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Photocatalyzed (3+2) Cycloaddition for the Dearomatization of Electron-poor Arenes under Flow Conditions
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The photocatalyzed reaction between various electrondeficient aromatic compounds and a non-stabilized azomethine ylide is successfully performed in a flow system. Whereas the use of supported eosin as organic photocatalyst exhibited limited efficiency, turning to the soluble Rose Bengal allowed to transform a broad range of substrates from hetarenes (indole, benzofuran, quinoline, pyridine) to naphthalenes and benzenes. This photocatalyzed (3+2) dearomative cycloaddition under green light irradiation provides an efficient access to tridimensional scaffolds with a pyrrolidino moiety and can be performed in the friendly ethyl acetate. Computational studies support the mechanism involving azomethine ylide as reactive species toward the arene. and INSA Rouen are thanked for financial support as well as CRIANN (Saint Etienne du Rouvray, France) is kindly acknowledged for their generous allocation of computer time.

Introduction

In the search for novel molecules with tridimensional structures, [1,2] dearomative processes have become a hot topic due to the large number of starting materials available. [3][4][5][6][7] Among them, electron-poor arenes are of interest since they are easily accessed through electrophilic aromatic substitution (SEAr), and the presence of an electron-withdrawing group (such as an nitro or cyano group) can serve for post-functionalization. [8][9] Thus, electron-deficient aromatic compounds have been shown to react as dipolarophiles in (3+2) cycloadditions, [START_REF] Rkein | For a review on 3-nitroindoles reactivity with electron-rich species[END_REF][START_REF] Nair | For reviews on the reactivity of other nitroarenes, see for instance[END_REF] in particular by using the non-stabilized ylide 1 as dipole allowing construction of the popular pyrrolidino fragment (Scheme 1). [12,13] Due to its ability to self-condense, 1 must be generated in situ in the presence of the dipolarophile. For this, a common source of 1 is the hemiaminal ether 2, which decomposes, at room temperature, into the target ylide through acid, [14,15] fluoride anion [16] or transition metal catalysis [17] (Scheme 1). However, it has been recently shown that this dipole could also be advantageously generated from the same starting chemical by using green light irradiation with eosin Y disodium salt as photosensitizer. [18] Thus, from electron-poor (fluoro)olefins various pyrrolidines were obtained in good yields. Moreover, one single example of dearomatization of the electrophilic 3-nitro-N-tosyl-indole 3 [19,20] was reported with 2 equiv. of 2 (Scheme 1b). [18] Scheme 1. Generation of ylide 1 from 2, and dearomative (3+2) cycloaddition under batch (a,b) [12,18] and flow conditions (c,d) [13] : acid-(a,c) [12,13] and photocatalyzed reaction (b,d). [18] EYNa2 = eosin, RBNa2 = rose bengal, both as disodium salts.

Visible-light photocatalysis is definitely an attractive way to promote reactions, and its combination with miniaturised flow reactors provides a very effective synthetic tool. [21][22][23][24] Not only the downsizing of the reactor brings an obvious decisive advantage for light absorption, but the operation in continuous flow may allow easier scale-up than under batch conditions, with significant gain in time, energy and reduction of effluents. [25] Moreover, flow systems offer the possibility to handle and treat large volumes of chemicals -even hazardous-with reduced exposition of the operator. [26][START_REF] Monbaliu | 9. Safety Aspects Related to Microreactor Technology[END_REF][START_REF] Monbaliu | [END_REF] In this context, we recently showed that the reactive electron-poor indoles underwent smooth acid-catalyzed 1,3-dipolar cycloaddition under flow conditions (Scheme 1c). [12,13] Herein, we report that the photocatalyzed dearomatization of structurally diverse electron-poor arenes, including the challenging benzenic derivatives, occurs by (3+2) cycloaddition under friendly flow conditions within less than 1 h, at room temperature (Scheme 1d).

