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Visible light–initiated radical 1,3-difunctionalization of
β,γ-unsaturated ketones
Ruihua Liu1, Yang Tian1, Jie Wang2, Zemin Wang1, Xiangqian Li1, Chenyang Zhao2†, Ruoyu Yao1,
Shuo Li1, Leifeng Yuan1, Jinbo Yang2*, Dayong Shi1,3*

Radical-mediated 1,2-difunctionalization of olefins is a well-established synthetic technique widely used in the
rapid construction of structurally diverse molecular entities. However, radical-mediated 1,3-difunctionalization
reactions are rare, and the substrates are generally limited to strained skeletons. Here, we report a practical ap-
proach for 1,3-difunctionalization of available β,γ-unsaturated ketones via a radical cascade process including
visible light–irradiated radical addition, thermodynamic stability–driven 1,2-carbonyl migration from unacti-
vated all-carbon quaternary center, and terminal C-radical varied transformations. Various highly functionalized
alkyl skeletons with different valuable functional groups at positions 1 and 3 and the carbonyl group at position
2 have been synthesized through a radical chain pathway or Cu-catalyzed Ritter-type reaction. Moreover, this
protocol provides a real case of diversity-oriented radical rearrangement for drug discovery. We identified a
previously unknown chemotype of dual inhibitors for hypoxia-inducible factor (HIF) and WNT signaling path-
ways fromproducts. These small-molecule inhibitors could suppress HIF andWNT signaling–dependent HCT116
cell growth in 2D and 3D culture systems.
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INTRODUCTION
Emerging infectious diseases and the growing drug resistance of tra-
ditional diseases urge humans to accelerate the discovery of drugs to
address these challenges. Chemists are committed to developing
practical synthetic strategies to access structurally diverse small
molecules for drug screening. Radical-mediated 1,2-difunctionali-
zation of olefins has been persistently concerned by the organic syn-
thetic community because of its usefulness in rapidly increasing
molecular complexity and diversity (Fig. 1A) (1–3). However,
radical-mediated 1,3-difunctionalization of unactivated substrates
is rare and hard to be harnessed (4–9). In the past decades,
radical-mediated strain release of strained ring systems has been re-
garded as a valid strategy for constructing 1,3-difunctionalized
products. However, the substrates were generally limited to the
structurally specific strained skeletons such as cyclopropanes (4), bi-
cyclo[1.1.0]butanes (5), and [1.1.1]propellanes (Fig. 1A) (6, 7). To
expand the new chemistry space, we report a practical approach for
1,3-difunctionalization of readily accessible β,γ-unsaturated
ketones via radical-mediated 1,2-carbonyl migration from the un-
activated all-carbon quaternary center.

The altered localization of a carbonyl group on a molecular skel-
eton can profoundly influence themolecular biological and physical
properties and potential synthetic applications (10, 11). For
example, the urea-thiophene carboxamide synthesized from the
N-BOC 2-tropinone is a better active protective agent treating ami-
noglycoside-induced hearing loss than the C3 analog (11).

Currently, carbonyl migrations triggered by transition metal–pro-
moted C(C═O)─C σ-bond activation have been well explored, en-
abling multifarious synthetically and pharmaceutically valuable
transformations (Fig. 1B) (12–15). Nevertheless, these reactions
profoundly depend upon high temperature (13), and the substrates
are generally limited to strained cyclic ketones (14) and directing
group incorporated ketones (15) due to the inherent stability of
C─C σ-bonds and the poor reactivity between the C─C σ-orbit
and the transition metal center (16). Consequently, it is highly de-
sirable to explore the site-selective carbonyl migration of readily
available β,γ-unsaturated ketones under mild reaction conditions.

The carbonyl group is one of the most widely studied chromo-
phores in photochemistry (17). Various excited-state carbonyl-me-
diated photochemical reactions have been extensively applied to
synthetic chemistry (18–21). Among them, the light-initiated car-
bonyl migration of β,γ-unsaturated carbonyl compounds is a fasci-
nating area in synthetic chemistry because of the presence of both
alkene and carbonyl chromophores in a substrate (19). Previous
studies reveal that two unique carbonyl migration pathways, includ-
ing oxadi-π-methane (ODPM) rearrangement (20) and 1,3-carbon-
yl shift (21), exist in ultraviolet (UV) light–irradiated
rearrangement reactions of β,γ-unsaturated ketones (Fig. 1C). The
ODPM rearrangement proceeds from the ππ* excited state (T1) of
the alkene moiety (20). In contrast, the 1,3-carbonyl migration gen-
erally originates from the nπ* excited state of the carbonyl group
(Fig. 1C) (21). These reactions are useful; β,γ-unsaturated carbonyl
compounds also undergo many complex competitive reactions
known for isolated ketones or olefins simultaneously under UV
light–irradiated conditions (17, 19). These complex competitive re-
actions have challenged molecular skeletal selective modification
considerably. Drawing inspiration from the advancements of
visible light–irradiated radical reactions over the past few decades
(22, 23) and the conventional radical addition-driven functional
group migration reactions (24–26), we designed and successfully
developed a practical 1,3-difunctionalization of β,γ-unsaturated
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Fig. 1. Background and the present research. (A) Radical-mediated 1,2-difunctionalization and 1,3-difunctionalization reactions. (B) Transition metal–catalyzed car-
bonyl migration reactions triggered by C─C bond activation. (C) UV light–irradiated carbonyl migration of β,γ-unsaturated carbonyl compounds. (D) This work: Visible
light–irradiated radical 1,3-difunctionalization of β,γ-unsaturated ketones.
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ketones via a radical cascade process (Fig. 1D). The cascade process
includes visible light–irradiated radical addition, thermodynamic
stability–driven 1,2-carbonyl migration from unactivated all-
carbon quaternary center, and terminal C-radical varied transfor-
mations (Fig. 1D, a). Unlike UV light–irradiated complex compet-
itive reactions occurring from self-excited β,γ-unsaturated ketones
(19), this visible light–mediated rearrangement reaction was initiat-
ed by the interaction between excited α-diketones and radical di-
functional reagents [N-fluorobenzenesulfonimide (NFSI) or
acetylenic triflones], producing the radical intermediate •FG1

