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Small saturated carbocycles, such as cyclobutanes, with elevated three-dimensionality and rich Cq,3 centers
are privileged scaffolds in naturally occurring molecules and drug discovery. It remains highly desirable and
challenging to develop modular and straightforward strategies to craft densely substituted cyclobutanes.
Herein, a photoredox-catalyzed radical strain-release/[3,3]-rearrangement cascade (SRRC) strategy for
efficient synthesis of polysubstituted cyclobutanes is disclosed. This protocol operates with readily
available a-silylamines as radical precursors, and strained bicyclo[1.1.0]butanes (BCBs) and cyclobutenes
as radical acceptors, to access an array of structurally diverse 1,1,3- and 1,1,2-trisubstituted cyclobutanes
containing a unique non-natural amino acid scaffold. Mechanistic studies reveal the pivotal reactivity of
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Introduction

Polysubstituted cyclobutanes are not only prevalent in natural
products, but also serve as privileged motifs in drug molecules
(Fig. 1a)." Compared to the common planar systems, cyclo-
butane cores possess a more rigid three-dimensionality and an
increased content of Cgp; centers, thus exhibiting a greater
structural modularity and enhanced pharmacologically relevant
properties.”> As such, angiotensin (1-7) analogs containing
a non-natural amino acid [cis-3-(aminomethyl)cyclo-
butanecarboxylic acid (ACCA)] are used as effective therapeutic
compositions to treat or prevent a broader range of diseases.
Consequently, development of efficient and modular strategies
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method are illustrated with diverse transformations and preliminary anticancer assessment.

to construct polysubstituted cyclobutanes remains a funda-
mentally important research topic and has attracted substantial
attention from synthetic chemists.

Among various approaches to prepare cyclobutanes (Fig. 1b),
such as [2 + 2] cycloaddition,® C-H functionalization* and ring
contraction/expansion,® strain-release-driven syntheses have
been popularized and emerged as a divergent strategy to build
complex cyclobutanes. Particularly, bicyclo[1.1.0]butanes
(BCBs) and cyclobutenes are two privileged building blocks in
efficient access to cyclobutane scaffolds under mild conditions
due to their relatively high ring-strain energies.*** However,
developing straightforward and potent strategies for the
simultaneous installation of two functional groups into these
strained rings to rapidly assemble polysubstituted cyclobutanes
still poses significant challenges."*

The strain-release/rearrangement cascade (SRRC) strategy
provides an effective approach for achieving regioselective
difunctionalization of BCBs, thereby affording more densely
polysubstituted cyclobutanes (Fig. 1c). For example, Aggarwal
and coworkers reported the addition of electron-deficient
species (aryl palladium, allyl iridium, electrophilic radicals) to
the strained C-C o-bond, triggering a 1,2-boronate rearrange-
ment to produce 1,1,3-trisubstituted cyclobutanes.'® Glorius
and coworkers described the addition of sulfur radical cations
to BCBs and subsequent alkynyl rearrangement by C-S c-bond
scission, leading to the thio-alkynyl difunctionalization of
BCBs."” Although such advances have been made in the SRRC
strategy, they are still limited to electrophilic species as initia-
tors. Additionally, BCBs as highly strained molecules can
undergo thermally driven ring-opening reactions with

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1

Importance and chemistry of cyclobutanes. (a) Privileged cyclobutane scaffold in drug molecules and natural products. (b) Representative

synthetic strategies for constructing cyclobutanes. (c) Selected SRRC examples to enable difunctionalization of strained BCBs. (d) This work:
development of a photoredox radical SRRC method to access site-divergent synthesis of 1,3-/1,2-difunctionalized cyclobutanes. Cy, cyclohexyl.