Results and Discussion

Supported photocatalysts

The solubility of the eosin disodium salt (EYNa2) is quite satisfactory in organic media to perform photocatalytic reactions in a classical stirred batch reactor. However, a direct transposition of the batch conditions to a simple flow system, consisting of a single inlet containing reagents and EYNa2 feeding an irradiated reactor, is not so trivial since reproducibility/clogging issues are much likely to occur. Switching to the more soluble native form of EY was not an option since the catalyst contains a phenol function, potentially able to promote a competitive acid-catalyzed formation of 1. Therefore, we oriented our investigations toward the use of a fixed-bed reactor containing supported eosin. For this, two solid supports were compared: silica [29] and Amberlite IRA900 affording thus EY@SiO2 and EY@IRA900, (catalyst loading = 5% w/w, see Supporting Information (S.I.) for details). Thus, we implemented a flow set-up consisting of a single inlet where a mixture of different nitroaromatic and hemiaminal ether 2 in MeCN were injected in a fixed bed reactor containing the supported eosin, and irradiated with green LED. The outlet was collected in a methanol solution to quench the reaction. Results are reported in Table 1. With EY@SiO2 the reaction was quite efficient with full conversion of the standard N-tosyl-3-nitroindole starting material in only 1.5 minutes irradiation (85% yield for cis-fused 3a). Delightfully, these conditions could be successfully applied to the dearomative cycloaddition of a variety of other nitroheteroarenes (benzofuran, quinoline) to afford products 4a and 5a (95% and 62% yield, respectively) but also to the less reactive nitronaphthalene (6a, 85% yield). With 1,3-dinitronaphthalene, the tricyclic adduct 7a was obtained with a reasonable yield of 40% after 6 minutes. However, the 1,3-dinitrobenzene derivative was not fully converted (55%) into bis-cycloadduct 8a under these conditions. This problem of reactivity can be explained with the stronger aromaticity of the 1,3-dinitrobenzene compared to the 1,3dinitronaphtalene, rendering the corresponding substrate more stable and less reactive. Noteworthy, the diastereoselectvity of the process appeared to be complete and led, as previously observed under acidic catalysis, [12] to the unique formation of the product with a trans relationship between the pyrrolidine rings. Unfortunately, a pinkish colour was observed when collecting the product at the outlet of the flow system, indicating a leaching of eosin from silica. Therefore, the use of Amberlite IRA-900, containing an ammonium ending, could offer a much better material to support eosin through ionic interactions (EY@IRA900). In this case, the dearomatization of the reactive N-tosylnitroindole and -benzofuran fully proceeded within the same t R as with the previous supported catalyst. However, all the other substrates remained unchanged with EY@IRA900, even at longer residence times. Based on these results, the following conclusions can be drawn. Whereas the use of supported catalyst is interesting for obvious reasons, the reaction occurs only at solid-liquid interface and most probably on surface (light penetration issue) with low efficiency as exhibited with EY@IRA900. In the case EY@SiO2 the success of is probably connected to the leaching of eosin, the reaction taking place only in the liquid phase.

Homogeneous conditions

For these reasons, we turned our investigations toward fully liquid conditions with a more soluble photocatalyst exhibiting properties close to those of eosin: Rose Bengal (RBNa2). [30] Indeed, redox potential of EY and RB under their excited states (Ered T1 ) are +0.83 and +0.81V vs SCE, respectively. [18] Thus, a simple flow set-up was implemented as follows: a mixture of electron-depleted aromatic, hemiaminal ether 2 (4 equiv) and Rose Bengal (4 mol%) was dissolved in MeCN and injected in a PFA tubing illuminated with a green LED. Results are reported in Table 2. With these conditions, various electron-depleted arenes have been successfully dearomatized. Thus, N-protected indoles bearing a nitro or methoxycarbonyl group at position 3 afforded the expected products 3a (85% yield) and 3b (68%) within 10 to 20 minutes. Similarly, 3-nitro-and 3-cyano-benzofurans reacted well (4a, 95% and 4b, 72%), as did the 2-nitro derivative (4c, 72%). 2-Nitrofuran led to the corresponding dearomatized cycloadducts in slightly lower yield (4d, 57%). Quinolines are also attractive heteroaromatic substrates and 5-nitroquinoline afforded 5a in 64% yield. When reacting the 4-nitro-N-oxide quinoline, a double cycloaddition reaction occurred: a (3+2) cycloaddition onto the C=C bond bearing the NO2, accompanied by a subsequent (3+3) formal cycloaddition on the N-oxide side, in a diastereoselective manner (5b, 68%). When starting from the strongly depleted 4chloro-3-nitropyridine, a tricyclic adduct was formed through a double (3+2) process where the second cycloaddition reaction occurred, in a chemo-and diastereo-selective manner, on the imine site. This furnished a fragile imidazolidine moiety (5c, 35%). The reduced yield was traced to the sensitivity of the product on silica. Interestingly, the chlorinated C=C bond did not react here, in line with previous observations. [12] Delightfully, these conditions were also effective with the more challenging naphthalene and benzene derivatives. Simple 1-nitronaphthalene nicely afforded 6a (85%). The presence of an additional 4-fluoro-substituent was also tolerated, leading to the formation of an interesting scaffold 6b in 80% yield. The fluorinated double bond thus proved resistant to both SNAr and cycloaddition. Tricyclic structures 6c and 6d were also obtained starting from 1,8-and 2,7-dinitrophthalenes (77% and 80% yield, respectively), with a single cycloaddition occurring in this case. In contrast, a tetracyclic bis-cycloadduct 7a was formed from 1,3dinitronaphthalene (95%), arising from a bis-cycloaddition process. These results are in line with our previous observations in Diels-Alder reactions. [31] Changing dipole was possible and the use of the N-methylated hemiaminal ether precursor led to the efficient formation bis-cycloadduct 7b in a good 72% yield. Similarly, 1,3-dinitrobenzene afforded a cycloadduct resulting from a double reaction, 8a, isolated in 75% yield, in a longer residence time (t R = 40 min) for this more aromatic arene. Notably, 4-nitrobenzonitrile behaved differently towards 2, giving two different cycloadducts 8b and 9a (ratio 75:25, and respective isolated yields of 40% and 24%). In this case, a competitive reaction on the C=C aromatic bonds (leading to 8b) and on the CN group (9a) was observed. We previously demonstrated that benzonitriles bearing an additional electron-withdrawing group (CN, F, CF3) could react as heterodipolarophiles, involving the CN group to create an imidazoline ring, [32] but this result is in sharp contrast to the previously reported process in the presence of 3-nitrobenzonitrile, in acidic conditions, where only the C=C aromatic double bonds reacted as dipolarophile. [12] The results gathered here show that this photocatalyzed dearomative (3+2) cycloaddition takes place with various types of (hetero)arenes, including the benzenic ones, bearing different types of electronwithdrawing groups.

