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Wentao Wang, K. N. Houk,* and Jiannan Zhao*

Abstract: Cyclobutanes are prominent structural compo-
nents in natural products and drug molecules. With the
advent of strain-release-driven synthesis, ring-opening
reactions of bicyclo[1.1.0]butanes (BCBs) provide an
attractive pathway to construct these three-dimensional
structures. However, the stereoselective difunctionaliza-
tion of the central C—C o-bonds remains challenging.
Reported herein is a covalent-based organocatalytic
strategy that exploits radical NHC catalysis to achieve
diastereoselective acylfluoroalkylation of BCBs under
mild conditions. The Breslow enolate acts as a single
electron donor and provides an NHC-bound ketyl
radical with appropriate steric hindrance, which effec-
tively distinguishes between the two faces of transient
cyclobutyl radicals. This operationally simple method
tolerates various fluoroalkyl reagents and common func-
tional groups, providing a straightforward access to
polysubstituted cyclobutanes (75 examples, up to >19:1
d.r.). The combined experimental and theoretical inves-
tigations of this organocatalytic system confirm the
formation of the NHC-derived radical and provide an
understanding of how stereoselective radical-radical
coupling occurs. )

Introduction

Cyclobutanes constitute an important structural motif found
in numerous biologically active natural products.! Their
favorable physicochemical properties, along with their utility
as functional group bioisosteres, render them particularly
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attractive in the context of drug discovery.”) Consequently,
the development of new strategies for the efficient and rapid
synthesis of these three-dimensional structures has garnered
considerable attention from the synthetic chemistry
community.®*¥ The most straightforward strategies for
synthesizing cyclobutanes involve [2+2] cycloadditions of
alkenes, facilitated by Lewis acid catalysis or
photocatalysis.! Furthermore, with the emergence of strain-
release-driven synthesis,””!  bicyclo[1.1.0]butanes (BCBs)
have gained prominence as versatile precursors, offering a
divergent pathway for the construction of these
carbocycles.*

The reactivity of the BCB scaffold involves mainly its
central C—C bond (Figure 1A). Regioselective ring-opening
of this bond has been achieved by both nucleophiles® and
electrophiles.®™ Moreover, recent advancements in photo-
catalysis have enabled radical-involved difunctionalization
of these strained o-bonds, presenting an attractive approach
to access polysubstituted cyclobutanes.”! However, control-
ling diastereoselectivity (syn vs anti) in this process remains
a considerable challenge.’*"! This is largely due to the
limited interaction between the photocatalyst and the
radical-based intermediates, which undergo the reaction
with minimal activation barriers. In a notable report,
Aggarwal demonstrated that the central C—C bond in
boronate-substituted BCBs was readily cleaved by electro-
philic radicals (Figure 1B, path i).7*Y The radical addition
led to the formation of an o-boryl radical intermediate,
inducing a stereospecific 1,2-migration of the boron sub-
stituent to the a-carbon. More recently, Glorius and co-
workers have explored the reaction of BCBs with sulfur-
containing bifunctional reagents under photoredox condi-
tions (Figure 1B, path ii)." The cleavage of C-S c-bonds in
the cyclic radical cationic intermediates resulted in syn-
selective thio-carbofunctionalization of the strained C—C
bond. While these approaches have achieved impressive
diastereoselectivities with carefully designed substrates, the
development of methods that utilize stereodifferentiating
catalysts is less developed.

N-Heterocyclic carbene (NHC) radical organocatalysis
has recently emerged as a powerful platform for the
invention of versatile transformations.”~'*! The Breslow
enolate A, generated upon nucleophilic addition of an NHC
to an aldehyde, is recognized as a potent reductant (E;,[B/
A]l=-12~-1.7V vs SCE),l'"” capable of initiating single-
electron transfer (SET) with appropriate redox partners
(Figure 1C).'" A primary reaction pathway involves the
addition of the generated radicals to styrene, leading to the
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Figure 1. Stereoselective construction of cyclobutanes via acylfluoroal-
kylation of BCBs.

formation of a more stable benzyl radical. This radical
subsequently undergoes cross-coupling with the NHC-
derived ketyl radical B, achieving the difunctionalization of
the C=C bond. Furthermore, since the ketyl radical was
covalently bound to the organocatalyst, this strategy allowed
us to develop stereoselective radical-radical coupling
reactions.'¢'?4l In contrast to the extensively studied NHC-
catalyzed radical acylation reactions of n-systems (e.g.
alkenes, alkynes, allenes), we explored the covalent-based
organocatalytic strategy for the stereoselective acylation of
the BCB group (Figure 1D).

