case of an N-allyl
isatin (product 55), the reaction proceeded with isomerization of the
allyl to an N-alkenyl group. A diverse spectrum of electron-donating,
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-withdrawing, and halogen groups at the 4-, 5-, 6-, and 7- positions of ~ 4-substituted isatins (products 69 and 70) indicated tolerance of steric
the isatin was fully accommodated (56-72), and excellent enantios- effects around the carbonyl group. The presence of nitro (68) and a
electivity was obtained in all cases (96-99% ee). The high reactivity of Weinreb amide (67) in the product leaves room for product

OMe
NT
T C
O \ Ewe [Rh(COD),]OTf (8 mol%), L5 (8 mol%) N7 TEWG MeO PPh,
©:/[/ . N Ar MeO__A._PPh
Il THF, 100 KC, 16 h OO N |
(Conditions A) OH S
Ar OMe
1a 2 3-33 Ls

-
=
4 @
»
2/
=
»

OBn F,
O, Sy
N N
OH OH OH

OH

OH
4, 80% yield, 90% ee 5, 57% yield, 92% ee 6, 64% yield, 90% ee 7, 75% yield, 95% ee 8, 62% yield, 94% ee 9, 59% yield, 93% ee
MeO
ceulicoulili coadil ecndil ol oo
OH OH OH OH OH OH

10, 62% yield, 93% ee 11, 70% yield, 95% ee 12, 78% yield, 89% ee 13, 74% yield, 94% ee 14, 68% yield, 93% ee 15, 55% yield, 94% ee

3
O x2S O, O gt O
N” ~TS~__OCF, o) g N IS~ _F NTTS N TS NS
g N 2 J J J
O pe 3o NS CIOC, ™ oo ™ oo
OH bd OH OH OH OH
16, 65% yield, 94% ee CCDC 2360303 17, 69% yield, 93% ee 18, 57% yield, 93% ee 19, 69% yield, 92% ee 20, 67% yield, 93% ee
o
N TS N \E? N Ts NT o Ts NT o Ts N Ts
Mllcculicc sl o dilin ot oo d
OO OH OH OH Me OH OH OH
CFy
21,59% yield, 96% ee 22, 74% yield, 92% ee 23, 60% yield, 84% ee 24, 76% yield, 94% ee 25, 77% yield, 91% ee 26, 63% yield, 95% ee
T T Cw Qo QOng T
N Ts N Ts N Ts NS N’ ~P(OEY, N Ts
sodlh vediRs oo d X, sod sod
OH OH o OH ‘ OH OO oH OO oH
R
27 (R = Me) 79% yield, 93% ee 29, 66% yield 30, 61% yield 31, 62% yield 32, 52% yield 33, 93% yield
28 (R=F) 70% yield, 92% ee 91% ee 96% ee 96% ee 99% ee 39% ee
Bu
o) OMe
o ) ) < O
N~ TCOzEt  [Rh(COD),INTf, (8 mol%), L6 (8 mol%) N~ ~CO,Et o) b -
+ Ph By 4. L6
o P. Bu
Il THF, 80°C, 16 h < O
Ph (Conditions B) OH o) OMe
1a 34 35, 63% yield, 93% ee Bu 2
Me R
. , \ O~ .
N~ COzMe A ; CO,LEt N7 COLE N~ CO.Et N O
co pes N eeH codlN oo
OH OH OH OH OH
36, 57% yield, 94% ee (CCDC 2360305) 37,53% yield, 91% ee 38 (R=F) 46% yield, 93% ee 40, 54% yield, 93% ee 41, 59% yield, 93% ee
(CCDC 2360304) 39 (R =Cl) 49% yield, 94% ee

