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A B S T R A C T   

Benzylic systems such as 9H-xanthenes, 9H-thioxanthenes and 9,10-dihydroacridines can be easily oxidized to 
the corresponding xanthones, thioxanthones or acridones, respectively, in deep eutectic solvents by a visible blue 
light-promoted photooxidation procedure carried out using ambient air as oxidant in the presence of riboflavin 
tetraacetate as a metal-free photocatalyst. The obtained yields are high or almost quantitative, and the reaction 
media can be recovered and reused. The environmental friendliness of the protocol is demonstrated based on 
several green metrics.   

1. Introduction 

In recent years, visible-light photocatalysis has emerged as an 
interesting synthetic tool compared to traditional photochemistry [1,2]. 
This is due to organic compounds lacking absorbance of this radiation, 
which reduces side reactions frequently associated with classical 
photochemical reactions carried out with high-energy UV light. How-
ever, when this less energetic and innocuous visible light is employed, 
adding catalytic amounts of a sensitizer as a photocatalyst is required, 
although the reaction setup is much simpler. Amongst the successful 
transformations under these conditions are visible light-induced 
photooxidation reactions [3–14], particularly those involving benzylic 
bonds [15–17]. When the final oxidant is the cheap and environmentally 
friendly molecular oxygen [18,19], this results in a direct technique to 
generate carbonyl systems. 

The concept of visible light-promoted aerobic benzylic photooxida-
tion can be applied to prepare compounds such as xanthones, thio-
xanthones and acridones from the appropriate precursors. Thus, 
xanthones (9H-xanthen-9-ones) are interesting to prepare [20,21], as 
this moiety is present in biologically active compounds [22–25], as well 
as in the case of thioxanthones [26] and acridones [acridin-9 
(10H)-ones] [27–29]. 

Xanthones can be obtained by the aerobic photocatalytic benzylic 
oxidation of 9H-xanthenes. Thus, ruthenium- [30], iron- [31–33] or 
copper-containing [34] species have been successfully employed as 

photocatalysts (Scheme 1a), but using a metal-based catalyst has 
less-than-desirable environmental effects. Therefore, using metal-free 
photocatalysts for this transformation has also been explored [35–39] 
(Scheme 1b). In addition, the photooxidation of the methylene position 
in N-substituted 9,10-dihydroacridines (acridanes) leading to acridones 
has been less frequently investigated. Thus, N-methylacridane has been 
transformed into N-methylacridone by photooxidation using manganese 
[40] or ruthenium complexes [41] as photocatalysts in the presence of 
oxygen (Scheme 1c), and a metal-free procedure has also been reported 
for the visible light-induced oxidation of 9,10-dihydroacridines to acri-
dones [37] (Scheme 1d). 

All these methodologies have been carried out using traditional 
volatile organic compounds (VOCs) as solvents, which are ubiquitously 
employed as reaction media. However, from an environmental point of 
view, they show intrinsic drawbacks, such as accumulation in the at-
mosphere, flammability, toxicity and non-biodegradability. Conse-
quently, several alternative reaction media in organic transformations 
have been explored [42,43]. Among them, deep eutectic solvents (DESs) 
are attracting a growing interest [44–55], as DESs are non-volatile, show 
a low ecological footprint, are economical, essentially non-toxic and 
easily recyclable. However, up to date, there is only one recent report 
about the use of DESs in a photochemical organic reaction, although 
using an expensive ruthenium-based photocatalyst was necessary [56]. 

Moreover, some safety considerations must be remarked when using 
the “ideal” oxygen as an oxidant. Thus, it is tempting to take oxygen for 
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granted because it is present in the air. The US CGA (Compressed Gas 
Association) [57], as well as the European Industrial Gases Association 
(EIGA) [58], defined oxygen-enriched mixtures or atmospheres as those 
containing more than 23.5 % oxygen by volume. In oxygen-enriched 
atmospheres, the reactivity of oxygen significantly increases the risk 
of ignition and fire. Materials that may not burn in normal air may do it 
vigorously in an oxygen-rich environment. Sparks considered harmless 
may cause fires, and materials may burn with a much hotter flame and 
propagate faster. All these reasons justify the convenience of using 
oxidation procedures carried out using oxygen in the form of much safer 
ambient air. 