(Fig. 1D, a) (27). The •FG1 then attacked the alkene moiety,
giving the secondary C-radical intermediate A. The intermediate
A underwent radical cyclization to form the alkoxy radical B. A
more stable tertiary C-radical C was readily formed by C─C σ-
bond selective scission. Last, the tertiary C-radical C was trapped
by difunctional radical reagents, delivering the 1,2,3-trifunctional-
ized alkyl skeletons and regenerating the addition radical •FG1 (28,
29). The radical chain pathway could also be terminated through the
Cu-catalyzed Ritter-type reaction, gaining the terminal radical am-
moniation products (30). Various highly functionalized alkyl skel-
etons with different valuable functional groups at positions 1 and 3
and the carbonyl group at position 2 were obtained with excellent
chemoselectivity and regioselectivity (Fig. 1D, b). This strategy may
be helpful for drug discovery because it provides a practical pathway
to rapidly construct structurally diverse and highly functionalized
molecules from simple frameworks (Fig. 1D, c).

The hypoxia-inducible factor (HIF) pathway is a promising
target for cancer therapeutics because it regulates many cellular
adaptive biological processes like glucose metabolism and angio-
genesis that help tumor cells survive and proliferate under
hypoxic conditions (31–33). The WNT signaling pathway regulates
fundamental cellular processes, including differentiation, prolifera-
tion, migration, and survival (34). Dysregulation of WNT signaling
may lead to multiple human cancers, for example, breast cancer, co-
lorectal cancer, melanoma, and so on (35). Moreover, these two
pathways could both be aberrantly activated in the tumor microen-
vironments (36), in which mutation-driven WNT signaling (37)
and hypoxia- or nutrient deprivation–induced HIF activities (38)
could exist simultaneously. We compared the mRNA expression
profiles of typical HIF signaling targeting genes (Hif1α, Pgk1,
Slc2a1, Tfrc, and Timp1) and WNT signaling targeting genes
(Axin2, Cyclin D1, and β-Catenin) using the online GEPIA2 web
server (http://gepia2.cancer-pku.cn/#analysis) in different cancers
and their paired normal tissues (39). The expression levels of both
HIF and WNT signaling on tested downstream genes are notably
higher in the tumor samples of cholangiocarcinoma (CHOL),
colon adenocarcinoma (COAD), lymphoid neoplasm diffuse large
B cell lymphoma (DLBC), esophageal carcinoma (ESCA), brain
lower-grade glioma (LGG), pancreatic adenocarcinoma (PAAD),
rectum adenocarcinoma (READ), sarcoma (SARC), stomach ade-
nocarcinoma (STAD), and testicular germ cell tumors (TGCT),
suggesting that HIF andWNT signaling are simultaneously activat-
ed in these cancers (fig. S1). In addition, HIF1α and β-catenin pro-
teins were both detected positively (40) in the later stages of
colorectal cancer (CRC). In all CRCs, more than 90% harbor a mu-
tation that activates the canonical WNT signaling, and in archived
CRC samples, 60% express high levels of the HIF1α protein (41).
Moreover, the cross-talk between these two pathways has been re-
ported (42). β-Catenin could form a complex with HIF1α and

potentiate the expression of HIF1α classical target genes, thereby
promoting cell survival during hypoxia (43). Inhibiting both β-
catenin and HIF1α signaling will help to more efficiently diminish
HIF1α function. On the other hand, HIF1α has a direct role in in-
hibiting β-catenin and reduced HIF-1α leads to increased β-
catenin–dependent activation of T cell factor 4 (TCF-4) transcrip-
tional activity (37, 38), which is positively associated with tumor cell
proliferation. Although some small-molecule inhibitors specific for
HIF or WNT signaling exhibit sound antitumor activity, no corre-
sponding anticancer candidates are clinically available yet (31–39).
Because HIF and WNT are both substantial pathways that affect
tumor cell proliferation (31–35), the development of previously
unknown multifunctional small-molecule inhibitors for both HIF
and WNT signaling might be able to create avenues for treating
the related cancers. We found a previously unknown chemotype
of dual inhibitor for HIF and WNT signaling from structurally
diverse product molecules. Therefore, these structurally distinct
small-molecule inhibitors are promising in developing previously
unidentified multitargeted antitumor drugs. Notable advantages
of this protocol include (i) the unconventional 1,3-difunctionaliza-
tion of allyl substrates via radical-mediated 1,2-migration of
carbon-based groups, (ii) inert C─C σ-bond selective cleavage
and functionalization, and (iii) rapid constructions of structurally
diverse molecules with excellent chemoselectivity and potential
bioactivities.

