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Substituted styrenes constitute important molecular building blocks for various synthetic manipulations,
including selective core and peripheral oxidations. The photo-oxidation of such substrates by a singlet
oxygen ene reaction (Schenck ene reaction) is especially attractive as it relies upon the combination of
three abundant and cheap components: air, visible light, and an organic dye. The resultant allyl hydroper-
oxides enable various functionalizations to alcohols, carbonyls, epoxides, triols etc. The synthetic poten-
tial and mechanistic minutiae of photo-oxidations of styrene derivatives are not fully understood and
were hitherto explored only for a very limited set of substrates. The operation of multiple oxidation events,
low selectivities and yields have limited further applications of this method. Now this study reports a
concise investigation of such photo-oxidations of diverse cycloalkenylbenzenes under continuous flow
conditions. The combination of synthetic, kinetic, spectroscopic, and thereotical data enabled us to
provide a detailed mechanistic rationalization of the observed reactivities and chemoselectivities. We
propose a rarely discussed zwitterionic key intermediate of the observed allylic and [4 + 2]-dioxygenations
based on a detailed Hammett study and DFT calculations. The reaction conditions of such photo-oxi-
dations have been optimized to allow short reaction times (<10 min), high reproducibilities, and high che-
moselectivities at 0 °C. Various isolation strategies of the sensitive products and their conversion to stable
compounds. A set of synthetically versatile 2-aryl-2,3-epoxy-1-cyclohexanols and 1-aryl-6-hydroxy-1-
cyclohexenes has been isolated and fully characterized.

alkenes, air (or O,), visible light, and a cheap organic dye as
catalyst. This allylic oxygenation generally exhibits great versa-

Benzylic and allylic oxidations are key steps of various mole-
cular functionalizations, valorizations, and degradations in
industrial and biological processes.'™ The majority of avail-
able synthetic methods involve metal complexes and/or special
stoichiometric oxidants (peracids, H,0,).*® In contrast, the
use of the most abundant oxidant air (or dioxygen O,) in com-
bination with a metal-free sensitizer (S) and visible light con-
stitutes an especially desirable inexpensive and sustainable
way of performing hydrocarbon oxidations (Scheme 1).” Unlike
biological oxidations with triplet oxygen *0,, such photo-oxi-
dations involve the generation of singlet oxygen 'O,, operate
via closed-shell intermediates, and often exhibit high levels of
regiocontrol. The Schenck-ene reaction is a prime example of a
sustainable CH-oxidation method that relies on the combi-
nation of highly abundant components: simple unbiased
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tility and operational simplicity and produces allyl hydroperox-
ides as highly reactive building block molecules (Scheme 1A).
Beyond the technical multi-ton scale productions of the
fragrance rose oxide and the antimalaria drug Artemisinin,®°
'0,-ene reactions are still under-utilized in the context of oxy-
functionalizations. Reaction rates and selectivities (chemo,
regio, stereo) are highly dependent on substitution patterns
and conformations of the hydrocarbon substrates. In the past
decades, the majority of research activities has been devoted to
photo-oxidations of electron-rich acyclic alkenes that often
bear hetero-atomic functional groups or directing groups.
Interestingly, the abundantly available cyclohexene derivatives
are an especially unreactive class of substrates for CH-oxi-
dations, which is mostly a direct consequence of unfavourable
chair-like  conformations in the transition states
(Scheme 1B).'* Here, we report the first concise study of the
photo-oxidation of arylcyclohexenes which presents tangible
advances over the state-of-the-art: a series of 14 functionalized
1-aryl-1-cyclohexenes were oxidized under optimized Schenck-
ene conditions; continuous flow reactors were applied to
enable high selectivities; the products from competing hydro-
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Scheme 1 The Schenck ene reaction: (A) general reaction, intermediates, primary oxidation product and follow-up manipulations; (B) relative rates
of alkene substrate classes; (C) this work: arylcyclohexenes as new substrate class, reaction set-up, proposed intermediate, and main oxidation

products.

