Cell Regorts )
Physical Science @ CelPress

Electronically Controlled Regioselective
Hydroarylation of gem-Difluoroallenes

Cheng-Qiang Wang,! Zhi-Qiang Li,! Lifang Tian,! Patrick J. Walsh,2* and Chao Feng':3*

Technical Institute of Fluorochemistry (TIF), Institute of Advanced Synthesis (IAS), School of Chemistry and Molecular Engineering,
State Key Laboratory of Material-Oriented Chemical Engineering, Nanjing Tech University, 30 South Puzhu Road, Nanjing 211816,
P. R. China

2Roy and Diana Vagelos Laboratories, Department of Chemistry, University of Pennsylvania, 231 South 34th Street, Philadelphia,
PA 19104, USA

3Lead contact

*Correspondence: pwalsh@sas.upenn.edu (Patrick J. Walsh), iamcfeng@njtech.edu.cn (Chao Feng).

SUMMARY

All-carbon quaternary centers are ubiquitous structural motifs in natural products, bioactive molecules and pharmaceuticals.
The formation of these crowded carbon centers is well known to be challenging, and methods to access them remain in high
demand. Transition metal-based strategies have emerged as a powerful approach to quaternary carbons, primarily relying on
cross-coupling reactions and olefin arylation processes. Herein is presented a straightforward method to create benzylic all-
carbon quaternary centers employing gem-difluoroallenes. Features of this method include room temperature C-H
functionalization, excellent regioselectivity in the insertion of gem-difluoroallenes, and generation of gem-difluoroalkene
products, which have widespread applications in synthesis and pharmaceutical sciences. Mechanistic studies support a
turnover limiting Rh-catalyzed C—H cleavage that likely proceeds via a concerted metallation deprotonation (CMD) pathway.
Regioselective insertion of the gem-difluoroallene is controlled by electronic effects.

INTRODUCTION

All-carbon quaternary centers constitute a class of key structural motifs that are widespread in natural products, biologically
active molecules and pharmaceuticals (Figure 1A)1-4. The installation of these quaternary centers represents a formidable
challenge, because of severe steric constraints associated with the formation of fully substituted carbon centerss-7. In particular,
acyclic benzylic all-carbon quaternary centers have attracted wide interest due to their applications in various industries8?.
Among approaches for the synthesis of benzylic quaternary centers, transition metal catalyzed cross-coupling is arguably the
most effective and also holds the most promise’0.!1. Insightfully designed cross-coupling processes utilizing tertiary alkyl
halides'213, tertiary organometallics'416, or tertiary carboxylic acids activated as redox-active esters®17 have proven
remarkably successful, enabling the generation of a variety of quaternary centers bearing diverse functionality. Another
strategy has been the employment of regioselective intermolecular arylation of tri- or tetrasubstituted alkenes. Recent
advances in chemists’ ability to control the regio- and even facial selectivity in olefin insertions have greatly increased the
value of this approach8.19. Of note, Sigman and coworkers disclosed an elegant protocol of redox-relay oxidative coupling of
aryl boronic acids with trisubstituted alkenyl alcohols. This method takes advantage of the hydroxyl substituent in order to
secure reaction efficiency and selectivity (Figure 1B-1, top)20. This line of reactivity was further explored by Marek and
coworkers in a stereodivergent construction of acyclic quaternary carbon centers using alkenylcyclopropyl carbinols as the
reaction partners (bottom of Figure 1B-1)21. Capitalizing on the directing ability of carboxylates, the intermolecular Heck
arylation of tetrasubstituted alkenes was also successfully developed by Shenvi and coworkers (Figure 1B-2)22.

