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carbofunctionalization of bicyclobutanes
employing naphthols†
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and Akkattu T. Biju *

Traditional radical-mediated ring-opening of bicyclo[1.1.0]butanes (BCBs) for cyclobutane synthesis suffers

from poor diastereoselectivity. Although few reports on BCB ring-opening via polar mechanisms are

available, the Lewis acid-catalyzed diastereoselective ring-opening of BCBs using carbon nucleophiles is

still underdeveloped. Herein, we report a mild and diastereoselective Bi(OTf)3-catalyzed ring-opening of

BCBs employing 2-naphthols. The anticipated carbofunctionalized trisubstituted cyclobutanes were

obtained via a bicoordinated bismuth complex and the products are formed in good to excellent yields

with high regio- and diastereoselectivity. The scope of the reaction was further extended using electron-

rich phenols and naphthylamine. The functionalization of the synthesized trisubstituted cyclobutanes

shows the synthetic utility of the present method.
Introduction

Chemists have been captivated by the idea of molecular strain
for decades.1 Numerous synthetically useful transformations
have been developed because of research on the characteristics
and reactivity of strained carbocyclic systems. In fact, the term
“strain-release” reactions has become rooted into contemporary
synthetic chemistry.2 Bicyclo[1.1.0]butanes (BCBs) are among
the most structurally compact cyclic compounds known, owing
to their small size and high strain energy. Because of this, they
have received much attention from both theoretical and
preparatory perspectives.3 BCBs can be utilized to build a variety
of complex bicyclic scaffolds, primarily through annulation
reactions.4 The complex bicyclic scaffolds can also be obtained
via functionalization of BCBs without breaking the C–C bond.5

The development of heterolytic and homolytic ring-opening
processes of BCBs has advanced signicantly in recent years,
enabling access to structurally complex cyclobutane derivatives.

Recently, cyclobutanes have been used as structural building
blocks in medicinal chemistry due to their innovative structural
design and advantageous electronic, steric, and conformational
characteristics.6 Furthermore, since easily accessible ‘chemical
space’ is poorly populated with cyclobutanes, the examination
of such species potentially avoids patented synthetic methods
Institute of Science, Bangalore 560012,
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or molecules. However, due to the difficulties in the synthesis of
these four-membered rings, the methods for preparing cyclo-
butanes with a variety of synthetically relevant and pharma-
ceutically privileged functional groups are limited.7 Therefore,
chemists have recently started looking into highly strained
bicycles, such as BCBs, to identify innovative protocols for their
synthesis to unravel efficient ways to prepare these important
motifs. For instance, Baran and co-workers disclosed the
synthesis of cyclobutyl amines utilizing sulfonyl BCBs as the
Scheme 1 Functionalized cyclobutane synthesis from bicyclobutanes.
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Table 1 Optimization of the reaction conditionsa

Entry Variation of the initial conditionsa Yield of 3ab (%)

1 None 91
2 Sc(OTf)3 instead of Bi(OTf)3 28
3 Yb(OTf)3 instead of Bi(OTf)3 15
4 TfOH instead of Yb(OTf)3 <5
5 DCE instead of CH2Cl2 78
6 THF instead of CH2Cl2 39
7cc MeCN instead of CH2Cl2 86
8 0 °C instead of 25 °C 84
9 1.5 equiv. of 2a 92
10 5 mol% Bi(OTf)3 83
11 0.06 M CH2Cl2 81

a Initial conditions: 1a (0.20 mmol), 2a (0.24mmol), Bi(OTf)3 (10 mol%),
CH2Cl2 (1.5 mL), 25 °C for 12 h. b Given are the yield of
chromatographically puried 3a. c 3.0 : 1 diastereomeric ratio was
obtained in this case and the dr value was determined from 1H NMR
of the crude reaction mixture.
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electrophiles (Scheme 1, eqn (1)).8a The cyclobutylation of
a modest number of medicinal substances and amino acids was
also successfully tested using this strategy.8a,b However, this
reaction was suitable only for heteroatom nucleophiles. More-
over, Aggarwal and co-workers investigated the nucleophilic
reactivity of BCBs by in situ generation of highly strained BCB
boronate complexes from the corresponding lithiated BCBs and
boronic esters. These highly strained BCB boronate complexes
can react with various types of nucleophiles for highly func-
tionalized cyclobutane construction with very high diaster-
eoselectivity (eqn (2)).9 It is worth noting that the generation of
highly nucleophilic lithiated BCB required 1,1-dibromo-2-
(chloromethyl)cyclopropane and tert-butyl lithium.