carbon, alkene, and arene oxidations were isolated and charac-
terized; a concise mechanistic study (by-products, kinetics,
NMR, DFT) was performed; the mechanistic postulate of a
zwitterionic intermediate was corroborated (Scheme 1C).*

Results and discussion
Photooxygenation of 1-phenyl-1-cyclohexene

The mechanism of the Schenck ene reaction is strongly
depending on the stereoelectronic properties of the substrate,
directing group effects, solvent polarity and proticity. For most
reactions, a per-epoxide intermediate has been postulated as
key intermediate which converts to a transition state that
adopts an orthogonal orientation of the abstracting allylic
H-atom and the evolving alkene plane."**°

Our group has recently investigated the use of strained
bicyclic alkenes for enhanced Schenck ene reactions,"” others
have exploited confinement effects to access reactive confor-
mations.'® We surmised that introduction of an aryl substitu-
ent in 1-position of cyclohexenes would result in a consider-
able stereoelectronic modulation of the ground state and tran-
sition state conformations which ultimately affect the rate of
photo-oxidation. On the other hand, the presence of aryl sub-
stituents in cyclohexenes may enable competitive arene,
alkene, and CH-oxidations under similar conditions and
thereby result in the formation of complex reaction mixtures."
We initially probed the reactivity of the model substrate
1-phenyl-1-cyclohexene (1) under the photo-oxidation con-
ditions of the Schenck ene reaction in acetonitrile with
1 mol% methylene blue as sensitizer and pressurized 0,.>° We
have applied and optimized a self-made continuous-flow
microreactor.” Such reactor setups exhibit several advantages

2878 | Org. Chem. Front, 2019, 6, 287/-2883

over batch reactions which enabled highly reproducible reac-
tions,” such as effective temperature control, excellent absor-
bance characteristics and energy efficiency using high power
LEDs,*' a thin capillary for short reaction times, and high
operational safety with regard to the formation of hazardous
peroxides.”> We observed a strong rate enhancement of the
reaction of 1-phenyl-1-cyclohexene (1) vs. cyclohexene which is
in full accord with our hypothesis that introduction of the
phenyl moiety (in conjugated position, resulting in (slight)
steric repulsion from the ortho-CH) directly affects the tran-
sition state conformations.>®> However, arylcyclohexenes such
as 1 are a highly challenging class of substrates due to the
presence of multiple oxidation-sensitive sites which can lead
to various oxidation products in reactions with 'O,. Besides
allylic oxidation to allyl hydroperoxides, the same conditions
could induce [4 + 2]-cycloaddition to endoperoxides or [2 + 2]-
cycloaddition with following 1,6-dicarbonyl formation.>*>*
With our standard conditions (50 s irradiation in flow reactor,
red LEDs, 30 bar O,, 0 °C, 0.1 M 1 in MeCN, 1 mol% methyl-
ene blue (MB)), we observed the formation of two main pro-
ducts: the major O,-ene product 6-hydroperoxy-1-phenyl-1-
cyclohexene (2) and the double [4 + 2]-cycloadduct (3). Three
minor products were isolated: 6-oxo-6-phenylhexanal (4), the
other 'O,-ene regioisomer 5, and after reductive workup with
triphenylphosphine (PPh;) the 1,2-diol derivative 6 (anti/syn =
4/1). In contrast to the few reported photo-oxygenations of
open-chain styrenes,”>>’ reactions of arylcycloalkenes in this
study did not form isolable mono-[4 + 2]-cycloadducts
(Scheme 2).”® Our observations are remarkable in that they sig-
nificantly expand the knowledge of photo-oxygenation path-
ways and product distributions of this family of easily available
and synthetically versatile arylcyclohexenes. The desired allyl
hydroperoxide 2 indeed was the major product under our