Inspired by these precedents, we envisioned developing new strategies toward all-carbon quaternary centers with two guiding
principles in mind. First, to render our approach atom-economical, we were attracted to C—H activation to generate the initial
transition metal-carbon bond23. Second, we were interested in employing readily accessible tri- or tetrasubstituted allene
substrates for the subsequent metal-promoted C-C bond-formation24+27. We envisioned that the key to success in this
endeavor would lie in devising a means to control the regioselectivity of the allene insertion28. Ma2® and Glorius3° independently
demonstrated that [Rh]-Ar prefers to undergo insertion into trisubstituted allenes by placing the aryl group at the less
substituted allene terminus, thus avoiding the steric penalty of formation of a quaternary center. In general, the reactivity profile
in the carbometallation of allenes is dominated by steric control, leading to the generation of either linear allylation or branched
alkenylation products (Figure 1B-3)28:31-36. We, therefore, turned to manipulating the allene’s electronics to overcome the
pervasive steric control. Based on our continued interest in the reactions of difluoroalkenes37-40, we were inspired to explore
the hydroarylation of gem-difluoroallene substrates (Figure 1B-4). Notably, in 2020 Ichikawa and coworkers#! reported the
gold-catalyzed nucleophilic addition of heteroatom nucleophiles, such as phenol, acids, amides and thiophenols, to gem-
difluoroallene. They found the addition reaction occurred at a position when phenol and acids were employed while amide
and thiophenol underwent j-selective addition. Later our group42 and Xu’s group43 independently disclosed the regioselective
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borylcupration and silylcupration of mono- and disubstituted gem-difluoroallenes at the j-position. Very recently, Shi and
coworkers#4 reported an elegant ligand-controlled thiol addition of monosubstituted gem-difluoroallenes at the S- or »position.
Despite these examples, the community’s understanding of the unique properties of disubstituted gem-difluoroallenes on
reactivity remains underdeveloped. Herein, we report the successful C—H functionalization/hydroarylation with readily available
disubstituted gem-difluoroallenes. Not only does this new reaction proceed with excellent regioselectivity, enabling the
formation of benzylic quaternary centers, it also produces gem-difluoroalkenes, which are valuable precursors for the
preparation of agrochemicals, pharmaceuticals, and functional materials45.46.
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(A) Representative natural products and bioactive compounds with benzylic quaternary centers.
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(B) Approaches to acyclic benzylic all-carbon quaternary centers through aryl-metallation
of gem-disubstituted C=C double bonds and reaction profiles of allene hydroarylations.
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Figure 1. All-carbon quaternary benzylic centers in representative molecules and approaches to their construction

(A) Representative natural products and bioactive compounds with benzylic all-carbon quaternary centers.

(B) Approaches to acyclic benzylic all-carbon quaternary centers through aryl-metallation of gem-disubstituted C=C double
bonds and reaction profiles of allene hydroarylations. (1) Redox-relay oxidative Heck reaction, (2) Remote directed Heck
reaction, (3) Prior art in hydroarylation of allenes under steric control, (4) Capitalizing on electronic control for the regioselective
construction of quaternary centers.

RESULTS AND DISCUSSION

Reaction Development and Optimization

After examination of many reaction parameters for the coupling of amide 1a with gem-difluoroallene 2a, the desired product
3aa was ultimately isolated in 95% yield when the reaction was carried out in DCE (1,2-dichloroethane) using [Cp*RhCly]» (2
mol%) and NaOAc (20 mol%) as the precatalyst and additive, respectively, at RT (28 °C) for 12 h (Table 1, entry 1) (see the
Supplemental Information for details of the optimization). Interestingly, replacing the NaOAc additive with HOAc or K.COs
shutdown the reaction (Table 1, entries 2-3). In contrast, use of CsOPiv (20 mol%) led to product 3aa in 86% yield (Table 1,
entry 4). For reaction solvents, substitution of mesitylene or 1,4-dioxane for DCE delivered product 3aa in 52% and 16%,
respectively (Table 1, entries 5—6). Replacing the rhodium catalyst with an iridium or ruthenium catalyst did not result in any
formation of the hydroarylation product (Table 1, entries 7-8). Not surprisingly, control experiments corroborated that no
reaction occurred in the absence of either [Cp*RhCl.]. or NaOAc (Table 1, entries 9—-10).

