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ABSTRACT: The 'escape from flatland' concept has gained significant traction in modern drug discovery, emphasizing the im-

portance of three-dimensional molecular architectures, which serve as sat-
urated bioisosteres of benzenoids. Bicyclo[1.1.0]butanes (BCBs), known
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tive method for synthesizing these bicyclic frameworks. Although (3+2) o
annulations involving BCBs have been extensively studied, the 1,3-dipo-
lar cycloaddition of BCBs leading to (3+3) annulation has received limited
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attention. Herein, we report the Lewis acid-catalyzed 1,3-dipolar cycloaddition of BCBs with isatogens allowing the synthesis of
biologically relevant indoxyl-fused bicyclo[3.1.1]heptanes. Moreover, the reaction can be performed in one-pot by the in-situ gener-
ation of isatogens from 2-alkynylated nitrobenzenes. Additionally, preliminary mechanistic and photophysical studies of the (3+3)
annulated products, and experiments towards asymmetric version of this reaction are also provided.

Introduction

From several years, chemists have been enthralled by the
concept of "escape from flatland," igniting significant interest
and exploration. Traditionally, planar aromatic ring systems
have been ubiquitous in drug discovery endeavors.! Thus, the
utilization of C(sp®)-rich three-dimensional (3D) scaffolds as
bioisosteric replacements for planar aromatic ring systems has
demonstrated remarkable benefits by replacing aromatic rings
with saturated bicyclic frameworks.2 The introduction of these
saturated bicyclic frameworks not only influences the phar-
macokinetic properties but also leads to enhanced potency,
improved solubility, high lipophilicity and increased meta-
bolic stability of the resulting compounds.* Therefore, there is
resurgence of interest to develop synthetic methods for the ef-
ficient construction of these coveted 3D scaffolds. One of the
prevalent strategies for the synthesis of bicyclic scaffolds is
the utilization of bicyclo[1.1.0]butanes (BCBs) as the reactive
precursors.®

Recently, the utilization of BCBs has gained prominence
for constructing bicyclic scaffolds due to its remarkable reac-
tivity, compact structure, and high strain energy (66.3
kcal/mol). BCBs enable the synthesis of a diverse range of bi-
cyclic hydrocarbon scaffolds, facilitating the imitation of or-
tho, meta, and para-disubstitution patterns found in benzene
derivatives (Scheme 1a).%* One of the predominant modes of
reactivity demonstrated by BCB is their participation in cy-
cloaddition reactions, facilitating the construction of intricate
bicyclic scaffolds. The strain-release driven (3+2) annulations
have been the focal theme of research among these cycload-
dition processes, particularly for their utility in synthesizing
bicyclo[2.1.1]hexane structures. In this field, significant pro-
gress was made independently by Glorius®® and Brown

groups,® who discovered methods for intermolecular (3+2)
annulation between alkenes and BCBs using photocatalysis.
Adding to these advancements, Li% and Wang® groups
demonstrated an innovative approach using pyridine-boryl
radical system to catalyze the formal (3+2) annulation of al-
kenes with BCBs.

Recent advances in BCB chemistry have primarily focused
on photocatalytic and radical-based methods. However,
Lewis acid catalysis has emerged as a straightforward yet ef-
fective approach for facilitating annulations involving BCBs.
Leitch group pioneered this area by introducing Lewis acid
catalysis for the formal (3+2) annulation between N-ar-
ylimines and BCBs, resulting in the formation of azabicy-
clo[2.1.1]hexanes (Scheme 1b).” Moreover, Studer group ap-
plied a similar Lewis acid-catalyzed strategy to demonstrate
the formal (3+2) annulation of ketenes with BCBs, resulting
in bicyclo[2.1.1]hexanes thus further expanding the scope of
this approach.® In addition, Glorius group showed that alde-
hydes could also serve as coupling partners in the formal
(3+2) annulation of BCBs.® In parallel developments, Deng
and Feng independently reported the dearomative (3+2) annu-
lation of indoles with BCBs, catalyzed by Lewis acids, to syn-
thesize bicyclo[2.1.1]hexanes.*

In addition to the (3+2) annulation of BCBs for the direct
access to bicyclo[2.1.1]hexanes, strategies for the construc-
tion of bicyclo[3.1.1]heptane (BCHep) frameworks using
BCBs under photocatalysis and Lewis acid catalysis has been
known.™!2 One of the effective approaches for the synthesis
of BCHeps involves the reaction of 1,3-dipoles with BCBs.
However, the 1,3-dipolar cycloaddition with the central C-C
bond of BCB for the synthesis of hetero-BCHeps remains un-
explored with only a single report to date. This sole report, by
Deng and coworkers, describes a formal 1,3-dipolar
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Scheme 1. Bicyclic Scaffolds as Benzene Bioisosters, BCBs in Cycloaddition Reactions and Importance of Indoxyl Core

a) Bicyclic Scaffolds as Bioisosteric Replacement of Benzene rings 1 b) Lewis Acid Catalyzed (3+2) Annulation of Bicyclo[1.1.0]butanes (BCBs)
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cycloaddition between BCBs and nitrones (Scheme 1¢).2% It is
worth noting that the heteroatom-incorporated bicyclic scaf-
folds often exhibit favorable properties compared to their all-
carbon counterparts.* Consequently, there is growing interest
among chemists in developing efficient methodologies for
synthesizing these heteroatom-substituted bicyclic molecules.