EWG, electron withdrawing group. MG, migration group. [Si], silyl group.

nucleophiles,**®*'® and can also couple with single-electron
radical nucleophiles for the ring-opening processes.””** This
reactivity was exemplified by the pioneering works of Cintrat
and Jui,*** who independently reported the addition of
nucleophilic a-amino radicals to BCBs, yielding hydroalkylated
cyclobutanes in moderate to good yields. Nevertheless, the
combination of nucleophilic strain-release and rearrangement
cascade transformations in BCBs to achieve difunctionalization
and produce polysubstituted cyclobutanes remains unexplored.

Recently, our group has disclosed a photocatalytic radical
dearomatization of indoles and [3,3]-rearrangement cascade
reaction to produce valuable prenylated indolines.* Inspired by
this precedent, we envisioned that the nucleophilic radicals (for
instance, a-aminoalkyl radicals) could add to the central C-C o-
bond of BCBs driven by strain-release force. Subsequent single-
electron reduction could generate a ketene acetal intermediate
and trigger an intramolecular Claisen-type [3,3]-rearrangement,
thus enabling regioselective synthesis of 1,1,3-trisubstituted
cyclobutanes (Fig. 1d, left). Should this approach prove
successful, it would conveniently incorporate two privileged
motifs, amino and allyl, into a saturated carbocycle to produce
novel non-natural amino acids containing the polysubstituted

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

cyclobutane skeleton. Moreover, the complementary 1,1,2-
trisubstituted cyclobutanes could be easily accessed by trapping
with cyclobutene partners, followed by a similar procedure
(Fig. 1d, right). A major challenge of this cascade process would
be the competition between [3,3]-rearrangement and proton-
ation of the active ketene acetal intermediate. Herein, we report
a nucleophilic radical-induced SRRC reaction of BCBs and
cyclobutenes to forge 1,1,3- and 1,1,2-trisubstituted cyclobutane
products, respectively. This protocol covers a range of readily
available amines with high functional group tolerance and
a variety of allyl fragments, such as geranyl, farnesyl and allenyl.
The synthetic utility of the resulting products is also demon-
strated by further transformations to form versatile building
blocks.

Results and discussion
Reaction development

Given that prenyl and reverse-prenyl motifs are widely found in
bioactive natural products and medicinal compounds,** our
design plan began with a prenyl bicyclo[1.1.0]butane-1-
carboxylate 1 as the radical acceptor, potentially producing

Chem. Sci., 2025, 16, 11508-11518 | 11509


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc01431j

Open Access Article. Published on 14 May 2025. Downloaded on 6/20/2026 4:48:10 PM.

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

(cc)

Chemical Science

reverse-prenyl-functionalized cyclobutanecarboxylic acid after
the desired radical SRRC process. For radical donors, tertiary
amines containing a trimethylsilyl (TMS) functionality are
suitable precursors (2) in photoredox reactions:*** (1) they have
relatively low oxidation potentials to readily generate highly
nucleophilic a-aminoalkyl radicals; (2) the fragment TMS can
combine with the ketene acetal species and promote the
subsequent [3,3]-rearrangement; (3) organic amines have a rich
structural diversity in FDA approved drugs, thus making the
amine-functionalized cyclobutanes even more valuable in drug
discovery. Preliminary optimization experiments highlighted
PC1 as the optimal photocatalyst with a moderate oxidation
potential, providing the amino- and reverse-prenyl 1,3-difunc-
tionalized cyclobutane product 3 in 30% yield (Fig. 2). Notably,
such congested vicinal quaternary centers in product 3 were
constructed smoothly due to the inherent intramolecular
advantages of [3,3]-sigmatropic rearrangement. Further inves-
tigation of other photocatalysts with a higher or lower oxidation
potential led to an unproductive reaction (PC2-4). During the
selection of the ideal PC, we found that amine 2 was almost fully
consumed and the majority of BCB 1 was left. It is assumed that
the desired radical strain-release addition of BCB is slower than
the decomposition rate of the a-aminoalkyl radical. Thus, we
changed the ratio between 1 and 2 to achieve a higher yield
(from 30% to 50%) as the amount of BCB increased (2.0 equiv.).
Examination of different solvents identified CH;CN as the
optimal solvent for this transformation. Delightedly, fine-
tuning of the reaction parameters revealed that a higher
concentration was the most beneficial to improve reactivity
(86% yield at 0.8 M). Additional control experiments confirmed
that both the photocatalyst and visible light were essential for
the desired product.
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Fig. 2 Investigation of the photocatalytic SRRC reaction of BCB.
Reaction conditions: unless otherwise noted, 1 (0.1 mmol), 2 (0.12
mmol), PC (1.5 mol%) in CH3CN (0.1 M), 24 h, 450 nm at 40 °C. The
yields are determined by H NMR analysis of the crude product
mixtures. In all cases, the product d.r. is approximately 1.4 : 1. Excited
photocatalyst half potentials are given against SCE. (a) Changing the
substrate ratio as 1 (0.2 mmol), 2 (0.1 mmol). (b) For ease of separation,
the carboxylic acid is converted to its methyl ester by TMSCHN,. The
isolated yield of the two-step process is reported.
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Substrate scope for the synthesis of 1,1,3-trisubstituted
cyclobutanes

