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ABSTRACT: Chiral cyclobutene units are commonly found in natural products and biologically active molecules. Transition-metal-
catalysis has been extensively used in asymmetric synthesis of such structures, while organocatalytic approaches remain elusive. In
this study, bicyclo[1.1.0]butanes are involved in enantioselective transformation for the first time to offer a highly efficient route
toward cyclobutenes with good regio- and enantiocontrol. The utilization of N-triflyl phosphoramide as a chiral Breonsted acid
promoter enables this isomerization process to proceed under mild conditions with low catalyst loading as well as good functional
group compatibility. The resulting chiral cyclobutenes could serve as platform molecules for downstream manipulations with
excellent reservation of stereochemical integrity, demonstrating the synthetic practicality of the developed method. Control

experiments have also been performed to verify the formation of a key carbocation intermediate at the benzylic position.

hiral cyclobutene units are prevalent in natural products

and biologically relevant molecules (Scheme 1la).! The
featured ring strain and double bond handle render them as
versatile chiral building blocks for a series of downstream
manipulations.” Accordingly, enantioselective assembly of
these core structures has attracted much attention from the
synthetic community and various catalytic asymmetric
strategies have been elegantly established over the past few
decades.” Among these achievements, transition metal catalytic
[2 + 2] cycloaddition between alkynes and alkenes has been
recognized as one of the most successful methods.** This
tactic has also been attempted by means of photoredox
catalysis, however the enantiocontrol remains challenging for
most of the substrates.” Given the unique activation mode as
well as the verified stereoinduction capability, organocatalysis’
has effectively enabled the extension of the alkene source for
the [2 + 2] cycloaddition reaction with alkynes. For instance,
1,3-dione structures were successfully utilized in this type of
transformation by Voituriez’s group exploiting P™/PV=0
redox catalytic cycling,é“’b while Wang and co-workers reported
a Lewis acidic chiral-borane-catalytic regio- and enantioselec-
tive [2 + 2] cycloaddition of alkynones and 1,4-dihydroquino-
lines starting from their double bond shift isomers 1,2-
dihydroquinolines (Scheme 1b).°° Nevertheless, the applica-
tion of organocatalysis in enantioselective synthesis of chiral
cyclobutenes remains in its infancy as compared to transition
metal catalysis, and the development of more practical
strategies involving other types of substrates is still highly
desirable.

On the other hand, bicyclo[1.1.0]butanes (BCBs), as the
smallest fused hydrocarbon rings, have abundant synthetic
value due to high strain energy.” They have participated in a
wide array of transformations through rapid C—C bond
cleawage,8 which offered a straightforward route to access
numerous significant frameworks, particularly spirocycles and
bridged bicycloalkanes.” More importantly, cyclobutene
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structures could also be forged from BCBs via treatment
with photolysis,'® heat,'" lithium,'* pyridine-HF,"> Pd(II)
salts,"* or Lewis acids.'' However, they are always recorded as
byproducts or in situ generated intermediates, and low
chemical yields are provided for most cases. For the
asymmetric assembly of such a type of structures, significant
accomplishments have been gained by means of transition-
metal-catalysis with cyclobutenones,"** cyclobutanone-derived
N-sulfonylhydrazones,"™" cyclobutenols'>* or cyclobutenone
ketals'*? as the starting materials. Nonetheless, BCBs have
been scarcely involved in asymmetric transformations, and the
enantiocontrol for the isomerization process of BCBs to
cyclobutenes, to the best of our knowledge, has been never
challenged. The pioneering findings incorporating our under-
standing in organocatalysis inspired us to conquer this
transformation with a chiral Brensted acid (CBA).'® The
decisive factor of the present scenario belongs to the selection
of suitable BCB substrates and a CBA catalyst. In our design, a
carbonyl group which could function as a hydrogen-bond
activation handle for CBA is installed at the bridgehead of BCB
1, while an aromatic substituent is posited at the other
bridgehead to stabilize the potentially formed carbocation
intermediate. This design would also enhance the control of
regioselectivity and improve the yield of desired product 2. For
CBA, it should possess sufficient acidity to promote the
protonation course, besides its conventional role in the
dictation of stereochemistry. Herein, we disclose the first
asymmetric transformation of BCBs 1 enabled by a highly
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Scheme 1. Significance of Chiral Cyclobutene Structures and Representative Catalytic Enantioselective Construction
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acidic N-triflyl phosphoramide catalyst,17 offering a novel and
practical approach to furnish cyclobutenes 2 in a highly regio-
and enantioselective manner (Scheme 1c).