While exploring suitable 1,3-dipoles, we encountered the
utilization of isatogens as dipoles in dipolar cycloaddition re-
actions'® and observed the tolerance under Lewis acid condi-
tions.'® Herein, we envisioned the Lewis acid-catalyzed 1,3-
dipolar cycloaddition of isatogens with BCBs, a strategy that
could furnish a variety of intricate tetracyclic indoxyl deriva-
tives via a (3+3) annulation (Scheme 1d).!” The significance
of this approach is underscored by the prevalence of the in-
doxyl core in numerous natural alkaloids, many of which
demonstrate a wide range of medicinal properties (Scheme
1e).2® These structures have also found applications in fluo-
rescence sensing technologies,’® highlighting their versatility
in both medicinal chemistry and materials science.

Results and Discussion

The preliminary studies were focused on finding the suita-
ble BCB substrate for this 1,3-dipolar cycloaddition. Firstly,
the phenyl ester substituted BCB 2a was treated with the isato-
gen la in the presence of Sc(OTf); and CH.Cl, as solvent
(Scheme 2). However, the expected product 5a did not form,
instead BCB was decomposed to the cyclobutene derivative.
Then, the phenyl ester BCB was changed to pyrazole substi-
tuted BCB 3a, but still the desired product 6a was not formed.
Interestingly, when the pyrazole BCB was replaced with the
monosubstituted ketone BCB 4a, the anticipated product 7a
was formed in 77% isolated yield. Hence, the optimization
studies were then conducted using the keto BCB 4a.%°

When the isatogen 1a was treated with BCB 4a in the pres-
ence of 10 mol % Sc(OTf); and 2.0 mL CHCl; at 30 °C for 2
hours, the desired product 7a was obtained in 77% yield (Ta-
ble 1, entry 1). Variation of the different Lewis acid catalysts

+ mild conditions and broad scope |
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Scheme 2. ldentification of the Suitable BCB Substrate
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3a: ()= Ph () = 3,5-dimethyl pyrazole 6a = <5%

4a:(Q=H ()= 2-Naphthyl Ta=77%

Table 1. Optimization of the Reaction Conditions

O o
JL Sc(OTh3 (10 mol %) @[@%LN
Ph + CH,Cl, (0.05 M) N
30°C, 2h b
7

Ar = 2-Naphthyl
"initial conditions"

entry  variation of the initial conditions? yield of 7a (%)°

O’Z;\i

1a 4a

1 none 77
2 Yb(OTf)s instead of Sc(OTf)s 18
3 Bi(OTf)s instead of Sc(OTf)s 28
4 Cu(OTf)2 instead of Sc(OTf)3 55
5 TfOH instead of Sc(OTf)s 49
6 DCE instead of CH2Cl: 76
7 toluene instead of CH2Cl. 62
8 THF instead of CH2Cl2 11
9 1.5 equiv of 4a instead of 1.2 equiv 86
10°  0-°Ctortinstead of 30 °C 75
11¢ 5 mol % of Sc(OTf)3 91(88)

2 [nitial conditions: 1a (0.10 mmol), 4a (0.12 mmol), Sc(OTf)z
(20 mol %), CH2Cl2 (2.0 mL), 30 °C for 2 h. * The *H NMR yield
of the crude products was determined using 1,3,5-trimethoxyben-
zene as the internal standard and the isolated yield was given in
parenthesis. ©1.0 equiv of 1a, 1.5 equiv of 4a, CH2Cl2 (0.05 M).
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did not enhance the yield of 7a (Table 1, entries 2-4). Also,
employing TfOH as the catalyst resulted in the formation of
7a in 49% vyield (Table 1, entry 5). The solvent screening in-
dicated that DCE afforded 7a in comparable yields while tol-
uene and THF furnished 7a in reduced yields (entries 6-8).
When the reaction was performed using 1.5 equiv of 4a, the
product 7a was formed in an improved yield of 86% (entry 9).
Notably, initiating the reaction at 0 °C and then warming to
30 °C was not helpful (entry 10). Interestingly, performing the
reaction using 5 mol % of Sc(OTf); instead of 10 mol % af-
forded the desired product 7a in 91% yield (entry 11). It is
likely that the higher concentration of Sc(OTf)s leads to the
conversion of BCB to the cyclobutene derivative. Hence, en-
try 11 was taken as the optimized condition, which was used
for the substrate scope evaluation.?