With the optimized conditions in hand, we next evaluated the
substrate scope of this photocatalytic SRRC reaction of BCBs to
afford 1,1,3-trisubstituted cyclobutanes (Fig. 3). Various
substituted N,N-dimethyl anilines (5-13) were well tolerated to
give the corresponding cyclobutane products in moderate to
good yields. A series of functional groups including electron-
withdrawing and electron-donating groups on the aromatic
ring, such as halogens, cyano and methoxy groups, were well
tolerated. Altering the substituent on the nitrogen atom, ethyl
(14), isopropyl (15), allyl (16), and phenyl (17 and 18) groups
were also compatible with this protocol. Under the same
conditions, carbazole (19) and 5H-dibenzo[b f]azepine (20) were
incorporated into the cyclobutane scaffold, albeit in slightly
lower yields. Additionally, alkyl amines as substrates were
shown to perform similarly, delivering the corresponding
cyclobutylated amino acid products in good yields (21-24).
Given the frequency and importance of nitrogen-containing
saturated heterocycles in drug development, we sought to
evaluate the tolerance of various N-heterocyclic functionalities.
As such, piperidines bearing functional groups, 1H-azepine,
morpholine, piperazine, 1,4-diazepane, and tetrahydroquino-
line readily participated in the radical addition/rearrangement
cascade transformation, providing the desired products
smoothly (25-33). The structure and relative configuration were
unambiguously confirmed by X-ray crystallographic analysis of
31. Next, we turned our attention to BCB acceptors. By varying
diverse allylic esters as substrates, this protocol was successfully
extended to achieve allyl segment diversification beyond the
reverse-prenyl group, such as unsubstituted allyl (34), 2-methyl
substituted allyl (35), valuable allenyl group (36, from prop-
argylic esters), geranyl (37), and even more complex farnesyl
(38). Further generality for the developed method was demon-
strated in more systems with biologically relevant scaffolds.
Remarkably, such core amino-fragments in flunarizine (39),
bepotastine (40) and serotonin reuptake inhibitor duloxetine
(41) underwent this transformation smoothly, affording the
corresponding cyclobutylated amino acid products in moderate
yields.

