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Chemodivergent alkylation of trifluoromethyl
alkenes via photocatalytic coupling with alkanes†
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gem-Difluoroalkenes and trifluoromethyl alkanes are prominent structures in biologically active com-

pounds. Radical alkylation of α-trifluoromethyl alkenes represents a useful strategy to access these struc-

tures. However, reported methods have relied on the use of pre-functionalized radical precursors and

examples involving the use of simple hydrocarbons as coupling partners are elusive. Here we report a

chemodivergent methodology based on the direct activation of C(sp3)–H bonds enabled by HAT photo-

redox catalysis. This protocol provides an efficient platform for preparing both gem-difluoroalkenes and

trifluoromethyl alkanes from ubiquitous hydrocarbon feedstocks, including gaseous alkanes. Importantly,

chemoselectivity is easily achieved by simple modification of reaction conditions and/or additives.

Introduction

Fluorinated molecules play a prominent role in modern drug
discovery and agrochemical development given the ability of
several fluorinated moieties to mimic common functional
groups found in bioactive molecules, while altering medicin-
ally relevant properties, such as lipophilicity, metabolic stabi-
lity, conformation, and pKa.

1 Among these fluorinated motifs,
gem-difluoroalkenes and trifluoromethyl alkanes are of par-
ticular interest being important metabolically stable bioisos-
teres of several functional groups (Scheme 1a).2 Thus, syn-
thetic transformations that can selectively generate both struc-
tures are in high demand.3 α-Trifluoromethyl alkenes have
served as efficient substrates for the formation of gem-difluor-
oalkenes, typically via SN2′ reaction with organometallic
reagents4 or transition-metal catalyzed addition–elimination
processes.5 Recently, methods for the synthesis of gem-difluor-
oalkenes have been described based on radical chemistry by
means of either photocatalysis or nickel catalysis (Scheme 1b,
left).6–12 In these transformations an alkyl radical generated
from a radical precursor reacts with the α-trifluoromethyl
alkene to provide an α-trifluoromethyl alkyl radical intermedi-
ate that is easily reduced to generate an anion (or an organo-
nickel species) which undergoes facile β-F elimination to

afford the product. The typically employed radical precursors
are organic halides,6 carboxylic acid derivatives,7 organobor-
ons,8 alkylbis(catecholato)silicates,8a sulfonyl salts,9 Hantzsch
esters,10 acetals11 or activated C–H bonds.12 Despite these
notable advances, methods based on the more atom efficient
use on simple alkanes as radical precursors are elusive.
Moreover, the development of α-trifluoromethyl alkene radical
hydroalkylation processes in which the CF3 group is preserved
represents a major challenge (Scheme 1b, right),13–18 mainly
due to the high tendency of α-trifluoromethyl alkyl radicals to
undergo reduction followed by β-fluoride elimination, rather
than protonation to furnish the trifluoromethyl alkane. This
issue has seriously limited the number of chemodivergent
methods that allow access to both gem-difluoroalkenes and tri-
fluoromethyl alkanes from a common α-trifluoromethyl
alkene. To achieve this chemodivergency, those methods
require the use of different photocatalysts,15 change in radical
precursor16,17 or the use of stoichiometric reducing agents.18

Notably, all the aforementioned methods rely on the use of
pre-functionalized radical precursors, something that inevita-
bly leads to the formation of stoichiometric waste, and results
in low atom and step economy.

Alkanes represent a class of very abundant compounds with
a great potential to be used as sustainable feedstocks. Indeed,
the direct functionalization of alkane C–H bonds offers a more
atom-efficient and straightforward way to build organic frame-
works when compared to pre-made organometallic com-
pounds or functionalized organic substrates. However, the
direct functionalization of C(sp3)–H bonds in alkanes still rep-
resents a challenge in synthetic chemistry. In this context,
photoredox-mediated processes in which saturated hydro-
carbons are activated by hydrogen atom transfer (HAT) have
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emerged as a useful tool for the direct functionalization of
alkanes.19 Within this line, we envisaged a potential scenario
where the generation of alkyl radicals from simple unactivated
alkanes could be engaged in the selective defluorinative alkyl-
ation and in the hydroalkylation of α-trifluoromethyl alkenes
to achieve the chemodivergent synthesis of gem-difluoroalk-
enes and trifluoromethyl alkanes from abundant commodity
chemicals. To address this challenge, we report herein a
general platform for the divergent synthesis of these important
fluorine-containing molecules based on HAT photoredox cata-
lysis (Scheme 1c). The transformations are enabled by the use