With the identified reaction conditions in hand, the sub-
strate scope of this 1,3-dipolar cycloaddition reaction of isato-
gens with BCBs was investigated. Initially, we examined the
compatibility of various isatogen derivatives 1 with BCB 4a
(Scheme 3). Isatogens bearing different substitutions at the 4-
and 5-positions of the benzene ring demonstrated efficacy un-
der the optimized conditions, affording moderate to good
yields of the tetracyclic indoxyl products (7a-7e). The struc-
ture of 7a was confirmed by the X-ray analysis of the crys-
tals.?? Various isatogens possessing electron-releasing, -neu-
tral, or -withdrawing groups at 6-position of the ring reacted
well to give the anticipated products in good yields (7f-7i).
Subsequently, we investigated the influence of the aryl moiety

Scheme 3. Substrate scope of the 1,3-Dipolar Cycloaddition of Isatogens with BCBs
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2 General conditions: 1 (0.2 mmol), 4 (0.3 mmol, 1.5 equiv), Sc(OTf)s (5 mol %), CH2Cl2 (4.0 mL), 30 °C for 2 h, Yields of the isolated
products are given.
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at the 2-position of isatogen. Isatogens with various para-sub-
stituted aryl moieties at the 2-position proved to be viable sub-
strates under the present conditions, yielding the desired prod-
ucts in moderate to high yields (7j-70). Both meta- and ortho-
substituted aryl moieties were smoothly engaged in the 1,3-
dipolar cycloaddition, delivering the expected products in
good yields (7p-7s). In addition, not only the phenyl moiety
but also the 2-naphthyl and 2-thienyl derived isatogens deliv-
ered the anticipated product in good yield (7t, 7u). Further-
more, the presence of alkyl substitution at 2-position of isato-
gen did not alter the product formation (7v, 7w).

The scope of the reaction was then explored by employing
variously substituted BCBs 4. In addition to 2-naphthyl-sub-
stituted keto BCB 4a, 1-naphthyl-substituted BCB also fur-
nished the 1,3-dipolar cycloadduct 7x in 73% yield. Various
keto-containing BCBs, featuring substitutions at para- and
meta- positions on the phenyl ring, demonstrated effective-
ness as substrates for this (3+3) annulation reaction (7y-7ai).
Moreover, keto BCBs with disubstituted aryl moiety or het-
eroaryl ring afforded the tetracyclic indoxyl product in good
yields (7aj, 7ak). Furthermore, a butyl substituted BCB also
yielded the desired cycloaddition product 7al in 54% yield.
Gratifyingly, when the reaction was performed with 1,3-di-
substituted BCB ketones bearing aryl and alkyl moieties, the
(3+3) annulation products were formed in good yields (7am-
7ap) thus expanding the scope of the present 1,3-dipolar cy-
cloaddition.

Interestingly, this Lewis acid-catalyzed 1,3-dipolar cy-
cloaddition of BCB can also be done using a one-pot strategy,
thereby the need to isolate the isatogen substrates can be
avoided. The isatogens are typically prepared from the Au cat-
alyzed cycloisomerization of 2-nitroalkynes 1' and are known
for their in-situ trapping in cycloaddition reactions.'®# This
one-pot process allows direct access to tetracyclic indoxyl de-
rivatives from 2-nitroalkynes 1' employing BCBs 4 (Scheme
4). When nitroalkyne 1a' was treated with BCB 4a under the
one-pot reaction conditions, the corresponding tetracyclic
product 7a was formed in 55% yield. Thereafter, the differ-
ently substituted 2-nitroalkynes were examined and in all
cases, the reaction furnished the desired (3+3) product in mod-
erate yields (7k, 7t, 7u). Later, this one-pot strategy was ex-
tended with the variation on BCBs with electronically

Scheme 4. Reaction of in-situ Generated Isatogens with BCBs
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7ac, 49% 7ag, 46% 7ak, 48%

different aryl groups and in all cases, the corresponding target
tetracyclic indoxyl products were formed in moderate yields
(7ac, 7ag, 7ak).

This 1,3-dipolar cycloaddition involving BCB is not only
limited to isatogens as 1,3-dipoles, but can be extended to
other cyclic nitrones, which performed well under the opti-
mized reaction conditions to give the anticipated products in
good yields (7aq, 7ar) (Scheme 5). Also, the acyclic nitrone
delivered the desired (3+3) annulation product 7as in 62%
yield.

Scheme 5. Reaction with other Cyclic/Acyclic Nitrones

‘ . Sc(OTf)s (5 mol%) .-~
/’l‘ o ~J O CH,Cl, (0.05 M)
30°C,2h
1

7aq, 87% Tar, 69% Tas, 62%

Given the fact that BCBs are distinct class of donor-accep-
tor (D-A) cyclopropanes with significantly higher strain en-
ergy compared to typical D-A cyclopropanes (27 kcal/mol),
they often display similar reactivity to D-A cyclopropanes in
many reactions.? To explore this similarity, an intermolecular
competition experiment was conducted between BCB 4a and
cyclopropane 8a with isatogen 1a under the Lewis acid con-
ditions (Scheme 6). When the reaction was performed under
optimized conditions and quenched after 15 minutes, the
(3+3) annulated product 7a from BCB 4a was obtained in
43% vyield, while the product 9a from D-A cyclopropane 8a
was formed in only ~3% yield. After 30 minutes, the yields of
7a and 9a were 69% and 6%, respectively. These findings
demonstrate that BCBs react ~10 times faster than D-A cyclo-
propanes when treated with isatogens, likely due to their
higher strain energy.