Substrate scope for the synthesis of 1,1,2-trisubstituted
cyclobutanes

Having established the above process for accessing C3-
aminoalkyl-type cyclobutanes via the radical addition to the
central C-C o-bond of BCBs, we wondered if the complementary
site-isomers,  C2-aminoalkyl-functionalized  cyclobutanes,
would be obtained through the radical addition to the C=C
bond of cyclobutenes, followed by a [3,3]-rearrangement reac-
tion. Pleasingly, this protocol was compatible to access 1,2-
difunctionalization of cyclobutenes with minor adjustments in
the reaction setup (Fig. 4). Aniline and N-heterocyclic amine
derivatives could be well tolerated, such as piperidine, mor-
pholine, piperazine, and complex bioactive motifs (42-47). It is
worth mentioning that aminoalkyl and reverse-prenyl were
incorporated into cyclobutanes in an anti-selective manner,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Substrate scope for the synthesis of 1,1,3-trisubstituted cyclobutanes. Reaction conditions: unless otherwise noted, 1 (0.4 mmol, 2.0
equiv.), 2 (0.2 mmol, 1.0 equiv.), PC1 (1.5 mol%) in CHsCN (0.8 M), 24 h, 450 nm at 40 °C. Some products are transferred into their methyl ester for
the ease of separation. Methyl esterification conditions: TMSCHN, (4.0 equiv.), Et,0O/MeOH (4 :1), 2 h, room temperature. Isolated yields are
reported. In most cases, the product d.r. is approximately 1.4 : 1.
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providing 1,1,2-trisubstituted cyclobutane products in excellent
diastereoselectivities (20:1 d.r. for most cases). Moreover,
different cyclobutene derivatives bearing diverse allylic esters
were also reactive, providing the corresponding allenyl, simple
allyl, or 2-methyl-allyl products in good yields (48-53).

Mechanistic investigation

As shown in Fig. 5a, possible mechanistic details on the pho-
toredox radical SRRC process are proposed. Firstly, single-
electron transfer (SET) between the excited Ir(m) photocatalyst
PC1 and a-silylaniline 2 should generate radical cation I that
undergoes fragmentation to form an a-aminoalkyl radical I and
a trimethylsilylium ion stabilized by acetonitrile solvent. Then,
the strain-release addition of this highly nucleophilic species II
to the BCB (1) would produce a-ester radical III. The subsequent
reduction by the Ir(u) catalyst would give enolate IV, which
could combine with a trimethylsilylium ion to form the key
silylketene acetal intermediate V. Then, the Claisen-type [3,3]-
rearrangement of V would furnish the 1,1,3-trisubstituted
cyclobutane product 3. Similarly, the synthesis of 1,1,2-trisub-
stituted cyclobutanes could be achieved through a radical
addition to cyclobutene followed by the corresponding rear-
rangement pathway.

To gain insights into the above mechanism, a series of
control experiments and spectroscopy studies were conducted.
First, a light on/off experiment showed that continuous irradi-
ation was essential for product formation (Fig. 5b). UV/vis
absorption experiments confirmed the primary absorption of
the photocatalyst at the irradiated wavelength (for details, see

1512 | Chem. Sci., 2025, 16, 11508-11518

the ESIt). Stern—Volmer luminescence quenching revealed that
the excited state of PC1 was significantly quenched by the a-
silylaniline (Fig. 5c). Then, such a radical addition/
rearrangement process was completely inhibited in the pres-
ence of 2,2,6,6-tetramethylpiperidinyloxy (TEMPO) and the
corresponding TEMPO-aminoalkyl adduct was confirmed by
HRMS (Fig. 5d, for details, see the ESIf), suggesting the
involvement of aminoalkyl radical species in product forma-
tion. Moreover, when the reaction was carried out with the
addition of external water, the aminoalkylation-protonation
products 54 and 55 were detected exclusively, while the [3,3]-
rearrangement process was completely interrupted, which
supports the generation of a-ester anion species IV (Fig. 5e).
Interestingly, we also compared the reactivity difference
between the BCB and cyclobutene by an intermolecular
competition experiment. The cyclobutene 4 was proved to be
more reactive than BCB 1, affording the corresponding rear-
rangement product 42 in 63% yield (Fig. 5f).