RESULTS AND DISCUSSION
Reaction optimization
At the beginning of this study, we chose β,γ-unsaturated ketone 1a
with a gem-dimethyl at the α-position of the carbonyl as the model
compound. NFSI was used as a nitrogen-centered radical precursor
and radical fluorination reagent to screen the reaction conditions
(Table 1) (28). When cheap benzil was applied as a photoinitiator
(PI1) (27), the designed reaction proceeded smoothly and gave the
1,3-difunctionalized product 3a in a 59% yield irradiated with blue
light-emitting diode (LED) for 30 hours under the argon atmo-
sphere (Table 1, entry 1). Several photoinitiators, such as PI2 to
PI5 (Table 1, entries 2 to 5), were tested but gave 3a in unsatisfactory
yields. Benzophenone (PI6) could not trigger this transformation
under the same condition (Table 1, entry 6). Besides acetone,
CH3CNwas an efficient solvent for this transformation by screening
several solvents (Table 1, entries 7 to 11). However, only 3% of 3a
was obtained using toluene as the solvent (Table 1, entry 10). It is
presumed that the intermolecular hydrogen abstraction reaction
between the bissulfonamidyl radical and toluene suppressed the ad-
dition reaction between the bissulfonamidyl radical and the β,γ-un-
saturated ketones. To enhance the yield of 3a, the loading level of
the photoinitiator was also evaluated (Table 1, entries 12 to 14). The
yield could rise to 82% using 0.5 equiv of PI1 (Table 1, entry 13).
Control experiments revealed that PI and light were both essential
for this transformation (Table 1, entries 15 and 16).

Investigation of the substrate scope
With the optimum conditions established (Table 1, entry 13), we
investigated the substrate and reaction scope of this strategy
(Fig. 2). This protocol proved to work for β,γ-unsaturated ketones
bearing 4-substituted aryl rings with different electronic properties,
delivering the products 3b to 3g in moderate to good yields. The β,
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γ-unsaturated ketones bearing 2-substituted, 3-substituted, and
polysubstituted aryl rings were all viable in this strategy, obtaining
the corresponding 1,3-aminofluorination products (3h to 3p) in
good yields. Unexpectedly, the 1,2-carbonyl migration/cyclic by-
products 3i′ and 3o′ were formed using 2-bromophenyl or 2,4-di-
methylphenyl substituted β,γ-unsaturated ketones as substrates.
This transformation might be that the stereo-hindrance effect of
ortho-substituents makes the generated tertiary C-radical center
close to the aryl rings, facilitating the intramolecular cyclization re-
action. Pyridine and thiophene incorporated β,γ-unsaturated
ketones were also tolerated (3q and 3r). Notably, the β,γ-unsaturat-
ed ketones synthesized from natural products, including L-
(−)-menthol and D-fructopyranose, participated nicely in this strat-
egy (3s and 3t). This protocol tolerated the β,γ-unsaturated ketones
bearing straight-chain or branch-chain alkyl moieties well (3u to
3y). Satisfying yields were obtained using unstrained and strained
cyclic alkyl-substituted β,γ-unsaturated ketones (3z and 3aa). Fur-
thermore, alkyl-substituted β,γ-unsaturated ketones derived from
complex natural products such as hydroxycitronellal and lithocholic
underwent this transformation successfully (3ab and 3ac). The re-
action proceeded readily when the gem-dimethyl at the α-position

of the carbonyl group was substituted by symmetric gem-diethyl
(3ad), gem-dipropyl (3ae), cyclopentyl (3af ), cyclohexyl (3ag and
3ah), medium-sized cycloalkyl (3ai and 3aj), gem-diphenyl (3ak),
nonasymmetric gem-phenylmethyl (3al), gem-propylmethyl (3am),
or gem-cyclopentylmethyl (3an). In addition, β,γ-unsaturated cy-
clohexanone and cyclododecylketone were used as substrates,
forming the ring-expansion products (3ao and 3ap) in moderate
yields with high diastereoselectivity. The unsymmetrical NFSI was
also a suitable partner for this transformation, leading to a good
yield of 3aq. Could transition metal terminate the product-
forming radical chain process to achieve the diversified reconstruc-
tion of the quaternary carbon center? The visible light–driven Cu-
catalyzed Ritter-type reaction of β,γ-unsaturated ketones with ni-
triles was successfully developed (Fig. 3 and table S3) (30). This
strategy proceeded smoothly using various straight-chain/branch-
chain alkyl nitriles and benzonitrile (4a to 4e). Various β,γ-unsatu-
rated aryl ketones were also compatible in this visible light–driven
metal-catalyzed radical cascade process (4f to 4l).

Various acetylenic triflones were subjected to react with β,γ-un-
saturated ketones under similar conditions to document the gener-
ality of this radical chain process (Fig. 4 and table S4) (29). Notably,
arylacetylene-derived acetylenic triflones with different functional
groups, including Cl, Br, CF3, Et, Ph, and F, at the aryl moiety
were all well tolerated, gaining 1,3-alkynyltrifluoromethylation
products 6a to 6g in moderate to good yields using 0.6 equiv of di-
acetyl as the photosensitizer. Thiophene- and naphthalene-incor-
porated acetylenic triflones were compatible in this reaction,
building the 1,3-alkynyltrifluoromethylation products 6h and 6i
in moderate yields. The cascade processes involving a variety of β,
γ-unsaturated aryl ketones were also successful, as demonstrated by
the moderate yields of products (6j to 6x). However, the alkyl-sub-
stituted β,γ-unsaturated ketones were less effective for this reaction,
obtaining the mixture of carbonyl migrated products (6y and 6z)
and the alkene difunctionalized products (6y′ and 6z′) (29). In ad-
dition, the alkenyl triflone was not a suitable difunctional reagent
for this strategy, and almost all of the β,γ-unsaturated ketone and
alkenyl triflone were recovered (fig. S8).