Additionally, BCBs can also be opened with the addition of
radicals, as demonstrated by Jui,10a Ernouf,10b Gryko,10c and
Studer.10d Notably, all these reactions suffered from poor dia-
stereoselectivity. Fox and co-workers disclosed the homo-
conjugate addition of organocuprate to BCBs, followed by the
trapping of the enolate thus generated with an electrophile.11

While this chemistry exhibited a novel use of BCBs, the cyclo-
butane products oen had low diastereoselectivity. Thus, the
synthesis of cyclobutanes from bicyclobutanes either offered
low diastereoselectivity of the products or the reaction proce-
dures are not very straightforward. Inspired by Aggarwal's bor-
onate transfer process, we hypothesized that Lewis acids may
perform analogous to boronates. We speculated that a similar
ordered transition state involving the nucleophile and BCBs can
be attained by a strategic choice of substituents having distinct
propensity to coordinate to a Lewis acid, thereby culminating in
high diastereoselectivity. Notably, Leitch and co-workers
recently uncovered the Lewis acid-catalyzed divergent
synthesis of azabicyclohexanes and cyclobutenyl amines from
BCBs.12 However, the use of such a strategy for Lewis acid
catalyzed ring-opening carbofunctionalization of BCBs has not
yet been reported. Our previous experience on the ability of
Lewis acids to activate 2-naphthols motivated us to select it as
the nucleophilic trigger.13 We envisioned that a Lewis acid can
coordinate BCBs as well as naphthols and bring them closer,
making the carbofunctionalization of BCBs possible, resulting
in the formation of trisubstituted cyclobutanes (eqn (3)). It may
be noted in this context that functionalized trisubstituted
cyclobutanes are important building blocks used in medicinal
chemistry.14

Results and discussion

With the envisioned idea in mind, the present studies were
initiated by the treatment of 2-naphthol 1a with BCB 2a in the
presence of Bi(OTf)3 (10 mol%) in CH2Cl2 at 25 °C. Under these
conditions, the anticipated carbofunctionalized product 3a was
formed in 91% yield as a single diastereomer (Table 1, entry 1).
Interestingly, the possible side products originating from the
direct addition of the hydroxyl group of 2-naphthol to bicyclo-
butane were not observed under these conditions. Other Lewis
acids such as Sc(OTf)3 and Yb(OTf)3 provided a reduced yield of
3a under the present conditions (entries 2 and 3). When triic
acid was used as a Brønsted acid catalyst, no desired product
6586 | Chem. Sci., 2023, 14, 6585–6591
was obtained (entry 4). Other solvents were found to be inef-
fective for this desired transformation (entries 5 and 6). It is
worthmentioning that, usingMeCN as the solvent, the expected
product was formed in 86% yield and with a 3 : 1 diastereomeric
ratio (entry 7). Carrying out the reaction at 0 °C did not improve
the yield of 3a (entry 8). Moreover, increasing the amount of 2a
to 1.5 equiv. did not improve the yield of 3a considerably (entry
9). Lowering the amount of Lewis acid or performing the reac-
tion under dilute conditions resulted in lower yield of the car-
bofunctionalized product (entries 10 and 11). Hence, entry 1
was chosen as the optimal condition for this diastereoselective
carbofunctionalized cyclobutane synthesis.15

With the identied reaction conditions in hand, we evalu-
ated the scope and drawbacks of this diastereoselective carbo-
functionalization of BCBs (Scheme 2). The variation in the BCBs
was examined rst. A variety of bicyclo[1.1.0]butanes having
electron-releasing, -neutral, or -withdrawing groups at the 4-
position of the benzene ring underwent a smooth ring-opening
reaction leading to the diastereoselective formation of the
desired carbofunctionalized products in good yields (3a–e). The
developed carbofunctionalization reaction was scalable, as evi-
denced by the isolation of 3a in 89% yield when the reaction was
carried out on a 2.0 mmol scale. Furthermore, BCBs with
substituents at the 3-position of the aryl ring were tolerated well
under the current conditions, resulting in the formation of the
expected cyclobutane products in high yields (3f, 3g). Disap-
pointingly, 2-substituted aryl BCBs failed to give the desired
product under the present reaction conditions, most likely for
steric reasons. Moreover, this regio- and diastereoselective ring-
opening reaction was not limited to methyl ester derived BCBs,
but benzyl and isopropyl substituted BCBs afforded the target
products in good yields (3h, 3i).
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Substrate scope of the reaction. Reaction conditions: 1 (0.20mmol), 2 (0.24mmol), Bi(OTf)3 (10mol%), CH2Cl2 (1.5 mL), 25 °C for 12 h.
Provided are isolated yields of the products. a Yield of the experiment conducted on a 2.0 mmol scale. b The dr value was determined from 1H
NMR of the crude reaction mixture.