To further evaluate the reaction's energy profile and ratio-
nalize the observed reaction outcome, we performed density
functional theory (DFT) calculations. As shown in Fig. 6a, the
relative energies for morpholine radical (INT) addition to BCB 1
and cyclobutene 4 have been computed. It is found that the BCB
as the radical acceptor with 20.4 kcal mol™" free energy of
activation is energetically much higher than the cyclobutene
scenario with a modest activation barrier (12.8 kecal mol ",
Fig. 6a). This result is in good accordance with the competition
experiment observation that radical addition to the BCB is less
kinetically favored than to the cyclobutene. To elucidate the
observed reactivity difference, we conducted a comparative

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.5 Mechanistic investigations and control experiment. (a) Proposed mechanism to explain the reaction pathway. (b) light on/off experiment.
(c) Stern—Volmer plot showing a-silylaniline 2 as the quencher. (d) radical-inhibition using TEMPO. (e) control experiment by adding H,O to
capture a-ester anion species. (f) competition experiment between BCB 1 and cyclobutene 4.

analysis of strain energies between BCBs and cyclobutenes. It is
found that BCBs display a remarkable ring strain energy (64 kcal
mol "), which is much higher than that of cyclobutenes (28.7
keal mol *).®» As such, the strain energy is not the key factor
leading to the enhanced reactivity of cyclobutenes. Further
geometric analysis demonstrates distinct structural reorgani-
zation pathways: the BCB-to-cyclobutane conversion requires
substantial geometric distortion, while the cyclobutene-to-
cyclobutane transformation proceeds with minimal conforma-
tional changes (as evidenced by bond angle analysis). These

structural insights suggest that the reduced geometric

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

perturbation during cyclobutene activation may contribute to
the observed preference for radical addition to cyclobutenes
over BCBs.

To gain insight into the origin of diastereoselectivity,
possible [3,3]-rearrangement transition states of the silylketene
acetal intermediate were also investigated. The computational
analysis of BCB-radical intermediate INT-TMS-A suggests that it
can undergo two transition states TS-A1 and TS-A2 with very
close Gibbs free-energy (AG = 18.0 kcal mol™" vs. 18.2 kcal
mol ™), thus resulting in a similar ratio of anti-INT-C1 and syn-
INT-C2 rearrangement products (Fig. 6b). These calculations
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Fig. 6

Insights from DFT calculations. (a) aminoalkyl radical addition to BCB and cyclobutene. (b) relative energies for [3,3]-rearrangement of the

BCB-TMS intermediate. (c) relative energies for [3,3]-rearrangement of the (E)-cyclobutene-TMS intermediate. Calculations were performed at
the B3LYP/6-31G(d,p)/SMD (acetonitrile) level of theory. More details on the [3,3]-rearrangement of cyclobutene-radical intermediate (2)-INT-

TMS-B are provided in ESI Fig. S7.1

explain why the SRRC process of BCBs tends to give the product
in a low diastereomeric ratio (1.4 : 1 d.r., Fig. 3). Comparatively,
the computational analysis of [3,3]-rearrangement involving the
2-aminoalkyl substituted cyclobutane was also conducted
(Fig. 6¢). By taking (E)-INT-TMS-B as an example, the transition
state TS-B1 that leads to the formation of the observed diaste-
reomer anti-INT-D1 is more kinetically favorable than the other
transition state TS-B1 by at least 3.9 kcal mol ', which generates
the diastereomer syn-INT-D2. This substantial energy difference
suggests that the prenyl group prefers to approach the four-
membered ring from the opposite direction of the morpho-
line substituent. The scenario of the (Z)-INT-TMS-B interme-
diate is also considered (see the SI for details).

Furthermore, Hirshfeld partition of molecular density
(IGMH) analysis was performed to investigate the non-covalent

1514 | Chem. Sci,, 2025, 16, 1508-T1518

interactions in both transition states TS-B1 and TS-B2. Notably,
TS-B2 suffers from the obvious steric repulsion due to the
stronger CH---HC and CH---N interactions between the
terminal methyl on the ally moiety and the morpholine frag-
ment. Thus, the corresponding diastereomer bearing the reverse-
prenyl and the morpholine in a syn-manner is unfavorable. These
results are consistent with the experimental findings in Fig. 4,
wherein the SRRC process of cyclobutene often affords an
enhanced diastereoselectivity (for most cases 20:1 d.r).