The feasibility of radical-mediated remote carbonyl migration
was also examined. Unfortunately, no carbonyl migration products
were found using the distal unsaturated ketone 7 and only forming
the alkene difunctionalized product 9′ in a 52% yield (Fig. 5A) (30).
The practicability of this protocol was proven by performing gram-
scale reactions (Fig. 5B). The follow-up transformations of the
products were ultimately performed to examine the synthetic po-
tentiality and utility of these reactions. The reduction leads to the
desulfonylated alkyl alcohol 10 by treating 3a with magnesium
powder in a mixed solution of N,N′-dimethylformamide and
buffer (Fig. 5B, a). The desulfonylated ketone 11 was also readily
obtained through pyridinium chlorochromate–mediated oxidation
of the corresponding alkyl alcohol (Fig. 5B, b). Selectfluor readily
oxidized the alkynyl moiety on product 6a to construct the
desired 1-trifluoromethyl, 3-difluoroalkyl ketone 12 in a 63%
yield (Fig. 5B, c).

Mechanistic investigations
We conducted mechanistic experiments to elucidate the reaction
details (Fig. 6). The reactions were entirely suppressed by 2,2,6,6-
tetramethyl-1-piperidinyloxy (TEMPO) under standard condi-
tions, and no products were formed (Fig. 6A). These results indicate

Table 1. Optimization of the reaction conditions.

Entry Variation of conditions* 3a (%)†

1 None 59

2 PI2 instead of PI1 21

3 PI3 instead of PI1 50

4 PI4 instead of PI1 52

5 PI5 instead of PI1 11

6 PI6 instead of PI1 0

7 Acetonitrile instead of acetone 51

8 1,2-Dichloroethane instead of acetone 34

9 Dichloromethane instead of acetone 31

10 Toluene instead of acetone 3

11 N,N-dimethylformamide instead of acetone 25

12 PI1 (0.4 equiv) 75

13 PI1 (0.5 equiv) 82

14 PI1 (0.6 equiv) 81

15 No light 0

16 No PI 0

*Conditions: 1a (0.1 mmol), 2a (0.25 mmol), and PI (0.03 mmol) in acetone
(0.3 ml) were reacted under Ar at room temperature for 30 hours under the
irradiation of 6-W blue LED. †Isolated yield.
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that a radical process could be involved in this strategy. Both 1,3-
carbonyl shift product 13 and ODPM rearrangement product 14
were not detected when subjecting β,γ-unsaturated ketone 1a and
α-diketones to the two standard conditions (Fig. 6B, a and b) (19,
20, 21). These results suggest that the reaction could not be initiated
by direct irradiation of β,γ-unsaturated ketones or the interaction
between the photoexcited α-diketones and β,γ-unsaturated
ketones. Benzoyl fluoride 15 and the benzil dimerization product
16 were observed under the standard condition (Fig. 6B, c),
giving vital clues to the radical initiation process. Previous studies
and literature revealed that two possible pathways exist in the gen-
eration of benzoyl fluoride 15 (Fig. 6C) (40, 41). One process is the

light-mediated direct α-cleavage of α-diketones (Norrish I) (path a)
(40). The formed acyl radical D reacts smoothly with NFSI to
produce the N-radical intermediate E to initiate the reaction and
generate acyl fluoride (41). The other is the excited-state α-dike-
tones F interacting with NFSI to produce N-radical intermediate
E to initiate the reaction and construct alkoxy radical intermediate
G (path b) (27). The latter was converted into acyl radicalD and acyl
fluoride. The acyl radical D reacted smoothly with NFSI to initiate
the reaction via path a. Crossover experiments were carried out to
differentiate between these two potential radical initiation process-
es, as depicted in Fig. 6D (42). The crossover product PI3 was not
detected by irradiating the mixture of PI1 and PI4 with a blue LED

Fig. 2. 1,3-Aminofluorination of β,γ-unsaturated ketones. *Isolated yields. †Condition 1: 1 (0.1 mmol), 2a (0.25 mmol), and benzil (0.05 mmol) were stirred in acetone
(0.3 ml) and irradiated with 6-W blue LED under Ar at room temperature (RT) for 30 hours. ‡Diacetyl (0.05 mmol) was used instead of benzil. §The diastereoisomeric ratios
were identified with 1H NMR. ||The configuration of the diastereomer was confirmed by nuclear Overhauser effect.
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Fig. 3. 1,3-Diamination of β,γ-unsaturated ketones. *Isolated yields. †Condition 2: 1 (0.1 mmol), 2a (0.25 mmol), diacetyl (0.02 mmol), and Cu(OTf)2 (0.03 mmol) were
stirred in various nitriles (1.0 ml) and H2O (5.0 μl) and irradiated with blue LED under Ar at room temperature for 30 hours. ‡The diastereoisomeric ratios were identified
with 1H NMR or 13C NMR.