Based on the above hypothesis, we speculated that
electrophilic fluoroalkyl radicals (R;), generated via NHC-
catalyzed SET reduction,™ could trigger radical ring-open-
ing reactions of BCBs, leading to the formation of benzyl
radicals C. We envisioned that the ensuing NHC-bound
ketyl radical B could differentiate between competing
stereomeric transition states of the transient cyclobutyl
radical C, thereby enabling diastereoselective acylfluoroal-
kylation of BCBs. This organocatalytic protocol provides
access to polysubstituted cyclobutanes, which can be further
transformed into oxa-bridged bicyclic structures. Integrated
experimental, computational, and spectroscopic studies sub-
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stantiated the formation of the NHC-derived radical and
elucidated the origin of stereocontrol.

Results and Discussion
Reaction Development

Figure 2 depicts our proposed catalytic cycle, which is
initiated by the formation of Breslow enolate A through the
nucleophilic addition of a thiazolium-derived NHC to
aldehyde 1 in the presence of a base. This step is followed
by the SET reduction of the fluoroalkyl source 3 (R;,—Y),
converting enolate A into a ketyl radical B. The subsequent
addition of the fluoroalkyl radical to the central C—C bond
of BCB 2 delivers the benzyl radical C, which would
undergo diastereoselective radical cross-coupling with the
NHC-bound radical B. Finally, the elimination of NHC from
intermediate D affords the fluorine-containing cyclobutane
4 and completes the catalytic cycle.

The feasibility of the organocatalytic plan was evaluated
by exploring the reaction of 1,3-disubstituted BCB 2a with
benzaldehyde 1a (Table 1). The Togni I reagent 3a was
initially selected as the fluoroalkyl source due to its ability
to participate in SET with Breslow enolates. Upon optimiz-
ing various reaction parameters, the desired carbocycle 4
was obtained in 81 % isolated yield after reaction under a
nitrogen atmosphere for 18 hours (entry 1). Remarkably, in
alignment with our expectations, the tetrasubstituted cyclo-
butane 4 was isolated as a single diastereomer with >19:1
d.r., when employing N-24,6-trimethylphenyl-substituted
thiazolium salt N1 as the catalyst. Further investigation of
the catalyst revealed that the use of either N-neopentyl-
substituted N3 or N-benzyl-substituted N4 resulted in
diminished diastereoselectivies (entries 3 and 4). These out-
comes suggested that steric hindrance adjacent to the NHC
moiety plays a critical role in dictating stereocontrol. Addi-
tionally, alternative trifluoromethyl sources, such as the
Togni II reagent and Umemoto’s reagent, were found to
significantly compromise the reaction yield (entries 5 and 6).
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Figure 2. Prospective catalytic cycle.
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Table 1: Investigation of the reaction parameters.?

(0] o

o (20 mol%)
b Togm I (2.0 equiv.) Ph/W\Pyr
Ph” "H NaZCOS (O 2 equuv) i "CFa
4

NHC Catalysts Fluoroalkyl Sources

Me e (0]
e | O O
/ | |
@’ T ciog 3a CF 3b CF
ClOs  Me" nq N3 Togni | ’ Tognill ’
Q > >
dN Me Q Ph s -
G Me SN~ - 3¢ CF, BF¢
ClO; Me N2 N4 Umemoto’s reagent
entry  variation from above conditions  yield [%]"  d.rM
1 none 81 >19:1
2 N2 instead of N1 50 >19:1
3 N3 instead of N1 29 6:1
4 N4 instead of N1 37 4:1
5 3binstead of 3a N.R. -
6 3cinstead of 3a N.R. -
7 Cs,CO; instead of Na,CO, 56 >19:1
8 NaHCO, instead of Na,CO, 38 >19:1
9 CH,CN instead of DMSO Trace -
10 DMF instead of DMSO 30 >19:1

[a] The reactions were carried out with 1a (0.1 mmol), 2a (0.2 mmol),
a (0.2 mmol), NHC catalyst (20 mol%) and Na,CO; (20 mol %) in

1.0 mL of DMSO at 40°C for 18 h. [b] Yields of isolated products. [c]

Diastereomeric ratio (d.r.) values were determined by '"H NMR.

