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Synthesis and Photophysical Characterizations of Pyrroloquinolone Photosensitizers for Singlet Oxygen Production

A series of pyrroloquinolone photosensitizers bearing different halogen substituents (Cl, Br, I) on the heterocyclic framework was studied. These structures were readily prepared through a multi-step synthetic sequence involving an oxidative protocol as an important step to access the quinolone framework. Spectroscopic characterizations and computational investigations were carried out to study the dyes before and after the oxidative step. Interestingly, the fluorescence emission was significantly reduced upon oxidation. In spite of a low photostability under UV light, the pyrroloquinolone photosensitizers proved effective to produce singlet oxygen. Higher singlet oxygen quantum yields were obtained with photosensitizers bearing halogen atoms with a higher atomic number.

INTRODUCTION

Photosensitization refers to a process by which a photochemical or a photophysical modification occurs in one molecular entity as a result of the absorption of light by another compound called photosensitizer [START_REF] Verhoeven | Glossary of terms used in photochemistry (IUPAC Recommendations 1996)[END_REF]. Amongst the photosensitizing processes, the production of singlet oxygen ( 1 O 2 ) by energy transfer from an excited photosensitizer to ground-state oxygen has attracted considerable interest [START_REF]Singlet Oxygen: Applications in Biosciences and Nanosciences[END_REF][START_REF] Pibiri | Photochemically Produced Singlet Oxygen: Applications and Perspectives[END_REF][START_REF] Ogilby | Singlet oxygen: there is indeed something new under the sun[END_REF]. Considering the sensitizer triplet excited state [START_REF] Schweitzer | Physical Mechanisms of Generation and Deactivation of Singlet Oxygen[END_REF], the mechanism of oxygen sensitization involves three critical steps: (i) the production of singlet excited states (S n ) from the ground state (S o ) of the photosensitizer upon ultraviolet or visible light irradiation; (ii) the population of the triplet state (S 1 → T 1 as a common non radiative transition) by spin-forbidden intersystem crossing (ISC) which competes with the radiative fluorescence decay (S 1 → S 0 ) and non-radiative processes; (iii) triplet-triplet energy transfer between the excited photosensitizer and ground state oxygen [START_REF] Derosa | Photosensitized singlet oxygen and its applications[END_REF]. The high reactivity of singlet oxygen has been harnessed in synthetic chemistry for the production of oxygenated products [START_REF] Zamadar | Singlet Oxygen as a Reagent in Organic Synthesis[END_REF][START_REF] Ghogare | Using Singlet Oxygen to Synthesize Natural Products and Drugs[END_REF][START_REF] Mauger | One-Pot Synthesis of Functionalized Fused Furans via a BODIPY-Catalyzed Domino Photooxygenation[END_REF][START_REF] Péault | Multicatalytic dearomatization of phenols into epoxyquinols via a photooxygenation process[END_REF][START_REF] Péault | Atom Economical Photocatalytic Oxidation of Phenols and Site-Selective Epoxidation Toward Epoxyquinols[END_REF], photodynamic therapy (PDT) [START_REF] Nguyen | Organic photosensitizers for antimicrobial phototherapy[END_REF][START_REF] Pham | Recent Strategies to Develop Innovative Photosensitizers for Enhanced Photodynamic Therapy[END_REF][START_REF] Lan | Photosensitizers for Photodynamic Therapy[END_REF], or environmental applications such as water disinfection or pollutant destruction [START_REF] Lacombe | Materials for selective photo-oxygenation vs. photocatalysis: preparation, properties and applications in environmental and health fields[END_REF]. In view of the importance of singlet oxygen, the demand for efficient and readily accessible photosensitizers has been a focus of research efforts in the past decades [START_REF] Zhao | Recent progress in photosensitizers for overcoming the challenges of photodynamic therapy: from molecular design to application[END_REF]. The efficient generation of singlet oxygen is generally associated to molecules with large intersystem crossing rates (k isc ) to access the triplet excited state of the photosensitizer. Different strategies are available to populate long-lived triplet states of a photosensitizer such as the introduction of heavy atoms to the chromophore, vibronically assisted ISC, singlet fission, charge recombination mediated triplet formation or twisted induced triplet generation [START_REF] Sasikumar | Access to the triplet excited states of organic chromophores[END_REF]. Amongst the most important organic photosensitizers, 1H-phenalen-1-one is considered as a reference sensitizer owing to its high quantum yield of intersystem crossing in a large panel of solvents [START_REF] Flors | Light and Singlet Oxygen in Plant Defense Against Pathogens: Phototoxic Phenalenone Phytoalexins[END_REF][START_REF] Schmidt | Phenalenone, a universal reference compound for the determination of quantum yields of singlet oxygen O2(1Δg) sensitization[END_REF]. The population of the triplet state occurs via a very efficient intersystem crossing between S 1 (n-*) and T 1 (*) which follows the El-Sayed's rule [START_REF] Daza | Photophysics of phenalenone: quantum-mechanical investigation of singlet-triplet intersystem crossing[END_REF]. In recent years, phenalenone photosensitizers have found valuable applications in the photodegradation of wastewater contaminants [START_REF] Rivas Aiello | Magnetic Nanoparticle-Polymer Composites Loaded with Hydrophobic Sensitizers for Photodegradation of Azoic Dyes[END_REF] and in photodynamic therapy for killing bacteria [START_REF] Godard | Development of Phenalenone-Triazolium Salt Derivatives for aPDT: Synthesis and Antibacterial Screening[END_REF][START_REF] Bresolí-Obach | Triphenylphosphonium cation: A valuable functional group for antimicrobial photodynamic therapy[END_REF][START_REF] Späth | Improving Photodynamic Inactivation of Bacteria in Dentistry: Highly Effective and Fast Killing of Oral Key Pathogens with Novel Tooth-Colored Type-II Photosensitizers[END_REF], fungi [START_REF] Lazzaro | Light-and singlet oxygen-mediated antifungal activity of phenylphenalenone phytoalexins[END_REF] and cancer cells [START_REF] Kaye | A Green-Absorbing, Red-Fluorescent Phenalenone-Based Photosensitizer as a Theranostic Agent for Photodynamic Therapy[END_REF][START_REF] Jing | Pyridone-containing phenalenone-based photosensitizer working both under light and in the dark for photodynamic therapy[END_REF]. With the aim of uncovering new methods to prepare functionalized phenalenones, our group reported in 2020 a new class of phenalenone photosensitizers for singlet oxygen production (Scheme 1) [START_REF] De Bonfils | Unusual Oxidative Dealkylation Strategy toward Functionalized Phenalenones as Singlet Oxygen Photosensitizers and Photophysical Studies[END_REF]. Our synthetic strategy was based on an unusual oxidative dealkylation of readily available phenalene architectures leading to blue light-absorbing functionalized 6-alkoxy phenalenones.