Based on the design, our initial investigation on this
enantioselective isomerization commenced with BCB 1la as
the model substrate. The reaction was performed in CH,Cl, at
room temperature and, unsurprisingly, BINOL-derived chiral
phosphoric acid (R)-C1 afforded the isomerized product 2a in

21153

low conversion and nearly without enantiocontrol after 4 h
(Table 1, entry 1). The prolongation of the reaction duration
brought about no visible improvement in the outcome.
Delightfully, the yield was boosted to more than 90% when
more acidic N-triflyl phosphoramide (R)-C2 or (R)-C3 was
utilized, albeit with low ee values (entries 2 and 3). Next, the
effect of the axially chiral skeleton on CBA was evaluated. Poor
results remained for SPINOL-derived chiral phosphoric acids
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J. Am. Chem. Soc. 2023, 145, 21152-21158


https://pubs.acs.org/doi/10.1021/jacs.3c06525?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c06525?fig=sch1&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.3c06525?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

Communication

Table 1. Reaction Condition Optimization for
Enantioselective Synthesis of Chiral Cyclobutene”

(O—S-com

O\P/,O . O\P//O
OO 07" XH ’ 0" XH

(R)-C1, X = O, Ar = 2-naphthy| (R)-C4, X = O, Ar = 1-pyrenyl (S)-C7, R = Br, Ar = 1-pyrenyl
(R)-C2, X = NTf, Ar = 9-anthracenyl (R)-C5, X = O, Ar = 3,5-tBu,-CgH3 (S)-C8, R = Me, Ar = 1-pyrenyl
(R)-C3, X = NTf, Ar = 1-pyrenyl (S)-C6, X = NTf, Ar = 1-pyrenyl (S)-C9, R = Me, Ar = 9-phenanthryl

CBA (2 mol%)

solvent, temp., 4 h

entry CBA solvent temp. yield (%) ee (%)
1 (R)-C1  CHCl,  rt 25 6
2 (R)-C2  CHCl  rt 90 26
3 (R)-C3  CHCl,  rt 93 25
4 (R-C4  CH,CL  rt 21
S (R)-Cs CH,Cl, r.t. 28 7
6 (5)-C6  CHClL, rt 95 69
7 (§)-C7  CHCL  rt 95 70
8 (5)C8  CHCl,  rt 94 65
9 (5)-C9  CHClL,  rt 96 62
10 (5-c7  CHClL  -15°C 95 83
11 (5)-C7  CHClL,  -25°C 96 86
12 (5-C7  CHCL  —-30°C 95 87
13 (5)-C7  CH,ClL, —40°C 95 86
14 (s)-c7 CHCl, -30°C 98 (95)" 90 (90)"
15 ($)-C7  DCE —30°C 89 83

“Reaction conditions: 1a (0.05 mmol), CBA (2 mol %) in solvent (1
mL) at noted temperature for 4 h. Isolated yield was provided and ee
values were determined by chiral HPLC. bReaction scale: 0.50 mmol.

(R)-C4 or (R)-C5 (entries 4 and $S), while N-triflyl
phosphoramide (S)-C6 harboring a 1-pyrenyl substitution at
6,6’-positions gave a meaningful increase of enantiocontrol and
maintained excellent yield (entry 6). The introduction of
substituent at 4,4'-positions of the SPINOL backbone led to
inapparent influence (entries 7—9) and bromo-substituted (S)-
C7 was found to afford the best enantioinduction (entry 8).
Following studies revealed that improved enantioselectivity
could be achieved through decreasing temperature, and
meanwhile, no deterioration of efficiency was observed (entries
10—13). The screening of solvent at —30 °C (entries 14 and
15) identified the superiority of CHCl; and provided chiral
cyclobutene 2a with 90% enantiopurity. The excellent results
could be perfectly preserved when the reaction was conducted
on a 0.50 mmol scale (entry 14).