Table 1. Reaction Conditions Optimization

[¢]
Me/©)LNHome * F>=':<_Bn DCE (0.2 M), RT, 12 h= o F
Bn Me F
1a 2a 3aa
Entry Deviation from standard conditions Yield (%)
1 None 97(95)
2 HOAc vs. NaOAc NR
3 K2CO3 vs. NaOAc NR
4 CsOPiv vs. NaOAc 86
5 Mesitylene vs. DCE 52
6 1,4-Dioxane vs. DCE 16
7 [Cp*IrClz)2 vs. [Cp*RhCl2)2 NR
8 [(p-cymene)RuClz]z vs. [Cp*RhCly]» NR
9 No [Cp*RhCl]2 NR
10 No NaOAc NR

Reaction conditions: 1a (0.1 mmol), 2a (1.2 equiv), [Cp*RhClz]2 (2 mol%), NaOAc (20 mol%), DCE (0.5 mL), RT (28 °C), air
atmosphere, 12 h. DCE, 1,2-dichloroethane, NR, no reaction. The yield was determined by crude 'H NMR spectroscopy using
1,1,2,2-tetrachloroethane as the internal standard; isolated yield was indicated in the parenthesis.

Substrate Scope

With the optimized reaction conditions in hand (Table 1, entry 1), the reaction scope with respect to N-methoxy benzamide
derivatives was examined using 1,1-difluoroallene 2a (Figure 2). In general, reactions proceeded in good to excellent yields.
Amides bearing substituents at the 3-position reacted with high regioselectivity at the 6-position. A variety of electron-donating
substituents meta or para to the amide were well tolerated. The parent N-methoxy benzamide 1b led to the formation of
product 3ba in 95% yield. Substrates bearing substituents such as 3-methyl, 4-tert-butyl, fused cycloalkyl and 3- or 4-methoxy
groups afforded the desired products in 80-99% yields (3ca—3ga). Substrates bearing Lewis basic 4-SMe, 4-NMe, and 4-OAc
provided products 3ha—3ja in 65-79% yields. The use of biphenyl and naphthyl derived amides delivered 3ka and 3la in 88%
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and 73% yields, respectively. Substrates containing alkene or alkyne moieties did not interfere with the hydroarylation, and
the corresponding products (3ma and 3na) were isolated in 76-78% yields. When N-methoxy benzamides with strongly
electron-withdrawing substituents (4-Ac, 4-CO:Me, 4-NO,, 4-CN, 4-CF3) were subjected to the standard reaction conditions,
the products were obtained in 42—71% yields. In some cases, the yields with strongly electron-withdrawing groups are lower
due to formation of the regioisomeric insertion products. For example, with an -NO. group, 3qa and 3qga' formed with a
regioisomeric ratio of 1.5 : 1. Interestingly, a 4-CN group caused the regioisomeric ratio to invert, favoring the opposite insertion
product (3ra : 3ra' = 1 : 1.2, see the Supplemental Information for further details).

Substrates bearing halogens, such as 4-Cl, 4-Br, 3-Br, and 3-1 underwent the hydroarylation reaction in 61-77% yields. These
substrates are primed for further functionalization at the C—X bond through cross-coupling reactions. Substrates supporting
benzylic functional groups often exhibit increased reactivity. In our system, benzylic functional groups such as —OH, —-OC(O)H,
—Cl, and —N3 were all tolerated, affording products (3xa—3aaa) in 66—81% yields. Coupling partners containing 4-SiMes and
4-Bpin also performed well (3aba; 91%, 3aca; 75%), providing opportunities for further elaboration through well-developed
metal catalyzed processes.