Photophysical characterizations demonstrated that the singlet excited state deactivation was mainly controlled by a non-radiative process such as intersystem crossing. The ability of the phenalenone derivatives to produce singlet oxygen was exploited in photooxygenation reactions such as the formation of endoperoxides from aromatics or dienes, and Schenck-ene reactions. In efforts to develop new organic photosensitizers, we envisaged that oxidative conditions could be applied to other cyclic frameworks. In 2015, our group described the asymmetric synthesis of enantioenriched pyrrolo[3,2,1-ij]quinolines from indole-7carbaldehyde derivatives through an aminocatalyzed cascade strategy [START_REF] Giardinetti | Aminocatalyzed Cascade Synthesis of Enantioenriched 1,7-Annulated Indoles from Indole-7-Carbaldehyde Derivatives and α,β-Unsaturated Aldehydes[END_REF]. A key element for the success of the organocatalyzed cyclization was the presence of an electron-withdrawing group such as halogens at C-3 position of indole derivatives. With the aim of preparing new photosensitizers, the addition of halogens to the chromophore could also enhance the singlet oxygen quantum yield by increasing the intersystem crossing rate through heavy atom effect [START_REF] Sasikumar | Access to the triplet excited states of organic chromophores[END_REF].

Scheme 1. Context and concept of this work.

Inspired by a previous study about the oxidation of phenanthroline derivatives into phenanthrolin-4-ones [START_REF] Moudam | A New Synthetic Route for the Preparation of 1,10-Phenanthroline Derivatives[END_REF], and building on our previous work, we reasoned that oxidative conditions could lead to new photosensitizers in light of the propensity of some quinolones to produce singlet oxygen upon illumination [START_REF] De Guidi | Photosensitization Reactions of Fluoroquinolones and Their Biological Consequences[END_REF][START_REF] Martinez | Fluoroquinolone Antimicrobials: Singlet Oxygen, Superoxide and Phototoxicity[END_REF]. Besides this application, our strategy will also offer a new synthetic strategy to produce pyrrolo[3,2,1-ij]quinolones which are known to elicit various biological activities [START_REF] Layek | Transition metal mediated construction of pyrrole ring on 2,3-dihydroquinolin-4(1H)-one: synthesis and pharmacological evaluation of novel tricyclic heteroarenes[END_REF][START_REF] Dorow | Development of an Efficient Synthesis of the Pyrrolquinolone PHA-529311[END_REF]. There are several oxidized forms of the pyrrolo[3,2,1-ij]quinoline framework such as 4-oxo and 6-oxo-pyrroloquinolines. The 4-oxopyrroloquinoline unit is a framework found in natural products and biologically relevant compounds exhibiting anti-fungal [START_REF] Bass | Tricyclic amides: a new class of systemic fungicides active against rice blast disease[END_REF] or cytotoxic activities [START_REF] Via | Pyrroloquinolinonebased dual topoisomerase I/II inhibitor[END_REF]. In addition, some 4-oxopyrroloquinoline derivatives have been found to be selective inhibitors of the aldosterone synthase which is an interesting target for the treatment of hyperaldosteronism, congestive heart failure and myocardial fibrosis [START_REF] Lucas | Fine-Tuning the Selectivity of Aldosterone Synthase Inhibitors: Structure-Activity and Structure-Selectivity Insights from Studies of Heteroaryl Substituted 1,2,5,6-Tetrahydropyrrolo[3,2,1-ij]quinolin-4-one Derivatives[END_REF]. Interestingly, the ability of 4-oxo-pyrroloquinoline to produce singlet oxygen under UVA irradiation has been described by the group of Truscott [START_REF] Jones | Singlet oxygen yields of furocoumarins and related molecules -the effect of excitation wavelength[END_REF]. Contrary to the 4-oxo-pyrroloquinoline framework, 6oxo-pyrroloquinoline scaffolds appear to be uncommon in natural products. Nevertheless, this unit is the central building block of the antiviral agent PHA-529311 [START_REF] Dorow | Development of an Efficient Synthesis of the Pyrrolquinolone PHA-529311[END_REF][START_REF] Hartline | Inhibition of herpesvirus replication by a series of 4-oxodihydroquinolines with viral polymerase activity[END_REF][START_REF] Nieman | Modifications of C-2 on the pyrroloquinoline template aimed at the development of potent herpesvirus antivirals with improved aqueous solubility[END_REF] and some derivatives have demonstrated cytotoxic activities [START_REF] Mphahlele | Synthesis, crystal structure, cytotoxicity and evaluation of the 6-oxo-6H-pyrrolo[3,2,1ij]quinoline-5-carbaldehydes for inhibitory effect against protein kinases (VEGFR-2 and EGFR) and cyclooxygenase-2 (COX-2) activities[END_REF]. We wish to report herein the synthetic strategy towards new pyrroloquinolone architectures and their photophysical characterization.

