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strained bicycloalkanes through
bibase-promoted brook rearrangement/radical-
polar crossover cyclization†

Xinke Ouyang,a Bingyao Shi,a Yuanyuan Zhao,a Zhimin Zhu,a Ziyang Li,a Yuxin Yanga

and Chao Shu *ab

Highly constrained bicyclic scaffolds are ubiquitous and attracting increasing interest in pharmaceutical and

biotechnology discoveries owing to the enhanced activities. Herein, we report a protocol to access highly

substituted constrained bicycloalkanes from readily accessible a-silyl alcohols and olefins through a bibase-

promoted Brook rearrangement/radical-polar crossover cyclization (RPCC) process. Of note, the practical

procedure features broad substrate scope and good group tolerance under mild and operationally simple

conditions, using an inexpensive organic photocatalyst. Gram-scale preparation and diverse synthetic

transformations demonstrate opportunities to rapidly construct molecular complexity. Mechanistic

studies have indicated that the transformation involves a bibase-promoted radical transfer

rearrangement addition/radical-polar crossover cyclization relay sequence, which differs from traditional

solitary RPCC reactions.
Introduction

Constrained cycloalkanes, such as cyclopropanes, cyclobutanes,
oxetanes and azetidines subunits, have received huge attention
for more than 100 years not only due to their broad reactivity
prole to improve drug's potency and biological activity, but
also due to the opportunity to utilize these fragments as highly
reactive building blocks in organic synthesis,1 and even cyclo-
propanes and cyclobutane units can easily undergo opening
reactions because of their high ring strain energies (ca. 27.5 and
26.7 kcal.mol−1). Driven by the increased complexity and
productivity demands of medicinal chemistry, these motifs
have increasingly appeared in drugs and clinical candidates, for
example, cyclopropanes and cyclobutanes are prevalent in
medicinal chemistry, bioactive natural products, and pharma-
ceutical molecules, and used in the areas of agricultural
chemistry and materials science as well.2 Specically, compared
to common single strained cycles in one molecule, it was found
that constrained bicycloalkane frameworks have proven to have
greater signicance in numerous bioactive compounds and
pharmaceuticals, resulting from the possible double enhanced
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biological activities, physicochemical properties, and metabolic
proles (Fig. 1).3 However, further investigation of bicy-
cloalkanes for drug discovery has been hampered owing to their
limited availability in nature and sophisticated preparation,
Fig. 1 Selected application examples of bioactive cyclobutane and/or
cyclopropane involved natural products and drug derivatives.
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even though substantial research efforts have been dedicated to
the synthesis of single strained cyclic frameworks or bridged-
rings.4,5 Therefore, the invention of new synthetic methods for
efficiently achieving highly constrained bicycloalkanes is crucial
and highly desired. These methods would not only enhance the
capabilities of chemists, but also expand the range of
compounds available for drug discovery efforts.

Over the past decades, visible-light-mediated radical chem-
istry has become quite popular and attractive as a powerful tool
to attain sustainability under mild reaction conditions, using
cheap, abundant, and synthetically versatile starting materials.
Wherein catalytic transformations involving photoinduced
radical-polar crossover cyclization (RPCC) present a highly
valuable strategy for converting easily accessible starting
materials into structurally cyclic molecular complexity and are
undergoing rapid development, particularly noteworthy is the
net-neutral RPCC, in which both the single-electron oxidation
and reduction steps occur through interaction with the photo-
catalyst, without the addition of exogenous oxidants or reduc-
tants (Fig. 2a).6,7

With this in mind and our ongoing interests in radical
cyclization reactions,8 we postulated that a bibase-promoted
1,2-silyl transfer of radical intermediate I, similar to 1,2-Brook
rearrangement, from carbon to oxygen of the corresponding
readily available a-silyl (hetero)cyclobutanol could produce an
alkyl radical intermediate II under photoredox conditions.9 The
highly nucleophilic character of radical II will enable it to
readily react with the olen to form a new radical species. This
Fig. 2 a) The development of net-neutral photoinduced radical-polar
crossover cyclization (RPCC); (b) this work: synthesis of highly con-
strained bicycloalkanes via photoinduced Brook rearrangement/
RPCC.