of tetrabutylammonium decatungstate (TBADT),20 which
serves as a universal photocatalyst for the synthesis of both
gem-difluoroalkenes and trifluoromethyl alkanes. The strategy
relies on the ability of the photoexcited decatungstate anion to
generate a carbon-centered radical by hydrogen atom abstrac-
tion from a range of alkanes, while slight modifications in
reaction conditions and/or additives allow to control the diver-
gent evolution of the radical intermediate that results from
alkyl radical attack to the trifluoromethyl olefin, either by SET
or HAT mechanisms with the reduced photocatalyst.

Results and discussion
Defluorinative alkylation

We began our investigation by exploring the reaction between
cyclohexane (1) and (3,3,3-trifluoroprop-1-en-2-yl)benzene (2).
After some experimentation (see Table 1 and ESI† for details),
we found that the combination of TBADT as photocatalyst and
LiOH as base under near-ultraviolet light irradiation (Kessil 43
W, 370 nm LED) in acetonitrile was a proper system for the
selective formation of gem-difluoroalkene 3 (Table 1, entry 1).
Acetonitrile, despite the relatively low bond dissociation
energy of its C–H bonds, is inert under these HAT reaction
conditions. This is due to a polarity mismatch between the
electrophilic reactive oxygen atoms in the photoexcited TBADT
and the hydrogen bonds in acetonitrile that have also electro-
philic chatacter.20c

Optimal conditions required the use of 3 mol% of TBADT,
10 equiv. of cyclohexane and 1.5 equiv. of LiOH. Under those
conditions 3 was obtained in 81% yield (entry 2). The employ-
ment of our previous reported conditions for the C–H allyla-

Scheme 1 Examples of bioactive compounds featuring gem-difluor-
oalkene and trifluoromethyl groups and photocatalytic methods for the
radical functionalization of α-trifluoromethyl alkenes.

Table 1 Optimization of reaction conditions for the defluorinative
alkylation with alkanes

Entrya Deviation from standard conditions 3 yieldb (%)

1 None 32
2 3 mol% of TBADT 81(81)c

3 5 mol% [Cu]d as co-catalyst 11
4 Collidine, lutidine or DMAP instead of LiOH <11
5 K3PO4 instead of LiOH 17
6 KHCO3 instead of LiOH 23
7 Li2CO3 instead of LiOH, 3 mol% of TBADT 20–75e

8 5 equiv. of 1, 3 mol% of TBADT 65
9 390 nm instead of 370 nm, 3 mol% of TBADT 63
10 No TBADT, light or base —

a Reactions performed on a 0.2 mmol scale. b Yields were determined
by 19F-NMR analysis using α,α,α-trifluorotoluene as internal standard.
c Yield of isolated product. dCuCl (5 mol%) + PPh3 (6 mol%) with colli-
dine (1.1 equiv.) instead of LiOH. e Irreproducibility issues were found.
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tion of alkanes with allylic chlorides using TBADT and Cu/
PPh3 as co-catalyst21 provided 3 in diminished yield (entry 3).
Notably, the use of organic bases instead of LiOH was detri-
mental to access 3 (entry 4). Inorganic bases generally per-
formed better, with Li-based salts providing 3 in higher yields
(entries 5–7). This effect is probably due to a Lewis acid-type
Li–F activation22 which might facilitate the β-fluoride elimin-
ation step. Li2CO3 proved to be an equally efficient base than
LiOH (entry 7), although it was discarded based on observed
irreproducible results which were likely due to solubility
issues. Interestingly, the reaction could be performed with a
smaller amount of cyclohexane 1 (5 equiv., entry 8) or with
different irradiation wavelength (390 nm, entry 9), albeit with
slight erosion in reaction yield. Finally, control experiments
revealed that the reaction does not proceed in the absence of
TBADT, light or base (entry 10).