We recently reported a visible light-induced photooxidation of xan-
thenes, thioxanthenes and dihydroacridines carried out using a metal- 
free photocatalyst and pure oxygen as the final oxidant in acetonitrile 
as solvent [59] (Scheme 1e). We report now (Scheme 1f) a convenient, 
safe and environmentally benign preparation of xanthones, 

thioxanthones and acridones, carried out by irradiation of the corre-
sponding xanthenes, thioxanthenes and dihydroacridines 1 (Fig. 1a) in 
the presence of just ambient air, and using DESs formed by the combi-
nation of several hydrogen-bond acceptor and hydrogen-bond donor 
species, in the appropriate molar ratio, as reaction media (Fig. 1b). That 
means that for the first time the use of visible light, a recoverable and 
reusable DES as neoteric reaction medium and a low-costing metal-free 
photocatalyst was merged. The results obtained are excellent, allowing 
to isolate the oxidized compounds in very high yields just by simple 
filtration and reusing the DES. 

2. Results and discussion 

We used the photooxidation of 9H-xanthene (1a) to xanthone (2a) 
under visible blue light irradiation for 16 h at 30 ◦C as the model opti-
mization reaction (Table 1). Riboflavin tetraacetate (4a, 5 mol%) 

Scheme 1. Precedents of the visible light promoted photooxidation of xanthenes, thioxanthenes and 9,10-dihydroacridines, and this work.  
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(Fig. 2), an economical dye from vitamin B2, was initially employed as 
metal-free photocatalyst due to its good performance previously shown 
[59]. Several DESs were assayed as reaction media, employing ambient 
air (open flask) as the oxidant. The conversion to 2a was determined by 
1H NMR on the crude reaction mixture, obtained by adding water to the 
reaction mixture, extracting with ethyl acetate and evaporating the 
solvent. This extraction procedure employed in the search of the optimal 
reaction conditions assures that all possible products and/or byproducts 
are in the organic phase and can be analyzed by NMR. 

Under these conditions, using the DES formed by choline chloride 
(ChCl)/urea (1/2 M ratio) as reaction media gave 2a in a negligible 

conversion (Table 1, entry 1). When the DES formed by the combination 
ChCl/ethylene glycol (EG) (1/2 M ratio) was employed, the conversion 
was just slightly higher, but the 1H NMR analysis of the reaction crude 
also revealed the presence of bixanthene 3 as an undesirable homo-
coupling by-product (Table 1, entry 2) [62]. Other ChCl-based DESs 
were used (Table 1, entries 3–10), the combination of ChCl/AcOH (1/3 
M ratio) achieving the highest conversion to 2a (Table 1, entry 7). In 
addition, using the DES formed by tetramethylammonium chloride 
(TMAC)/AcOH (1/4 M ratio) afforded an 89 % conversion (Table 1, 
entry 11). Moreover, several N,N,N-trimethylglycine (betaine)-based 
DES were assayed (Table 1, entries 12–14), obtaining an excellent result 

Fig. 1. Structures of the compounds employed in this study: (a) starting xanthenes, thioxanthenes and 9,10-dihydroacridines; (b) Components of the employed DESs, 
formed by a hydrogen-bond acceptor and a hydrogen-bond donor. 
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when using the DES formed by the combination betaine/hexa-
fluoroisopropanol (HFIP) (1/2 M ratio) [60], which gave a complete 
conversion to 2a and no by-product 3 (Table 1, entry 14). Furthermore, 
we also attempted a phosphonium-derived DES, but it proved ineffective 
(Table 1, entry 15). 

We subsequently explored the performance of other organic dyes, 
previously employed in different photoredox reactions, as photo-
catalysts (5 mol%) [8,13,14], working in the DES betaine/HFIP (1/2 M 
ratio). Thus, when riboflavin (4b, Fig. 2) was employed, the conversion 
to 2a was slightly lower, although a small amount of the dimer 3 was 

Table 1 
Optimization of the reaction conditions for the photooxidation of 9H-xanthene in DESs. 