Scheme 3 Reaction using unsubstituted ketone-derived BCBs.
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The scope of the reaction was then evaluated using variously
substituted naphthols. The reaction conducted using 7-
methoxynaphthalen-2-ol 1b as the nucleophilic trigger fur-
nished the desired product 3j in 84% yield. 7-Bromo substituted
2-naphthol 1c also worked well and the anticipated product 3k
was formed in 93% yield. In this case, the product structure was
conrmed using X-ray analysis of the crystal.16 Moreover, 2-
naphthols with various aryl and heteroaryl substitutions at the
7-position of the naphthol ring afforded good yields of carbo-
functionalized cyclobutanes (3l–n). A wide range of 2-naphthols
with electron-releasing, -withdrawing, or -neutral groups at the
6-position of the naphthol ring yielded the desired products in
a single diastereomer (3o–s). Various 4-substituted 2-naphthols
could also be used as substrates to obtain the corresponding
carbofunctionalized cyclobutanes (3t–v) under the optimized
reaction conditions. The reaction using 3-methoxy 2-naphthol
afforded the target product 3w in 78% yield and 2 : 1 dr.

Interestingly, this carbofunctionalization reaction of BCB is
not only limited to 2-naphthol as the nucleophilic trigger, but 1-
© 2023 The Author(s). Published by the Royal Society of Chemistry
naphthol also worked under the present reaction conditions
and the target product 3x was formed in 48% yield. This ring-
opening reaction can also be extended further towards
electron-rich phenols as the nucleophile, and in that case, the
products (3y and 3z) were obtained in moderate yields. Finally,
naphthylamine could also be used as the nucleophile to open
BCB and the reaction furnished the functionalized cyclobutane
3aa in 52% yield with 3 : 1 dr.

The reaction of monosubstituted ketone derived BCB 2j with
1a under the optimized conditions afforded the cyclobutyl
ketone 3ab in 70% yield and an inseparable mixture of
Chem. Sci., 2023, 14, 6585–6591 | 6587
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Scheme 4 Mechanistic studies.

Scheme 5 Dependence of the reaction on the mode of addition.

Scheme 6 Proposed catalytic cycle. Relative free energy values (DG)
are given in kcal mol−1. The distance is in Å.
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diastereomers in a 2 : 1 ratio (Scheme 3). Similar results are
obtained with the 2-naphthyl-derived BCB 2k, and the product
3ac was formed in 68% yield and 2.3 : 1 dr. These experiments
tend to indicate that the aryl group of BCB has a major role in
this diastereoselective ring-opening reaction.17

A few mechanistic experiments were carried out to get
insight into the mechanism of the present reaction. When the
reaction was performed in the absence of Bi(OTf)3, no product
formation was observed, indicating that the Lewis acid is crucial
for this reaction. Moreover, the reaction conducted using
methyl protected 2-naphthol 4 did not afford the desired
product, shedding light on the role of the free –OH in this
carbofunctionalization reaction. In the absence of the free –OH
group, it is likely that the carbofunctionalization process was
deemed unfavourable due to the lack of proper coordination
between 2-naphthol and Bi(OTf)3 (Scheme 4, eqn (4)).

The reaction of BCB 2a with Bi(OTf)3 in the absence of 2-
naphthol 1a furnished the cyclobutene 5 in 51% yield under the
optimized reaction conditions (eqn (5)). This study indicates
that in the absence of 2-naphthol, BCB can directly coordinate
with the Lewis acid, which results in the formation of 5.12 Most
probably, 2-naphthol reduces the Lewis acidity of Bi(OTf)3 and
therefore no cyclobutene product was obtained under our
optimized reaction conditions. To rule out the possibility of
carbofunctionalized product formation via the intermediacy of
cyclobutene 5, 2-naphthol 1a and 5 were subjected to the
present reaction conditions. However, the desired product 3a
was not formed, thereby conrming that the reaction was not
proceeding via the cyclobutene intermediate 5 (eqn (6)). When
the reaction was performed using 1-bromo 2-naphthol 1s under
6588 | Chem. Sci., 2023, 14, 6585–6591
the optimized conditions, the desired ring-opening product of
BCB was not formed, and cyclobutene 5 was formed in 17%
yield (eqn (7)).18 This indicates that the present reaction does
not work with 2-naphthols with a substituent at the 1-position.
Performing the reaction using sulfonyl group-containing BCB
did not afford the desired ring-opening product, shedding light
on the importance of the carbonyl moiety of BCB for effective
Lewis acid binding in this diastereoselective ring-opening
reaction (eqn (8)).