An amide supporting an NHBoc proved to be an excellent substrate, exhibiting high chemoselectivity in the generation of 3ada
(97% yield) with no interference from the NHBoc group. A structurally complex estrone-derivative amide 1ae was tested. This
substrate also hosts two inequivalent C—H bonds ortho to the amide. Nonetheless, functionalization occurred regioselectively
at the least hindered position to provide the gem-difluoroalkene 3aea in 80% yield. In addition, amides derived from
Pterostilbene and Cholesteryl chloroformate with alkene and carbonate moieties were also investigated, delivering the
expected hydroarylation products 3afa and 3aga in 73-75% yields. The successful generation of these natural product
derivatives underscores the potential applicability of this method to late-stage elaboration of complex molecules.
Heterocycles are the bread and butter of the pharmaceutical industry, with pyridyl groups being among the most common47.48,
We, therefore, examined a series of heterocycle-containing amides, beginning with 1ah bearing a pyridyl group situated meta
with respect to the N-methoxy amide. Compound 1ah contains two different C—H bonds ortho to the directing group. This
substrate underwent regioselective C—H activation at the more acidic site, providing the product 3aha in 76% yield with
excellent regioselectivity. This substrate also contains a sensitive 2-chloropyridyl group that can be easily elaborated. In
pyridine derivative 1ai, selectivity in the C—H activation is observed at the sterically more accessible site. The quaternary
center-containing product was isolated in 62% yield, while the minor isomer formed in 23% (rr~2.7:1, regioisomeric ratio). The
N-methoxyquinoline-7-carboxamide reacted to afford the desired product 3aja in 51% yield. Thiophene derivatives were also
viable, generating the heterocyclic products 3aka and 3ala in 73—-76% vyields. Natural product-derived 1am, containing a
tetrahydropyran, furnished 3ama in 83% yield. Complex substrates originating from a coumarin derivative and Amoxapine
were also well accommodated and afforded the desired products 3ana—3aoa in 62—71% yields. These results indicate that a
variety of heterocycles are compatible with this method.

We next set out to examine the reaction generality with regard to the 1,1-difluoroallenes using amide 1a. As depicted in Figure
3, an array of the 1,1-difluoroallene derivatives successfully engaged in this transformation and delivered the designed
products in moderate to high yields. Allene substrates bearing a variety of electron-rich or electron-poor aryl rings, such as
ether, siloxane, CF3, Br, and alkynyl groups, participated in the hydroarylation reaction and delivered the corresponding gem-
difluoroalkene products 3ab—3ah in 78-95% vyields. The electron rich thiophene-derivative 2i reacted smoothly to afford
product 3ai in 85% yield. 1,1-Diflouroallene 2j, bearing a bromo indole, was more challenging but afforded desired product
3aj in a workable 45% yield. An allene bearing a 4-methoxy benzyl group (2k) also underwent reaction giving 3ak (62% yield).
gem-Difluoroallenes with alicyclic structures were amenable to this reaction giving 3al and 3am in 74% and 49% vyield,
respectively. The structure of 3al was confirmed by X-ray crystallographic analysis (CCDC 1911766). gem-Difluoroallenes
containing two aliphatic groups (2n) and those with remote alkenyl, ether, chloro and silyl-ether substituents all proved to be
viable substrates, with the products being obtained in 42-96% yields (3ao—3aw).
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Figure 2. Scope of N-methoxy benzamide derivatives

Benzylic all-carbon quaternary center construction via hydroarylation of 1,1-difluoroallene 2a using different N-methoxy
benzamide derivatives. Reaction conditions: 1 (0.1 mmol), 2a (1.2 equiv), [Cp*RhClz]z (2 mol%), NaOAc (20 mol%), DCE (0.5
mL), RT (28 oC), air atmosphere, 12 h, isolated yields. See the Supplemental Information for reaction details.
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Figure 3. Scope of 1,1-difluoroallenes

Benzylic all-carbon quaternary center construction via hydroarylation of various 1,1-difluoroallenes 2 with amide 1a. Reaction
conditions: 1a (0.1 mmol), 2 (1.2 equiv), [Cp*RhClz]2 (2 mol%), NaOAc (20 mol%), DCE (0.5 mL), RT (28 °C), air atmosphere,
12 h, isolated yields. CCDC, Cambridge Crystallographic Data Centre. See the Supplemental Information for reaction details.

Gram Scale Reaction
To further showcase the practicality of this transformation, a gram-scale reaction between amide 1a and 1,1-difluoroallene 2a

was carried out, which delivered the desired product 3aa in 88% yield (Figure 4). This yield compares favorably to the 0.1
mmol scale reaction (95% yield) (for full details see the Supplemental Information).
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Figure 4. Gram-scale reaction
Gram-scale reaction between amide 1a and 1,1-difluoroallene 2a.