This journal is © the Partner Organisations 2019
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Isolated products of the photo-oxygenation of phenylcyclo-

photo-oxidation conditions. This is in stark contrast to earlier
work by Foote et al. who observed only trace amounts of O,-
ene products from the related styrene derivative trans-anethole
using tetra-phenylporphyrin (TPP) as sensitizer and a high-
power Xe lamp.>® Furthermore, the formation of the second
O,-ene regioisomer, the tertiary allyl hydroperoxide 5, has yet
not been reported.”® The postulated intermediacy of a peroxy
zwitterion would suggest a strong dependence on the proticity
of the solvent and the interception of the carbocation by com-
petent nucleophiles.??%3! Both hypotheses were experi-
mentally substantiated: the change from acetonitrile to metha-
nol resulted in the increased formation of desired allyl hydro-
peroxide 2 at total conversion (MeCN: 2/3 = 2.1; MeOH: 2/3 =
5.0; vide infra). The formation of the 1,2-dioxy derivative 6 in
MeOH is indicative of a carbocation intermediate which under-
went nucleophilic attack by MeOH followed by reduction with
PPh,.30-32

We then set out to explore the substrate scope of this
photo-oxygenation and establish structure-activity relation-
ships. The variation of the aryl substitution pattern in a
Hammett study would directly address the nature of the reac-
tive intermediate of the photo-oxygenation reaction. The postu-
lated zwitterion bearing a carbocation in benzylic position
would be subject to effective charge stabilization by donor sub-
stituents at the arene.*

Mechanistic studies

A preliminary mechanistic discussion of the photo-oxygen-
ation of trans-anethole by Foote and coworkers involved the
potential intermediacy of a zwitterion containing a benzyl
cation. Peroxy-anion addition to the electrophilic ortho-arene
position could account for the observed endoperoxide for-
mation which was largely suppressed in the presence of protic
solvents or acidic additives.”® In an effort to explore the
mechanistic minutiae of the photo-oxygenation of 1-aryl-1-
cyclohexenes, we performed a concise Hammett study that
generally considers electric field effects, polarizabilities, induc-
tive and resonance contributions within the characteristic sub-

This journal is © the Partner Organisations 2019
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stituent constants ¢.>*” We prepared a set of 14 meta- and
para-substituted 1-aryl-1-cyclohexenes and subjected them to
photo-oxygenation under standard conditions (Table 1, Fig. 1).
Consistent with our hypotheses, the overall reaction rates
exhibited a strong linear correlation with the electronic pro-
perties of the aryl substituents (6pew, Opara). Electron donors
gave faster conversions, with the 4-methoxy derivative reaching
72% conversion within 50 s irradiation in the flow reactor
(entry 13). 1-(4-Trifluoromethylphenyl)-1-cyclohexene was the
least reactive substrate (16% conversion, entry 3). These obser-
vations argue in favour of the formation of an intermediate
benzyl cation as rate-determining step. The experimental
results were complemented with theoretical studies (PCM sol-
vation model, MeCN; B3LYP 6-311++G(2d,p)) which clearly
documented the stabilization of the postulated zwitterion by
3.3 kecal mol™" for the 4-methoxy derivative (vs. the parent sub-

Table 1 Hammett data of photo-oxidations of m- and p-substituted
arylcyclohexenes

Conversion® AHP/
Entry Substituent Om op [%] EPO®
1 -CN 0.66 18 8.3
2 -CN 0.56 34 n.d.
3 —CF;3 0.54 16 6.4
4 -Br 0.39 45 n.d.
5 —-OCF; 0.35 34 4.8
6 -Cl 0.23 55 3.3
7 -OMe 0.12 52 n.d.
8 -F 0.06 47 2.5
9 -H 0.00 57 2.2
10 -Ph* -0.01 48 2.3
11 -Me —-0.17 61 2.2
12 ~‘Bu —-0.20 65 2.1
13 -OMe —-0.27 72 2.7
14 -NMe, -0.83 0 n.d.

Hammett constants are given for meta-(c,,) and para-substituents
(6,).>> Conditions: 50 s irradiation in the flow reactor with red LEDs,
0, (~30 bar), 0 °C, ¢((MB) = 1 mM, c(substrate) = 0.1 M. “ Conversion
was determined by GC-FID. ? Ratio of allyl hydroperoxide (AHP)/endo-
peroxide (EPO) was determined by 'H-NMR of the crude reactions.
Product ratios could not be determined (n.d.) for meta-substituted sub-
strates. “MeCN/toluene (1 : 1) was used for solubility issues.