Having established optimized conditions for the defluori-
native alkylation of trifluoromethyl alkenes with alkanes, we
set out to explore the scope of this transformation (Scheme 2).
Cycloalkanes with different ring sizes proved to be efficient
coupling partners leading to the corresponding products 3–5
in very good yields. Notably, this methodology could be
applied to the defluorinative alkylation of more complex ali-
phatic natural products such as camphene (6), fenchone (7)
and eucalyptol (8). The late-stage modification of these com-
pounds was accomplished in good yield (49–61%) with moder-
ate regioselectivity (up to 2.85 : 1 rr), and with excellent
diastereoselectivity (>20 : 1 dr). These examples show the capa-
bility of this transformation to install the gem-difluoroalkene
group onto complex aliphatic substrates without the need for
directing groups.

This photocatalytic defluorinative alkylation could also be
extended to non-electron-neutral C–H donors. Cyclic ether (9)
and thioether (10) could be selectively functionalized at the
α-position, while cyclopentanone was alkylated at the
β-position (11). The observed regiocontrol is in good agree-
ment with the preference of the electrophilic excited state of
decatungstate anion for the most hydridic C–H bonds.20c

We then focused on the evaluation of a diverse range of
α-trifluoromethyl alkenes. Aryl-substituted substrates bearing
trimethylsilyl (12), thioether (13), chloride (14), fluoride (15)
and phenyl (16) were coupled with cyclohexane in good yields
regardless of the position of the substituent on the aromatic
ring. Substrates bearing more sterically encumbered substitu-
ents such as naphthalene (17) or 1,3-benzodioxole (18) bicyclic
rings or even an α-trifluoromethyl alkene derived from estrone
(19) were also compatible for this transformation. Notably,
when a substrate bearing an electron-poor 3-chloropyridine
ring was reacted with cyclohexane under optimized conditions
(Table 1, entry 2), a mixture of the corresponding gem-difluor-
oalkene 20 and trifluoromethyl alkane 21 was obtained. We
reasoned that the presence of an electron poor substituent at
the α position of the trifluoromethyl alkene may stabilize the
carbanion intermediate thus facilitating the competitive proto-
nation pathway that provides the hydroalkylation product
versus the β-fluoride elimination. Thus, we decided to explore

alternative conditions to render the defluorinative alkylation of
electron-poor substrates selective by securing the efficient
quenching of any protic traces. In line with our hypothesis, the
use of a more basic medium involving a combination of LiOH
(3 equiv.) and K3PO4 (1.5 equiv.) led to the chemoselective for-
mation of gem-difluoroalkene 20 (see ESI,† section 5.2, for
optimization details). Under these modified conditions,
different α-trifluoromethyl alkenes bearing other 3-substituted
pyridine (22), electron poor para- and meta-(di-) substituted
aryl rings (23–26) and quinoline (27) could be reacted with
cyclohexane to selectively yield the corresponding gem-difluor-
oalkenes in moderate to good yields. Similarly, other C–H
donors such as cyclopentane (28), n-pentane (29), camphene
(30), dioxane (31), tetrathiophene (30), and cyclopentanone
(32) proved efficient for the defluorinative coupling with an
electron-deficient substrate.