MATERIALS AND METHODS

Chemicals and instrumentation:

1 H NMR and 13 C spectra were recorded at room temperature on samples dissolved in CDCl 3 . Chemical shifts (δ) are given in parts per million and coupling constants are given as absolute values expressed in Hertz. Structural assignments were made with additional information from gCOSY, gHSQC and gHMBC experiments.

High-resolution mass spectrometry (HRMS) analyses was performed using electrospray ionization (ES) and ASAP. FTIR spectra were obtained from neat samples using the attenuated total reflection (ATR) technique. Thin-layer chromatography (TLC) was carried out on aluminium sheets precoated with silica gel. Column chromatography separations were performed using silica gel. All solvents were of HPLC grade or were distilled using standard drying agents prior to use. Starting chemical substrates and reagents were used as commercially provided unless otherwise indicated. ). All the physical and spectroscopic data were in complete agreement with the reported ones [START_REF] Kochnev | Design of schiff base-like postmetallocene catalytic systems for polymerization of olefins: IV. Synthesis of 2-(aryliminomethyl)-pyrrole and 7-(aryliminomethyl)indole derivatives containing cycloalkyl substituents[END_REF].

Synthetic procedures and characterization data:

Synthesis of 1-(dibutoxymethyl)-2-
General procedure for the synthesis of 1H-indole-7-carbaldehyde derivatives 4a and 4b. Under argon atmosphere, 1H-indole-7-carbaldehyde 3 (1 equiv.) was introduced in anhydrous dichloromethane (0.2 mol.L -1 ). N-chlorosuccinimide (NCS) (1.2 equiv.) or Nbromosuccinimide (NBS) (1 equiv.) was then added in one portion. The resulting mixture was left to stir for 3-4 hours at room temperature. The reaction was monitored by TLC (petroleum ether/EtOAc, 85/15). After completion of the reaction, water was added. The aqueous phase was extracted three times with dichloromethane. The combined organic layers were dried over anhydrous MgSO 4 and the solvent was removed under reduced pressure. The crude compound was purified by column chromatography on silica gel (petroleum ether/EtOAc, 85/15) to afford the corresponding product as a solid. All the physical and spectroscopic data were in complete agreement with the reported ones [START_REF] Giardinetti | Aminocatalyzed Cascade Synthesis of Enantioenriched 1,7-Annulated Indoles from Indole-7-Carbaldehyde Derivatives and α,β-Unsaturated Aldehydes[END_REF]. General procedure for the synthesis of pyrroloquinolinone derivatives 6a and 6b. The pyrroloquinoline substrate (1 equiv.) was introduced in dichloroethane (0.1 mol.L -1 ). Osmotic water (2 equiv.) and 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) (2 equiv.) were successively added. The reaction mixture was left to stir at 60 °C for 2 hours, at which point water was added. The aqueous phase was extracted three times with dichloromethane. The combined organic layers were dried over anhydrous MgSO 4 and the solvent was removed under reduced pressure. The crude compound was purified by column chromatography on silica gel (n-pentane/EtOAc, 70/30) to afford the corresponding product as a solid. 

Synthesis of 3-iodo-1H-indole

Spectroscopic and photophysical measurements:

UV-Vis spectra were recorded on an Agilent 8453 Diode-Array spectrophotometer in the range of 250-700 nm. Emission spectra were measured in an ISS PC1 spectrofluorometer at room temperature. Luminescence lifetime measurements were carried out using a PicoQuant Fluorescence quantum yields were determined using equation ( 1) and 6-ethoxy-phenalenone in acetonitrile (Φ F = 0.049) and chloroform (Φ F = 0.018) as reference. ( 43)

(1)

Φ F is the fluorescence quantum yields. A: is the absorbance in the wavelength of excitation, I correspond to area of the emission spectra and η is the refractive index of the solvent.

For consumption kinetic experiences, irradiation was achieved with LED M365LP1 at 365 nm (Thorlabs), working at 100% power.

Lifetime decays singlet oxygen, O 2 ( 1 Δ g ), were acquired with a FluoTime 200 consisting in a multichannel scaler Nanoharp 200. Excitation at 355 nm was achieved with a laser FTSS355-Q3, (Crystal Laser, Berlin, Germany) working at 1 kHz repetition rate. For the detection at 1270 nm a NIR PMT H10330A (Hamamatsu) was employed. The O 2 ( 1 Δ g ) quantum yields (Φ Δ )

were determined by comparing the intensity at zero time of the 1270 nm signals to those of optically-matched solutions of phenalenone as reference, according to the following equation.

We used fresh solution for each measurement and short times of irradiation to minimize photodecomposition. Integrity of samples was checked after measurement: [START_REF] Schmidt | Phenalenone, a universal reference compound for the determination of quantum yields of singlet oxygen O2(1Δg) sensitization[END_REF] Photodegradation quantum yields (Φ D ) were determined using the following equation

𝜙 𝐷 = 𝑑[𝑃] 𝑑𝑡 𝑉 𝐼 𝑎
Where d[P]/dt is the photooxidation rate (related with absorbance decrease around 370 nm, and expressed in concentration per time units), V is the solution volume and I a is the photon flux determined by 9,10-dimethylanthracene self-sensitized photooxygenation followed at 324 nm.