Fig. 4. 1,3-Alkynyltrifluoromethylation of β,γ-unsaturated ketones. *Isolated yields. †Condition 3: 1 (0.1 mmol), 2a (0.25 mmol), and diacetyl (0.06 mmol) were stirred
in acetone (0.3 ml) and irradiated with 6-W blue LED under Ar at room temperature for 30 hours. ‡The diastereoisomeric ratios were identified with 1H NMR.
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for 48 hours. PI1 and PI4 were not detected using PI3 as the sub-
strate in the same way. While this result did not provide solid evi-
dence for identifying the accurate radical initiation processes, it at
least revealed that the light-mediated direct cleavage of α-diketones
(Fig. 6C, path a) was probably not the radical initiation process, and
path b was a more sensible alternative pathway. UV-visible (UV-vis)
absorption spectrum verified that benzil is an effective photosensi-
tizer for this reaction (Fig. 6E). “Light/dark” experiments were then
conducted. A minor amount of 1,3-difunctionalized product was
still detected after removing the light source (Fig. 6F). These
results reveal that the product-forming radical chain process was in-
volved in this reaction (27). Nonetheless, these reactions still need
continuous irradiation due to the short lifetimes of radical chain
processes.

Bioactivity studies
We constructed the corresponding luciferase reporter systems to
identify previously unidentified compounds that can effectively
inhibit HIF and WNT signaling pathways for related cancer treat-
ment (fig. S15A). HIF and WNT signaling pathways are both acti-
vated in HCT116 cells. β-Catenin is aberrantly activated in HCT116
cells owing to a 3–base pair deletion that removes one amino acid
(Ser45) (43), which blocks β-catenin degradation. Moreover, the
HCT116 cell line expresses detectable HIF1α proteins under nor-
moxia condition (44, 45). In the tumor microenvironment, tumor
cells face intrinsic elevated HIF and WNT activities due to muta-
tions and encounter other cells and mediators, which will further
enhance HIF/WNT activities. Because HCT116 cells have detect-
able levels of HIF and WNT under a steady state and also respond
to additional stimulus treatment, this allows us to study all

interested characteristics in the same cell under both resting and
stimulatory states. Although no anticancer HIF and WNT inhibi-
tors are clinically available, some small-molecule inhibitors specific
for HIF (46) or WNT (47) signaling exhibit sound HCT116 cell
growth inhibition activity. Therefore, HIF1α and WNT luciferase
reporter systems were developed in the HCT116 cells through mul-
tiple steps, which resulted in generating constructs that consisted of
the luciferase reporter gene under the transcriptional regulation of
an enhancer containing hypoxia-responsive element (HRE) or β-
catenin–binding cis element (TCF/LEF1) upstream of a mini-
TATA promoter, respectively. Upon the binding of HIF1α protein
to HRE or the binding of β-catenin to TCF/LEF1, the luciferase re-
porter gene is transcriptionally activated. The luciferase expression
level represents the DNA binding efficiency of HIF1α or β-catenin,
which depends on their function and the expression levels. De-
creased luciferase activity reflects the inhibitory effects of tested
compounds on the corresponding signaling. The established drug
screening workflow screened nearly 20,000 small molecules (48).
Several 1,3-aminofluorination and 1,3-diamination products, as
shown in Figs. 2 and 3, were identified to have the capacity to
inhibit both WNT and HIF signaling activities (Fig. 7, A and B).
Among them, the two most potent compounds were 3g and 3aq,
which had an inhibition rate of 59.7 and 66.2% for WNT signaling
and 50.2 and 68.4% for HIF signaling, respectively, while LF3 and
KC7F2 (49), which are known to inhibit WNT and HIF activity,
showed 55 and 53% inhibition activity at 5 μM in our reporter
systems. The bissulfonamidyl (N(SO2Ph)2) group is an essential
moiety because of the poor inhibitory effects of the desulfonylated
product 11. Considering the representativeness and the effective-
ness, 3g was subjected to further investigation. Whether 3g had

Fig. 5. Synthetic applications. (A) Radical-mediated remote carbonyl migration. (B) Gram-scale reactions and follow-up transformations.
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inhibitory effects on P53, signal transducer and activator of tran-
scription (STAT)–nuclear factor κB (NFκB), and peroxisome prolif-
erator–activated receptor (PPAR) signaling pathways, which are
closely associated with cancer, was also detected. The results
showed that 3g exhibited trivial or much less inhibition toward
these pathways compared with its inhibitory efforts on HIF and
WNT signaling pathways, which implied the efficacy and specificity
of 3g to inhibit HIF and WNT signaling (fig. S15B). From the
PhyChem predictions (50), 3g obeys most parameters of the Lipin-
ski rule of five: LogP = 3.4 (<5), hydrogen bond acceptors = 6 (<10),
and hydrogen bond donors = 0 (<5) and shows drug-like properties.
Because 3g could potently inhibit HIF signaling, we first examined
whether HIF protein expression was altered by 3g treatment under
both normoxia and CoCl2-induced hypoxia (51). As shown in Fig. 7

(C and D), both HIF1α and HIF2α protein levels were inhibited by
3g in a dose-dependentmanner regardless of the culture conditions.
Consistent with these results, the mRNA levels of typical HIF target
genes Bnip3 (Fig. 7E) and Pgk1 (fig. S16D) were notably reduced by
3g treatment. HIF1β protein levels were not influenced by 3g treat-
ment, indicating that 3gmight inhibit HIF signaling by modulating
HIFα protein accumulation (Fig. 7, C and D). To further illustrate
the possible mechanisms of 3g inhibitory effect on HIFα protein ac-
cumulation, we examined whether the decreased HIFα proteins’ ex-
pression induced by 3g was regulated at the protein synthesis step.
To address this question, MG132, a proteasome inhibitor, was
added to cell culture medium to block protein degradation by the
proteasome (52), which allowed us to look at the 3g effect on protein
synthesis activities without the influence of the protein degradation