Scheme 6. Competition Experiment Between BCB and DA-
Cyclopropane

o O Q

" Ph Ar
M ;
? Sc(OTf)3 N
N+ CH,Cl, (0.05 M) * o

o) 30°C Ph
ACOZMe 1a Ar = 2-Naphthy COzMe
CO,Me CO,Me
t=15min : Ta = 43% yield N
8a 9a = ~3% yield o}
t =30 min: 7a=69% yield 9a ph
9a = 6% yield

Moreover, to examine the substituent effect for this 1,3-di-
polar cycloaddition reaction, a Hammett analysis? was done
by calculating the reaction rates for individual substrates with
different para-substituents on the aryl moiety present at the 2-
position of isatogen (Figure 1a). Kinetic studies revealed that
isatogens bearing 4-OMe or 4-Me groups at the aryl moiety at
the 2-position react faster than the 4-CO,Me or 4-ClI substi-
tuted ones. A negative linear correlation was observed when
plotting log(kx/kn) against o, indicating a linear free-energy
relationship (p = -0.6). This study likely is an indication that a
positive charge was formed in the transition state during the
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cycloaddition process. Related negative correlation was ob-
served recently by Zheng and co-workers in the reaction of
BCBs with vinyl azides.?”

Considering the potential of indoxyl-core containing com-
pounds in fluorescence sensing applications,*® we explored
the photophysical properties of selected indoxyl-fused bicy-
clo[3.1.1]heptane derivatives (Figure 1b-d). These com-
pounds exhibited significant fluorescence in CHCI; under 365
nm UV light irradiation. The UV-Vis absorption and emission
spectra of these compounds in CHCI; revealed that varying
the substituent patterns on such tetracyclic indoxyl derivatives
allowed to fine tune the corresponding emission maximum
wavelengths.

a) Hammett Plot b) Fluoroscence images of the 7 in CHCI,

: , § ETE
® =-0.61x-0.05 g
OMe .2 Me ¢ )

0.0 T eW  R=08535

7 7} Tae Taj 7;m

cle e,

comé-e

-0.2 0.0 0.2 0.4
c

c) Absorption spectra of the 7 in CHCI, d) Emission spectra of the 7 in CHCI,
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Figure 1. Hammett analysis and photophysical studies

To showcase the synthetic application of the present meth-
odology, scale-up synthesis and synthetic transformations of
7a were carried out (Scheme 7). The tetracyclic indoxyl de-
rivative 7a was obtained in 87% yield through the 1,3-dipolar
cycloaddition reaction performed on a 2.0 mmol demonstrat-
ing the scalability of the present reaction. Treatment of 7a
with LiAIH, resulted in the reduction of both keto groups to
afford the secondary alcohol containing tetracyclic indoxyl
derivative 10a in 63% yield as a single diastereomer. Interest-
ingly, hydrogenation of 7a using H gas in the presence of
Pd/C led to the cleavage of N-O bond, yielding trisubstituted
cyclobutane derivative 11a in 71% yield as a single diastere-
omer.

Scheme 7. Scalable Utility and Synthetic Transformations

LiAlH4, THF

0°Ctort,3h
O o
O Ph O
N ‘ —
¢]
7a, 2.0 mmol (87% yield) H,, Pd/C
EtOAc
30°C,12h

HO 11a, 71%

Subsequently, attempts were made to develop an asymmet-
ric version of this newly established 1,3-dipolar cycloaddi-
tion. Given the utilization of N-oxide ligands with Lewis acids

in asymmetric catalysis,?® experiments were performed to de-
velop the asymmetric (3+3) annulation. Initially, when isato-
gen la was treated with BCB 4a in the presence of Sc(OTf)s
and cyclohexyl amine-derived N-oxide ligand, the expected
tetracyclic indoxy!l product 7a was obtained in 45% yield with
72:28 enantiomer ratio (er) (Scheme 8). Further attempts to
improve the yield and enantioselectivity of the tetracyclic in-
doxyl product were unsuccessful.

Scheme 8. Initial Results on Enantioselective 1,3-Dipolar
Cycloaddition

o
Cro
N+ Sc(OTf; (5 mol %)
1la _ Ligand (6 mol %) _ Ph N O
CHZCIZ (0.05 M) i

45%, 72:28 er

+
0 30°C,24h
Ar = 2-Naphthyl PN O
W)kAr chiral-Ta ; \<
4a 3

ngand
R =2,4,6-CgHy4

In conclusion, we have demonstrated the Lewis acid-cata-
lyzed 1,3-dipolar cycloaddition of BCBs with isatogens, re-
sulting in the formation of biologically significant tetracyclic
indoxyl derivatives. The reaction is operationally straightfor-
ward, proceeds smoothly under mild conditions, and shows
good functional group compatibility with a broad scope. The
versatility of this methodology can be extended to other cyclic
and acyclic nitrones. Additionally, the reaction was success-
fully carried out from 2-nitroalkynes and BCBs in a one-pot
process. Preliminary studies towards asymmetric 1,3-dipolar
cycloaddition were also performed. Product functionaliza-
tions were carried out to illustrate the synthetic utility of this
methodology. Efforts to further increase the enantioselectivity
of the asymmetric 1,3-dipolar cycloaddition are currently on-
going in our laboratory.

ASSOCIATED CONTENT

Supporting Information

Details on experimental procedures, characterization data, and
NMR spectra of all the indoxyl-fused bicyclo[3.1.1]heptanes
(PDF) and the crystal data of 7a (cif).