80 1 r 10

Conversion [%]
3
(o]

Ratio AHP / EPO

X, x-="
0 L SPREE - . . . 2
04 02 00 02 0.4 06 08

Hammett constant

® conversion % product ratio

Fig. 1 Relation between alkene conversion, product ratios (allyl hydro-
peroxide, AHP; endoperoxide, EPO), and Hammett substituent constants
o. See Table 1.
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strate 1) and destabilization by 2.2 kecal mol™ for the 4-trifluoro-
methyl derivative (vs. 1). Photo-oxygenation of the 4-(N,N-di-
methylamino) derivative resulted in complete inhibition, most
likely as a consequence of effective physical quenching of 'O,
by the amine (entry 14).*® The trend line of conversion vs. ¢
inhabited the (pseudo)halogen substituents F, Cl, Br, CN as
outliers (see half-black dots in Fig. 1) which are known to
often deviate from standard Hammett trends.**™*' The R*
value of trend line accuracy improves from 0.84 to 0.96 when
eliminating the data points of m-Br, p-Cl, p-F, and m-CN. The
chemoselectivity of the reaction was also strongly depending
on the aryl substituents (Table 1, Fig. 1). The ratios of the two
main primary oxidation products, the allyl hydroperoxide
(AHP) and the endoperoxide (EPO), AHP/EPO increased with
strongly electron-withdrawing para-substituents (large o,
values, e.g. CN, CF;, OCF;). The formation of different regio-
isomers and stereoisomers of the endoperoxides from meta-
substituted aryl-cyclohexenes prohibited a reliable product
analysis so that no product ratios are given. The Hammett plot
minimum for weakly electron-donating substituents without
mesomeric stabilization (H, Me, tBu; entries 9, 11, 12 in
Table 1) might indicate a change of reaction mechanism
(Fig. 1).*7

Based on few literature precedents and our experimental
and theoretical studies,”*>* we propose a reaction mechanism
that involves a charge-separated zwitterion with benzyl cation
character as key intermediate (Scheme 3). The Mulliken
charges and stabilities of three zwitterions with different para-
aryl substituents (OMe, H, CF;) were calculated by DFT
(B3LYP, 6-311+G(d,p), Scheme 3, top). These theoretical data
support the notion of competing allyl hydroperoxide (AHP)

Zwitterionic inter
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R= -0.273+ high acidity of 3-H
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Scheme 3 Top: Proposed zwitterionic intermediate with calculated
Mulliken charges at reactive O, C, and H-sites and thermodynamic stabi-
lities. Bottom: Postulated mechanism of the photo-oxygenation of
arylcyclohexenes.
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and endoperoxide (EPO) formation. The introduction of a
4-methoxy substituent results in strong stabilization of the
zwitterion (—14 kJ mol™" vs. 4-H-substitution), lower acidity of
the B-proton, higher nucleophilicity of the peroxy anion, and
higher electrophilicity of the ortho-aryl position. These con-
ditions should enhance the formation of the endoperoxide
which is in full accord with the experiments (AHP/EPO 2.7,
Table 1). With the 4-trifluoro-methyl group, allyl hydroperoxide
formation is much more favoured due to the destabilization of
the intermediate benzyl cation (+9 kJ mol™" vs. 4-H), higher
acidity of the p-H, lower nucleophilicity of the peroxy anion,
and lower electrophilicity at the ortho-aryl position (experi-
ment: AHP/EPO 6.4, see Table 1). As the zwitterion formation
is the rate-determining step, the conversions of electron-
deficient arylcyclohexenes are low (Table 1, Fig. 1).