Switching the base to either Cs,CO; or NaHCO; yielded
inferior results compared to the optimized result (entries 7
and 8). Further examination of different solvents highlighted
DMSO as the superior solvent for this transformation
(entries 9 and 10).

Substrate Scope

Upon establishing the optimized conditions, we proceeded
to investigate the scope and limitations of the organo-
catalytic acylfluoroalkylation reaction. The observed excel-
lent stereoselectivity prompted us to initially examine the
reaction of bicyclobutane 2a with a diverse array of
aldehydes (Scheme 1). The NHC catalyzed radical reaction
proved effective with a broad spectrum of aryl aldehydes,
yielding the corresponding cyclobutane derivatives with
satisfying yields and consistently high diastereoselectivities
(5-35). The reaction outcomes were influenced by the
positions of the substituents on the aromatic ring. Generally,
benzaldehydes bearing para-substitutions afforded the de-
sired products (10-14) in better yields compared to their
meta-substituted analogues (5-9). In line with previous
studies,!"! aldehydes featuring ortho-substituted aromatic
rings were sterically challenging under current reaction
conditions.'" X-ray crystallographic analysis of compound 4
unequivocally demonstrated that the N-acylpyrazole and
carbonyl groups are positioned cis to each other on the
cyclobutane scaffold. Notably, our research has effectively
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incorporated a spectrum of functionalities, such as nitrile,
ester, thioether, sulfonyl, and trifluoromethyl groups (17—
23), which are frequently employed in medicinal chemistry.
The reaction with para-B(pin)-benzaldehyde yielded prod-
uct 24, which is amenable to conventional cross-coupling
chemistry. Furthermore, the stereoselective transformation
proceeded smoothly with 2-naphthaldehyde (25) and various
heteroaryl aldehydes, encompassing derivatives of pyridine
(26-28), furan (29) and thiophene (30). In addition to
aromatic aldehydes, the organocatalytic system also allowed
the use of aliphatic aldehydes as the acyl source (31-32),
albeit with lower yields. The broad functional group
compatibility of the reaction prompted us to explore its
practicality for late-stage functionalization of biorelevant
compounds. Aldehydes derived from dicamba, gemfibrozil,
and estrone also underwent the acylfluoroalkylation reaction
efficiently, affording the corresponding products (33-35)
with complete diastereoselectivity and yields ranging from
54 % to 81 %.

Upon investigating the scope of aldehydes, we turned
our attention to the compatibility of this diastereoselective
acylfluoroalkylation reaction with other bicyclobutanes
(Scheme 2). To this end, modifications on both the aromatic
ring (R') and the carbonyl moiety (R?) were investigated. As
summarized in Scheme 2, variations in the electronic charac-
teristics of substituents on the aryl moiety exerted a minimal
impact on the reaction efficiency (36-44). Ester-substituted
bicyclobutanes readily participated in the reaction, furnish-
ing the desired product (45) in good yields. Unfortunately,
BCB with an alkyl substituent (R'=Me) was not successful,
presumably due to the instability of the cyclobutyl radical
generated by ring-opening.™™! Next, we evaluated the
influence of electron-withdrawing substituents at the bridge-
head of BCB. All explored cyclic amides were found to be
compatible with this organocatalytic system (46-48), afford-
ing the corresponding products in good yields. Furthermore,
the successful incorporation of Weinreb amide (49) under-
scores the functional group tolerance of our method,
offering a versatile platform for subsequent chemical
modifications. Apart from the amide, ester functionalized
BCBs were also successfully employed (50-52), although
only moderate levels of diastereoselectivity were achieved.
Furthermore, BCBs featuring aromatic ketones underwent
the reaction smoothly, delivering the products (53-55) in
good yields and diastereocontrol.