Fig. 2 | Scope of the Atroposelective [4 + 2] Annulation Reactions®. “Reaction
conditions A: benzocyclobutenone (0.1 mmol), alkyne (0.12 mmol), [Rh(COD)],OTf
(8 mol%), and L5 (8 mol%) in THF (1mL), 100 °C for 16 h. Isolated yield. Reaction

conditions B: benzocyclobutenone (0.1 mmol), alkyne (0.12 mmol),

[Rh(COD)1,NTf, (8 mol%), and L6 (8 mol%) in THF (1mL) at 80 °C for 16 h. Iso-
lated yield.
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2-Me-THF, 100 °C, 16 h
(Conditions C)

OMe CF3
[Rh(COD),BF, (8 mol%), L7 (8 mol%) OO OH MeO O P CFy
L 2
- O O Ar MeO I P. CF,
Ar OH }
OMe CF4 )
L7

43-49

... G, . GO, .. C0,.  C2 CC,
99 ¢ ¢ O, e O,
OH OH OH OH OH OH

43 (R = H), 54% yield, 92% ee 45, 61% yield, 93% ee
44 (R = OMe), 49% yield, 93% ee CCDC 2384769 (rac)-45

46, 58% yield
94% ee

47, 45% yield
90% ee

48, 53% vyield
93% ee

49, 58% vyield
95% ee

Fig. 3 | Asymmetric [4 + 2] Annulation with 1-Alkynyl-2-Naphthols®. “Reaction conditions C: benzocyclobutenone (0.1 mmol), alkyne (0.12 mmol), [Rh(COD)],BF, (8 mol

%), and L7 (8 mol%) in 2-Me-THF (1mL), 100 °C for 16 h. Isolated yield.

transformations. In addition, an aza-isatin was also amenable to the
reaction conditions (73, 99% ee). Moreover, unprotected isatins were
also fully compatible, as in the isolation of products 74-78 in good to
excellent yield and in excellent enantioselectivity (98-99% ee). The
dicarbonyl reagents were not limited to isatins, and several other five-
membered dicarbonyls also participated well (79 and 80, 98% ee for
each). The scope of the BCB substrate was next investigated. Halogen,
alkyl, and CF; groups at different positions of the benzene ring were
compatible, and the products 81-86 were obtained in 93-99% ee. The
dialkyl substituents at the benzylic position were also extended to
several symmetric cyclic ones, affording the bis-spirocyclic product
with no loss of reactivity or enantioselectivity (87-90, 97-99% ee). In
addition, an unsymmetrically dialkyl-substituted BCB also underwent
coupling with N-methylisatin, affording two diastereomeric products
in poor d.r. but with excellent enantioselectivity for each product (91
and 97’). The absolute configuration of products 89 (CCDC 2360308),
90 (CCDC 2360232), and 91 (CCDC 2360307) has been secured by
X-ray crystallographic analyses. In contrast to the reactivity of these
five-membered a-dicarbonyls, no reactivity was detected for acyclic
ones such as benzil and a-ketoesters, possibly due to their steric
effects. We also attempted to extend the four-membered ring sub-
strate to a biphenylene, but its coupling with 51 only afforded the
[4 +2] target product 92 with poor yield and enantioselectivity (see
Equation 2).

then underwent Pd-catalyzed C—P coupling to produce a phosphine
oxide 95 in decent yield. Standard reduction of 95 then yielded a
phosphine 96. In all cases, no erosion of enantioselectivity was
observed. A 2-ester-substituted indolylnaphthol (37) also proved to be
a useful reagent toward synthetic transformations (Fig. 5d). Methyla-
tive protection of the OH followed by saponification gave a carboxylic
acid 98. Activation of 98 with oxalyl chloride, followed by treatment
with a protected hydroxyamine, afforded an axially chiral amide 99 in
92% ee. O-Methlyation of 35 followed by 3-iodination of the indole ring
afforded 101°°. Copper-catalyzed phosphination produced 102 as a
potential chiral ligand (vide infra). A selected spirocyclic product was
also investigated toward synthetic transformations (Fig. 5e). The scale-
up synthesis of product 52-Me was achieved with no loss of reactivity
or enantioselectivity. LiAlH4 reduction of 52-Me triggered a nucleo-
philic cyclization-acetalization, affording an oxygen-bridged acetal
(103) in excellent enantioselectivity as a single diastereomer. Treat-
ment of 52-Me with an excess of MeLi afforded a related acetal (104)
with the introduction of two methyl groups in excellent diastereos-
electivity, whereas the enantiopurity was only slightly affected.

