
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
se

pt
em

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 2

4.
02

.2
02

6 
23

.0
9.

13
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Dirhodium(II)-cat
aKey Lab of Functional Molecular Enginee

Chemistry and Chemical Engineering, S

Guangzhou 510640, P. R. China. E-mail: zh
bGuangdong Youmei Institute of Intelligent

† Electronic supplementary information (
characterization of all compounds, cop
compounds. CCDC 2105966 (2h), 2105
crystallographic data in CIF or o
10.1039/d1sc04961e

Cite this: Chem. Sci., 2021, 12, 13730

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 8th September 2021
Accepted 28th September 2021

DOI: 10.1039/d1sc04961e

rsc.li/chemical-science

13730 | Chem. Sci., 2021, 12, 13730–1
alysed cycloisomerization of
azaenyne: rapid assembly of centrally and axially
chiral isoindazole frameworks†

Shaotong Qiu,a Xiang Gaoa and Shifa Zhu *ab

Described herein is a dirhodium(II)-catalyzed asymmetric cycloisomerization reaction of azaenyne through

a cap-tether synergistic modulation strategy, which represents the first catalytic asymmetric

cycloisomerization of azaenyne. This reaction is highly challenging because of its inherent strong

background reaction leading to racemate formation and the high capability of coordination of the

nitrogen atom resulting in catalyst deactivation. Varieties of centrally chiral isoindazole derivatives could

be prepared in up to 99 : 1 d.r., 99 : 1 er and 99% yield and diverse enantiomerically enriched

atropisomers bearing two five-membered heteroaryls have been accessed by using an oxidative central-

to-axial chirality transfer strategy. The tethered nitrogen atom incorporated into the starting materials

enabled easy late-modifications of the centrally and axially chiral products via C–H functionalizations,

which further demonstrated the appealing synthetic utilities of this powerful asymmetric cyclization.
Known as one of the most signicant and reliable access
methods to chiral heterocycles, asymmetric cycloisomerization
of conjugated enyne has caught extensive attention and interest
for its wide applications in synthetic route design and mecha-
nistic investigation.1 Specically, asymmetric cyclization of
conjugated enynone (X ¼ C, Z ¼ O) has been successfully
developed and applied to the rapid construction of various chiral
furan-containing skeletons with high efficiency in an extremely
operationally simple manner (Scheme 1a).2 However, compared
to the fruitful research with enynone, it is surprising that the
analogous asymmetric version of azaenyne (Z ¼ N–R) still
remains underdeveloped.3 In fact, no successful example of
catalytic asymmetric cyclization of azaenyne has been reported
in the literature despite the apparent signicance of nitrogen-
containing ve-membered heterocycles in the synthetic and
pharmaceutical community.4 In 2004, Haley and Herges re-
ported a detailed experimental and theoretical study of the
cyclization reaction of (2-ethynylphenyl)-phenyldiazene, which is
a unique azaenyne.5 According to the DFT calculations, very
close and low activation barriers for 5-exo-dig and 6-endo-dig
cyclization pathways under catalyst-free conditions were found,
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which shed light on the inherent challenges of the asymmetric
reaction of azaenyne (Scheme 1b). For instance, there was
usually a regioselectivity issue (5-exo and 6-endo) in the cycliza-
tion reaction of azaenyne because of their close reaction barriers
where the competitive 6-endo-dig cyclization3a,6 may lead to
troublesome side-product formation. In addition, the low acti-
vation barrier deriving from the strong N-nucleophilicity of
azaenyne may easily lead to self-cyclization which will cause
severe background reactions to interfere with the asymmetric
process.More troublingly, this transformationmight suffer from
catalyst deactivation arising from the high coordinating capa-
bility of the nitrogen atom in both starting materials and prod-
ucts, which might give more opportunities to the propagation of
detrimental background reactions. In some cases, even a super-
stoichiometric amount of transition metal has to be used to
ensure effective conversion.3a,7 Therefore, although many non-
chiral approaches have been reported,3,5 catalytic asymmetric
cyclization of azaenyne still remains elusive due to the inherent
obstacles aforementioned. With our continuous interest in
alkyne chemistry,2a,8 herein we designed a cap-tether synergistic
modulation strategy to tackle these challenges, envisioning that
modulation of the tethered atom and protecting cap of nitrogen
in the azaenyne would intrinsically perturb and alter the reac-
tivity of the starting material, and therefore the azaenyne motif
could be effectively harnessed as a promising synthon for
asymmetric transformations (Scheme 1c). It should be noted
that the obtained centrally chiral product produced from intra-
molecular C–H insertion of donor-type metal carbene9 might be
potentially converted into the axially chiral molecule via
a central-to-axial chirality conversion strategy.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Development of the asymmetric cyclization reaction of
conjugated azaenyne.