We also examined how the mode of reagent addition affects
the reaction outcome. When 2-naphthol and Bi(OTf)3 were
stirred for 30 min and BCB 2a was subsequently added, the
expected product 3a was formed in 84% yield (Scheme 5, eqn
(9)). It is noteworthy that reversing the order of reagent addition
did not result in product formation (eqn (10)). These two reac-
tions support the hypothesis about the intermediacy of
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 7 Synthetic utility of trisubstituted cyclobutanes.
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a bicoordinated Bi-complex for a fruitful transformation. The
pre-complexation of the Lewis acid with 2-naphthol (presum-
ably) lowers the acidity of the Lewis acid, thereby effectively
halting BCB decomposition; the so coordination of a BCB
ester with the precomplexed Bi(OTf)3 (with 2-naphthol) forms
the bicoordinated Bi-complex which enables the diaster-
eoselective ring-opening of activated BCB. Reversing the mode
of addition leads to decomposition of the BCB, as the acidity of
the Lewis acid could not be reduced by 2-naphthol
coordination.

Based on the mechanistic studies and DFT calculations,19

a catalytic cycle for this diastereoselective ring-opening reaction
is presented in Scheme 6. Initially, the coordination between
Bi(OTf)3 and 2-naphthol 1a forms the intermediate A. This
intermediate A serves as the catalytically active species in this
transformation. Following this, BCB 2a also coordinates with
intermediate A displacing one of the triate ions, and forms the
cationic intermediate B. Interestingly, the BCB coordinates via
C1, thereby generating a positive charge on C3 and further
activating it towards the nucleophilic attack. Subsequently, the
nucleophilic attack of the 2-naphthol moiety on BCB occurs
through TS(B–C), leading to the formation of the intermediate
C. This nucleophilic attack presents an activation free energy
barrier of only 1.9 kcal mol−1 making it a highly facile process.
This is followed by a 1,3-proton transfer that restores the
aromaticity of 2-naphthol and generates the intermediate D.
Further proton transfer results in the nal product F via
a proposed intermediate E, where the proton is envisioned to be
transferred from a second molecule of 1a. Notably, the proton
transfer from intermediate E can happen from either face of the
substrate, resulting in the formation of two diastereomeric
products. Thus, this step is most likely to be the diastereo-
determining step of this transformation. The DFT studies
indicated that the TSs for the direct proton transfer was of very
high energy, thus suggesting that assisted proton transfer via
triate, 2-naphthol, etc., could take place. It was found that the
observed diastereomer 3a is 1.7 kcal mol−1 more stable than the
other diastereomer. Therefore, it is reasonable to assume that
the diastereoselectivity determining step has the thermody-
namic inuence. We have also considered alternative pathways,
© 2023 The Author(s). Published by the Royal Society of Chemistry
the details of which along with the energetics of the unassisted
proton transfer steps are provided in the ESI.†15

The trisubstituted cyclobutane 3a synthesized using the
present method can be employed as a synthetically useful
precursor for the synthesis of functionalized cyclobutanes
(Scheme 7). Reduction of the ester group in 3a using LiAlH4

provided the primary alcohol 6 in 94% yield. Moreover, the
methyl ester in 3a was hydrolysed to form the free carboxylic
acid 7 in 78% yield. Methyl protection of the free –OH group was
carried out and the expected product 8was formed in 93% yield.
In addition, the cyclobutane derivative 3a can be easily O-ary-
lated under transition-metal-free conditions using arynes as the
aryl source;20 thus, when 3a was treated with benzyne produced
from the triate precursor 9 using KF (with 18-crown-6 as an
additive), the desired product 10 was obtained in 86% yield.
Furthermore, treatment of the cyclobutane 3a with triic
anhydride in the presence of pyridine furnished the desired
product 11 in 93% yield. Subsequent treatment of 11 with
diphenylphosphine oxide in the presence of a catalytic amount
of Pd(OAc)2 furnished the phosphine oxide 12 in 82% yield.
Additionally, the a-allylation of the methyl protected methyl
ester 8 using allyl bromide under basic conditions provided the
desired allylation product 13 with two all-carbon quaternary
stereocenters in 64% yield. The ester functionality in 8 could
easily be converted to an amide moiety in two steps and the
target amide 14 was formed in 79% yield. Subsequently, the
amide was converted into the thioamide derivative 15 in 84%
yield by the treatment with P2S5.
Conclusions

In conclusion, a Lewis acid-catalyzed diastereoselective carbo-
functionalization of BCBs utilizing 2-naphthols as the nucleo-
philic trigger leading to the formation of tricyclic cyclobutanes
has been realized. The desired transformation relies on the
bicoordinated bismuth complex as the crucial intermediate.
The present reaction is operationally simple, advances
smoothly under mild conditions and can tolerate various
functional groups. This reaction is not restricted to 2-naphthols
as the nucleophilic trigger; electron-rich phenols and
Chem. Sci., 2023, 14, 6585–6591 | 6589
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naphthylamine can also act as the nucleophile. Mechanistic
experiments and DFT studies were carried out to get insight into
the possible course of the reaction. To reveal synthetic handles
for additional synthetic transformations, functional group
interconversions were also performed.
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