Computational details:

All calculations were carried out with Gaussian 16 software (44) using Density Functional Theory (DFT) and its time-dependent counterpart (TD-DFT) for 5a and 6a. We considered acetonitrile and chloroform for absorption properties and only acetonitrile for emission as the 

RESULTS AND DISCUSSION

Synthesis of the photosensitizers

At the outset of this work, a range of halogen-containing pyrrolo[3,2,1-ij]quinolines 5a-c was prepared based on our previous studies (Scheme 2) (29). With the compounds 5a-c in hand, the oxidative conditions were then investigated (Table 1). [a] For the procedures, see the Supplementary Materials. [b] Decomposition of the starting material. [c] No reaction.

Initial attempts to oxidize 5a revealed that MnO 2 was a suitable oxidant to form 6a in 65% yield (entry 1). The structure of 6a was elucidated using extensive 1D and 2D NMR spectroscopy and further conditions were screened in order to increase the reaction yields.

Addition of 2 equiv. of water had a negative impact on the yield and the product 6a was isolated in 24% yield (entry 2). Oxidation in the presence of nitrosyl tetrafluoroborate (NOBF 4 ) at room temperature did not produce the desired product and only side products were detected in the crude mixture (entry 3). The ability of rose bengal to oxidize benzylic position bearing a nitrogen functionality was applied to the oxidation of 5a but no reaction occurred (entry 4) [START_REF] Sharma | Recent advances in photocatalytic manipulations of Rose Bengal in organic synthesis[END_REF]. A similar result was also observed by using 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) in 1,2-dichloroethane at 60 °C (entry 5). The combination of water and DDQ has proved successful for the oxidation of allylic aromatic derivatives into the corresponding cinnamaldehydes ( 52) and these conditions were tested for forming 6a (entry 6). The addition of 2 equiv. of water had a dramatic impact on the reaction yield by producing 6a in 91% yield in only 2 hours reaction time. With optimal reaction conditions in hand, the formation of 6a-c was investigated (Scheme 3).

Scheme 3. Formation of 6a-c.

The oxidative conditions were applied to 5a and 5b and the products 6a and 6b were obtained in excellent yields of 91% and 85%, respectively. As described above, the 20 intermediate 5c could not be isolated in pure form from 4c after the aminocatalyzed step and the mixture was oxidized under the optimized conditions leading to 6c in 22% isolated yield over two steps.

Photophysical characterizations and computational analyses

Steady state absorption and emission spectra. The absorption spectra and molar absorption coefficients of the chromophores 5a and 6a-c were investigated in two solvents of different polarities, acetonitrile and chloroform (Figure 1 and Table 2). The absorption spectra of 5a and the oxidized compound 6a showed noticeable differences. The oxidation of 5a caused a 22 nm hypsochromic shift in acetonitrile. Such a shift has been reproduced by theoretical calculation (see Materials and Methods for computational details) using time-dependent density functional theory (Table 2). For 5a the S 0 S 1 electronic transition (384 nm) was characterized by a * (Figure 1) with a large oscillator strength (f=0.27) while the oxidized form behaved differently. Indeed, the first bright state corresponded to a S 0 S 3 electronic transition (330 nm, f=0.27) in acetonitrile, the first two lowest transitions being n* are forbidden by selection rules. The electronic density difference plot (Figure 1) of 5a and 6a depicted a common * character but with a less extended π-delocalization when the carbonyl group is present explaining the blue-shift. Upon photoexcitation a gain of electronic density (green zone in Figure 2) was observed on the aldehyde function of 5a while not in 6a as it is out-of-plane (see Supporting Information for further details) The molar extinction coefficients (ε) were determined in acetonitrile and chloroform and the results are depicted in Table 2. The absorption spectra (maximum wavelengths) were slightly influenced by the nature of the halogen borne by the indole nucleus in chloroform and acetonitrile, but higher molar absorption coefficients were measured for 6c containing an iodine atom than the chloro-substituted compound 6a in acetonitrile. Concerning the oxidized forms, theoretical computations are in the line with experiments with a very small red-shift going from 6a to 6c. Normalized emission spectra in acetonitrile of 5a and 6a-c are shown in Figure 3. For the pyrrolo[3,2,1-ij]quinoline 5a, the emission band in acetonitrile was centered around 510 nm while the emission maxima for 6a, 6b and 6c derivatives were located around 460 nm. The measured Stokes shift for 5a in acetonitrile (118 nm) is in good agreement with theoretical calculation (126 nm). As can be seen in Figure 2 and according to the fluorescence quantum yields reported in Table 3, emission intensity of 5a was high while the low emission of the oxidized derivatives 6a-c allowed to consider these structures as non-fluorescent chromophores. Fluorescence quantum yields were measured under air (Φ F,air ) and under argon (Φ F,Ar ) for all studied compounds (Table 3). Despite being low, the similarity between the reported values indicates that oxygen is not able to quench appreciably the singlet states of these derivatives.

Additionally, fluorescence quantum yields for the derivatives 6 showed a clear inverse dependence with the atomic weight of halogen substituent, as reported for heterocyclic compounds such as Bodipy derivatives [START_REF] Piskorz | BODIPY-Based Photosensitizers as Potential Anticancer and Antibacterial Agents: Role of the Positive Charge and the Heavy Atom Effect[END_REF][START_REF] Bassan | Design of BODIPY dyes as triplet photosensitizers: electronic properties tailored for solar energy conversion, photoredox catalysis and photodynamic therapy[END_REF] or quinoxaline-based chromophores [START_REF] Podsiadły | The synthesis of novel, visible-wavelength, oxidizable polymerization sensitizers based on the 8-halogeno-5,12-dihydroquinoxalino[2,3-b]quinoxaline skeleton[END_REF] substituted with halogen atoms.

Time resolved measurements.

For 5a, fluorescence lifetime data were analyzed by global fitting of a set of decays acquired at different emission wavelengths, with excitation at 375 nm.