Synthesis, isolation and conversion of primary oxidation
products

The optimization of the continuous-flow photo-oxidation
revealed that reactions at 0 °C provided the best compromise
between reaction time and selectivity toward the allyl hydro-
peroxide (AHP), whereas the temperature did not have a sig-
nificant impact on the ratio AHP/EPO. However, the sensitizer
methylene blue could undergo oxidative decomposition if
reaction times are long.** The ratio of the two 'O,-ene regio-
isomers (from phenylcyclohexene: 2 and 5, see Scheme 2) was
~7/1 and nearly constant over the whole set of different meta-
and para-substituted substrates and different conditions.
Importantly, the regioselectivity of the 'O,-ene reactions was
much higher with ortho-substituted arylcyclo-hexenes as <3%
of the tert-hydro-peroxide isomers formed. This cannot be
explained by electronic effects whereas steric hindrance
around the benzylic carbon prevents 'O, attack. On prepara-
tive scales, the formation of further oxidation products in
minor quantities (such as 4 and 5) hamper the isolation of
pure compounds. NMR monitoring studies with (1-(4-chloro-
phenyl)-1-cyclohexene documented the generally low reaction
selectivity by formation of further oxidation products beside
the major products AHP (and regioisomer) and EPO (Fig. 2).

100 %,
N
\
\
N\,
X /O
80 N Ar
o N,
E NX
£
5 60 4 %
g ‘\\ Ar
H % OOH
\
ko = z
° Y
= AN cl o°
20 4 X
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0 x 2 3 4 5 6 7
time/min

Fig. 2 Conversion and major products of the photo-oxygenation of
4-chloro-1-phenyl-1-cyclohexene from *H NMR monitoring (Ar =
4-chlorophenyl).
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"H resonances at 10-12 ppm might stem from further double
bond oxidation, hydroperoxide degradation or polymeriz-
ation. It is important to note that — unlike earlier reports -
the endoperoxide appeared to be stable under the reaction
conditions.*?

We probed various isolation and derivatization strategies
for preparative scales reactions. The rather non-polar starting
materials could be easily separated from the products by SiO,
gel flash chromatography. However, the several oxidation pro-
ducts were difficult to separate from each other. SiO, chrom-
atography resulted in significant losses of materials to give
only moderate to low isolated yields of reactions that exhibited
good NMR yields. The bulkier ortho-substituted arylcyclohex-
enes underwent more selective photo-oxygenations and
resulted in more stable products so that chromatographic iso-
lations were effective. Most isolated allyl hydroperoxides and
endoperoxides could be stored for days to months in a freezer
and only slowly decomposed due to the low dissociation
energy of the 0-O bond.***> An alternative strategy to the iso-
lation of the labile peroxo products is their derivatization to
more stable secondary products. We have mostly applied
reductions of the allyl hydroperoxides with by triphenyl-
phosphine to give the corresponding allylic alcohols.*® PPh; is
also known to reduce endoperoxides to highly polar polyols*’
which can easily be separated. Table 2 displays a selection of
isolated allyl hydro-peroxides and their reduced allyl alcohol
derivatives. We have also applied the general photo-oxygen-
ation conditions to the ring size homologues 1-phenyl-1-cyclo-
pentene (7) and 1-phenyl-1-cyclo-heptene (8). Both substrates
showed much higher conversions than 1 and near-perfect AHP
selectivities (Fig. 3). After 50 s in the flow reactor, quantitative
conversions were observed and the exclusive formation of the
desired Schenck-ene products (with isolated yields of 43% and
65%, respectively). These results manifest the facile thermal
accessibility of reactive conformations of cyclopentenes and
cycloheptenes bearing orthogonal orientation of the allylic CH
bond to the plane of the alkene.*®

Table 2 Photo-oxygenation products and their subsequent reduction
with PPhs

0,, [MB] additive
—_—
conditions OOH
via'0, OH
R R

Entry R Conversion [%]  Yield [%]  Additive®  Yield [%]
1 — 100 39” PPh, 337
2 2-Ph 100 63°¢ —
3 4Cl 100 n.d. PPh, 314
4 2-Me 90 31 —
5 4CN 90 n.d. PPh, 39

Conditions: 8 min irradiation in the flow reactor with red LEDs, O, (30
bar), MeCN, 0 °C, 1 mol% methylene blue (MB). Addltlon of 1 equiv.
PPh; without prior work-up. Determlned by 'H-NMR. “12 min of
irradiation; 85% conversion, 48% yield. 5% of the regioisomeric O,-
ene—derived allyl alcohol was formed.
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Fig. 3 Comparison of crude *H-NMR spectra after photo-oxygenation
of 1-aryl-1-cycloalkenes (see Table 1 for conditions). Signals of starting
materials (green box), O,-ene products (red boxes), and [4 + 2]-cyclo-
adducts (violet boxes).
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Scheme 4 Chemoselective conversions of substituted

arylcyclohexenes.