In the development of greener processes, not only the technology (such as photochemistry) plays an important role but also the chemicals, among which the solvent represents -by farthe biggest part. [31][32][33] Whereas acetonitrile can be tolerated as polar aprotic solvent, its substitution by ethyl acetate is desirable. [32] Therefore, whereas previous reactions were performed on 0.2 mmol scale of aromatic compound in MeCN, we now assessed the dearomatization of 1,3-dinitronaphthalene on a 4 mmol scale in AcOEt (Scheme 2). Performed in an Vapourtec E-Series flow device, we were delighted to observe a full conversion within a similar 20 minutes residence time at this scale in this friendlier solvent. By comparison, in a classical flask, almost no conversion was obtained over this short reaction time. In order to shed light on the mechanism of this photocatalyzed (3+2) cycloaddition, DFT calculations were then performed at the M062X/6-31+G(d,p) level considering an implicit solvation (SMD: CH3CN) (for computational details, see S.I.). If the classical mechanism suggests the involvement of the azomethine ylide (AY) species 1 directly, [18] another process, involving a reactive radical-cation type species and leading to the formation of the radical-cationic pyrrolidine can also be envisaged (Scheme 3, left part). Calculations were performed with N-methylated species as models of the N-benzylated used experimentally (AY 14 and AY +. 13), and 5-nitroquinoline as electron-poor arene. The isodesmic reaction (14 + 16 → 13 + 15) revealed a large negative energy value (Ee = -35.8 kcal.mol -1 ), suggesting a much higher stability of 13 over 16, [34][35] probably because of the stabilizing delocalization possible with 13. Quantitative evaluation of the preferred pathway on the activation energy was then undertaken, considering that the reaction is under kinetic control. The transition state (TS) of the cycloadditions between 5-nitroquinoline and AY +• 13 or AY 14 were located, examining two approaches (endo and exo) in each case (Scheme 4 and S.I.). Expectedly, this revealed a preferred "classical" pathway (G ‡ = 12.4 kcal.mol -1 ), with a slightly more favorable exo pathway (G ‡ = 0.3 kcal.mol -1 , see S.I.). More surprisingly, a stepwise cycloaddition reaction was disclosed, with formation of a zwitterionic intermediate, even if the determining step is unambiguously the first addition (Scheme 4). Scheme 4. Energy profiles for the (3+2) cycloadditions between 5-nitroquinoline with 14 (blue) ("classical" pathway) and 13 (red) (alternative pathway), computed at the (SMD:CH3CN) M062X/6-31+G(d,p) level of theory. Only the more favoured exo approach is depicted here. For more details, see S.I..