AUTHOR INFORMATION

Corresponding Author

* atbiju@iisc.ac.in

ACKNOWLEDGMENT

Generous financial support by Science and Engineering Research
Board (SERB), Government of India (File Number:
CRG/2021/001803) is gratefully acknowledged. S. D. and R. C.
D. thank the Ministry of Education for PMRF scholarship and D.
S. thanks 1ISc for the fellowship. We thank Dr. Avishek Guin,
Mr. Sayan Shee for helpful discussion, Mr Kishorkumar Sindogi
for the help in collecting the X-ray data, and Mr. Rohit Kapila for
the help in photophysical studies.

REFERENCES

(1) (a) Lovering, F.; Bikker, J.; Humblet, C. Escape from Flatland:
Increasing Saturation as an Approach to Improving Clinical Success.
J. Med. Chem. 2009, 52, 6752. (b) Ritchie, T. J.; Macdonald, S. J. F.
The impact of aromatic ring count on compound developability-are
too many aromatic rings a liability in drug design? Drug Discovery

https://doi.org/10.26434/chemrxiv-2024-c9nwc ORCID: https://orcid.org/0000-0002-0645-8261 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


mailto:atbiju@iisc.ac.in
https://doi.org/10.26434/chemrxiv-2024-c9nwc
https://orcid.org/0000-0002-0645-8261
https://creativecommons.org/licenses/by-nc-nd/4.0/

Today 2009, 14, 1011. (c) Lovering, F. Escape from Flatland 2: com-
plexity and promiscuity. Med Chem Comm 2013, 4, 515.

(2) (a) Mykhailiuk, P. K. Saturated bioisosteres of benzene: where
to go next? Org. Biomol. Chem. 2019, 17, 2839. (b) Subbaiah, M. A.
M.; Meanwell, N. A. Bioisosteres of the Phenyl Ring: Recent Strate-
gic Applications in Lead Optimization and Drug Design. J. Med.
Chem. 2021, 64, 14046. (c) Trauner, D. The Chemist and the Archi-
tect. Angew. Chem., Int. Ed. 2018, 57, 4177. (d) Wiesenfeldt, M. P.;
Rossi-Ashton, J. A.; Perry, I. B.; Diesel, J.; Garry, O. L.; Bartels, F.;
Coote, S. C.; Ma, X.; Yeung, C. S.; Bennett, D. J.; MacMillan, D. W.
General access to cubanes as benzene bioisosteres. Nature 2023, 618,
513.

(3) (a) Wiberg, K. B. The Concept of Strain in Organic Chemistry.
Angew. Chem., Int. Ed. 1986, 25, 312. (b) Fawcett, A. Recent ad-
vances in the chemistry of bicyclo and 1-azabicyclo[1.1.0]butanes.
Pure Appl. Chem. 2020, 92, 751. (c) Walczak, M. A. A.; Krainz T.;
Wipf, P. Ring-Strain-Enabled Reaction Discovery: New Heterocy-
cles from Bicyclo[1.1.0]butanes. Acc. Chem. Res. 2015, 48, 1149. (d)
Kelly, C. B.; Milligan, J. A.; Tilley, L.; Sodano, T. M. Bicyclobu-
tanes: From Curiosities to Versatile Reagents and Covalent War-
heads. Chem. Sci. 2022, 13, 11721. (e) Golfmann, M.; Walker, J. C.
L. Bicyclobutanes as Unusual Building Blocks for Complexity Gen-
eration in Organic Synthesis. Commun. Chem. 2023, 6, 9. (f) Hu, Q.-
Q.; Chen, J.; Yang, Y.; Yang, H.; Zhou, L. Strain-release transfor-
mations of bicyclo[1.1.0]butanes and [1.1.1]propellanes. Tetrahe-
dron Chem. 2024, 9, 100070.

(4) (a) Denisenko, A.; Garbuz, P.; Shishkina, S. V.; Voloshchuk,
N. M.; Mykhailiuk, P. K. Saturated Bioisosteres of ortho-Substituted
Benzenes. Angew. Chem., Int. Ed. 2020, 59, 20515. (b) Denisenko,
A.; Garbuz, P.; Makovetska, Y.; Shablykin, O.; Lesyk, D.; Al-Maali,
G.; Korzh, R.; Sadkova, I. V.; Mykhailiuk, P. K. 1,2-Disubstituted
bicyclo[2.1.1]hexanes as saturated bioisosteres of ortho-substituted
benzene. Chem. Sci. 2023, 14, 14092. (c) lida, T.; Kanazawa, J.;
Matsunaga, T.; Miyamoto, K.; Hirano, K.; Uchiyama, M. Practical
and Facile Access to Bicyclo[3.1.1]heptanes: Potent Bioisosteres of
meta-Substituted Benzenes. J. Am. Chem. Soc. 2022, 144, 21848.