© 2024 The Author(s). Published by the Royal Society of Chemistry
newly formed carbon radical intermediate will be converted to
the carbanion through a radical-polar crossover process, which
should provide a constrained bicycloalkane product aer in situ
intramolecular nucleophilic substitution (Fig. 2b, path a).
However, the key challenges to the success of this idea at least
are to suppress the competing pathway of b-carbon elimination
to generate a carbon radical intermediate III (Fig. 2b, path b), to
avoid hydrogen functionalization product IV of the carbanion
intermediate in view of the high strain of formed cyclopropane
(Fig. 2b, path c) and to keep enough stability of desired con-
strained bicycloalkane 3.

Results and discussion

Based on this design, we discovered a photoinduced radical
transfer addition/radical-polar crossover/SN2 cyclization
cascade for the synthesis of functionalized highly constrained
bicycloalkanes with broad substrate scope and wide group
compatibility, which are valuable moieties crucial for drug
development but challenging to obtain, and now accessible
from safe and easily available starting materials. Signicantly,
this would represent the inaugural synthesis of highly con-
strained bicycloalkanes through PRCC, showcasing an impor-
tant advancement in the realm of small strained cycloalkane
chemistry.

At the outset of reaction, a-silyl alcohol 1a and homoallyl
tosylate 2a were used as model substrates to optimize the
cyclization conditions, and the selected results are displayed in
Table 1. Aer a survey of reaction conditions, it was delight to
nd that when a solution of 1a and 2a with 2.0 equivalent of
cesium carbonate (Cs2CO3) and 2.5 equivalent of s-collidine in
the presence of 5 mol% of 4,5,6-tetra(9H-carbazol-9-yl)
isophthalonitrile (4CzIPN) in MeCN was stirred for 24 h under
a 30 W blue LED at ambient temperature, the desired product
(cyclobutylmethyl)cyclopropane carboxylic ester 3a was ob-
tained up to 90% yield (Table 1, entry 1). Reducing the catalyst
loading to 1 mol% resulted in a decrease in the product yield,
down to 70% (Table 1, entry 2). Interestingly, signicantly lower
efficiency was observed without base Cs2CO3 or s-collidine
(Table 1, entries 3 and 4, please see more details in the ESI† for
base optimization). Both two bases are conducive to the reac-
tion outcome, implying that this is a new bibase-promoted
radical reaction. 50% yield of 3a was observed when reducing
the amount of 1a to 1.5 equivalent (Table 1, entry 6). The use of
other metal- or metal-free photocatalysts led to decreased yields
or even no product formation (Table 1, entries 7–9). The
screening of solvents showed that MeCN was more suitable
than others (Table 1, entry 10, please see more details in the
ESI†). Control experiments revealed that the light source and
photocatalyst (PC) were indispensable to this transformation.
75% yield of 3a was obtained under air.

Having established the optimal reaction conditions, we then
explored the scope of silyl alcohols 1 with homoallyl tosylates 2.
As summarized in Scheme 1, a wide range of alkene substrates 2
bearing different functional groups were all compatible to
afford the constrained (cyclobutylmethyl)cyclopropanes 3
smoothly (3a–3s) in generally moderate to good yields, since
Chem. Sci., 2024, 15, 11092–11098 | 11093
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Table 1 Optimization of the reaction conditionsa

Entry Variation from standard conditions Yield of 3a b (%) Conversion of 2a b (%)

1 None 90 100
2 1 mol% 4CZIPN 70 100
3 Without CS2CO3 60 100
4 Without s-collidine 65 100
5 Et3N instead of Cs2CO3 0 100
6 1.5 equiv. of 1a 50 70
7 Eosin Y instead of 4CZIPN 44 100
8c Ir-dF instead of 4CZIPN 85 100
9 Ru(bpy)2Cl2 0 0
10 DCE instead of MeCN 65 100
11 Without light 0 0
12 Without 4CZIPN 0 0
13 Under air 75 100

a Reaction conditions: 1a (0.2 mmol), 2a (0.1 mmol), 4CzIPN (5 mol%), Cs2CO3 (2.0 equiv.), s-collidine (2.5 equiv.), solvent (2.0 mL), 25 °C, 24 h, N2,
30 W blue LED, in vials; DMPS = SiMe2Ph.

