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Difluoromethylene cyclobutyl sulfonium salts:
versatile reagents for chemodivergent synthesis of
difluoroalkylated cyclobutenes and cyclobutanes

Xiao-Tian Feng,t? Qiao-Qiao Min,t* Song-Yu Zhang,® Hai-Yang Zhao®
and Xingang Zhang (& *@°

Despite the significant applications of fluorinated cyclobutanes in industrial and diagnostic fields, efficient
methods for synthesizing these valuable fluorinated structures remain limited. Here, we report a new
difluoroalkylating reagent, 2-(difluoromethylene)cyclobutyl sulfonium salts (CB-DFASs). This reagent can
be readily synthesized on a gram scale in three steps from readily available cyclobutanone enol silyl
ether. CB-DFASs exhibit high reactivity and enable chemodivergent synthesis of structurally diverse
difluoroalkylated cyclobutenes using a wide array of nucleophiles, including those based on carbon,
oxygen, nitrogen, and sulfur, under mild conditions. The resulting products serve as versatile linchpins for
diverse transformations, thereby enabling the synthesis of a variety of difluoroalkylated cyclobutanes. The
synthetic utility of CB-DFASs has been demonstrated through the late-stage modification of complex
pharmaceuticals and the rapid synthesis of analogues of bioactive molecules, highlighting their potential

rsc.li/chemical-science in drug discovery.

Introduction

The cyclobutane scaffold, distinguished by its unique three-
dimensional conformation, stereochemical properties, and
electrostatic characteristics," has emerged as a significant
structural motif in biological and medicinal chemistry. Its
versatile nature has led to its widespread use as a bioisostere in
diverse molecular frameworks, including ethane, pyrrolidine,
piperidine, and aromatic rings.> This versatility is further
highlighted by the fact that the FDA has approved more than 10
drugs incorporating a cyclobutane scaffold,® underscoring its
significance in modern drug discovery efforts.

On the other hand, the site-selective introduction of fluorine
atom(s) into organic molecules has emerged as a powerful
strategy to fine-tune the absorption, distribution, metabolism,
excretion, and toxicity (ADMET) properties of bioactive mole-
cules.* In fact, nearly half of the recent structural modifications
in drug candidates involve the targeted incorporation of fluo-
rine atoms.’ In this context, fluorinated cyclobutanes have
garnered significant attention due to their demonstrated utility
in both industrial and diagnostic applications (Scheme 1a). For

“School of Chemistry and Material Sciences, Hangzhou Institute for Advanced Study,
University of Chinese Academy of Sciences, Hangzhou 310024, China. E-mail:
xgzhang@mail.sioc.ac.cn

*State Key Laboratory of Fluorine and Nitrogen Chemistry and Advanced Materials,
Shanghai Institute of Organic Chemistry, University of Chinese Academy of Sciences,
Chinese Academy of Sciences, 345 Lingling Road, Shanghai 200032, China

+ X.-T. Feng and Q.-Q. Min contributed equally to this work.

16552 | Chem. Sci,, 2025, 16, 16552-16558

instance, cyclobutanes substituted with a CH,F group serve as
critical structural components in diagnostic agents such as
fluciclovine (FACBC)® and its analogue FMACBC,” which are
widely used in positron emission tomography (PET) imaging.
Additionally, cyclobutanes functionalized with CF,H, CF,, and
CF; groups have exhibited antiviral® and antitumor® activities,
or acted as potent rat cannabinoid-1 receptor inhibitors.*®

However, the current methods for synthesizing fluorinated
cyclobutanes are limited, with most efforts predominantly
focused on trifluoromethylation.”**** For the synthesis of
cyclobutanes containing a CF, moiety, existing methods largely
rely on deoxyfluorination, which is hampered by narrow
substrate scope and low efficiency’®* (Scheme 1b). Although
recent efforts using bicyclo[1.1.0]butane (BCB)" or bicyclo
[1.1.1]pentane (TCP)" precursors through strain-release strate-
gies have shown some success in accessing difluoroalkylated
cyclobutanes (Scheme 1b), these approaches are still restricted
by the use of specific substrates and exhibit only moderate
functional group tolerance. Therefore, the development of new
and general methods for the synthesis of difluoroalkylated
cyclobutane frameworks remains highly desirable.