(5) (@) Kleinmans, R.; Pinkert, T.; Dutta, S.; Paulisch, T. O.;
Keum, H.; Daniliuc, C. G.; Glorius, F. Intermolecular [2z+20]- Pho-
tocycloaddition Enabled by Triplet Energy Transfer. Nature, 2022,
605, 477. (b) Guo, R.; Chang, Y.-C.; Herter, L.; Salome, C.; Braley,
S.E.; Fessard, T. C.; Brown, M. K. Strain-Release [27 +20] Cycload-
ditions for the Synthesis of Bicyclo[2.1.1]hexanes Initiated by En-
ergy Transfer. J. Am. Chem. Soc. 2022, 144, 7988.

(6) (a) Xu, M.; Wang, Z.; Sun, Z.; Ouyang, Y.; Ding, Z.; Yu, T,;
Xu, L.; Li, P. Diboron(4)-Catalyzed Remote [3+2] Cycloaddition of
Cyclopropanes via Dearomative/Rearomative Radical Transmission
through Pyridine. Angew. Chem., Int. Ed. 2022, 61, €202214507. (b)
Liu, Y.; Lin, S.; Li, Y.; Xue, J.-H.; Li, Q.; Wang, H. Pyridine-Boryl
Radical-Catalyzed [2n + 20] Cycloaddition of Bicyclo[1.1.0]butanes
with Alkenes. ACS Catal. 2023, 13, 5096.

(7) Dhake, K.; Woelk, K. J.; Becica, J.; Un, A.; Jenny, S. E,;
Leitch, D. C. Beyond Bioisosteres: Divergent Synthesis of Azabicy-
clohexanes and Cyclobutenyl Amines from Bicyclobutanes. Angew.
Chem., Int. Ed. 2022, 61, €202204719.

(8) Radhoff, N.; Daniliuc, C. G.; Studer, A. Lewis Acid Catalyzed
Formal (3 + 2)-Cycloaddition of Bicyclo[1.1.0]butanes with Ketenes.
Angew. Chem., Int. Ed. 2023, 62, €202304771.

(9) Liang, Y.; Paulus, F.; Daniliuc, C. G.; Glorius, F. Catalytic For-
mal [2n+20] Cycloaddition of Aldehydes with Bicyclobutanes: Ex-
pedient Access to Polysubstituted 2-Oxabicyclo[2.1.1]hexanes. An-
gew. Chem., Int. Ed. 2023, 62, €202305043.

(10) (@) Ni, D.; Hu, S.; Tan, X.; Yu, Y.; Li, Z.; Deng, L. Intermo-
lecular Formal Cycloaddition of Indoles with Bicyclo[1.1.0]butanes
by Lewis acid Catalysis. Angew. Chem., Int. Ed. 2023, 62,
€202308606. (b) Tang, L.; Xiao, Y.; Wu, F.; Zhou, J.-L.; Xu, T.-T.;
Feng, J.-J. Silver-Catalyzed Dearomative [2z+2¢5] Cycloadditions of
Indoles with Bicyclobutanes: Access to Indoline Fused Bicy-
clo[2.1.1]hexanes. Angew. Chem., Int. Ed. 2023, 62, €202310066.

(11) (a) Zheng, Y.; Huang, W.; Dhungana, R. K.; Granados, A.;
Keess, S.; Makvandi, M.; Molander, G. A. Photochemical Intermo-

lecular [36 +20]-Cycloaddition for the Construction of Aminobicy-
clo[3.1.1]- heptanes. J. Am. Chem. Soc. 2022, 144, 23685. (b) Yu, T.;
Yang, J.; Wang, Z.; Ding, Z.; Xu, M.; Wen, J.; Xu, L.; Li, P. Selective
[26+20] Cycloaddition Enabled by Boronyl Radical Catalysis: Syn-
thesis of Highly Substituted Bicyclo[3.1.1]heptanes. J. Am. Chem.
Soc. 2023, 145, 4304. (c) Nguyen, T. V. T.; Bossonnet, A.; Wodrich,
M. D.; Waser, J. Photocatalyzed [26 + 26] and [26 + 27t] Cycloaddi-
tions for the Synthesis of Bicyclo[3.1.1]heptanes and 5- or 6-Mem-
bered Carbocycles. J. Am. Chem. Soc. 2023, 145, 25411.

(12) For the synthesis of BCHeps, see: (a) Liang, Y.
Nematswerani, R.; Daniliuc, C. G.; Glorius, F. Silver-Enabled Cy-
cloaddition of Bicyclobutanes with Isocyanides for the Synthesis of
Polysubstituted 3-Azabicyclo[3.1.1]heptanes. Angew. Chem., Int. Ed.
2024, 63, €202402730. (b) Lin, Z.; Ren, H.; Lin, X.; Yu, X.; Zheng,
J. Synthesis of Azabicyclo[3.1.1]heptenes Enabled by Catalyst-Con-
trolled Annulations of Bicyclo[1.1.0]butanes with Vinyl Azides. J.
Am. Chem. Soc. 2024, 146, 18565. (c) Wang, X.; Gao, R.; Li, X. Cat-
alytic Asymmetric Construction of Chiral Polysubstituted 3-Azabi-
cyclo[3.1.1]heptanes by Copper-Catalyzed Stereoselective Formal
[4n+20] Cycloaddition. J. Am. Chem. Soc. 2024, 146, 21069.