Fig. 6. Mechanistic experiments. (A) Radical inhibition experiments. (B) Control experiments and by-product separation. (C) Possible radical initiation processes. (D)
Crossover experiments. (E) UV-vis absorption. (F) Light/dark experiments.
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process. As shown in fig. S16A, both HIF1α and HIF2α proteins
were accumulated upon MG132 treatment, and 3g markedly sup-
pressed the accumulation of HIFα proteins, whereas the HIF1β
protein level was left unaffected, suggesting that 3g can inhibit
HIFα proteins’ accumulation by reducing protein translational syn-
thesis. Consistently, the phosphorylation of eIF4E, which controls
the protein translation initiation (53), was strongly suppressed by

3g (fig. S16, B and C). These results suggested that 3g is an effective
inhibitor of HIF signaling mainly by inhibiting the HIFα protein
synthesis. Similarly, 3g inhibition efficiency on WNT signaling
was also determined. It was shown that 3g could inhibit both
active β-catenin and the expression of WNT target genes Axin2,
c-Myc, and CyclinD1 in a dose-dependent manner (Fig. 7F). Con-
sistently, the mRNA abundance of typical WNT target genes Axin2
(Fig. 7G) and CyclinD1 (fig. S15C) was notably suppressed by 3g. In
conclusion, the data suggested that 3g could function as a dual in-
hibitor for HIF and WNT signaling pathways.

Next, we evaluated the efficacy of 3g in inhibiting these two path-
ways. Both HIF and active β-catenin driving luciferase activities
were determined. They were inhibited by 24-hour 3g treatment
with an EC50 (median effective concentration) value of 11.37 μM
(Fig. 8A) and 9.17 μM (Fig. 8B) for HIF andWNT signaling, respec-
tively. Because HIF and WNT are significant pathways that affect

Fig. 7. 3g is identified as a dual inhibitor for HIF andWNT signaling pathways.
Ten thousand HCT116-HRE-luci (A) or HCT116-TCF-luci (B) cells were seeded into
each well of a 96-well plate. After overnight culture, cells were treated with the
indicated compounds (10 μM) for 24 hours, and then luciferase activities were de-
termined. HCT116 cells were cultured under either normoxia (C) or hypoxia (100
μM CoCl2) (D) with vehicle or 3g at the indicated concentrations for 24 hours.
Whole-cell lysates were extracted for Western blot. GAPDH serves as the loading
control. (E) HCT116 cells were treated with 3g (10 μM) or PX478 (20 μM) for
24 hours in the presence or absence of CoCl2. The mRNA level of HIF target
gene Bnip3 was determined by real-time polymerase chain reaction (RT-PCR)
and normalized to β-actin. (F) HCT116 cells were treated with 3g for 24 hours,
and then the cell lysate was analyzed by Western blot. (G) HCT116 cells were
treated with 3g (10 μM) or LF3 (20 μM) for 24 hours. Expression level of β-
catenin target gene Axin2 was quantified by RT-PCR and normalized to β-actin.
The individual experiments were repeated at least three times. Error bars indicate
means ± SD. *P < 0.05 was considered statistically significant (treated versus
vehicle), two-way ANOVA for (F) and one-way ANOVA for (G).

Fig. 8. 3g inhibits HIF and WNT signaling–dependent HCT116 cell growth in
2D and 3D culture systems. Ten thousand HCT116-HRE-luci (A) or HCT116-TCF-
luci (B) cells were seeded into each well of a 96-well plate. After culturing over-
night, cells were then treated with 3g and luciferase activities were determined
after 24 hours. (C) HCT116 cells (3000 per well) were plated into 96-well plates
and cultured overnight. 3g at various concentrations was added for an additional
72 hours, and cell viability was determined. (D) HCT116 cells (80,000 per well) were
plated in a 24-well plate and cultured for 8 days with or without 3g treatment, and
the medium was changed every 2 days. Spheroids were observed using a micro-
scope with ×20 magnification at days 2, 4, 6, and 8. At the end, total cell protein
was extracted and quantified. (E and F) The spherical diameter was analyzed by
Photoshop, and the quantification was performed by ImageJ software. The indi-
vidual experiments were repeated at least three times. Error bars indicate means ±
SD. *P < 0.05 was considered statistically substantial (treated versus vehicle using
two-way ANOVA).
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tumor cell proliferation (54), 3g is likely to inhibit WNT and HIF
signaling–addicted tumor cell growth. Therefore, HCT116 cells
were used to measure the 3g effects on cell viability because of its
aberrant activation of the WNT signaling pathway due to the β-
catenin mutation (43) and the high expression of HIF proteins
(44, 45). The results showed that 3g could notably suppress
HCT116 cell survival with an IC50 (median inhibitory concentra-
tion) at 1.97 μM in normoxia (Fig. 8C). The data indicated that
3g as a dual HIF and WNT signaling inhibitor could inhibit
HCT116 cell growth in a dose-dependent manner. Although two-
dimensional (2D) culture is a well-known drug evaluation system,
recent studies suggest that it lacks the cell-cell and cell–extracellular
matrix signals in in vivo circumstances (55). 3D culture systems are
emerging and believed to better simulate tumor characteristics in
vivo. Moreover, the spheroids formed in 3D culture have a
limited oxygen concentration at their core (55). HIFs have been pos-
tulated to be the primary mediators of hypoxic responses, and 3D
culture also has been suggested to be a perfect model to study the
effects of HIF-specific compounds on tumor growth in vitro (56).
Therefore, we evaluated 3g antitumor effects in 3D cultured
HCT116 cells. The growth of formed spheroids was reduced with
3g treatment in a dose-dependent manner (Fig. 8D). After 8 days
of culture, the average spheroid diameters in 3g-treated groups
were 70 μm (10 μM) and 42 μm (20 μM), respectively, compared
with about 142.7 μm in the vehicle-treated group (Fig. 8E). The
quantification of spheroids’ total proteins also suggested that 3g in-
hibited HCT116 cell growth (Fig. 8F). The data suggested that 3g
could effectively suppress HIF and WNT signaling–dependent
HCT116 cell growth in 2D and 3D culture systems.