To overcome these limitations, here, we report 2-(di-
fluoromethylene)cyclobutyl sulfonium salts (CB-DFASs), a new
type of difluoroalkylating reagent for the preparation of di-
fluoroalkylated cyclobutenes and cyclobutanes (Scheme 1c). CB-
DFASs enable high y-regioselective functionalization, demon-
strating remarkable substrate compatibility and the ability to
react with a diverse array of nucleophiles, including those based
on carbon, oxygen, nitrogen, and sulfur, under mild conditions.

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d5sc05409e&domain=pdf&date_stamp=2025-09-13
http://orcid.org/0000-0002-4406-6533
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc05409e
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC016036

Open Access Article. Published on 12 August 2025. Downloaded on 12/5/2025 7:35:49 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Chemical Science

a. Bioactive molecules bearing fluorinated cyclobutanes
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Scheme 1 Representative bioactive molecules bearing fluorinated cyclobutane moieties and strategies for the synthesis of difluoroalkylated

cyclobutanes.

This approach provides a chemodivergent and highly efficient
route to access difluoroalkylated cyclobutenes. The resulting
fluorinated skeletons serve as versatile building blocks for
constructing structurally diverse difluoroalkylated cyclo-
butanes, thereby holding great promise for modern drug
discovery.

Results and discussion

Previously, we developed a new type of difluoroalkylating
reagent, 3,3-difluoroallyl sulfonium salts (DFASs), which has
proven highly effective in the synthesis of complex gem-di-
fluoroallylated molecules.*> However, the efficient synthesis of
difluoroalkylated cyclobutenes and cyclobutanes remains chal-
lenging. Given the unique properties of the CF, group, such as
its ability to enhance metabolic stability, increase the molecular
dipole moment, and modulate the basicity of bioactive mole-
cules,'® we hypothesized that incorporating a sulfonium salt
into a cyclobutane ring and utilizing an exocyclic double bond
bearing a difluoromethylene group could provide a highly
reactive reagent for the synthesis of difluoroalkylated cyclo-
butenes (Scheme 2a). This approach would be driven by the
highly active leaving ability of the sulfonium salt via an Sy2’
pathway, thereby enabling chemodivergent synthesis of di-
fluoroalkylated cyclobutenes using a wide range of nucleo-
philes. Since cyclobutene is a versatile linchpin for diverse
transformations, the successful synthesis of difluoromethylene

© 2025 The Author(s). Published by the Royal Society of Chemistry

cyclobutyl sulfonium salts (CB-DFASs) would also provide
a valuable opportunity for diverse access to difluoroalkylated
cyclobutanes. This advancement would thus add a new tool to
the medicinal chemistry synthetic toolbox.

a. Design of difluoromethylene cyclobutyl sulfonium salts
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The synthesis of CB-DFAS 1a commenced with the formation
of a phenyl thioether, achieved through the reaction of cyclo-
butanone enol silyl ether s-1a with in situ generated PhSCI from
the reaction between PhS-SPh and SO,Cl, (ref. 17) (Scheme 2b).
This transformation proceeded smoothly under mild condi-
tions, yielding the desired product s-1a in nearly quantitative
yield. Subsequently, the Wittig reaction of s-2a with CBr,F, in
the presence of HMPT furnished s-3a. Although this step
exhibited low efficiency, the reaction can be scaled up to a 5
gram scale to meet the requirements of the subsequent step.
Finally, methylation of s-2a with methyl triflate produced CB-
DFAS 1a as a stable oil, with a quantitative yield obtained on
a 9 gram scale. The resulting reagent is moisture-insensitive
and can be stored as a solution in CH,Cl,, facilitating its
application in subsequent synthetic processes.