After the establishment of the optimal conditions, the
substrate generality of this CBA catalyzed enantioselective
isomerization reaction from BCBs 1 to chiral cyclobutenes 2
was investigated. Representative examples are displayed in
Table 2. First, the effect for the substituent on the phenyl ring
was tested. The installation of an electron-donating tert-butyl
group at the para-position could improve the enantioselectivity
and retain excellent yield (2b). A phenyl substituted substrate
gave the 0-bridge bond cleavage product 2¢ in 96% yield with
94% enantiopurity. When an electron-withdrawing halogen
atom was equipped, both the yield and enantiocontrol were
dropped, even with a prolonged reaction duration (2d—2f).
Methyl substituent orientated at the ortho-site led to an adverse

Table 2. Substrate Generality of Chiral Cyclobutenes”

R 5 R
@ # 4 (S)-C7 (2 mol%) “”\<O

CHCl3,-30°C, 4 h
1 (0.50 mmol) 2

00" w00 00"

2c
95%, 90% ee 97%, 96% ee

96%, 94% ee
OMe OMe OMe

2d 2e? 2f°
90%, 89% ee 83%, 87% ee 81%, 86% ee
- e,
OMe OMe OEt
O -0 O~
o [¢] [¢]

2g 2h 2i
85%, 80% ee 89%, 79% ee 90%, 88% ee

O OO0 w0

2j 2k 21
85%, 87% ee 90%, 89% ee 95%, 93% ee

53t

(0]

tBu,,,,&Z_—&o tBu””\{;h

2m° 2n 2|
84%, 82% ee 95%, 74% ee (CCDC: 2255881)

O oo
tBu'“'\O [Bu""\o MeOE—Ph
20 2p 2q

90%, 63% ee 93%, 79% ee 93%, 46% ee

“Reaction conditions: unless otherwise stated, reaction of 1 (0.5
mmol) with (§)-C7 (2 mol %) was carried out in CHCl; (10 mL) at
—30 °C for 4 h. Isolated yield was provided for 2 and ee values were
determined by chiral HPLC. bReaction duration: 6 h. “CH,CI, (0.05
M).

effect on this reaction (2g). Naphthyl-substituted BCB was
also an applicable candidate to give the desired product 2h in
89% yield with 79% ee. However, BCBs bearing a strong
electron-withdrawing group exerted limited reactivity, which
may be ascribed to the low stability of the formed carbonation
intermediate. For instance, para-trifluoromethyl decorated
BCB afforded only a trace amount of target product under
standard conditions. Next, the influence of the ester
substituent at the bridgehead of BCB was evaluated. All
explored aliphatic and aromatic esters were found to be
compatible with this catalytic system well, furnishing the
corresponding products 2i—2k in 87—89% enantiopurities.
Given the superior result of BCBs that bear a tert-butyl at the
para-position of the phenyl group (2b), further extension of
the substrate generality was implemented with this best-
performing aromatic substituent. Expectedly, BCB with
aromatic ester was tolerated to give 2l with remarkable
efficiency and enantiocontrol. Apart from the ester, imide
functionalized BCBs were also smoothly isomerized to the
corresponding products 2m in 84% yield with 82%
enantiopurity. Furthermore, aromatic ketone substituted
BCBs were efliciently converted under the standard conditions,
albeit with significantly deteriorated enantioselectivities (2n—
2p). For sulfonyl decorated BCBs, the introduction of a
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methoxy at the para-site of phenyl could provide 2q in 93%
yield with an ee value of 46%, while the electron-withdrawing
substituent such as a cyano or ester group resulted in complete
inhibition of C—C bond cleavage. Similarly, BCB with a methyl
substitution rather than an aromatic ring was recovered under
the developed conditions (for more details, see Supplementary
Table S4). Additional BCB substrates that were successfully
utilized in this process are included in Supplementary Table
S3. The absolute configuration of 21 was determined by X-ray
diffraction analysis (CCDC 2255881) and the stereochemistry
of other products was assigned by analogy.

To verify the synthetic utility of the developed method, a
gram-scale synthesis of chiral cyclobutene 21 was performed.
As shown in Scheme 2a, the remarkable outcome was