Hydroalkylation

Based on the different reaction outcome observed for the
3-chloropyridine-substituted α-trifluoromethyl alkene depend-
ing on the reaction conditions, we decided to explore a
general methodology for the selective hydroalkylation of
these fluorinated olefins with alkanes. Opposite to the
formation of the gem-difluoroalkene, we reasoned that the
absence of basic additives may favour the protonation step
that leads to the formation of the hydroalkylation product.
Indeed, when this substrate was reacted with cyclohexane in
the absence of base under TBADT photocatalysis, hydroalky-
lation product 21 was exclusively obtained in 73% yield
(Scheme 3). Importantly, reaction could be scaled up to
5 mmol without significant erosion in reaction yield. A variety
of α-trifluoromethyl alkenes bearing other pyridine groups
(34) and electron-poor aryl rings (35–38) reacted with
cyclohexane, furnishing the corresponding trifluoromethyl
alkanes in good yields. In some cases, products were
obtained together with small amounts of the defluoroalkyla-
tion products. Fortunately, the use of hexafluoroisopropanol
(HFIP) as additive restored the chemoselectivity towards the
hydroalkylation product (see the ESI,† section 5.3.2, for
details). As described for the defluorinative alkylation, other
C–H donors such as cyclopentane (39), camphene (40), fench-
one (41), cyclopentanone (42), tetrahydrothiophene (43) and
1,4-dioxane (44) also proved efficient for the hydroalkylation
reaction. Despite proving unsuccessful for the defluorinative
coupling (see ESI,† section 9), toluene could be efficiently
used for the hydroalkylation reaction as illustrated with the
synthesis of product 45 in 53% yield. Moreover, this photo-
catalytic hydroalkylation protocol could be extended to the
use of acyclic alkanes. The reaction with 2,3-dimethylbutane
(46) resulted in the site-selective functionalization of the
methine C–H bond, while trifluoromethylalkylation of
methylene C–H bonds was preferred over the methyl C–H
bonds for n-hexane (47), in accordance with the site-selecti-
vity typically displayed by the photoexcited decatungstate
anion in other transformations with these saturated
hydrocarbons.20c,22

Paper Green Chemistry

11198 | Green Chem., 2024, 26, 11196–11205 This journal is © The Royal Society of Chemistry 2024

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
O

ct
ob

er
 2

02
4.

 D
ow

nl
oa

de
d 

on
 3

/1
1/

20
26

 7
:3

1:
07

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4gc04176c


To further demonstrate the versatility of our developed
hydroalkylation process, we next explored its application in the
functionalization of gaseous alkanes. The use of these feed-

stocks as sustainable, inexpensive and atom/step economical
reagents in chemical synthesis is highly attractive given their
vast abundancy in our planet. However, the intrinsic inertness

Scheme 2 Scope for the defluorinative alkylation of (hetero)aromatic trifluoromethyl alkenes with alkanes. Reactions performed on a 0.2 mmol
scale. Yields refer to the isolated product.
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of the C–H bonds in these alkanes (high bond dissociation
energy BDE = 99–105 kcal mol−1, ionization potential ∼12.5
eV, pKa ∼ 45–50), has rendered their use in organic synthesis
extremely challenging.23 Moreover, their gaseous nature adds
the extra challenge of achieving a proper gas/liquid exchange
regime that enables efficient alkyl radical formation. Notably,
the reaction conditions optimized for the hydroalkylation of
liquid alkanes could be successfully applied to propane just by

using 5 bar pressure of this gas. Products 48–50 were obtained
in good yield with a preferential functionalization of the sec-
ondary C–H bond over the primary ones. With ethane, our
optimized conditions using TBADT as photocatalyst provided
product 51 in low yield (see ESI,† section 5.3.3 for details).
Nevertheless, by changing the HAT photocatalyst to
FeCl3·6H2O, which can serve as a chlorine radical source upon
photoinduced LMCT,24 a significant improvement of reaction