With CB-DFAS 1a in hand, we explored the scope of the
copper-catalyzed cross-coupling reaction of 1la with various
organozinc reagents (Scheme 3). The difluoroalkylating reagent
1a exhibited high reactivity and excellent y-regioselectivity with
a broad range of organozinc reagents, including aryl and
alkylzinc species, using CuBr (5 mol%) as the catalyst." Arylzinc
reagents containing ester or nitrile groups did not compromise
the reaction efficiency (3b-3e), and even the carbohydrate-
derived arylzinc reagent afforded the corresponding aryldi-
fluoroalkylated cyclobutene 3f smoothly. Notably, the bromo-
pyridinylzinc reagent was also compatible, with the heteroaryl
bromide moiety remaining intact (3g). This advancement
highlights the high reactivity of 1a and its potential for highly
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chemoselective synthesis of difluoroalkylated cyclobutenes.
Alkylzinc reagents were equally effective coupling partners,
yielding higher product yields. The reaction demonstrated high
functional group tolerance. Synthetically versatile groups, such
as alkyl chloride (3j), carboxylic acid esters (3k, 31, 3m, and 30),
boronate (3n), and Boc-protected amine (3q), were all compat-
ible with the copper-catalyzed process, providing ample
opportunities for downstream transformations. Notably,
secondary alkylzinc reagents were successfully employed (30-
3q), yielding products of significant interest in medicinal
chemistry, such as those bearing cyclopropane and cyclobutene
rings linked by a CF, group (3p), which otherwise is difficult to
access via conventional methods. Moreover, the reaction can be
readily scaled up. For instance, the synthesis of compound 3q
was successfully conducted on a 6 mmol scale using only
0.2 mol% CuBr, resulting in even higher yields, underscoring
the synthetic utility of this protocol.

To further demonstrate the general applicability of this
protocol for the chemodivergent synthesis of difluoroalkylated
cyclobutenes, we explored the reactivity of CB-DFAS 1 with
a broad range of heteroatom nucleophiles, including oxygen-,
sulfur-, and nitrogen-based nucleophiles (Scheme 4). Given that
phenols are commonly found in numerous biologically active
molecules and natural products and that the introduction of
a difluoroalkylated cyclobutene moiety could potentially lead to
the discovery of new bioactive compounds, we initiated our
studies with the reaction of 1 with a series of phenols (Scheme

4a). Inspired by our previous results,” we found that using
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Scheme 3 Copper-catalyzed cross-coupling of organozinc reagents with CB-DFAS 1a. [a] Reaction conditions (unless otherwise specified): 1a
(1.05 equiv.), 2 (0.2-0.3 mmol, 1.0 equiv.), THF (2.0 mL), 3 h. All reported yields are isolated yields. [b] The reaction was conducted on a 6 mmol

scale using 0.2 mol% CuBr.
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Scheme 4 Reaction of nucleophiles with CB-DFASs 1. [a] Conditions A: 1a (1.2 equiv.), heteroatom nucleophile 4 (0.2-0.3 mmol 1.0 equiv.),
K>COs3 (2.0 equiv.), acetone (2.0 mL), rt, 3 h; [b] condition B: 1a (0.2 mmol, 1.0 equiv.), sodium benzenesulfinate (1.2 equiv.), K;COz (0.4 mmol, 2.0
equiv.), DMSO (2.0 mL); [c] conditions C: 1b (1.05 equiv.), 2 (0.2 mmol 1.0 equiv.), CuBr (5 mol%), THF (2.0 mL), rt, 3 h. All reported yields are

isolated yields.