The axially chiral acid and carboxamide displayed in the Fig. 5d
offered a good chiral additive for asymmetric catalysis (Fig. 5f). The 3-
methyl-substituted chiral carboxylic acid (98) was applied as a chiral
additive in Rh-catalyzed sp® C—H desymmetrization-amidation of 8-
ethylquinoline, affording amide 105 in 82% ee, a promising initial out-
come for further studies. In another desymmetrization reaction, the

{ Rh(COD),OTf (8 mol%)
L8 (8 mol%)

)
||
W
b
o
Y

THF, 100°C

N
&~

Me
0
o

MeO

I PCy,
MeO. l PCy, Q)

51 92, 9% yield, 24% ee L8

Synthetic Applications of Selected Chiral Products

Extensive synthetic applications of selected chiral products were next
demonstrated (Fig. 5). The product 3 was synthesized in high yield at a
2 mmol scale (94% ee, Fig. 5a). The synthesis of naphthol 35 was also
demonstrated at the same scale with no loss of enantioselectivity. The
spirocyclic product 52’-H was synthesized in high enantioselectivity in
overall three steps starting from a readily available reagent (or one step
when counted from the simple BCB), while it took five steps even in a
racemic synthesis based on a literature report (Fig. 5b)*’. The OH group
in 3 provides a synthetic handle for diverse transformations (Fig. 5c).
Pd-catalyzed oxidative aromatization of 3 a benzofuran ring via C—O
cyclization (93). Triflation of the OH group gave product 94, which

enantioselective alkynylation reaction of diphenylsulfoxide catalyzed by
a chiral Rh(lll) catalyst with the assistance of a chiral amide 99 afforded
product 106 with a moderate yield and 82% ee. In addition, chiral
phosphine 102 (94% ee) was applied as a chiral ligand in Pd-catalyzed
allylic substitution, affording 107 in excellent enantioselectivity.

In addition to the synthetic applications, we also preliminarily
explored the biological activity of selected spirocyclic lactams against
the C. violaceum 12472 and clinical pathogenic bacterium B. cen-
ocepacia 162638 (see Supplementary Information). It was found that
compounds 76 and 77-H exhibited quorum sensing activity against
both the C. violaceum 12472 and B. cenocepacia 162638, and the
quorum sensing activity of compound 77-H was higher than that of 76.
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R (Conditions D)
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52-Me, 93% yield 53, 87% yield 54, 89% yield 55, 82% yield © 56, 86% yield 57, 83% yield
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RS R
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(0] 0o
Me” "Me '_J\/Ie Me Me Meo
80, 92% vyield. 81, 73% yield 82, 95% yield 83, 63% vyield 85, 63% vyield
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O NH
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0]
(0)
Me
87, 94% yield 88, 79% yield 89, 95% yield, 97% ee CCDC 2360308 90, 94% yield, 99% ee 91, 41% yield, > 99% ee 91', 43% vyield
97% ee 98% ee (CCDC 2360232) (CCDC 2360307) 91% ee

Fig. 4 | Scope of Enantioselective [4 + 2] Spirocyclization Reactions®. *Reaction Conditions D: disubstituted benzocyclobutenone (0.1 mmol), dicarbonyl compound
(0.12 mmol), [Rh(COD)1,OTf (8 mol%), and L8 ligand (8 mol%) in THF (1 mL), 100 °C for 16 h. Isolated yield. [b] The N-allylisatin was used.