A representative data analysis showing a mono-exponential fit in acetonitrile gave a lifetime of 6.4 ns. The results and fitting are shown in Figure 4. Lifetime measurements after argon bubbling yielded a very similar result (6.9 ns), indicating, as previously mentioned, a negligible quenching by oxygen. For compounds 6a-c, their lifetimes were not measured, considering their low emission quantum yields. minutes (see Materials and Methods for further information). The chromophore 5a was stable under these conditions while the oxidized compounds 6a-c had a different behavior (Figure 5).

With compounds 6a-c, a relative fast decrease of the absorption band at the maximum wavelength with time was observed and this instability was confirmed by examining the evolution of other absorption bands. The photodegradation quantum yields at 365 nm for 6a-c were  D = 0.030 (6a),  D = 0.016 (6b) and  D = 0.012 (6c). Attempts to isolate the products formed upon illumination of compounds 6c turned out to be unsuccessful. Further studies were performed to ensure that these compounds did not react with singlet oxygen. The photooxygenation of 6a with 2 mol% of a diiodoBodipy photosensitizer under oxygen atmosphere and upon illumination with a green LED Singlet oxygen generation. Singlet oxygen quantum yields (  ) were determined by observing the 1270 nm emission of 1 O 2 of air-saturated samples excited at 355 nm (Table 4). The compound 5a showed the lowest singlet oxygen quantum yield values and this result is fully consistent with its higher fluorescence quantum yield (Table 3). On the other hand, the compounds 6a-c displayed higher singlet oxygen quantum yields. Singlet-Triplet energy gaps (E ST ) have been computed at the excited state geometry for each investigated system in gas phase using SCS-CC2 method known to be accurate for such gap [START_REF] Pershin | Highly emissive excitons with reduced exchange energy in thermally activated delayed fluorescent molecules[END_REF]. The compound 5a presents the highest gap value (> 0.2 eV) and the lowest SOC (0.33 cm -1 ) while the oxidized from (6a-c) are characterized by a much lower E ST value (<0.2 eV) and a larger SOC values than 5a. Therefore E ST being much larger for 5a than for 6a-c the intersystem crossing constant is smaller for 5a than for 6a-c, as experimentally observed. Additionally, as mentioned previously, a clear effect of the presence of a halogen with increasing atomic number, correlates with an increase in the capability of generating excited oxygen [START_REF] Piskorz | BODIPY-Based Photosensitizers as Potential Anticancer and Antibacterial Agents: Role of the Positive Charge and the Heavy Atom Effect[END_REF][START_REF] Bassan | Design of BODIPY dyes as triplet photosensitizers: electronic properties tailored for solar energy conversion, photoredox catalysis and photodynamic therapy[END_REF][START_REF] Podsiadły | The synthesis of novel, visible-wavelength, oxidizable polymerization sensitizers based on the 8-halogeno-5,12-dihydroquinoxalino[2,3-b]quinoxaline skeleton[END_REF].

In summary, the presence of heavy atoms in the core of a photosensitizer is important for the production of singlet oxygen owing to a favored intersystem crossing to the triplet state.

As mentioned previously, compounds 6a-c were prone to photobleaching upon illumination at 365 nm (Figure 4). Regardless of the solvent, singlet oxygen quantum yields after 15 minutes of irradiation at 365 nm were higher than the parent compound 6. Therefore, photoproducts of compound 6a and 6b, in both solvents, are better generators of singlet oxygen, while the iodine substituted compound, 6c, yields photoproducts with a comparable propensity to generate excited oxygen.

CONCLUSIONS

In summary, we have prepared a new family of photosensitizers derived from the pyrroloquinolone framework. The key steps involved an aminocatalyzed process to construct the pyrroloquinoline framework and its oxidation with 2,3-dichloro-5,6-dicyano-1,4benzoquinone (DDQ) in the presence of water. Upon oxidation, a marked decrease of fluorescence efficiency of the chromophores was observed and simultaneously, an increase of the photoproduction of singlet oxygen was confirmed by observing the 1270 nm emission of 1 O 2 . Computational investigations showed a reduction of the energy gap between the singlet and triplet excited states (E ST ) and a higher value of SOC for the oxidized form which could explain the intersystem crossing efficiency of the photosensitizers 6. As expected, the incorporation of halogen atoms with higher atomic numbers led to an increase of the singlet oxygen quantum yield. In spite of a low photostability, the best results were obtained with the
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  200 fluorescence lifetime spectrometer with a multichannel scaler (PicoQuant's Timeharp 250) with the time correlated single photon counting (TCSPC) method. A 375 nm laser LDHPC375 (Picoquant) pulsed at 10 or 20 MHz was employed as an excitation source. Lifetimes were obtained from global fit of at least 25 decays obtained at different emission wavelengths.

  solvent effects are trifling on fluorescence properties according to the photophysical experiments. First geometries optimization and frequencies were calculated both in the ground state and excited state using the M06-2X metageneralized gradient approximation hybrid exchange-correlation functional[START_REF] Zhao | The M06 suite of density functionals for main group thermochemistry, thermochemical kinetics, noncovalent interactions, excited states, and transition elements: two new functionals and systematic testing of four M06-class functionals and 12 other functionals[END_REF] combined to the Pople 6-31G(d) basis set. The solvent effects have been included through the Pisa Polarizable Continuum Model (PCM) (46). Second, TD-DFT calculations have been carried out accounting for the solvent responses in its non-equilibrium regime through corrected Linear Response Model (cLR) (47) using a large basis set, 6-311+G(2d,p). For oxidized forms, Singlet-Triplet energy gap (E ST ) has been estimated with the higher-level Spin-Component Scaling second-order approximate Coupled-Cluster (SCS-CC2) with the Def2-DZVP basis in gas phase with Turbomole (TURBOMOLE V7.3, a development of University of Karlsruhe and Forschungszentrum Karlsruhe GmbH, 1989-2007; TURBOMOLE GmbH) while the spin-orbit coupling (SOC) values reported in the main text were determined as . The elements of the SOC matrix were estimated in ORCA 5.2 (48) software using M06-2X/def2-TZVP level of theory in acetonitrile except for 6c as not implemented in case of pseudopotential (SMD solvation model). The RI-SOMF(1X) was used for speeding up the calculation time with only a small error associated (49).