Scheme 2 Typical substrate investigation.
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With this design in mind, different types of azaenynes
bearing typical tethering atoms and capping groups were
chosen to test our hypothesis and representative results are
shown in Scheme 2. First, tBu-capping imine (X ¼ C, R ¼ tBu)
was selected as a substrate to test our hypothesis.6a It was found
that the imine exhibited low reactivity and the reaction
temperature has to be elevated to 100 �C to initiate the trans-
formation with or without catalyst. Unfortunately, the desired 5-
exo-dig cyclization product was not detected, but isoquinoline
from 6-endo-dig cyclization was obtained instead (Scheme 2a).
To further regulate and control the regioselectivity and reac-
tivity, triazene (X ¼ N, R ¼ N-piperidyl) was then investigated.
Similarly, this substrate also showed low reactivity and it is still
required to be heated at 100 �C for conversion. In the absence of
a metal catalyst, an unexpected alkyne, deriving from the frag-
mentation of the triazene moiety, was produced in 41% yield.
When 2 mol% Rh2(OPiv)4 was added as a catalyst, the side
reaction could be efficiently suppressed and the reaction
selectivity was apparently reversed. In this case, the target C–H
insertion dihydrofuran was furnished as the major product in
30% yield but still accompanied by concomitant formation of
12% yield of undesired alkyne (Scheme 2b). The above investi-
gations showed neither the imine nor triazene was an ideal
substrate for the asymmetric reaction. Thus, we moved our
attention to the diazene substrate (X ¼ N, R ¼ aryl). As
demonstrated by Haley's and Herges' pioneering work, ortho-
alkynyl diazene, compared with imine and triazene, was more
unstable and tended to self-cyclization even at room temper-
ature.5a As shown in Scheme 2c, the ortho-alkynyl diazene
© 2021 The Author(s). Published by the Royal Society of Chemistry
degrades and 5-exo-dig cyclization products could be observed
even in DCE solvent without any catalyst at room temperature.
When the phenyl capping group was installed in the substrate,
the reaction furnished 10% yield of isoindazole derivative. The
uncatalyzed self-cyclization reaction was obviously accelerated
when an electron-rich capping group (4-MeO–C6H4–) was
introduced, affording the corresponding product in 20% yield.
Inspired by these ndings, we assumed that installation of an
electron decient group on the capping phenyl would reduce
the nucleophilicity of the nitrogen atom and thus the trouble-
some self-cyclization reaction might be effectively inhibited. To
our delight, when a bromo-substituent was introduced onto the
phenyl cap, the undesired self-cyclization was almost sup-
pressed. When Rh2(OPiv)4 was added as a catalyst, the desired
carbene-involved C–H insertion product was furnished in 90%
yield at room temperature. Worthy of note was the total absence
of any cinnoline formation from 6-endo-dig cyclization.3a,6b In
short, the synthetic challenges associated with regioselectivity
(5-exo-dig and 6-endo-dig), strong background reaction and
catalyst deactivation could be successfully regulated and
controlled via a tether-cap synergistic modulation strategy.

Encouraged by the above ndings, ortho-alkynyl bromodia-
zene 1a was chosen as a model substrate and different types of
chiral dirhodium catalysts10 were screened in DCE at room
temperature for 48 h. As shown in Table 1, excellent diaster-
eoselectivities (>99 : 1 d.r.) were observed in all these attempts
with varied yields and enantioselectivities (16–98%, 50 : 50–
98 : 2 er). First, the desired product 2a could be obtained in 56%
yield and 29 : 71 er when dirhodium N-sulfonylprolinate Rh2(S-
DOSP)4 was used as the chiral catalyst (entry 1). Dirhodium
carboxamide Rh2(5S-MEPY)4 exhibited poorer catalytic activity
Chem. Sci., 2021, 12, 13730–13736 | 13731
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Table 1 Optimization of reaction conditionsa