Scheme 3 Scope for the hydroalkylation of (hetero)aromatic trifluoromethyl alkenes bearing electron-poor substituents with liquid and gaseous
alkanes. (a) Reactions conditions: trifluoromethyl alkene (0.2 mmol), liquid alkane (10 equiv.), TBADT (5 mol%), MeCN (0.1 M) at rt over 20 h and
irradiation by a 370 nm 43 W Kessil LED lamp. Yields refer to the isolated product. (b) TBADT 1.0 mol%. (c) HFIP (1.0 equiv.) used. (d) Reactions per-
formed at 5.0 bar of propane over 14 h, MeCN (0.05 M). (e) Reactions performed at 30 bar of ethane in MeCN (0.0125 M) over 14 h. (f ) FeCl3·6H2O
(5 mol%) used instead of TBADT and irradiation by a 390 nm 52 W Kessil LED lamp. (g) Reactions performed at 50 bar of methane in MeCN-d3
(0.0125 M) over 48 h.
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efficiency was observed and product 51 could be isolated in a
satisfactory 83% yield. Importantly, these new conditions
could be applied to the efficient functionalization of methane,
the most abundant alkane and main component of natural
gas,25 but an extremely challenging feedstock to activate under
mild conditions.26 Using FeCl3·6H2O as photocatalyst, and
after minimal optimization (see ESI,† section 5.3.3), methane
could be coupled with 3-chloro-5-(3,3,3-trifluoroprop-1-en-2-yl)
pyridine to furnish 52 in a remarkable 67% yield.

An interesting observation was done when α-trifluoromethyl
alkenes bearing electron-neutral or electron-rich substituents
were employed for the hydroalkylation reaction. Under opti-
mized conditions (method 3), no reaction was observed
between cyclohexane and substrate 2. Control experiments in
the presence of difference Li-based Lewis acid additives
showed a similar lack of reactivity (see ESI,† section 5.4.1).
Given the successful behaviour of substrate 2 under photo-
catalytic defluorinative alkylation conditions (see Table 1 and
Scheme 2), these results suggest that the electron transfer
between the reduced TBADT and the trifluoromethyl alkyl
radical generated from 2 is inefficient in the absence of base
(see below for mechanism proposals). Based on this hypoth-
esis, we reasoned that the use of a thiol as HAT co-catalyst27

may facilitate the hydrogen transfer from the reduced TBADT
to the trifluoromethyl alkyl radical via a complementary pair of
HAT events (see below for mechanistic proposal). Screening of
several thiols and disulfides (see ESI,† section 5.4.2 for details)
revealed that thiophenols 53 and 54 in combination with

TBADT efficiently promote the selective hydroalkylation of 2 by
using MeCN-d3 to avoid solvent functionalization (Scheme 4).
Under these cooperative catalysis conditions, different C–H
donors could be coupled with α-trifluoromethyl alkenes
bearing an electron-neutral (55–59), or electron-rich substitu-
ent (60–62) and even with a complex Estrone derivative (63).
Note that choice of the thiol catalyst was done depending on
the polarity of the product to facilitate purification.

Mechanistic considerations

To gain insight into the mechanism of these transformations,
a set of deuteration labelling experiments were performed
(Scheme 5a). First, we run the reaction between 3-chloropyri-
dyl-substitued trifluoromethyl alkene 64 and deuterated cyclo-
hexane, observing a 15% of deuterium incorporation at the
benzylic position of product 21-d. Interestingly, 40% of deuter-
ium incorporation was observed at positions 2 and 6 of the
pyridine ring. This result may suggest that formation of 21-d
occurs through the generation of a benzylic carbanion which
is stabilized by resonance along the pyridine ring. A similar
experiment with trifluoromethyl alkene 65 that bears a 3,5-
(bis)trifluoromethyl-substituted benzene ring in which the
delocalization of the carbanion is less favored resulted in the
formation of product 37-d with 30% of deuterium incorpor-
ation at the benzylic position. Albeit deuteration might arise
from a direct HAT process between the reduced TBADT and
the trifluoromethyl alkyl radical intermediate, the low percen-
tage of deuteration observed for these two results suggest that