Synthetic Transformations

To showcase the potential utility of the gem-difluoroalkene products 3, several transformations were conducted (Figure 5)
focusing on taking advantage of the utility of the directing group. The halonium-induced annulation of 3aa using N-
iodosuccinimide provided the seven-membered heterocyclic product 6 in 65% yield (dr = 3.3 : 1, dr: diastereomeric ratio),
which bears a gem-difluoromethylene unit (Figure 5a). Treatment of 3aa with TBAF in MeOH at 80 °C afforded the mono-
fluoroalkenyl-containing macrolactam 7 in 76% yield (Figure 5b), whereas spirocyclic N-methoxybenzimidate derivative 8 was
obtained in 86% yield when 3aj was treated with AgF and 3 A molecular sieves in DMSO at 80 °C (Figure 5¢). The structure
of 8 was confirmed by X-ray crystallographic analysis (CCDC 1911772). In addition, triazole 10 could be generated in good
yield from 3ag through a one-pot cascade reaction comprising desilylation, intramolecular annulation/copper-catalyzed azide-
alkyne cycloaddition (Figure 5d, for full details see the Supplemental Information). The reduction of Weinreb amide derived
from 3aa using LiAlH, as the reductant afforded benzylic amine 12 bearing a mono-fluoroalkene unit in good yield (Figure 5e).
The hydrolysis of 3aa formed indanone 13 in 65% yield (Figure 5f), which could be further oxidized to the corresponding six-
membered lactone 14 (Figure 5g). Of note, the above transformations all incorporate the directing group in a productive fashion,
via intramolecular or intermolecular reactions. The resulting compounds are potentially bioactive, containing a benzylic all-
carbon quaternary center that are usually difficult to access.
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Figure 5. Synthetic transformations

Synthetic transformations of the obtained gem-difluoroalkene products 3.

(A) NIS, MeCN/H:0, 40 °C.

(B) TBAF, MeOH, 80 °C.

(C) AgF, DMSO, 3A MS, 80 °C.

(D) (1) TBAF, THF, RT; (2) CuSOs, Sodium Ascorbate, BnCHzNs, THF/H-O, RT.
(E) (1) NaH, Mel, THF, 0 °C to RT; (2) LiAlH4, THF, 80 °C.
(
(

—~ = O —

F) HCI (6 M), HOAc, 125 °C.
G) TsOH, m-CPBA, DCM, 0 °C to RT.

~

Mechanistic Studies

To probe the reaction mechanism, a series of experiments were conducted (Figure 6). An intermolecular kinetic isotope effect
experiment with 1 equiv each of 1b and 1b-ds afforded a KIE value of 13 (Figure 6a) and the parallel experimental KIE has a
value of 2.5 (Figure 6b), which indicates that C—H bond cleavage is involved in the turnover-limiting step. We next wanted to
explore the source of the proton in the formation of the sp2 C—H bond. Thus, addition of D>O (5 equiv relative to 1a) to the
reaction of 1a and 2a under otherwise standard conditions gave the product 3aa-d; with 24% deuterium incorporation at the
olefinic position (the proton can come from the N-H and the ortho-C—H that was activated). This observation suggests that
protodemetalation is involved in liberating the product from the rhodium center (Figure 6c¢).

To determine whether the gem-difluorosubstituents are responsible for the formation of benzylic quaternary centers, several
experiments were performed. In accordance with Ma’s pioneering studies, the non-fluorinated allene 2x was also viable under
our conditions and led to the generation of hydroarylation product 4ax (45% yield, Figure 6d)2°. The absence of the quaternary
center-containing product is consistent with the regioselectivity observed by Ma and co-workers and highlights the important
role of the fluoride substituents in defining the regioselectivity of our reaction. Surprisingly, substitution of 1,1-dibromoallene
2y for 1,1-difluoroallene 2a, resulted in no reaction. This result likewise emphasizes the importance of the gem-
difluorosubstituents in this reaction (Figure 6e)4249-52, To further probe the influence of gem-dialkyl substituents on the
migratory insertion, we conducted the reaction with the monoalkyl difluoroallene 2z. Interestingly this substrate did not react
under the standard conditions (Figure 6f). It is possible that a single alkyl is not sufficient to stabilize a partial positive charge
in the transition state (see below, Figure 7).
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Figure 6. Mechanistic studies

Mechanistic studies of the rhodium-catalyzed hydroarylation of allenes.