b Yields were determined aer aqueous workup by 1H NMR analysis using 1,3,5-trimethoxybenzene as
the internal standard. c Ir-dF = [Ir(dF(CF3)ppy)2(dtbbpy)](PF6).
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silyl ethers are common protecting groups in organic synthesis,
especially in complex synthetic transformations, isolated silyl
ether products were shown. Diverse carboxylic ester substituted
alkenes proceeded well to give the corresponding bicycloalkane
products 3a–3g in 63–90% yields. The reaction of alkenes with
different substituents on the aryl ring (3i–3s), even with
potentially reactive functional groups such as cyano (3p–3q),
carbonyl (3r) and aldehyde (3s), could give the expected prod-
ucts in good yields. Delightfully, various heterocyclobutanol
substrates such as oxetanol and azetidinol were compatible
with this system as well, yielding the corresponding hetero
atom containing constrained cycloalkanes 3t–3y in general
moderate to good yields. Moreover, the current protocol could
be employed in the late-stage functionalization of complex
biological relevant molecules, for example the derivatives of
Boc-DL-Phe-OH, piperonyl alcohol, lauryl alcohol, fenbufen and
ibuprofen provide the desired highly substituted bicycloalkanes
4a–4e in 35–68% yields, which are hard-to-access with estab-
lished methods, thus demonstrating the generality and adapt-
ability of this method for the possible application in
pharmaceutical and biotechnology industries.

Aer successfully exploring the generality of highly con-
strained bicycloalkanes containing cyclopropanes and four
membered carbo- or hetero-cycles. We turned our attention to
determining the scope of the reaction with respect to other ring
size systems. Indeed, a diverse set of novel bicarbocycle prod-
ucts 5a–5p were obtained in moderate to excellent yields by
varying both the radical acceptors and the silyl alcohol precur-
sors (Scheme 2). The reaction was found to be not signicantly
affected by the substituents on carboxylic esters and the aryl
ring of alkenes, and the ring sizes of silyl alcohols. For example,
11094 | Chem. Sci., 2024, 15, 11092–11098
besides the substituted cyclopentylmethyl- and cyclohexyl
methyl-cyclopropanes 5a–5l formed in 45–98% yields, the
(cycloheptylmethyl)cyclopropane derivatives 5m and 5n, and
(cyclooctylmethyl)cyclopropane derivatives 5o and 5p could also
be delivered successfully in excellent yields, respectively. In
addition, linear a-silyl alcohols were tolerated as well, affording
corresponding b-protected hydroxyl cyclopropanes, such as 5q
and 5r in 92% and 93% yields.

To further demonstrate the potential synthetic utility of this
protocol, representative product derivatizations were carried
out (Scheme 3). First, the constrained bicarbocycle 3a was
prepared on a gram scale in 84% yield, suggesting the practi-
cability of this method for large-scale synthesis. Notably, 3a is
also a versatile synthetic intermediate, such as free cyclobutanol
6a could be obtained in 85% yield via a base promoted desily-
lation, and 3a can be readily converted to a valuable tricycle g-
lactone 6b in 80% yield through an intramolecular tandem
desilylation and esterication reaction.

To gain insight into the mechanism, a series of control
experiments were performed (Scheme 4). First, the reaction was
completely suppressed by adding radical scavenger 2,2,6,6-
tetramethyl-1-piperidinyloxy (TEMPO) or butylated hydrox-
ytoluene (BHT) to the system, which suggested a possible
stepwise radical process in this transformation (Scheme 4a).
Hydrogen functionalization product 7b was isolated in 50%
yield if using methyl acrylate as the radical acceptor (Scheme
4b). The free OH group is key for the success of the trans-
formation given that no product 3a0 was formed from methox-
ycyclobutane substrate 1a0, implying that a radical 1,2-silyl
transfer of an alkoxyl radical may be involved (Scheme 4c). The
On/Off light-illumination inuence experiments were
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc02532f


Scheme 1 The scope of constrained bicycloalkanes containing cyclopropanes and four membered carbo- or hetero-cycles. Reaction condi-
tions: 1 (2.0 equiv.), 2 (1.0 equiv.), 4CzIPN (5 mol%), Cs2CO3 (2.0 equiv.), s-collidine (2.5 equiv.), MeCN (0.05 M), 25 °C, 24 h, N2, 30 W blue LED, in
vials; DMPS = SiMe2Ph; yields are of isolated products after chromatographic purification.
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performed10 indicating that the radical chain process was
unlikely in this reaction (Scheme 4d). In addition, the Stern–
Volmer luminescence quenching experiments were carried out
with different reactants; silyl alcohol 1a showed more effective
quenching in the presence of two bases (s-collidine and Cs2CO3)
at the same time, which is pivotal to the high efficiency of this
reaction and no obvious quenching was found with homoallyl
tosylate 2a (Scheme 4e).