Scheme 2 .

 2 Scheme 2. Synthesis of pyrrolo[3,2,1-ij]quinolines 5a-c.

Figure 1

 1 Figure 1 Absorption spectra of 5a and 6a-c in acetonitrile.

Figure 2

 2 Figure 2 Electron density plots of 5a and 6a. Red and green lobes correspond, respectively, to a

Figure 3 .

 3 Figure 3. Normalized emission spectra of 5a and 6a-c in acetonitrile. λ exc = 375 nm.

Figure 4 .

 4 Figure 4. Emission decay of 5a in acetonitrile at 520 nm (λ exc = 375 nm) under air.

  

  

  

  chlorosuccinimide (288.1 mg, 4.96 mmol). 1 H (300 MHz, CDCl 3 ) δ 10.07 ppm (s, 1H), 9.97 (br s, 1H), 7.89 (dt, J = 7.8, 1.0 Hz, 1H), 7.66 (ddd, J = 7.8, 1.0, 0.4 Hz, 1H), 7.31-7.20 (m, 2H). All the physical and spectroscopic data were in complete agreement with the reported ones[START_REF] Giardinetti | Aminocatalyzed Cascade Synthesis of Enantioenriched 1,7-Annulated Indoles from Indole-7-Carbaldehyde Derivatives and α,β-Unsaturated Aldehydes[END_REF].

3-chloro-1H-indole-7-carbaldehyde 4a. According to the general procedure, 608.7 mg (82%) of 4a (pale yellow solid) was obtained from 1H-indole-7-carbaldehyde 3 (600 mg, 4.13 mmol) and N-3-bromo-1H-indole-7-carbaldehyde 4b. According to the general procedure, 562.7 mg (91%) of 4b (pale yellow solid) was obtained from 1H-indole-7-carbaldehyde 3 (400 mg, 2.76 mmol) and N-bromosuccinimide (490.4 mg, 2.76 mmol). 1 H (300 MHz, CDCl 3 ) δ 10.12 ppm (s, 1H), 7.89 (dt, J = 7.9, 1.1 Hz, 1H), 7.73 (dd, J = 7.4, 1.1 Hz, 1H), 7.41-7.32 (m, 2H).

  Hz, 1H), 7.36 (dd, J = 7.9, 7.3 Hz, 1H).13 C NMR (75 MHz, CDCl 3 ) δ 193.3 ppm, 133.8, 131.2, 130.4, 129.9, 128.5, 120.8, 120.4, 57.9. IR (ATR, cm -1 ) 3332, 3118, 3054,

	8.0, 1.0 Hz, 1H), 7.50 (d, J = 1.0 Hz, 1H), 7.21-7.20 (m, 1H), 7.19-7.17 (m, 3H), 7.12-7.07 (m,
	3H), 6.89 (s, 1H), 6.43 (s, 1H). All the physical and spectroscopic data were in complete
	agreement with the reported ones (29).
	1-bromo-4-phenyl-4H-pyrrolo[3,2,1-ij]quinoline-5-carbaldehyde 5b. According to the
	general procedure, 612.2 mg (65%) of 5b (pale yellow solid) was obtained from 3-bromo-1H-
	indole-7-carbaldehyde 4b (500 mg, 2.23 mmol), sodium acetate (201.0 mg, 2.45 mmol),
	2804, 1790, 1667, 1607, 1588, 1097, 530. HRMS (ASAP+) m/z: [M + H] + calcd for diphenylprolinol silyl ether catalyst (108.9 mg, 0.33 mmol) and trans-cinnamaldehyde
	C 9 H 7 INO 271.9572; found 271.9577.
	1-chloro-4-phenyl-4H-pyrrolo[3,2,1-ij]quinoline-5-carbaldehyde 5a. According to the
	general procedure, 705.9 mg (79%) of 5a (pale yellow solid) was obtained from 3-chloro-1H-
	indole-7-carbaldehyde 4a (547 mg, 3.05 mmol), sodium acetate (275.6 mg, 3.36 mmol),
	diphenylprolinol silyl ether catalyst (149.7 mg, 0.46 mmol) and trans-cinnamaldehyde
	(0.58 mL, 4.58 mmol). The compound was purified by column chromatography on silica gel