Synthetic utility and biological activity evaluation

We next performed divergent synthetic manipulations of cyclo-
butane products to further reveal the potential utility of the
enclosed functionalization protocol by taking advantage of the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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functionalities, including carboxylic acid, terminal olefin and
amino groups (Fig. 7a). Structurally appealing tripeptides 56 and
57 containing 1,3- and 1,2-cyclobutylated amino acids were readily
achieved under the classical condensation conditions. The
carboxylic acid group was also amenable to deliver primary
alcohol 58 by LiAlH, reduction and to engage in Schmidt rear-
rangement, giving rise to the cyclobutylated amine 59. Iodine-
mediated lactonization led to more complex cyclobutylated spi-
rolactone 60 in 50% yield. Interestingly, when targeting the

a Product manipulations

o Ph
Me H Me
B N O, N \)J\ N OEt /'1‘ OH
Bn H Bn
A o X
ve Me M Me

56, 47%, 2:1d.r.

T T

58, 43%, 2:1d.r.
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preparation of an acyl chloride intermediate through the oxalyl
chloride and DMF procedure, we obtained the unexpected yet
attractive cyclobutane ring-fused lactam scaffold 61 in a single
step. Lastly, the hydrogenation of the reverse-prenyl to a bulky tert-
amyl group was furnished with a Pd/C catalyst (62). A sequential
hydroboration-oxidation of the terminal olefin could formally
introduce the isopentyl alcohol motif to cyclobutane (63).

Given that cyclobutanes are privileged in pharmaceuticals,
we decided to evaluate the anticancer activity of selected
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Fig. 7 Diversification of cyclobutane products and biological activity study. (a) extension of the synthetic applications of the functionalized
products. (b) TMD-8 inhibition induced by selected compounds at 10 uM for 72 h; ICsq values of compound 31 in different cancer cell lines,
including TMD-8, KPC and HCT-116. Human diffuse large B-cell lymphoma (TMD-8); mouse pancreatic ductal adenocarcinoma (KPC); human

colorectal adenocarcinoma (HCT-116).
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products by detecting the in vitro cytotoxicity against the human
diffuse large B-cell lymphoma (TMD-8) cell line (Fig. 7b).
Pleasingly, a series of cyclobutane products showcased prelim-
inary inhibitory activity at 10 uM. Among these candidates,
cyclobutylated amino acid 31 bearing a piperazine motif dis-
played superior cytotoxicity to inhibit diverse cancer cell lines,
including TMD-8, mouse pancreatic ductal adenocarcinoma
(KPC) and human colorectal adenocarcinoma (HCT-116), with
ICs, values ranging from 5.7 to 8.2 uM. This indicates such
cyclobutane compounds have potential applications in medic-
inal chemistry.

Conclusions

In summary, we have established a photoredox-mediated
radical strain-release/[3,3]-rearrangement cascade strategy to
achieve polysubstituted cyclobutanes, with the utility of bicyclo
[1.1.0]butanes and cyclobutenes as radical acceptors and readily
available tertiary amines as radical donors. An array of struc-
turally diverse 1,1,3- and 1,1,2-trisubstituted cyclobutanes con-
taining a non-natural amino acid scaffold were smoothly
accessed in moderate to good yields. This protocol features mild
reaction conditions, good functional group tolerance, and an
extremely wide range of amine precursors and allyl fragments.
Mechanistic investigations reveal that the pivotal reactivity of
the silylketene acetal intermediate is generated by the strain-
release radical addition and subsequent single electron reduc-
tion. The origin of the anti-selective formation of densely
substituted cyclobutanes via the steric repulsion effect in the
transition states of [3,3]rearrangement is explained by
computational calculations. The synthetic applications and
anticancer activity assessment further substantiate the poten-
tial of this photocatalytic SRRC protocol. We anticipate that the
development of other types of transformations based on the
SRRC strategy will expand the synthetic chemical space of
saturated carbocycles.
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