Entry Rh(II)* Solvent Yieldb [%] erc

1 Rh2(R-DOSP)4 DCE 56 29 : 71
2 Rh2(5S-MEPY)4 DCE 17 50 : 50
3 Rh2(S-BTPCP)4 DCE 61 8 : 92
4 Rh2(S-PTPA)4 DCE 91 91 : 9
5 Rh2(S-PTTL)4 DCE 86 97 : 3
6 Rh2(S-PTAD)4 DCE 93 94 : 6
7 Rh2(S-NTTL)4 DCE 92 96 : 4
8 Rh2(S-TCPTTL)4 DCE 95 98 : 2
9 Rh2(S-TFPTTL)4 DCE 98d 98 : 2
10 Rh2(S-TFPTTL)4 DCM 88 98 : 2
11 Rh2(S-TFPTTL)4 Toluene 92 98 : 2
12 Rh2(S-TFPTTL)4 MeCN 16 92 : 8
13 Rh2(S-TFPTTL)4 n-Hexane 96 98 : 2
14e Rh2(S-TFPTTL)4 DCE 65f 96 : 4

a Unless otherwise noted, reactions were performed at 0.1 M in DCE
using 0.20 mmol substrate and catalyst (2 mol%) under a N2
atmosphere. b Determined by 1H NMR spectroscopy. c The er value of
2a was determined by HPLC using a chiral stationary phase. d Isolated
yields. e 1 mol% catalyst was used. f 25% starting material was
recovered.
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with no enantioselectivity (entry 2). Dirhodium triar-
ylcyclopropane carboxylate Rh2(S-BTPCP)4 led to an improved
enantioselectivity (8 : 92 er), but only gave moderate yield (entry
3). To our delight, phthalimide-based dirhodium complexes
proved to be better choices for this reaction, affording the target
product 2a in obviously higher yields (86–98%) with effective
control of enantioselectivities (91 : 9–98 : 2 er) (entries 4–9). For
example, when Rh2(S-PTPA)4 was utilized as the catalyst, the
desired product 2a could be obtained in 91% yield with 91 : 9 er
(entry 4). The enantioselectivity could be further improved to
97 : 3 er by using a bulkier dirhodium catalyst Rh2(S-PTTL)4
(entry 5). When sterically more crowded Rh2(S-PTAD)4 and
Rh2(S-NTTL)4 were tested, marginal improvement of yields
(93% and 92%) was observed but with slight reduction in
13732 | Chem. Sci., 2021, 12, 13730–13736
enantioselectivity (94 : 6 er and 96 : 4) (entries 6–7). Further-
more, electron-decient dirhodium catalysts Rh2(S-TCPTTL)4
and Rh2(S-TFPTTL)4 were also examined (entries 8–9), where
Rh2(S-TFPTTL)4 gave the best yield of 98% with the best enan-
tioselectivity of 98 : 2 er (entry 9). In the tested solvents, DCE
proved to be the optimal one (entries 10–13). Reduced catalyst
loading provided less satisfactory results with 25% starting
material recovered (entry 14).

With the optimized reaction conditions in hand (Table 1,
entry 9), the substrate scope of this asymmetric cyclization was
then examined. As shown in Scheme 3, the catalytic process
could be successfully applied to azaenynes 1 bearing different
ether side chains. For example, in addition to 1a, various
azaenyne derivatives containing benzylic ethers could be effi-
ciently converted into the desired products 2b–i with excellent
diastereoselectivities and enantioselectivities (>99 : 1 d.r., 97:3–
99 : 1 er). The yields were typically higher than 90% for most
substrates. Satisfyingly, the substrates with bulkier aryl groups
were well-tolerated to afford the isoindazole products 2j–m in
good yields with excellent diastereo- and enantiocontrol (>97 : 3
d.r., > 95 : 5 er). In addition to azaenynes with arylmethyl ether,
this protocol was also successfully applied to substrates with
allylic ether, propargyl ether and even aliphatic ether to furnish
the cyclization products 2n–u in good yields with decent dia-
stereo- and enantioselectivities (>93 : 7 d.r., > 90 : 10 er). In the
cases of allylic and propargyl ether, only C–H insertion products
(2n–p) were observed though cyclopropanation or cyclo-
propenation oen took place competitively when using the
allylic or propargyl substrate to trap the carbene intermediate.11