K,CO;3 (2.0 equiv.) as the base and acetone as the solvent
afforded the desired product 5a in 85% isolated yield with
excellent y-regioselectivity (y/a. > 20:1) at room temperature.
The electronic nature of the substituent on the phenol did not
significantly affect the reaction efficiency and regioselectivity
(5a-5¢). However, sterically hindered substrates, such as 5,7-
dichloroquinolin-8-ol, led to diminished regioselectivity (5e).
The high reaction efficiency and regioselectivity were further
exemplified by the successful late-stage modification of

© 2025 The Author(s). Published by the Royal Society of Chemistry

complex molecules. For instance, estrone (5f), the anticancer
agents etoposide (5g) and 10-hydroxycamptothecin (5h), and
the cholesterol absorption inhibitor ezetimibe (5i) were all
successfully modified without interference from the presence of
free hydroxyl groups or their complex structures.

Encouraged by the success with the modification of complex
phenols, we extended our investigation to thiol substrates
(Scheme 4b). Compared to phenols, thiophenols exhibited
diminished regioselectivity (y/a ratios ranging from 10:1 to

Chem. Sci., 2025, 16, 16552-16558 | 16555


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc05409e

Open Access Article. Published on 12 August 2025. Downloaded on 12/5/2025 7:35:49 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Chemical Science Edge Article
l‘300
a N
OH
F
F
Boc. OH 10, 48%
e U™
Br
7S éy@
FF
9, 36%
’ 11, 99%
Boc.
N )
Bocwy Q/@ Boc. Bpin
FF
FF FF
3q
8, 85% 12, 68%
b Ph.®_Me
N °
TfO o, Pd/C, H,
EO,C7 M znBrLicl  + F>_ é Cubr (0.2 mol %) EtOZCW
= THF, /t, 3 h FF MeOH, 30°C, 36 h
2 CB-DFAS 1a 3j, 60%

LiOH

EtOzC/\M

FF THF, H0, 25 °C, 12 h

13

HOZC\/\/\/YD

FF 5 15

_________________________________

14, 88% (2 steps) Inhibitory activity against Mtb

Scheme 5 Transformations of the 3q and synthesis of complex analogues. (i) Pd/C (5 mol%), H,, THF, 30 °C, 8 h. (ii) K;OsO,(OH)4 (5 mol%), NMO
(2.0 equiv.), acetone, H,O, rt, 20 h (iii) (1) BH3 THF (1.5 equiv.), THF, 0 °C, 2 h; (2) NaOH (14.0 equiv., 2 N), H,O, (16.0 equiv., 30% wt in water), rt, 2 h.
(iv) CCly (0.3 mL), Brs (1.5 equiv.), 0 °C, 2 h; (v) Ir,Cl,(COD);, (2.5 mol%), DPPE (5 mol%), DCM, HBpin (1.5 equiv.), —20 °C to rt, 20 h.

16:1) (6a, 6b). When pyridine-4-thiol was examined, lower
regioselectivity was observed (6¢), likely due to its relatively
weaker nucleophilicity, which favours attack at the a-position of
the substrate. However, aliphatic thiols generally demonstrated
high efficiency and regioselectivity (6e-6h). Although 1-thio-
glycoside resulted in moderate selectivity (6d), likely due to
steric effects, excellent regioselectivity was observed when using
protected cysteine (6e) and cysteine-containing dipeptides (6f-
6h). Remarkably, when the dipeptide contained an unprotected
side chain, including nucleophilic residues such as tryptophan
(6f), methionine (6g), and even tyrosine (6h), no competitive
side products from the reaction of these nucleophilic moieties
with the substrate were observed. This advancement highlights
the high chemoselectivity of the substrate with the thiol group.
Given the versatility of cyclobutene as a synthetic moiety, its
installation onto bioactive peptides may offer new opportunities
for bioconjugation and peptide engineering.