Considering the significance of fluoroalkyl-substituted
organic compounds in the pharmaceutical and agrochemical
industries,’ we endeavored to expand the applicability of
this organocatalytic strategy to incorporate other fluoroalkyl
groups onto cyclobutanes (Scheme 3). It was gratifying to
find that this method was applicable to the construction of
the difluoromethyl-substituted cyclobutanes 56 using
BrCF,COOQEt, albeit with an initially low yield. Further
optimization of the reaction conditions, particularly the
addition of Li,COs, significantly improve the yield to 72 %.
When these modified conditions were extended to aldehydes
with either electron-rich or electron-deficient groups at the
para-position, the cyclic products 57-60 were obtained in
good yields with >19:1 d.r. Notably, this strategy also
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Scheme 1. Scope of aldehydes. Reactions generally performed with aldehyde 1 (0.1 mmol), bicyclobutane 2a (0.2 mmol), Togni | reagent 3a
(0.2 mmol), NHC precatalyst N1 (20 mol %) and Na,CO; (20 mol%) in DMSO (1.0 mL) at 40°C for 18 h. Isolated product yields. Diastereomeric
ratio (d.r.) values were determined by 'H NMR. [a] Reactions were carried out with aliphatic aldehyde 1 (0.15 mmol), bicyclobutane 2a (0.1 mmol)

and Na,CO; (50 mol %).

proved compatible with both acyclic and cyclic aliphatic
aldehydes, which efficiently coupled with BCB to produce
difluoroalkyl-substituted carbocycles (61-65) with excellent
diastereoselectivities. Encouraged by these promising re-
sults, we proceeded to explore the perfluoroalkylation of
BCBs. As further illustrated in Scheme 3, a variety of
accessible perfluoroalkyl iodides, with varying fluoroalkyl
chain lengths, proved to be suitable substrates in this NHC
organocatalytic system, providing the perfluorinated cyclo-
butanes in 33 %-74 % yields (75-78).
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Synthetic Applications

To demonstrate the practicality of this organocatalytic
reaction, we conducted a gram-scale synthesis (Scheme 4A).
Bicyclobutane 2a (5.0 mmol) reacted smoothly with benzal-
dehyde 1a and Togni I reagent under standard conditions,
affording the carbocycle 4 in 66 % yield (1.41 g). Taking
advantage of the cis configuration of the carbonyl moieties,
manipulation of the cyclic products facilitated the synthesis
of bicyclic scaffolds (Scheme 4B). Treatment of 4 with
NaBH, afforded diol 79, which subsequently underwent
dehydration with triflic acid (TfOH) to afford 3-oxabicyclo-
[3.1.1]heptane derivative 80. Additionally, selective reduc-
tion of 50, followed by transesterification, yielded the
bridged [3.1.1] bicyclic lactone 81, whose structure was
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Scheme 2. Scope of bicyclobutanes. Reactions generally performed with benzaldehyde 1a (0.1 mmol), bicyclobutane 2 (0.2 mmol), Togni | reagent
3a (0.2 mmol), NHC precatalyst N1 (20 mol %) and Na,CO; (20 mol %) in DMSO (1.0 mL) at 40°C for 18 h. Isolated product yields.

Diastereomeric ratio (d.r.) values were determined by 'H NMR.

confirmed by X-ray crystallographic analysis. Since the
cyclobutyl moiety frequently acts as an aryl ring isostere,”
the ester-containing product 45 was converted to the amide
82, which may exhibit potential affinity for the histamine H;
receptor.!”

Experimental Investigations on the Reaction Pathways

To support the mechanism suggested in Figure 2, a radical-
trapping experiment was performed. As illustrated in
Scheme 5A, the transformation was completely inhibited by
the addition of a stoichiometric amount of 2,2,6,6-tetrameth-
yl-1-piperidinyloxy (TEMPO). The alkyl radical-TEMPO
trapping adduct 84 was observed by HRMS analysis,
suggesting a radical nature of the reaction pathway. To
further investigate the involvement of the NHC-bound ketyl
radical B, a mixture of the NHC precatalyst N1 in DMSO
with equimolar amounts of PhCHO, Togni I reagent, and
Na,COj; was analyzed by electron paramagnetic resonance
(EPR) spectroscopy (Scheme 5B, path a).'“'® The observa-
tion of a strong EPR signal clearly indicated the generation
of a radical species. Additionally, we attempted to prepare
the acyl thiazolium E in situ from N1 and benzoyl chloride
(Scheme 5B, path b). We proposed that the SET reduction
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of intermediate E would also produce the ketyl radical B.
As expected, the EPR spectrum of the solution was identical
to previous observations. All these results are in line with
our suggested mechanism and strongly support the forma-
tion of the ketyl radcial B.