In summary, a previously unknown visible light–irradiated
diverse-oriented radical 1,3-difunctionalization of β,γ-unsaturated
ketones has been successfully developed via radical-mediated 1,2-
carbonyl migration from an unactivated all-carbon quaternary
center. The 1,2-carbonyl migration without additional substituents
and the selective functionalization of inert C─C σ-bonds have been
readily implemented through radical chain pathway or Cu-cata-
lyzed Ritter-type reaction. This protocol features high atom
economy and practicability since exploiting the easily accessible
NFSI or acetylenic triflones as both the additional radical precursors
and carbon radical trapping reagents. This strategy discloses a pre-
viously unknown site-selective photochemical rearrangement reac-
tion of β,γ-unsaturated ketones, which makes possible the direct
and efficient synthesis of highly functionalized alkyl skeletons
with different valuable functional groups at positions 1 and 3 and
the carbonyl group at position 2. In addition, we found a previously
unknown chemotype of dual inhibitors for HIF andWNT signaling
from structurally diverse product molecules. These skeletal-distinct
small-molecule inhibitors are promising in treating related cancers.
Therefore, this work provides a vivid case of diversity-oriented
radical rearrangement reaction for drug discovery (57). We expect
that this work will inspire endeavors to explore diversity-originated
radical rearrangement reactions.

MATERIALS AND METHODS
Chemical part
All reagents were obtained from commercial suppliers and used
without further purification. Flash column chromatography was
implemented using Tsingdao silica gel (200 to 300 mesh). 1H,

13C, and 19F nuclear magnetic resonance (NMR) spectra were re-
corded with Bruker AVANCE NEO (600 and 400 MHz) spectrom-
eters and Agilent DD2 600 (600 MHz). All chemical shifts were
reported relative to tetramethylsilane [0 parts per million (ppm)
for 1H] and CDCl3 (77.0 ppm for 13C). Fourier transform mass
spectra were measured with a Thermo Fisher Scientific Q-Exactive
instrument, and accurate masses were reported for the molecular
ion ([M]+ or [M]−). UV-vis data were measured on a UV-3600
UV-vis/near-infrared (NIR) spectrophotometer.

General experimental procedure for 1,3-aminofluorination
of β,γ-unsaturated ketones
β,γ-Unsaturated ketones 1 (0.1 mmol), benzil (0.5 equiv, 0.05
mmol), NFSI (2.5 equiv, 0.25 mmol), and acetone (0.3 ml) were
added to a 5-ml glass tube. The mixture was irradiated with blue
LEDs under Ar for 30 hours at room temperature. The reaction sol-
ution was concentrated under vacuum. Purification by column
chromatography on silica gel (EtOAc:petroleum ether = 1:20 to
1:1) afforded the desired products 3.

General experimental procedure for 1,3-diamination of β,γ-
unsaturated ketones
β,γ-Unsaturated ketones 1 (0.1 mmol), diacetyl (0.2 equiv, 0.02
mmol), Cu(OTf)2 (0.3 equiv, 0.03 mmol), NFSI (2.5 equiv, 0.25
mmol), nitriles (1.0 ml), and H2O (5 μl) were added to a 5-ml
glass tube. The reaction solution was irradiated with blue LEDs
under Ar for 10 hours at room temperature. The mixture was con-
centrated under vacuum. Purification by column chromatography
on silica gel (EtOAc:petroleum ether = 1:20 to 1:1) afforded the
desired products 4.

General experimental procedure for 1,3-
alkynyltrifluoromethylation of β,γ-unsaturated ketones
β,γ-Unsaturated ketones 1 (0.1 mmol), acetylenic triflones (2.5
equiv, 0.25 mmol), acetone (0.3 ml), and diacetyl (0.6 equiv, 0.06
mmol) were added to a 5-ml glass tube. The reaction solution was
irradiated with blue LEDs under Ar for 30 hours at room temper-
ature. The mixture was concentrated under vacuum. Purification by
column chromatography on silica gel (EtOAc:petroleum
ether = 1:100 to 1:20) afforded the desired products 6.