Mechanistic studies Information). In another experiment, the gem-dimethyl-substituted
A series of experiments have been conducted to cast light on the BCB 1b, Rh(l) catalyst, and ligand L8 reacted to give a mixture, HRMS
mechanism of the atroposelective [4 +2] annulation (Fig. 6). Ligand analysis of which suggested possible formation of an oxidative addi-
substitution between the cationic rhodium(l) COD complex and ligand  tion intermediate (Fig. 6a, right). These observations may collectively
L5 afforded complex 108 [Rh(L5)(COD)]OTf that is catalytically active  suggest initial participation of the BCB substrate. Correlation of the ee
(Fig. 6a, left). A stoichiometric interaction between the BCB1laand 108 of ligand L5 with that of the product revealed a linear relation (see
in THF-dg at 100 °C revealed the formation of several new rhodium  Supplementary Information), indicating a 1:1 ratio of the Rh and the L5
species with the replacement of the COD ligand (see Supplementary ligand. A Hammett study was then performed using a series of alkynes
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(a) Scale-up Synthesis of Two Axially Chiral Naphthols
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Fig. 5 | Synthetic Applications of Selected Chiral Products. a Scale-up synthesis
of two axially chiral naphthols. b Comparisons of the synthesis of a spirocyclic
product with a reported method. ¢ Synthetic transformations of product 3.

106 107
(63% yield, 82% ee) (77% yield, 92% ee)

d Synthetic transformations of products 35 and 37. e Synthetic transformations of a
spirocyclic product. f Catalytic applications of several chiral acids, amides, and
phosphines.

bearing a different para substituents in the benzene ring. The small
positive slope of p=0.41 suggests buildup of negative change in the
transition state (Fig. 6b), and the fact that a more electronically biased
alkyne is more reactive suggests that the alkyne insertion is rate-
limiting or occurs prior to the rate-limiting step. To further explore the
mechanistic details, kinetic studies using the initial rate method were
carried out (Fig. 6¢). An inverse first-order dependence of the BCB 1a
substrate was found. Our kinetic studies also established the first-order
dependence for both the Il-indolylalkyne (2) and the Rh(l) catalyst
(108). These kinetic data indicated that both the alkyne and the Rh(l)
contributed to the transition state of the rate-limiting step, while the
BCB needs to undergo dissociation at a certain stage to give an active

intermediate in the catalytic cycle to allow generation of an alkyne-
bound active species.

Proposed mechanism

A plausible mechanism was proposed based on these experimental
data and literature reports (Fig. 7). The BCB substrate 1 may undergo
inhibitive binding to the Rh(l) catalyst prior to its oxidative addition
(A). Following dissociation of a benzocyclobutenone 1a and selective
C(0)—C(Ar) oxidative addition, a five-membered rhodacyclic inter-
mediate B is generated. Subsequently, coordination of alkyne 2 pro-
duces intermediate C. Migratory insertion of the Rh(lll)-C(aryl) bond
is proposed to give a Rh(lll) alkenyl species D, and this migratory
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Fig. 6 | Mechanistic Studies. a Possible intermediates. b The Hammett plot of the alkyne substrate. ¢ Kinetic studies (inverse first order dependence for the BCB 1a and first

order for both the alkyne 2 and the catalyst 108).
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Fig. 7 | Proposed mechanism. Proposed catalytic cycle for the atroposelective
2-naphthol synthesis.

insertion is also regioselective with respective to the alkyne ligand; the
electronic and steric effect of the alkyne worked in the same direction
during the insertion, and the rhodium metal ends up proximal to the
less hindered phenyl group in the alkyne unit (D)****. Subsequent C—C
reductive elimination of this rhodium(lll) alkenyl intermediate then
furnishes the final product. The migratory insertion is likely stereo-
determining. This is because a C—N chiral axis is already constructed
upon migratory insertion. In addition, the C—C reductive elimination
may proceed with a lower kinetic barrier owing to aromatization as a
driving force.