-7-carbaldehyde 4c. Under argon atmosphere, 1H-indole-7-carbaldehyde 3 (500 mg, 3.44 mmol, 1 equiv.) was introduced in anhydrous N,Ndimethylformamide (9.8 mL). KOH (483.1 mg, 8.61 mmol, 2.5 equiv.) and I 2 (1.75 g, 6.89 mmol, 2 equiv.) were successively added. The reaction was left to stir at room temperature for 2 hours, at which point a sat. Na 2 S 2 O 3 (aq.) (30 mL) was added. The aqueous phase was extracted with dichloromethane (3 x 15 mL) and the combined organic layers were washed with brine (2 x 100 mL). The organic layer was dried over anhydrous MgSO 4 and the solvent was removed under reduced pressure. The crude compound was purified by column chromatography on silica gel (cyclohexane/EtOAc, 85/15) to afford the corresponding product 4c as a pale orange solid (691.1 mg, 74%). R f = 0.47 (cyclohexane/EtOAc, 85/15). M.p. 121-123 °C. 1 H (300 MHz, CDCl 3 ) δ 10.28 ppm (br s, 1H), 10.10 (s, 1H), 7.76 (dt, J = 7.9, 1.0 Hz, 1H), 7.72 (dd, J = 7.3, 1.0 Hz, 1H), 7.43 (d, J = 2.4 General procedure for the synthesis of pyrroloquinoline derivatives 5a and 5b. The indole substrate 4a or 4b (1 equiv.) was introduced in chloroform filtered over alumina (0.2 mol.L -1 ). Sodium acetate (1.1 equiv.), a racemic mixture of diphenylprolinol silyl ether catalyst (15 mol%) and trans-cinnamaldehyde (1.5 equiv.) were successively added. The reaction mixture was left to stir at 55 °C for 40 hours, at which point the solvent was removed under reduced pressure. The crude compound was purified by column chromatography to afford the corresponding product as a solid. (petroleum ether/EtOAc, 85/15), and if necessary by a second column chromatography on silica gel (cyclohexane/PhCH 3 , 10/90). 1 H (300 MHz, CDCl 3 ) δ 9.50 ppm (s, 1H), 7.60 (dd, J = (0.42 mL, 3.35 mmol). The compound was purified by column chromatography on silica gel (petroleum ether/EtOAc, 85/15), and if necessary by a second column chromatography on silica gel (cyclohexane/PhCH 3 , 10/90). 1 H (300 MHz, CDCl 3 ) δ 9.61 ppm (s, 1H), 7.70-7.56 (m, 2H), 7.35-7.29 (m, 5H), 7.24-7.19 (m, 2H), 7.07 (s, 1H), 6.56 (s, 1H). All the physical and spectroscopic data were in complete agreement with the reported ones (29).

  4H-pyrrolo[3,2,1-ij]quinoline-5-carbaldehyde 5a (280 mg, 0.955 mmol), osmotic water (34.4 µL, 1.91 mmol) and DDQ (433.6 mg, 1.91 mmol). R f = 0.45 (n-pentane/EtOAc, 70/30). M.p. decomposition. 1 H (300 MHz, CDCl 3 ) δ 10.29 (s, 1H), 8.32 (ddd, J = 7.8, 1.0, 0.5 (0.35 mL, 2.76 mmol, 1.5 equiv.) were successively added. The reaction mixture was left to stir at 55 °C for 40 hours, at which point the solvent was removed under reduced pressure. The excess of the trans-cinnamaldehyde was removed by column chromatography (cyclohexane/PhCH 3 , 10/90). Despite extensive efforts the separation of the substrate and the desired product was unsuccessful. The conversion was determined by 1 H NMR in the crude compound (27%). The crude compound was used in the next step without further purification. Step 2. The crude compound (192 mg, 0.50 mmol, 1 equiv.) was introduced in dichloroethane (2.5 mL). Osmotic water (18 µL, 1 mmol, 2 equiv.) and 2,3-

	Hz, 1H), 7.98 (dd, J = 7.8, 1.0 Hz, 1H), 7.69 (t, J = 7.8 Hz, 1H), 7.65-7.55 (m, 3H), 7.48-7.44
	(m, 2H), 6.98 (s, 1H). 13 C NMR (75 MHz, CDCl 3 ) δ 190.1 ppm, 178.7, 153.1, 134.1, 131.0,
	129.7, 129.2 (2C), 129.0 (2C), 128.2, 126.6, 125.7, 124.5, 123.7, 122.4, 119.9, 118.6. IR
	(ATR, cm -1 ) 3151, 3049, 2843, 1699, 1687, 1642, 1621, 1063, 751. HRMS (ASAP+) m/z: [M
	+ H] + calcd for C 18 H 11 ClNO 2 308.0478; found 308.0480.
	67-7.57 (m,
	3H), 7.49-7.44 (m, 2H), 7.04 (s, 1H). 13 C (75 MHz, CDCl 3 ) δ 190.1 ppm, 178.7, 152.9, 134.5,
	131.0, 129.7 (2C), 129.2 (2C), 129.0 (2C), 126.6, 126.5, 124.8, 124.4, 123.7, 119.9, 104.2. IR R f = 0.47 (n-pentane/EtOAc, 7/3). M.p. decomposition. 1 H (400 MHz, CDCl 3 ) δ 10.32
	(ATR, cm -1 ) 3145, 3045, 2855, 1698, 1641, 1621, 1595, 1052, 581. HRMS (ASAP+) m/z: [M ppm (s, 1H), 8.32 (dd, J = 7.7, 1.0 Hz, 1H), 7.77 (dd, J = 7.7, 1.0 Hz, 1H), 7.69 (t, J = 7.7 Hz,
	+ H] + calcd for C 18 H 11 BrNO 2 351.9973; found 351.9976. 1H), 7.66-7.55 (m, 3H), 7.49-7.44 (m, 2H), 7.10 (s, 1H). 13 C (100 MHz, CDCl 3 ) δ 190.2 ppm,
	178.7, 152.4, 134.9, 132.7, 131.0, 129.8, 129.7, 129.3 (2C), 129.0 (2C), 128.1, 126.6, 124.3,
	Synthesis of 1-iodo-6-oxo-4-phenyl-6H-pyrrolo[3,2,1-ij]quinoline-5-carbaldehyde 6c.
	123.7, 119.7, 71.1. IR (ATR, cm -1 ) 3137, 3047, 2923, 2850, 1735, 1697, 1641, 1620, 1452,
	Step 1. 3-iodo-1H-indole-7-carbaldehyde 4c (500 mg, 1.84 mmol, 1 equiv.) was introduced in
	1262, 538. HRMS (ASAP+) m/z: [M + H] + calcd for C 18 H 11 INO 2 399.9834; found 399.9837.
	1-chloro-6-oxo-4-phenyl-6H-pyrrolo[3,2,1-ij]quinoline-5-carbaldehyde 6a. According chloroform filtered over alumina (9.2 mL). Sodium acetate (165.7 mg, 2.02 mmol, 1.1 equiv.),

the general procedure, 269.8 mg (91%) of 6a (pale yellow solid) was obtained from 1-chloro-4-phenyl-

1-bromo-6-oxo-4-phenyl-6H-pyrrolo[3,2,1-ij]quinoline-5-carbaldehyde 6b.