Computational Studies

Density functional theory (DFT) calculations were per-
formed to investigate the proposed mechanism using 1a and
2a as model substrates (Scheme 6). Nucleophilic addition of
NHC catalyst N1’ to 1a readily proceeds via TS1 with an
energy barrier of 18.5kcal/mol, forming the zwitterionic
intermediate IN1, which is subsequently deprotonated by
Na,CO;. The Breslow enolate IN2 undergoes SET with
Togni I reagent 3a to form ketyl radical IN3, while Togni I
reagent undergoes fragmentation to IN4 and the
trifluoromethyl radical INS. The SET process is exergonic
by 13.2 kcal/mol. Attack of trifluoromethyl radical INS on
BCB 2a via TS2 has an energy barrier of 10.9 kcal/mol,
elongating the BCB C—C bond from 1.53 A to 1.63 A. This
strain-release step is exergonic by 55.0 kcal/mol, irreversibly
resulting in the formation of stable benzyl radical IN6 as the
other coupling species. The radical-radical cross-coupling
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Scheme 3. Scope of Fluoroalkylating Reagents. Reactions generally performed with aldehyde 1 (0.15 mmol), bicyclobutane 2 (0.1 mmol),
fluoroalkylating reagent 3 (0.2 mmol), NHC precatalyst N5 (20 mol %) and Li,CO; (1.5 equiv.) in DMSO (1.0 mL) at 40°C for 18 h. Isolated product
yields. D.r. values were determined by '"H NMR. [a] Na,CO; was used instead of Li,CO;. [b] NHC precatalyst N1 was used instead of N5. [c] Cs,CO,

was used instead of Li,CO;, Ar=4-Cl-C;H,.

between IN3 and IN6 proceeds via the open-shell singlet
diradical TS3 to form IN7, which undergoes facile NHC
elimination to afford the major product IN8 and regenerate
NHC catalyst N1I’. The NHC-bound ketyl radical IN3 can
potentially approach the benzyl radical IN6 from two
directions, namely, from the front of the cyclobutane (facing
the N-acylpyrazole, TS3) or from the back (facing the
trifluoromethyl group, TS3’). DFT calculations show that
TS3 has an energy barrier of 17.4 kcal/mol, while TS3* has a
barrier of 20.9 kcal/mol, leading to the formation of the
minor product IN§’. This difference in transition state
energies (AAG*=3.5 kcal/mol) is in accord with the exper-
imental result that 4 (IN8) was isolated as major product.
Since the front approach in the radical-radical cross-
coupling step is favored regardless of the substituents on the
ketyl radical — despite the varying diastereomeric ratios
(d.r.) for some substrates — we wished to understand the
origin of this strong preference. Scheme 6 shows the favored
transition state (TS3) in a blue frame. The preferred

Angew. Chem. Int. Ed. 2025, 64, €202416781 (6 of 10)

direction of approach by IN3 in TS3 is on the side of the
dimethylpyrazolyl group and anti to the trifluoromethyl
group. The analysis performed below suggests that this
originates from 1) attractive dispersion and 2) repulsive
electrostatic interactions between the two coupling species.
The dimethylpyrazolyl group in TS3 provides van der Waals
or m-n interactions with the phenyl group on the ketyl
radical, which likely enhances dispersive attraction and
favors this transition state. In contrast, TS3’ lacks this
dispersion interaction.