DFT calculations

To elucidate the detailed mechanism and origins of the selectivities of
the coupling of isatins, density functional theory (DFT) calculations
were performed using benzocyclobutenone 1b and isatin 51 as the
model substrates with L9 as the chiral ligand, which was selected to
save the time cost of our computational studies. The calculated energy
profile of the most favorable pathway is depicted in Fig. 8a. At the
outset, different possible complexations between the Rh catalyst and
substrates were evaluated (see Supplementary Data 1 for details). Our
computations showed that intermediate IM1, formed by the coordi-
nation of two molecules of 1b to the Rh(I) center, is among the most
stable species (Supplementary Fig. S29). Therefore, the sum of the free
energies of IM1 and substrates were chosen to be the zero on the
relative free energy scale (Fig. 8a).

The reaction is initiated by the dissociation of one molecule of 1b,
leading to the formation of intermediate IM2, which was calculated to
be endergonic by 5.8 kcal/mol. The ensuing C(0)—C(sp? bond clea-
vage occurs via transition state TS1, with an energy barrier of 18.3 kcal/
mol relative to IM1, affording the five-membered rhodacycle IM3
irreversibly with a AG of — 8.7 kcal/mol. The alternative selectivity of
C(0)—C(sp?®) oxidative addition was also examined and was found to be
energetically disfavored by 2.7 kcal/mol compared to TS1, consistent
with the experimentally observed regioselectivity (Supplementary Fig.
S30). The preference for the C(0)—C(sp?) bond cleavage is likely
attributed to steric repulsion between 1b and the ligand in the C(O)—
C(sp’) bond cleavage pathway (see Supplementary Fig. S30 in the
Supplementary Information).

Subsequently, the coordination of an incoming isatin 51 to the Rh
center of IM3 gives intermediate IM5, which was calculated to be
exergonic by 3.7 kcal/mol. Notably, intermediate IM4, generated by
the coordination of 1b to the Rh center of IM3, is more stable than IM5
by 3.0 kcal/mol, making it the off-cycle resting state of the catalyst.
Indeed, our kinetic studies revealed inverse first-order dependence for
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Fig. 8 | DFT calculations. a Calculated energy profile of the most favorable pathway leading to product 52-Me. b Optimized geometries of key migratory insertion
transition states. Gibbs free energies and bond distances are given in kcal/mol and A, respectively.

the substrate 1b in the coupling with 51 (see Supplementary Informa-
tion). The migratory insertion of the C(3)=0 double bond of the isatin
into the Rh—C(sp? bond then takes place via transition state TS2,
leading to the formation of a seven-membered rhodacycle IMé. It is
important to note that insertion of the amide C=0 double bond into
the Rh—C(sp?) bond was safely ruled out, given its drastically high
kinetic barrier (Supplementary Fig. S31). Finally, the catalytic cycle is
completed upon the C—C reductive elimination via transition state
TS3, giving rise to the product-ligated intermediate IM7, from which
the ligand exchange with 1b would regenerate intermediate IM1 and
release the final product 52-Me.

The computations show that the migratory insertion via transition
state TS2 is the rate- as well as the enantioselectivity-determining step,
with an overall energy barrier of 28.6 kcal/mol relative to IM4. As
shown in Fig. 8b, transition state TS2 is 1.5 kcal/mol lower in energy
than TS2’, which is in qualitative agreement with our experimentally
observed enantioselectivity. Scrutiny of the optimized geometries
reveals the presence of the C—H--t and C—H---O hydrogen-bonding
interactions between the chiral ligand and substrates in both transition
states. However, these interactions are stronger in TS2 than in TS2’,
resulting in the lower energy of TS2, thus accounting for the observed
enantioselectivity. It should be noted that the key migratory insertion
step employing benzocyclobutenone 1a and 1-alkynyl-2-sulfonylindole
2 as model substrates with L5 as the chiral ligand was also explored
(Supplementary Fig. S32). These computations are in line with the
enantioselectivity observed in reactions involving alkynes.