(A) Intermolecular kinetic isotope effect experiment among amide 1b, 1b-ds and allene 2a.

(B) Parallel KIE experiments (reaction between amide 1b and allene 2a, reaction between amide 1b-ds and allene 2a).
(C) Deuterium incorporation experiment.

(D) Reaction between amide 1a and terminal allene 2x.

(E) Reaction between amide 1a and gem-dibromoallene 2y.

(F) Reaction between amide 1a and monoalkyl difluoroallene 2z.
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Figure 7. Key steps in the proposed reaction mechanism
The LUMO coefficients of allene 2a and key steps in a plausible mechanism.

To explain the unusual regioselectivity of gem-difluoroallenes we have conducted DFT calculations to understand the frontier
molecular orbitals of substrate 2a. The DFT calculations were performed with the Gaussian 09 programs3. Geometries of the
minimum energy structures were optimized at the B3-LYP level of theory with the 6-31G(d, p) basis set in DCE implicitly54-56.
As demonstrated in Figure 7, the highest contribution of LUMO orbital is located at y position of the allene (C3 site), which is
also the reaction site of this arylation. Therefore, we deduced that regioselectivity of the arylation was under an orbital control
scenario?’.

On the basis of the experimental results outlined above, a plausible reaction pathway is proposed. The Rh(lll)-catalyzed C-H
bond activation to generate the rhodacyclic intermediate (Figure 7) is well-documented57-61. The coordination of gem-
difluoroallene 2 to the Rh(lll) center can be envisioned to occur at either allene t-bond, leading to intermediates | and I’. The
gem-difluoro substituents cause the neighboring r-bond to be a poor donor and stronger m-acceptor. We hypothesize that the
Rh(lll)-based metallocycle | is electron deficient and, as such, preferentially coordinates to the more electron-rich dialkyl-
substituted r-bond. In most cases, insertion occurs readily to generate the quaternary center, which is followed by two proto-
demetallations of the type observed in Figure 6¢ with liberation of the catalyst.

In the case of amide substrates with strongly electron withdrawing groups, such as NO, and CN (3qa and 3ra), the observation
of differing amount of difluoroalkylation products 3' could be interpreted by assuming the lower migratory aptitude of aryl-
migration of electron-deficient aryl motif compared with that of electron-rich ones. On the other hand, the more polarized C-
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Rh bond caused by strongly electron withdrawing groups might entail a scenario of charge-controlled insertion, thus bring forth
such a situation that migratory insertion through either Il or II' would coexist and compete with each other. Taken together, the
predominant production of compound 3 is attributed to the intrinsic electronic effect endowed by the gem-difluorosubstituents,
which overrides otherwise prevailing steric control observed in cases of allene hydroarylation reactions.

In summary, a straightforward and fully atom-economical protocol for the efficient assembly of benzylic quaternary centers has
been successfully developed. Employing the commercially available Rh(lll) catalyst precursor [Cp*RhCl;]> and NaOAc, a
catalytic C—H functionalization/hydroarylation of 3,3-dialkyl-substituted 1,1-difluoroallenes with N-methoxy benzamides under
mild reaction conditions was introduced that is tolerant of a wide array of functional groups. Not only is this approach toward
benzylic quaternary centers unique, the products also contain gem-difluoroalkenes, which are valued building blocks in the
pharmaceutical and material sciences. The success of this method is attributed to the unique effect of fluoro substituents on
allene substrates, that is responsible for guiding the distinct regioselectivity in the carbometallation step. The highly
regioselective hydrometallation observed with the gem-difluoroallenes herein stands in sharp contrast to the reports on the
hydroarylation of non-fluorinated allene substrates. Given the importance of fluorinated compounds, the generality of this
method, and the new chemical space accessible with this hydroarylation, we anticipate that this chemistry will be attractive to
practitioners in the field of drug discovery.
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