It was noted that the azaenynes with aliphatic ether, which
represent challenging substrates2a in the asymmetric carbene
transfer reactions, also showed good reactivities to afford the
corresponding chiral dihydrobenzofurans (2q–u) with excellent
diastereoselectivities (>93 : 7 d.r.) and enantioselectivities
(>98 : 2 er). Interestingly, when phenyl and methoxyphenyl
capping azaenynes, which potentially suffered from the unde-
sired background reactions, were subjected to the standard
conditions, chiral products (2v–w) could be obtained with high
optical purity (>99 : 1 d.r., > 96 : 4 er) as well. These results
might be attributed to the high catalytic activity of Rh2(S-
TFPTTL)4 in the asymmetric cyclization process, which even-
tually led to complete suppression of the uncatalyzed self-
cyclization. The scopes with respect to the group R1 on the
fused phenyl ring were further investigated. Both electron-rich
and -decient substituents R1 were well accommodated, with
the product yields ranging from 80% to 99%, enantiomeric
ratios ranging from 95 : 5 to 97 : 3 and diastereomeric ratios
higher than 99 : 1 (2x–z). In addition, azaenyne substituted with
an alkyl side chain at the alkynyl carbon atom was also tested,
giving tetrahydrofuran (2aa) with excellent diastereoselectivity
(>99 : 1 d.r.), good enantioselectivity (90 : 10 er) and moderate
yield (43%). In addition to the side chain of ether, this asym-
metric protocol could even be extended to the more challenging
nitrogen- and thio-tethered analogues, albeit with somewhat
lower reactivities (46–65% yields) but good stereoselectivities
(93 : 7 er and 84 : 16 d.r. for 2ab; 81 : 19 er and >99 : 1 d.r. for
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 3 aUnless otherwise noted, the reactions were performed under standard conditions for 48 h or monitored by TLC until the starting
material disappeared. b5 mol% catalyst was used. cReactions were performed in n-hexane, using 2 mol% Rh2(S-TCPTTL)4 as the catalyst.

Scheme 4 Investigation of central-to-axial chirality transfer.
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2ac). Structures of the resulting products were conrmed by X-
ray crystallographic analysis of their analogue 2h.

The successful preparation of centrally chiral isoindazole
through the asymmetric cyclization reaction prompted us to
explore the further applications of this protocol. Axially chiral
biaryl skeletons are undoubtedly regarded as one of the most
prominent structural motifs for their ubiquity in natural prod-
ucts, pharmaceuticals and useful chiral ligands in asymmetric
catalysis.12 Due to the lower rotational barrier, there are only
limited examples of the enantioselective synthesis of axially
chiral atropisomers featuring a ve-membered ring, especially
those bearing two pentatomic aromatics.13 Compared with the
furan analogue, the extending cap in the isoindazole scaffold
provides additional ortho steric hindrance making these mole-
cules possible candidates for the preparation of ve-ve-
membered biaryl atropisomers. Considering the unique chiral
skeleton of dihydrofuranyl isoindazole 2, we began to explore
their potential application in chiral atropisomer synthesis via
a central-to-axial chirality transfer strategy. As shown in Scheme
4, oxidative aromatization of representative dihydrofuran
© 2021 The Author(s). Published by the Royal Society of Chemistry
candidate 2m furnished two congurationally unstable atro-
pisomers, which might be attributed to their relatively low
rotational barriers as ve-membered atropisomers especially
when the furan ring was incorporated (see ESI† for details).
Therefore, it was hypothesized that extending the fused phenyl
Chem. Sci., 2021, 12, 13730–13736 | 13733
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Scheme 5 aConditions for cyclization of azaenyne: Rh2(S-TCPTTL)4 (2 mol%), n-hexane, rt for 48 h or monitored by TLC until the starting
material disappeared; conditions for oxidative chirality transfer: DDQ (2 equiv.), DCE, �20 �C for 48 h or monitored by TLC until the starting
material disappeared. b45 �C. cDDQ (5 equiv.). dRoom temperature. eAfter one recrystallization.
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to naphthyl might afford stable atropisomers by enhancing the
ortho steric hindrance (Scheme 4b).