In summary, we have realized two classes of rhodium-catalyzed
asymmetric intermolecular [4 + 2] annulation reactions between BCBs
and unsaturated reagents. The employment of sterically hindered

alkynes allowed atroposelective construction of C—N axially chiral
indoles. In this system, three sub-classes of alkynes varying at the
3-substituent have been identified. In the coupling of alpha-dicarbonyl
compounds such as isatins, the cut-and-sew [4 + 2] annulation afforded
spirocyclic products with 100% atom-economy and excellent chemo-
and enantioselectivity. Both coupling systems proceeded efficiently
with excellent enantioselectivity. Synthetic transformations of selec-
ted products have been demonstrated, and the derived chiral acids,
carboxamides, and phosphines have been proven to be useful chiral
additives in C—H activation-desymmetrization reactions or asym-
metric C—C coupling. The ready availability of the strained ring sub-
strates, diverse chiral platforms, intermolecularity of the coupling, and
three-dimensionality of the products may inspire further development
of new asymmetric C—C activation reactions.

Methods

Synthesis of products 3-33 and 50

Under N, atmosphere, a screw-cap vial (8 mL) was charged with ben-
zocyclobutenone (0.1 mmol, 1.0 equiv), 1-alkynylindole (0.12 mmol, 1.2
equiv), [Rh(COD),]OTf (0.008 mmol, 8 mol%), L5 (0.008 mmol, 8 mol
%) and THF (anhydrous, 1 mL). After stirred at 100 °C for 16 h, the
reaction mixture was filtered through celite and the solvent was
removed under reduced pressure. The residue was purified by flash
chromatography on silica gel (petroleum ether/ ethyl acetate = 3/1) to
afford the axially chiral products 3-33 and 50.

Synthesis of products 35-41
Under N, atmosphere, a screw-cap vial (8 mL) was charged with ben-
zocyclobutenone (0.1 mmol, 1.0 equiv), 1-alkynylindole (0.12 mmol,
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1.2 equiv), [Rh(COD),INTf, (0.008 mmol, 8 mol%), L6 (0.008 mmol,
8 mol%) and THF (anhydrous, 1 mL). After stirred at 80 °C for 16 h, the
reaction mixture was filtered, and the solvent was removed under
reduced pressure. The residue was purified by flash chromatography
on silica gel (petroleum ether/ ethyl acetate = 5/1) to afford the axially
product 35-41.

Synthesis of products 43-49

Under N, atmosphere, a screw-cap vial (8 mL) was charged with
benzocyclobutenone (0.1mmol, 1.0 equiv), 1-alkynyl-2-naphthol
(0.12mmol, 1.2 equiv), [Rh(COD),]IBF; (0.008 mmol, 8 mol%), L7
(0.008 mmol, 8 mol%) and 2-Me-THF (anhydrous, 1 mL). After stirred
at 100 °C for 16 h, the reaction mixture was filtered, and the solvent
was removed under reduced pressure. The residue was purified by
flash chromatography on silica gel (petroleum ether/ ethyl acet-
ate =3/1 or 4/1) to afford the axially product 43-49.

Synthesis of products 52-92

Under N, atmosphere, a screw-cap vial (8 mL) was charged
with disubstituted benzocyclobutenone (0.1 mmol, 1.0 equiv),
dicarbonyl compound (0.12mmol, 1.2 equiv), [Rh(COD),]OTf
(0.008 mmol, 8 mol%), L8 (0.008 mmol, 8 mol%) and THF (anhy-
drous, 1 mL). After stirred at 100 °C for 16 h, the reaction mixture
was filtered, and the solvent was removed under reduced pressure.
The residue was purified by flash chromatography on silica gel
(petroleum ether/ethyl acetate=3/1) to afford the chiral pro-
ducts 52-92.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The data generated in this study are provided in the Supplementary
Information file. The experimental procedures, data of NMR, HRMS,
and HPLC have been deposited in the Supplementary Information file.
The crystallographic data for the structures reported in this study are
available in the Cambridge Crystallographic Data Center under
deposition numbers CCDC 2360303 (16), 2360305 (36), 2360304 (37),
2384769 ((rac)-45), 2371858 (52-H), 2360308 (89), 2360232 (90),
2360307 (91) and 2360306 (95). Copies of the data can be obtained
free of charge via https://www.ccdc.cam.ac.uk/structures/.
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