Conclusion

To conclude, we have developed an efficient dearomative photocatalyzed (3+2) cycloaddition in a flow system to access diversely functionalized polycyclic 3D-structures under non-acidic conditions. This reaction takes place between various electrondepleted aromatics and a non-stabilized azomethine ylide, photogenerated from a commercial hemiaminal ether through a radical cationic intermediate. Computational studies suggest a stepwise mechanism involving azomethine ylide 1 as the reactive species toward the arene. With supported eosin (silica, Amberlite) as organic photocatalyst either catalyst leaching occurred or poor efficiency was observed. In contrast, with the soluble Rose Bengal, a broad range of substrates from hetarenes (indole, benzofuran, quinoline, pyridine) to naphthalenes and benzenes were efficiently transformed into valuable 3D structures. This photocatalyzed (3+2) cycloaddition under green light irradiation can also advantageously be performed in the friendly ethyl acetate as solvent. An obvious next step is the extension of this methodology to an enantioselective version in the presence of a chiral photocatalyst, which will be undertaken in the near future.

Experimental section

General information

Structural identity was confirmed by 1 H and 13 C NMR spectroscopy (300 MHz) in deuterated chloroform relative to (CH3)4Si. High-resolution mass spectra were recorded in S.I. operating in positive ion mode. IR spectra were recorded as films.

Experimental flow set-ups

Fluidic set-ups were made from PFA tubing (ID 1.6 mm) equipped with PEEK/ETFE connectors and ferrules (IDEX/Upchurch Scientific). Feed and collection lines consisted of PFA, equipped with PEEK/PTFE connectors and ferrules (IDEX/Upchurch Scientific). Solutions were injected with Elite Dual syringe pump from Harvard Apparatus.

Flow dearomative cycloaddition of nitroarenes with supported catalysts

A mixture of the requisite nitroarene (0.2 mmol) and the hemiaminal ether 2 (4 equiv.) were dissolved in MeCN under argon. The resulting solution was then injected at a constant flow rate (Q = 0.05 mL.min -1 ; t R = 1.5 min) in a packed-bed PFA reactor (ID = 1.6 mm, L = 8 cm) containing 100 mg of the required catalyst (EY@SiO2 or EY@IRA900, 5% w/w) irradiated with green LED. The outlet was then collected in flask containing MeOH. Volatiles were then evaporated in vacuo and the crude product was purified by column chromatography on silica.

Flow dearomative cycloaddition of electron-poor arenes under homogeneous liquid conditions

A mixture of the electron-depleted arene (0.2 mmol), the hemiaminal ether 2 (4 equiv.) and the sodium salt of Rose Bengal (RBNa2, 4 mol%) were dissolved in MeCN under argon. The resulting solution was injected, through a 2 mL loop, in the flow system, consisting of a PFA tube (L = 50 cm, ID = 1.6 mm) under green LED irradiation. The outlet was then collected in flask containing MeOH. Volatiles were then evaporated in vacuo and the crude product was purified by column chromatography on silica.

Gram-scale flow dearomative cycloaddition of 1,3dinitronaphthalene in ethyl acetate solvent

A mixture of 1,3-dinitronaphtalene (4 mmol), the hemiaminal ether 2 (4 equiv.) and the disodium salt of Rose Bengal (RBNa2, 4 mol%) were dissolved in 40 mL of AcOEt under argon. The resulting solution was injected at constant flow (Q = 2 mL.min -1 ; t R = 20 min) in the Vapourtec E-Series flow system (P = 150 W), through a PFA tube (ID = 1 mm, L = 3.2 m) under green LED irradiation. The outlet was then collected in flask containing MeOH. Volatiles were then evaporated in vacuo and the crude product was purified by column chromatography on silica to afford 1.2 g of 7a (62% yield).

Table 1 .

 1 (3+2) Dearomative cycloaddition with supported photocatalyst eosin in a flow system. a a Reaction conditions: starting from nitroaromatic compound (0.2 mmol) and 2 (4 equiv.) in MeCN, injected at a flow rate = 0.050 mL.min -1 (t R = 1.5 min) under green light irradiation. b t R = 6 min. c 9 equiv. of 2 were used.

Table 2 .

 2 Flow (3+2) Dearomative cycloaddition under homogeneous conditions. a a Reaction conditions: starting from nitroaromatic compound (0.2 mmol), 2 (4 equiv.) and RBNa2 (4 mol%), in MeCN, injected at a constant flow rate, under green light irradiation. b N-methoxymethyl-N-trimethylsilylmethylamine was used as dipole precursor. C 9 equiv. of 2 were used. d 100% conversion, 8b/9 67:33. e Characterized as an imidazole adduct 10 after DDQ oxidation (see S.I. for details).

Scheme 2 .

 2 Scheme 2. (3+2) Cycloaddition of 1,3-dinitronaphthalene with 2 in AcOEt.

Scheme 3 .

 3 Scheme 3. Mechanistic pathways envisaged.
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