Biological part
Antibodies and reagents
All antibodies were commercially available. The primary antibodies
HIF-1α (D1S7W), HIF-2α (D6T8V), HIF-1β/ARNT (D28F3),
eIF4E (C46H6), phospho-eIF4E (Ser209), nonphospho (active) β-
catenin (Ser33/37/Thr41) (D13A1), β-catenin (D10A8), Cyclin D1
(92G2), c-Myc (D3N8F), and Axin2 (76G6) were obtained from
Cell Signaling Technology. Antibodies against glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) and α-tubulin (B-7) were
from Santa Cruz Biotechnology and K. Chen, respectively. Protease
inhibitor (catalog no. 11836145001) and phosphatase inhibitor
cocktail (catalog no. 4906837001) tablets were bought from Roche
Diagnostics, while cell lysis buffer (catalog no. 9803) was obtained
from Cell Signaling Technology. LF3 (catalog no. HY-101486) was
acquired from MedChemExpress. PX478 (catalog no. T6961) and
KC7F2 (catalog no. T3169) were from Topscience. Matrigel
(catalog no. 356237) was obtained from Corning. MG132 (catalog
no. 474790) and CoCl2 were from Sigma-Aldrich.
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Cell culture
The human colon carcinoma cell line HCT116 was purchased from
iCell Bioscience Inc. (catalog no. iCell-h071), maintained in 5A
medium, which was supplemented with 10% fetal bovine serum,
penicillin (100 IU/ml), and streptomycin (100 mg/ml), and cul-
tured in a humidified atmosphere containing 5% CO2 at 37°C.
Luciferase reporter construction and assay
The HCT116 luciferase reporter cells for HIF and P53 signaling
were created by stably transfecting HCT116 cells with HIF luciferase
reporter plasmid (Genomeditech, GM-021020) or p53 luciferase re-
porter plasmid (GM-021040). PPARγ reporter cells were construct-
ed by stably transfecting the pGL4.20 plasmid, which was inserted
23 copies of PPARγ response elements at the Kpn l and Bgl 2 sites,
into Chang liver cells. Transfection was conducted with Lipofect-
amine 3000 (Invitrogen) per the manufacturer’s protocol. Forty-
eight hours after transfection, positive clones were selected by 3
weeks of G418 (500 μg/ml; Sigma-Aldrich) treatment. HCT116 lu-
ciferase reporter cells for WNT and STAT-NFκB (48) have been de-
scribed previously. Ten thousand reporter cells were seeded into
each well in white 96-well plates and incubated with or without
chemicals at the indicated concentrations. After 24 hours, each
well was given luciferase assay reagent (Promega) and a Spectra-
MaxL microplate reader was used to determine the fluores-
cence value.
Cell viability assay
Three thousand cells were plated into each well of 96-well plates.
After overnight culture, the cells were treated with either vehicle
or chemical at indicated concentrations. After 72 hours, cell viabil-
ity was measured with a SpectraMaxi3 microplate reader at a 490-
nm emission wavelength by MTT [3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide] assay.
Real-time PCR measurement
Total RNA in HCT116 cells was extracted using RNAisoPlus
(TaKaRa, catalog no. 9109), and complementary DNA (cDNA)
was generated using a PrimeScript RT reagent kit (Roche). Each
cDNA sample was amplified in a StepOne Plus RT-PCR machine
(Applied Biosystems) using SYBR Green dye (Roche, catalog no.
RR037A). The primer sequences were as follows: Bnip3, 5′-
CAGGGCTCCTGGGTAGAACT-3′ (forward) and 5′-
CTCCGTCCAGACTCATGCTG-3′ (reverse); Pgk1, 5′-GAA-
CAAGGTTAAAGCCGAGCC-3′ (forward) and 5′-GTGGCA-
GATTGACTCCTACCA-3′ (reverse); Cyclin D1, 5′-
CCATCCAGTGGAGGTTTGTC-3′ (forward) and 5′-AGCG-
TATCGTAGGAGTGGGA-3′ (reverse); Axin2, 5′-ACTGCCCA-
CACGATAAGGAG-3′ (forward) and 5′-
CTGGCTATGTCTTTGGACCA-3′ (reverse); and β-actin, 5′-
AGAGCTACGAGCTGCCTGAC-3′ (forward) and 5′-AG-
CACTGTGTTGGCGTACAG-3′ (reverse). The individual experi-
ments were repeated for three times, and each sample had three
technical replicates.
Western blotting
Total protein was extracted using cell lysis buffer (Cell Signaling
Technology, catalog no. 9803) with inhibitors cocktail of phospha-
tase (Roche, catalog no. 4906837001) and protease (Roche, catalog
no. 04693132001). Twenty micrograms per lane of total protein was
separated by SDS–polyacrylamide gel electrophoresis and then
transferred onto nitrocellulose membranes (GE Healthcare,
catalog no. 10600034). The membranes were further blocked with
5% nonfat milk in 1× tris buffered saline with tween-20 (TBST)

(0.05% Tween-20) for 1 to 1.5 hours at room temperature. Then,
the primary antibodies were added to themembranes and incubated
overnight at 4°C, followed by a 2-hour incubation with the corre-
sponding horseradish peroxide–conjugated secondary antibodies
at room temperature on the second day. After applying the ECL
chemiluminescence reagent (Nanjing KeyGen Biotech, catalog no.
KGP1121,) the bands were visualized with a Tanon 5200 imaging
system. The quantification of the bands was performed by ImageJ
software.
3D cell culture model
A 3D cell culture was performed following the previously reported
protocol (58). Briefly, cells were seeded in a 24-well plate (80,000 per
well) and incubated with 3g or vehicle for 8 days. Spheroids were
observed every 2 days, and the diameters of spheroids were quanti-
fied with ImageJ. Cells were lysed at the end of the experiments, and
the BCA Protein Assay Kit (Solarbio) was used to determine the
protein concentrations.
Statistical analysis
Statistical analysis was performed in GraphPad Prism 7.0. Results
were presented as means ± SD. Statistical significancewas calculated
by one-way or two-way analysis of variance (ANOVA). *P < 0.05
was considered statistically substantial.
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