Scheme 4 Scope for the hydroalkylation of trifluoromethyl alkenes bearing electron-rich aromatic rings. Reactions performed on a 0.2 mmol
scale. Yields refer to the isolated product. (a) 54 as HAT co-catalyst (30 mol%) and TBADT (5 mol%) in 24 h. (b) 53 as HAT co-catalyst (50 mol%) and
TBADT (3 mol%) in 48 h. brsm = based on recovered starting material.
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Scheme 5 (a) Deuterium labelling experiments and proposed mechanism for (b) the photocatalytic defluorinative alkylation of α-trifluoromethyl
alkenes with alkanes, (c) the photocatalytic hydroalkylation of electron-poor α-trifluoromethyl alkenes with alkanes and (d) the photocatalytic
hydroalkylation of electron-neutral and electron-rich α-trifluoromethyl alkenes under dual TBADT/thiol catalysis.
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the hydroalkylation of α-trifluoromethyl alkenes bearing elec-
tron-poor aryl rings likely occurs by SET reduction of the
radical intermediate to the carbanion. When deuterated cyclo-
hexane is used, subsequent protonation may occur by reaction
with a deuteron coming from the reduced TBADT or with any
adventitious protic agent present in the reaction medium.
Indeed, when acetonitrile was not dried prior to the reaction
between 64 and deuterated cyclohexane, no deuteration was
observed in the product (see ESI† for details).

The reaction between trifluoromethyl alkene 2 and deute-
rated cyclohexane run under TBADT/thiol cooperative catalysis
conditions was also explored. The fact that a significant degree
of deuteration was observed at the benzylic position of product
3-d, despite using a non-deuterated thiol, supports the comple-
mentarity of the proposed paired catalytic events.

On the basis of these experimental results and previous
reports on TBADT photocatalysis,20,28 we propose the following
mechanisms for the defluorinative alkylation (Scheme 5b) and
the hydroalkylation (Scheme 5c and d) of α-trifluoromethyl
alkenes with alkanes. Light irradiation of the decatungstate
anion I produces the excited-state decatungstate II which pro-
motes the hydrogen atom abstraction from the alkane. This
process generates an alkyl radical and singly reduced deca-
tungstate III which undergoes disproportionation into doubly
reduced decatungstate IV and ground state decatungstate I.
Addition of the alkyl radical to the trifluoromethyl alkene
would form radical intermediate V. In the presence of base
(Scheme 5b), single electron transfer between this radical
species and the doubly reduced decatungstate IV would regen-
erate singly reduced decatungstate III and would form carba-
nion VI which undergoes β-fluoride elimination to furnish the
gem-difluoroalkene product. Given the observed absence of
reactivity of α-trifluoromethyl styrene 2 in the absence of base,
the SET event between IV and V would be likely facilitated by
the base.

When using α-trifluoromethyl alkenes bearing electron-
poor (hetero)aryl rings in the absence of base (Scheme 5c),
single electron transfer between IV and V is efficient and sub-
sequent proton transfer furnishes the hydroalkylation product.
This does not occur for substrates bearing electron-neutral
and electron-rich aryl rings where the use of a paired thiol
HAT catalysis cycle is necessary to promote this reaction
(Scheme 5d). In this case, radical intermediate V undergoes
HAT with the thiol yielding the hydroalkylated product and a
sulphur-centred radical VII. Both catalytic cycles are completed
by a SET process between IV and VII (Ered1=2 ([W10O32]

5−/
[W10O32]

6−) = −1.56 V vs. SCE in MeCN 28a Ered1=2[ArS
•/ArS−] =

−1.26 V vs. SCE in MeCN29) that regenerates the singly reduced
decatungstate III and the thiol after proton transfer.

Conclusions

In summary, we have developed a chemodivergent method-
ology for the conversion of α-trifluoromethyl alkenes into gem-
difluoroalkenes and trifluoromethyl alkanes based on a HAT

photoredox catalysis strategy. Saturated hydrocarbons, includ-
ing gaseous alkanes, can be directly used as alkylating agents
without the requirement of pre-activated radical precursors,
making this strategy more attractive from a step- and atom-
economy point of view. Activation of alkanes was achieved by
using TBADT (or FeCl3 for methane and ethane) as photo-
catalyst, while chemoselectivity can be easily tuned by simple
modification of reaction conditions and/or additives. Both
defluorinative alkylation and hydroalkylation reactions
proceed under mild conditions and can be applied to electron-
poor and electron-rich substrates, though we found that the
hydroalkylation of the latter requires the use of cooperative
TBADT/thiol catalysis. Further studies on the use of gaseous
alkanes as sustainable and atom-efficient feedstocks for the
synthesis of fluorine-containing molecules are currently
underway.
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