We first explored the dispersion interactions by visual
analysis of noncovalent interactions (NCIs)!" using the
independent gradient model based on Hirshfeld partition
(IGMH).® As shown in Scheme 6, multiple C—H--/van der
Waals interactions are present between the two fragments
(green blobs). The main regions of weak interactions within
the two fragments are quite similar in both TS3 and TS3’.
However, a notable distinction is that in TS3, van der Waals
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Scheme 4. Gram-scale synthesis and transformation of the product.
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Scheme 5. Experimental mechanistic studies. [a] Experimental and
simulated X-band EPR spectra of radical B’ in the acylfluoroalkylation
reaction. . Reaction mixture of benzaldehyde 1a, Togni | reagent, and
N1 (path a). Il. Generation of radical B’ via SET reduction of
acylthiazolium intermediate (path b). Ill. Simulated EPR spectrum.
g=2.0051.
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interactions occur between the dimethylpyrazolyl and

phenyl groups.
FElectrostatic interactions were also investigated. The two
electronegative groups — specifically the trifluoromethyl

group and the oxygen atom in the ketyl radical — are
positioned in close proximity in the back approach (TS3’),
and the electrostatic repulsion might hinder their approach
towards each other. Electrostatic potential profiles were
calculated and plotted on the van der Waals surface of the
two fragments in both transition states.”!! As depicted in
Scheme 6, for two separated fragments, the electronegative
regions are clearly localized on the oxygen atom of the ketyl
radical and the trifluoromethyl group (in red) while the
electropositive regions are shown in blue. As the two
fragments approach each other to form the transition state
(right subfigures), the Coulombic interactions become
evident. In particular, this is energetically favorable when
the interacting colors are opposite, as observed in TS3. In
contrast, the red electronegative regions are positioned
“face-to-face” in TS3’, resulting in stronger electrostatic
repulsion. Therefore, we believe that the preferred forma-
tion of TS3 over TS3 is jointly determined by dispersion
and electrostatic interactions.

To further investigate the dispersion and electrostatic
effects induced by the substituents, we carried out calcu-
lations on three examples studied experimentally and three
additional modified structures. Scheme 7 shows the two
competing transition states for the formation of two stereo-
isomers in each case. Structures in Scheme 7A have been
described in Scheme 6, where the strongest dispersion and
electrostatic interactions exist. Replacing the dimeth-
ylpyrazolyl in TS3 and TS3 with N, ,O-dimeth-
ylhydroxylamine decreases the energy difference from
3.5 kcal/mol to 2.5 kcal/mol (Scheme 7B). Replacing dimeth-
ylpyrazolyl with methyl ester leads to a further decrease in
AAGY, while still maintaining its diastereoselectivity (Sche-
me 7C). This is consistent with experiments for all three of
the products (4, 49, 50). In order to minimize dispersion
interactions, we replaced dimethylpyrazolyl with a hydrogen.
As expected, the energy difference significantly decreases to
1.1 kcal/mol (Scheme 7D). Similarly, for electrostatic effects,
we started by replacing the trifluoromethyl group with a
methyl group, where the electrostatic repulsion with ketyl
radical was notably weakened, reducing AAG* from 3.5 kcal/
mol to 1.9 kcal/mol (Scheme 7E). Ultimately, to eliminate
both dispersion and electrostatic interactions, we substituted
dimethylpyrazolyl and trifluoromethyl groups with hydrogen
and methyl, respectively; a complete loss of diastereoselec-
tivity was observed (Scheme 7F). These results further
demonstrate the critical roles of dispersion and electrostatic
effects in determining diastereoselectivity.

Conclusion

We have developed a diastereoselective method for the
acylfluoroalkylation of bicyclobutanes under NHC catalysis.
The key to the success of this strategy is the formation of an
NHC-bound ketyl radical with appropriate steric properties,
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Scheme 6. Computational mechanistic studies. Computational studies were performed with (u)wB97X—D/def2-tzvpp/SMD(DMSO)//(u)wB97X-D/
def2-svp/IEFPCM(DMSO) at 313.15 K with Grimme’s entropic correction.” Structures of transition states were illustrated by CYLview.”!
Dispersive and electrostatic intereactions were analyzed in Multiwfn®! and visualized in VMD.?!

which has been confirmed by EPR spectroscopic studies.
This method provides access to a series of 1,1,3,3-tetrasub-
stituted cyclobutanes that can be readily elaborated into
bridged heterocycles. A detailed computational analysis of
the catalytic system suggests that the exceptional stereo-
selectivity arises from dispersion and electrostatic interac-
tions between the radical intermediates. Further application
of this organocatalytic strategy to enantioselective radical-
involved transformations are currently under investigation.
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