(13) (a) zhang, J.; Su, J.-Y.; Zheng, H.; Li, H.; Deng, W.-P.
Eu(OTf)s-Catalyzed Formal Dipolar [4n+26] Cycloaddition of Bicy-
clo-[1.1.0]butanes with Nitrones: Access to Polysubstituted 2-Oxa-3-
azabicyclo[3.1.1]heptanes. Angew. Chem., Int. Ed. 2024, 63,
€202318476. For an enantioselective [4n+2c] cycloaddition of BCBs
with nitrones appeared while this manuscript was under preparation,
see; Zhang, X.-G.; Zhou, Z.-Y.; Li, J.-X.; Chen, J.-J.; Zhou, Q.-L.
Copper-Catalyzed Enantioselective [4n + 26] Cycloaddition of Bicy-
clobutanes with Nitrones. ChemRxiv. 2024,
https://doi.org/10.26434/chemrxiv-2024-4jd9l. For a related 1,3-di-
polar cycloaddition of BCBs with azomethine imines appeared while
this manuscript was under preparation, see: (c) Yang, X.-C.; Wu, F;
Wu, W.-B.; Zhang, X.; Feng, J.-J. Enantioselective Dearomatizing
Formal (3+3) Cycloadditions of Bicyclobutanes with Aromatic Azo-
methine Imines: Access to Fused 2,3-Diazabicyclo[3.1.1]heptanes.
ChemRxiv. 2024, https://doi.org/10.26434/chemrxiv-2024-zgffb

(14) (a) Levterov, V. V.; Panasyuk, Y.; Pivnytska, V. O.; Mykhai-
liuk, P. K. Water-Soluble Non-Classical Benzene Mimetics. Angew.
Chem., Int. Ed. 2020, 59, 7161. (b) Denisenko, A.; Garbuz, P.; Vo-
loshchuk, N. M.; Holota, Y.; Al-Maali, G.; Borysko, P.; Mykhailiuk,
P. K. 2- Oxabicyclo[2.1.1]hexanes as saturated bioisosteres of the or-
thosubstituted phenyl ring. Nat. Chem. 2023, 15, 1155.

(15) (@) Xu,J.; Hu, S.; Lu, Y.; Dong, Y.; Tang, W.; Lu, T.; Du, D.
N-Heterocyclic Carbene-Catalyzed Umpolung Formal [3 + 3] Cy-
cloaddition of Enals with Isatogens: Access to Fused Indolin-3-ones
with a Tetrasubstituted Carbon Stereocenter. Adv. Synth. Catal. 2015,
357, 923. (b) Kumar, C. V. S.; Ramana, C. V. Ru-Catalyzed Redox
Neutral Cleavage of the N-O Bond in Isoxazolidines: Isatogens to
Pseudoindoxyls via a One-Pot [3 + 2]-Cycloaddition/N-O Cleavage.
Org. Lett. 2015, 17, 2870. (c) Zhou, X.; Xiong, T.; Jiang, J. Gold-
catalyzed redox cycloisomerization/nucleophilic addition/reduction:
Direct access to 2-phosphoryl indolin-3-ones. Chem. Commun. 2022,
58, 8568.

(16) (a) Dhote, P.; Ramana, C. One-Pot Aul[lll]-/Lewis Acid Cata-
lyzed Cycloisomerization of Nitroalkynes and [3 + 3] Cycloaddition
with Donor-Acceptor Cyclopropanes. Org. Lett. 2019, 21, 6221. (b)
Kumar, C. V. S.; Puranik, V. G.; Ramana, C. V. InClz-mediated ad-
dition of indole to isatogens: an expeditious synthesis of 13-deoxy-
isatisine A. Chem. Eur. J. 2012, 18, 9601.

(17) For related (4+3) annulation involving BCBs, see: (a) Deswal,
S.; Guin, A.; Biju, A. T. Lewis Acid-Catalyzed Unusual (4+3) Annu-
lation of para-Quinone Methides with Bicyclobutanes: Access to Ox-
abicyclo [4.1.1]octanes. Angew. Chem. Int. Ed. 2024, 63,
€202408610. (b) Gao, X.-Y.; Tang, L.; Zhang, X.; Feng, J.-J. Palla-
dium-Catalyzed Decarboxylative (4+3) Cycloadditions of Bicyclo-
butanes with 2-Alkylidenetrimethylene Carbonates for the Synthesis
of  2-Oxabicyclo[4.1.1]Joctanes.  Chem.  Sci. 2024, 15
doi.org/10.1039/D4SC02998D. (c) Wang, J.-J.; Tang, L.; Xiao, Y.;
Wu, W.-B.; Wang, G.; Feng, J.-J. Switching between the [2n+2c] and
Hetero-[4n+2c] Cycloaddition Reactivity of Bicyclobutanes with
Lewis Acid Catalysts Enables the Synthesis of Spirocycles and

https://doi.org/10.26434/chemrxiv-2024-c9nwc ORCID: https://orcid.org/0000-0002-0645-8261 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-4jd9l
https://doi.org/10.26434/chemrxiv-2024-zgffb
https://doi.org/10.26434/chemrxiv-2024-c9nwc
https://orcid.org/0000-0002-0645-8261
https://creativecommons.org/licenses/by-nc-nd/4.0/

Bridged Heterocycles. Angew. Chem. Int. Ed. 2024, 63, €202405222.
(d) Nicolai, S.; Waser, J. Lewis Acid Catalyzed [4+2] Annulation of
Bicyclobutanes with Dienol Ethers for the Synthesis of Bicy-
clo[4.1.1]octanes. Chem. Sci. 2024, 15, 10823.