According to the general procedure, 311.1 mg (85%) of 6b (pale yellow solid) was obtained from 1bromo-4-phenyl-4H-pyrrolo[3,2,1-ij]quinoline-5-carbaldehyde 5b (350 mg, 1.04 mmol), osmotic water (37.5 µL, 2.08 mmol) and DDQ (472.2 mg, 2.08 mmol). R f = 0.45 (npentane/EtOAc, 70/30). M.p. decomposition. 1 H (300 MHz, CDCl 3 ) δ 10.30 ppm (s, 1H), 8.32 (dd, J = 7.5, 0.8 Hz, 1H), 7.91 (dd, J = 7.5, 0.8 Hz, 1H), 7.69 (t, J = 7.5 Hz, 1H), 7.

a racemic mixture of diphenylprolinol silyl ether catalyst (91 mg, 0.28 mmol, 15 mol%) and trans-cinnamaldehyde dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) (227 mg, 1 mmol, 2 equiv.) were successively added. The reaction mixture was left to stir at 60 °C for 2 hours, at which point water was added. The aqueous phase was extracted three times with dichloromethane. The combined organic layers were dried over anhydrous MgSO 4 and the solvent was removed under reduced pressure. The crude compound was purified by column chromatography on silica gel (npentane/EtOAc, 70/30) to afford the corresponding product 6c as a pale yellow solid (162 mg, 22% overall yield).

Table 1 .

 1 Screening of oxidation conditions.

	Entry Conditions [a]

2 (20 equiv.), CH 2 Cl 2 , 48 h, RT 65% (80%) 2 MnO 2 (20 equiv.), H 2 O (2 equiv.), CH 2 Cl 2 , 48 h, RT 24% (28%) 3 NOBF 4 (2 equiv.), MeCN, 5 min, RT -[b]

Table 2 .

 2 Molar extinction coefficients determined in selected solvents (ε, M -1 .cm -1 ) and measured maximum absorption wavelength (λ max ). Computed oscillator strength (f) and λ max at the M06-2X-6-311+G(2d,p) level of theory using PCM solvent and the cLR 2 to account for the electronic response of the solvent.

	Compound		Experiment		Theory
		ε / M -1 cm -1 (λ max / nm)		f (λ max / nm)
		MeCN	CHCl 3	MeCN	CHCl 3
	5a	13657 (392)	13691 (405)	0.27 (384)	0.29 (384)
	6a	14411 (370)	14202 (373)	0.27 (330)	0.31 (331)
	6b	17213 (371)	23446 (373)	0.28 (331)	0.32 (332)
	6c	19714 (375)	19875 (373)	0.27 (335)	0.32 (335)

Table 3 .

 3 Fluorescence quantum yields.

	Compound	Φ F,air	MeCN Φ F,Ar	Φ F,air	CHCl 3 Φ F,Ar
	5a	0.358	0.359	0.263	0.270
	6a	0.007	0.011	0.002	0.003
	6b	0.004	0.003	0.001	0.001
	6c	0.002	0.001	-	0.001

Table 4 .

 4 Singlet oxygen generation quantum yields, determined using phenalenone as actinometer. λ exc = 355 nm. Singlet oxygen generation quantum yields after 15 minutes of irradiation at 365 nm are shown in brackets. Computed  ST (eV) on optimized excited state geometry in gas phase at the SCS-CC2 level of theory and SOC values were obtained at the SMD(acetonitrile)-M06-2X/Def2-DZPV; SOC not yet implemented for ECP in case of 6c.

			Experimental Φ Δ,air	Computed properties (MeCN)
	Compound	MeCN	CHCl 3	 ST (eV)	SOC (cm -1 )
	5a	0.273	0.227	0.85	0.33
	6a	0.329 (0.444) 0.342 (0.554) 0.15	0.38
	6b	0.364 (0.700) 0.412 (0.618) 0.15	0.40
	6c	0.448 (0.468) 0.621 (0.632) 0.18	-

did not show any decomposition of the chromophore by 1 H NMR spectroscopy (see Supplementary Materials for further details). As a result, singlet oxygen would not be involved in the photobleaching process. Phenalenone [START_REF] Flors | Light and Singlet Oxygen in Plant Defense Against Pathogens: Phototoxic Phenalenone Phytoalexins[END_REF][START_REF] Schmidt | Phenalenone, a universal reference compound for the determination of quantum yields of singlet oxygen O2(1Δg) sensitization[END_REF] and compounds 6a-c showed a similar absorption profile between 300 and 450 nm but phenalenone was described as photostable while phenalenone-like compounds 6a-c were unstable upon irradiation. Nevertheless, all these dyes are able to produce singlet oxygen by photosensitization (see results below). 

SUPPLEMENTARY MATERIALS

Additional information may be found online in the Supplementary Materials:

Experimental procedures for the screening of oxidants.

Photostability experiment of 6a under photooxygenation conditions. 

Table S1. Computed absorption and emission λ max (oscillator strengths in parenthesis)

at the M06-2X-6-311+G(2d,p) level of theory using PCM solvent (MeCN) and the cLR 2 to account for the electronic response of the solvent.

Representation of GS geometries and xyz coordinates for 5a and 6a-c.