On the basis of the above mechanistic studies and literature
reports,11 a plausible mechanism is proposed in Scheme 5. First,
© 2024 The Author(s). Published by the Royal Society of Chemistry
light irradiation is performed on 4CzIPN to obtain the excited
state catalyst 4CzIPN* (E1/2 [PC*/PCc−] = 1.35 V vs. SCE in
MeCN).12 Single-electron transfer (SET) with the silyl alcohol 1a
in the presence of s-collidine and Cs2CO3 (Ep/2= + 0.77 V vs. SCE
for 1a)9c results in reduction of the photocatalyst to radical
anion 4CzIPNc−, and oxidation of the 1a to alkoxyl radical
intermediate A, which will be transformed to an alkyl radical
species B through a radical 1,2-silyl transfer. The facile addition
of radical intermediate B to the double bond of 2a leads to the
stabilized carbon center radical intermediate C. A second SET
Chem. Sci., 2024, 15, 11092–11098 | 11095
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Scheme 2 The scope of cyclopropanes tethered with other ring sizes
system. Reaction conditions: 1 (2.0 equiv.), 2 (1.0 equiv.), 4CzIPN
(5 mol%), Cs2CO3 (2.0 equiv.), s-collidine (2.5 equiv.), MeCN (0.05 M),
25 °C, 24 h, N2, 30 W blue LED, in vials; DMPS = SiMe2Ph; yields are of
isolated products after chromatographic purification.

Scheme 3 Scale-up reaction and follow-up chemistry. Isolated yields
are shown; conditions for 6a: n-Bu4NF (2.5 equiv.), NaF (3.0 equiv.),
THF/MeOH, rt, 6 h; conditions for 6b: n-Bu4NF (5.0 equiv.), dry DCM,
rt, 10 min. See ESI† for details.

Scheme 4 Mechanistic studies; see ESI† for details.

Scheme 5 Mechanistic proposal of the photoinduced RPCC reaction.
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between radical species C and the 4CzIPNc− state of the pho-
tocatalyst (E1/2 [PC/PCc

−]=−1.21 V vs. SCE inMeCN for 4CzIPN)
nishes the photoredox catalytic cycle and brings about
11096 | Chem. Sci., 2024, 15, 11092–11098
reductive termination of the radical process, namely the radical-
polar crossover process, to deliver a carbanion intermediate D.
Subsequently, the resulting carbanion D undergoes an intra-
molecular SN2 nucleophilic substitution to afford the expected
constrained bicarbocycle 3a. The vigilant b-uoride elimination
of intermediate A and hydrogen functionalization of interme-
diate C were inhibited through this favorable radical transfer
addition/radical-polar crossover/3-exo-tet ionic cyclisation relay
process.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Conclusions

In summary, we have achieved a straightforward protocol for
the use of readily available a-silyl alcohols as radical precursors
which react with alkenes to form previously inaccessible highly
constrained bicycloalkanes under mild photocatalytic condi-
tions for the rst time. The transformation is easy to set up and
insensitive to common deviations from the reaction conditions,
and features broad substrate scope and good functional group
compatibilities. The synthetic utility of this protocol is further
demonstrated by the gram-scale synthesis, late-stage function-
alization of pharmaceuticals and the downstream derivatiza-
tions. Additionally, mechanism studies support
a photosensitized bibase-promoted Brook rearrangement/RPCC
process. Preliminary results revealed that the obtained highly
constrained bicycloalkane in place of single strained cyclo-
alkane resulted in an increase in biological activities in some
agricultural chemicals. Given the novel reactivity and mecha-
nism of this protocol, and the valuable constrained bicy-
cloalkanes in drug discovery, we anticipate that the present
methodology will be of interest for synthetic and medicinal
chemists, and their toolbox for incorporation of constrained
bicycles into drug-like molecules.
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