We explored the scope of the photo-oxygenation with
further substrates (Scheme 4): 6-hydroxy-1-phenyl-1-cyclohex-
ene, the PPhs-reduced product of the photo-oxygenation of 1,
itself is a good substrate for another photo-oxygenation.***°
Doubled reaction time (compared to the standard substrate 1)
led to full conversion.” Two sterically congested arylcyclohex-
enes with ortho,ortho-aryl substitution were also tested. 1-(2',6'-
Dimethyl-phenyl)-1-cyclohexene was unreactive towards oxi-
dation even under prolonged irradiation times. DFT calcu-
lations showed that the alkene and arene planes are twisted
out of conjugation so that the 'O, attack is sterically hindered.
1-(Pentamethylphenyl)-1-cyclohexene gave full conversion but
formed complex mixtures of arene oxidation products gave full
conversion (Scheme 4).>"

The photo-oxygenation products derived from reactions of
aryl-cyclohexenes with 'O, are versatile building blocks of
great synthetic utility. Reduction of the peroxy functions (by
PPh; or Na,SO;) gives the corresponding alcohols. Base-
mediated acetylation with pyridine/Ac,0 has been used to
prepare o,p-unsaturated carbonyls."' Another interesting
follow-up reaction is the titanium-catalyzed “self”-epoxidation.
2,3-Epoxy alcohols can be prepared from allyl hydroperoxides
in high diastereoselectivity by a Sharpless epoxidation protocol
in the absence of any further oxidant.”>>* The presence of the
alkene and hydroperoxide groups within the same molecule
enables an intramolecular expoxidation at the Ti(iv) catalyst to
give the syn-epoxy alcohol (dr 99%) in good yields over two
steps (Scheme 5).
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Scheme 5 Sequential photo-oxygenation and Ti-catalyzed “self”-
epoxidation results in full incorporation of both O-atoms from O, into
a,p-epoxy alcohols. Flash chromatographic separation of hydroperoxide
prior to Ti(O'Pr)4 addition (20 mol%) at 0 °C in dichloromethane (DCM).
Photo-oxidation conditions in Table 2.

Conclusion

The development of oxidations of unbiased hydrocarbons with
oxygen/air as the stoichiometric oxidant is a prime objective in
the quest for sustainable chemical reactions. Cyclohexenes are
notoriously unreactive substrates for photo-oxygenations with
singlet oxygen. This concise synthetic and mechanistic study
has established that easily available 1-aryl-1-cyclohexenes are a
highly competent class of substrates that display enhanced
reactivity. For the first time, optimized conditions in a custom-
made photo flow reactor have enabled photo-oxygenations of a
diverse set of arylcycloalkenes bearing various substitution pat-
terns and ring sizes. The major products are the desired allyl
hydroperoxides ('O,-ene products). Minor oxidation products
include endoperoxides which appeared to be rather stable and
could be isolated and characterized for the first time. Detailed
mechanistic investigations including a Hammett study, reac-
tion profile analyses, the isolation of various by-products, and
DFT calculations have been performed. We postulate a reac-
tion mechanism that involves a zwitterionic intermediate that
undergoes rapid allyl hydroperoxide formation under protic
conditions, with electron-deficient aryl substituents, or with
(slight) steric hindrance by ortho-aryl substituents. The major
allyl hydro-peroxides were isolated, fully characterized, and
converted to stable allyl alcohol derivatives (by reduction) or to
a,p-epoxy alcohols (by intramolecular oxygen-transfer). The
photo-oxygenation tolerated various functional groups (F, Cl,
Br, CN. CF;, OCF;, OMe, OH).
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