Under the same reaction conditions, nitrogen-based nucle-
ophiles, such as benzimidazole (6i) and benzotriazole (6j), were
also applied to the reaction without diminishing the y-regio-
selectivity (Scheme 4c). However, for benzotriazole, two regio-
isomers bearing the difluoroalkyl group at the N' and N*

16556 | Chem. Sci., 2025, 16, 16552-16558

positions (N' N> = 3:1) were observed (6j).'° Notably, N-
hydroxyphthalimide was also a suitable substrate (6k),
providing an opportunity to study this previously unknown
fluoroalkylated compound. Finally, by replacing the solvent
from acetone to DMSO, sodium benzenesulfinate was also
amenable to the reaction, yielding difluoroalkylsulfonyl
benzene 6l in good yield and with high y-selectivity.

To test the reactivity of other CB-DFASs, we prepared CB-
DFAS 1b using a similar procedure to that of CB-DFAS 1a.
Compound 1b also exhibited high activity and selectivity across
a range of nucleophiles. As shown in Scheme 4d, the reaction of
1b with organozinc reagents (7a and 7b), phenol (7c¢), and pro-
tected cysteine (7d) all provided the corresponding di-
fluoroalkylated cyclobutenes with high efficiency and excellent
y-regioselectivity. These results demonstrate the high versatility
of these new sulfonium salts as a useful tool for organic
synthesis and medicinal chemistry.

The synthetic utility of this approach is further demon-
strated by the diverse transformations of the resulting cyclo-
butenes into difluoroalkylated cyclobutanes. As depicted in
Scheme 5a, hydrogenation of cyclobutene 3q efficiently yielded
difluoroalkylated cyclobutane 8. Dihydroxylation of 3q

© 2025 The Author(s). Published by the Royal Society of Chemistry
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proceeded smoothly, affording diol 9 in synthetically useful
yield. Hydroboration-oxidation of 3q furnished cyclobutanol 10
in moderate yield. Bromination of 3q with Br, provided the
dibrominated compound 11 in nearly quantitative yield,
offering an efficient and convenient method for introducing
halogen functionality. Notably, iridium-catalyzed borylation
enabled the introduction of a boronic ester group into the
cyclobutane structure,* yielding compound 12 efficiently. Given
that these difluoroalkylated cyclobutanes possess versatile
synthetic handles, they provide good opportunities for further
derivatizations to access a wide range of difluoroalkylated
cyclobutanes. The promising functional compatibility and
synthetic efficiency of the current protocol also encouraged us
to evaluate its applications in the rapid modification of bio-
logically active molecules and natural products. As shown in
Scheme 5b, the analogue of a compound with inhibitory activity
against Mtb** can be rapidly synthesized in just three steps, with
the current approach serving as the key step. This highlights the
potential applications of CB-DFASs in modern drug discovery
and development.

Conclusions

In conclusion, we have successfully developed a new type of
highly active yet bench-stable difluoroalkylating reagent, 2-(di-
fluoromethylene)cyclobutyl sulfonium salts (CB-DFASs). This
reagent exhibits exceptional reactivity in both copper-catalyzed
coupling reactions and transition-metal-free difluoroalkylation
reactions with a wide range of nucleophiles. Its key features
include (1) synthetic versatility: CB-DFASs enable the efficient
and rapid construction of CF,-C and CF,-X (X = O, S, N) bonds
under mild conditions using organozinc reagents and hetero-
atom nucleophiles. Both difluoroalkylated cyclobutenes and
cyclobutanes can be readily synthesized using CB-DFASs. (2)
High functional group tolerance: the current protocol demon-
strates excellent compatibility with a wide array of functional
groups, including those present in complex drug molecules,
amino acids, and dipeptide systems. (3) High regioselectivity
and chemoselectivity: CB-DFASs exhibit high regioselectivity
and chemoselectivity, providing a straightforward route for the
selective introduction of difluoroalkylated cyclobutenes and
cyclobutanes into complex molecules. These transformations
are often difficult to achieve using conventional methods. Given
these advantages, we anticipate that this new type of di-
fluoroalkylating reagent, CB-DFASs, will find applications in the
synthesis of complex fluoroalkylated cyclobutenes and cyclo-
butanes, which are of significant interest in life and materials
sciences.
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