To our delight, as shown in Scheme 5, naphthyl-fused
dihydrofurans 4 could be easily accessed through the above
established dirhodium-catalyzed cyclization process and
congurationally stable atropisomers 5 could be generated via
further oxidative dehydrogenation with 2,3-dichloro-5,6-
dicyano-1,4-benzoquinone (DDQ) as the oxidant (see ESI† for
the proposed mechanism). For example, asymmetric cyclization
reactions proceeded smoothly to give the centrally chiral
compounds 4 in good yields (54–99%) with excellent diaster-
eoselectivities (92 : 8–99 : 1 d.r.) and enantioselectivities (95 : 5–
99 : 1 er) under slightly modied reaction conditions. This
reaction was compatible with a variety of arylmethyl side chains
in azaenynes and well-accommodated with various functional
groups (F, Cl, Br, OMe, and –CO2Me). Additionally, oxidative
dehydrogenation of chiral candidates 4 with DDQ smoothly
resulted in the formation of axially chiral atropisomers 5 in 90–
99% yields with only slight loss of chiral integrity (90 : 10–97 : 3
er). An enantiomerically pure atropisomer could be obtained
through a simple recrystallization procedure as exemplied by
compound 5g. The structure and absolute conguration of
13734 | Chem. Sci., 2021, 12, 13730–13736
isoindazole 4g and atropisomer 5g were conrmed by their
single-crystal X-ray diffraction analysis.

With centrally and axial chiral molecules in hand, further
transformations of these compounds were also explored. The
tethered nitrogen atom in azaenynes not only showed a syner-
getic effect with the capping group on promoting asymmetric
cyclization but also served as an innate directing group for late-
stage modications via C–H functionalization. As shown in
Scheme 6, a variety of functional groups could be directly
introduced onto the capping aromatic rings, allowing for rapid
build-up of molecular complexity. For example, synthetically
valuable alkenyl,14 allyl15 and alkynyl16 groups could be easily
incorporated into the nal structures, which had wide potential
applications in organic synthesis (6a–c). Furthermore, C–H
alkylation,17 amidation18 and selenylation19 were performed
smoothly to afford the desired products 6d–g. It is noteworthy
that unique chiral chelation backbones were constructed by
amidation and selenylation of the isoindazole moiety (6e–g). In
addition to centrally chiral compounds, axial chiral atro-
pisomers 5 themselves could be efficiently converted to their
functionalized scaffolds as well (6h–i) through a similar
directed C–H functionalization process.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 6 Late-stage modification of chiral isoindazoles. Reaction
conditions: a4-octyne, [Rh(Cp*Cl2)]2, AgSbF6, Cu(OAc)2, DCE, 80 �C.
bAllyl carbonate, [Rh(Cp*Cl2)]2, AgSbF6, PivOH, PhCl, 40 �C. cHy-
pervalent iodine-alkyne, [Rh(Cp*Cl2)]2, Zn(OTf)2, DCE, 80 �C. dAlkene,
[Rh(Cp*Cl2)]2, AgSbF6, AcOH, 1,4-dioxane, 50 �C. e3-Phenyl-1,4,2-
dioxazol-5-one, [Cp*Co(MeCN)3](SbF6)2, DCE, 80 �C. fPhSeCl,
[Rh(Cp*Cl2)]2, AgSbF6, THF, 60 �C.
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Conclusions

In summary, a dirhodium-catalyzed asymmetric cyclization
reaction of azaenyne has been developed through a cap-tether
synergistic modulation strategy. Beneting from this strategy,
a diverse array of centrally chiral isoindazole derivatives could
be prepared in up to 99 : 1 d.r., 99 : 1 er and 99% yield in an
efficient and practical manner. This reaction is highly chal-
lenging due to its inherent strong background reaction leading
to racemate formation and the high capability of coordination
of the nitrogen atom resulting in catalyst deactivation.
Compared with the well-established enynone system, this work
represents a signicant advance in the asymmetric cyclization
of conjugated enyne motifs where the introduction of the
nitrogen tether atom and capping group provided strategic
advantages in both reactivity regulation of reactants and further
applications of the products. On one hand, this cyclo-
isomerization of azaenyne features an additional cap in the
formed heterocycle, which enables access to varieties of enan-
tiomerically enriched atropisomers bearing ve–ve-membered
heteroaryls via an oxidative central-to-axial chirality transfer
strategy. On the other hand, the tethered nitrogen atom incor-
porated in the azaenyne served as an innate directing group of
the product for late-stage modications via transition metal
© 2021 The Author(s). Published by the Royal Society of Chemistry
catalyzed C–H functionalization. Various important functional
groups were introduced into the centrally and axially chiral
frameworks, demonstrating the appealing synthetic utilities of
this powerful asymmetric cyclization.
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