(18) (a)Ryabova, S. Y.; Granik, V. G. Advances in Indoxyl Chem-
istry. Pharm. Chem. J. 1995, 29, 809. (b) Dhote, P. S.; Patel, P.;
Vanka, K.; Ramana, C. V. Total Synthesis of the Pseudoindoxyl
Class of Natural Products. Org. Biomol. Chem. 2021, 19, 7970. (c)
Trost, B. M.; Brennan, M. K. Asymmetric Syntheses of Oxindole and
Indole Spirocyclic Alkaloid Natural Products. Synthesis 2009, 18,
3003. For an NHC organocatalyzed synthesis of indoxyls, see: (d)
Das, R. C.; Barik, S.; Kunhiraman, A. A.; Goswami, A.; Mondal, A.;
De, M.; Biju, A. T. N-Heterocyclic Carbene-Catalyzed Imine Um-
polung/Semipinacol Rearrangement Cascade for the Synthesis of In-
doxyls. ACS Catal. 2024, 14, 4202.

(19) Chen, H.; Shang, H.; Liu, Y.; Guo, R.; Lin, W. Development
of a Unique Class of Spiro-Type Two-Photon Functional Fluorescent
Dyes and their Applications for Sensing and Bioimaging. Adv. Funct.
Mater. 2016, 26, 8128.

(20) For diastereoselective ring-opening of BCBs, see: (a) Guin,
A.; Deswal, S.; Harariya, M. S.; Biju, A. T. Lewis Acid-Catalyzed
Diastereoselective Formal Ene Reaction of Thioindolinones/Thio-
lactams with Bicyclobutanes. Chem. Sci. 2024, 15, 12473. (b) Guin,
A.; Bhattacharjee, S.; Harariya, M. S.; Biju, A. T. Lewis Acid-Cata-
lyzed Diastereoselective Carbofunctionalization of Bicyclobutanes
Employing Naphthols. Chem. Sci. 2023, 14, 6585.

(21) For details, See the Supporting Information.

(22) CCDC 2347588 (7a) contains the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge
from Data Centre via www.ccdc.cam.ac.uk/data_request/cif

(23) (a) Chen, G.; Wang, Y.; Zhao, J.; Zhang, X.; Fan, X. Synthesis
of Hydroxysuccinimide Substituted Indolin-3-ones via One-Pot Cas-
cade Reaction of o-Alkynylnitrobenzenes with Maleimides under
Au(IID)—Cu(Il) Relay/Synergetic Catalysis. J. Org. Chem. 2021, 86,
14652. (b) Liu, R. R.; Ye, S. C.; Lu, C. J.; Zhuang, G. L.; Gao, J. R;;
Jia, Y. X. Dual Catalysis for the Redox Annulation of Nitroalkynes
with Indoles: Enantioselective Construction of Indolin-3-ones Bear-
ing Quaternary Stereocenters. Angew. Chem., Int. Ed. 2015, 54,
11205.

(24) For recent reviews on D-A cyclopropanes, see: Augustin, A.
U.; Werz, D. B. Exploiting Heavier Organochalcogen Compounds in
Donor-Acceptor Cyclopropane Chemistry. Acc. Chem. Res. 2021, 54,
1528. (b) Pirenne, V.; Muriel, B.; Waser, J. Catalytic Enantioselec-
tive Ring-Opening Reactions of Cyclopropanes. Chem. Rev. 2021,
121, 227. (c) Xia, Y.; Liu, X.; Feng, X. Asymmetric Catalytic Reac-
tions of Donor-Acceptor Cyclopropanes. Angew. Chem., Int. Ed.
2021, 60, 9192. (d) Ivanova, O. A.; Trushkov, 1. V. Donor-Acceptor
Cyclopropanes in the Synthesis of Carbocycles. Chem. Rec. 2019, 19,
2189. (e) D. B. Werz and A. T. Biju, Angew. Chem., Int. Ed., 2020,
59, 3385.

(25) Hansch, C.; Leo, A.; Taft, R. W. A Survey of Hammett Sub-
stituent Constants and Resonance and Field Parameters. Chem. Rev.
1991, 91, 165.

(26) (a) Xia, Y.; Liu, X. H.; Feng, X. Asymmetric Catalytic Reac-
tions of Donor-Acceptor Cyclopropanes. Angew. Chem., Int. Ed.
2021, 60, 9192. (b) Pirenne, V.; Muriel, B.; Waser, J. Catalytic En-
antioselective Ring-Opening Reactions of Cyclopropanes. Chem.
Rev. 2021, 121, 227.

https://doi.org/10.26434/chemrxiv-2024-c9nwc ORCID: https://orcid.org/0000-0002-0645-8261 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


http://www.ccdc.cam.ac.uk/data_request/cif
https://doi.org/10.26434/chemrxiv-2024-c9nwc
https://orcid.org/0000-0002-0645-8261
https://creativecommons.org/licenses/by-nc-nd/4.0/