Scheme 2. Gram-Scale Synthesis of Chiral Cyclobutene and
Transformations

a) Gram-scale reaction
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completely maintained, paving a practical way for large-scale
production. Subsequently, synthetic transformations of the
generated products were demonstrated (Scheme 2b). First, the
reduction of 2b with LiAlH, gave alcohol 3 in 95% yield with a
slight erosion of the stereochemical integrity. Upon hydrolysis
with lithium hydroxide (LiOH), compound 2b was rapidly
transformed into carboxylic acid 4, which was then treated
with N-hydroxyphthalimide (NHPI) to afford redox-active
ester 5 in a satisfactory yield. However, the enantiopurity
decreased by 10% throughout this two-step process. In
addition, the amidation of 2ag with piperidine afforded chiral
cyclobutene 6 in 90% yield with an excellent retention of ee.
Furthermore, application of the obtained highly enantioen-
riched cyclobutenes as platform molecules for transformation
to complex three-dimensional frameworks was attempted.
Capitalizing on the C=C bond handle, [3 + 2] cycloaddition
of cyclobutenes with cycloprolpylamine 7 was surveyed by
means of photoredox catalysis."* As displayed in Scheme 3a,
cyclobutene 2b was successfully converted to functionalized
bicyclo[3.2.0]heptane 8a in moderate yields and diastereocon-
trol. To our delight, the stereochemical integrity was perfectly

Scheme 3. Application as Platform Molecules in
Cycloaddition Reactions

a) Ph yzed [3+2] cy

Ir(dtbb PF, O\
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2 H  ToyMe
Ar = 4-Ph-CgH, 9 10a
(0.10 mmol, 94% ee) (0.20 mmol) 79%, >20:1 dr, 93% ee

preserved. Moreover, [2 + 1] cycloaddition reaction of 2c with
diazoester 9 also proceeded well under rhodium catalysis'* to
afford highly enantioenriched bicyclo[2.1.0]pentane 10a in
79% vyield with excellent diastereoselectivity (Scheme 3b).
More investigated examples are summarized in Supplementary
Tables S6 and S7.

To probe the reaction mechanism, a series of control
experiments were conducted. First, several conventionally used
free radical scavengers were included for the reactions with 1b
as model substrate and all these reactions afforded 2b in more
than 90% yield under the standard conditions, thus ruling out a
radical pathway (Scheme 4a). Subsequently, 2-benzothiazole-
thiol 11 was introduced to trap the carbocation intermediate.'”
However, we did not detect any nucleophilic addition product
12 under the developed conditions due to the high catalytic
activity of (S)-C7. Therefore, a weaker acidic catalyst (R)-C10
was attempted and this reaction could successfully produce 12
in 67% yield, along with the isolation of cyclobutene 2b in 21%
yield. In contrast, treatment of 2b with 11 failed to give adduct
12 (Scheme 4b). These results suggest that a stabilized
carbocation intermediate is formed during the isomerization
process.

To elucidate the transition state of this process, a Hammett
analysis”® was conducted with different para-substituents on
aryl group of BCBs (Scheme 4c). A negative linear correlation
was observed through plotting log(ky/ky;) against o,". The
observed linear free-energy relationship (p* = —2.67 + 0.19)
further manifested the existence of the positive charge at the
benzylic site during the isomerization process. Based on the
above experimental results, a plausible mechanism was
proposed in Scheme 4d.”' Initially, BCB 1 is activated by N-
triflyl phosphoramide, which generates Int A through the
formation of a hydrogen bond. Subsequently, the cleavage of
the 0-bridge bond leads to the formation of an ion pair, Int B,
which can then convert to Int C via enolate-to-ketone
tautomerization involving the transfer of a hydrogen atom to
the adjacent carbon atom. Finally, deprotonation occurs under
the influence of the N-triflyl phosphoramide anion, leading to
the formation of cyclobutene 2 and the regeneration of the
acid catalyst.

In summary, we have realized the first catalytic asymmetric
transformation of BCBs by means of organocatalysis to offer a
rapid route for synthesizing highly enantioenriched cyclo-
butene structures. The asymmetric isomerization process
displays several features, including mild reaction conditions,
low catalyst loading, as well as compatibility with a wide range
of BCB substrates. N-Triflyl phosphoramide was employed in
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Scheme 4. Mechanistic Investigations and Proposed Reaction Pathway
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this study due to its high catalytic activity and enantiocontrol
ability. The synthetic practicality of this method is demon-
strated by the successful involvement of the resulting
cyclobutenes in [3 + 2] and [2 + 1] cycloaddition reactions
with excellent reservation of stereochemical integrity. Addi-
tionally, our experimental analyses support a plausible
mechanism concerning the activation of BCB by the acid
catalyst, followed by a key ion pair intermediate leading to the
formation of the chiral cyclobutene product. The applications
of both BCBs and chiral cyclobutenes in asymmetric synthesis
are currently being explored.
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