Entry Photocatalyst DESa (molar ratio) 2a Conv. (%)b 3 Conv. (%)b 

1 4a ChCl/urea (1/2) 3 0 
2 4a ChCl/EG (1/2) 16 13 
3 4a ChCl/Gly (1/2) 9 9 
4 4a ChCl/H2O (1/2) 50 40 
5 4a ChCl/HCO2H (1/2) 38 20 
6 4a ChCl/AcOH (1/2) 41 25 
7 4a ChCl/AcOH (1/3) 88 7 
8 4a ChCl/LA (1/2) 4 0 
9 4a ChCl/TSA (1/2) 2 0 
10 4a ChCl/LE (1/2) 33 14 
11 4a TMAC/AcOH (1/4) 89 7 
12 4a Betaine/EG (1/2) 36 35 
13 4a Betaine/LA (1/2) 18 3 
14 4a Betaine/HFIP (1/2) 100 0 
15 4a Ph3MePBr/EG (1/3) 30 35 
16 4b Betaine/HFIP (1/2) 98 2 
17 5 Betaine/HFIP (1/2) 71 15 
18 6 Betaine/HFIP (1/2) 16 24 
19 7 Betaine/HFIP (1/2) 35 27 
20 8 Betaine/HFIP (1/2) 6 39 
21c 4a Betaine/HFIP (1/2) 98 2 
22 - Betaine/HFIP (1/2) 31 16 
23d 4a Betaine/HFIP (1/2) 26 2  

a Abbreviations: ChCl: choline chloride; EG: ethylene glycol; Gly: glycerol; HFIP: hexafluoroisopropanol; LA: lactic acid; LE: ethyl lactate; TMAC: tetramethy-
lammonium chloride; TSA; p-toluensulfonic acid. 

c The reaction was carried out using a 2 mol% of 4a. 
b Relative to the starting material and determined by 1H NMR (300 MHz) on the crude reaction mixture after extraction. 
d The reaction was performed in the absence of light. 

Fig. 2. Photocatalysts employed in this study.  
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observed (Table 1, entry 16), the use of eosin Y sodium salt (5), rose 
bengal sodium salt (6), fluorescein sodium salt (7) or methylene blue (8) 
(Fig. 2) affording much lower conversions (Table 1, entries 17–20), also 
obtaining considerable amounts of the bixanthene by-product 3. 

We lowered the loading of photocatalyst 4a down to 2 mol% in the 
DES betaine/HFIP (1/2 M ratio), observing a 98 % conversion to 2a and 
a small amount of undesirable bixanthene 3 (Table 1, entry 21). In 
addition, we carried out the reaction under the best reaction conditions 
but in the absence of photocatalyst and without light, obtaining low 
conversions (Table 1, entries 22 and 23). 

Once the best reaction conditions were fixed [4a (5 mol%) as pho-
tocatalyst; betaine/HFIP (1/2 M ratio) as DES], finding the most 
convenient procedure for the isolation of the final product was crucial, 
as the conventional extraction used in the optimization step was 

environmentally unfriendly and inconvenient for reusing the DES. Thus, 
after observing that, under the optimized conditions, the product pre-
cipitates from the reaction crude, a simple filtration allowed the isola-
tion of pure xanthone 2a in 98 % yield (Table 2) and the recovery of the 
DES. 

With the optimal reaction conditions and isolation procedure in 
hand, we extended the methodology to other xanthenes (Table 2). Thus, 
when 2-substituted 9H-xanthenes with electron-releasing and electron- 
withdrawing groups 1b-g were photooxidized, the corresponding xan-
thones 2b-g were obtained in high isolated yields. Moreover, benzo-
condensed 9H-xanthenes 1h and 1i were employed in the oxidation 
reaction, affording the corresponding xanthones 2h and 2i in 96 % and 
94 % yield, respectively. Furthermore, 9H-thioxanthene 1j was also 
explored for the photooxidation reaction, affording the final 

Table 2 
Photocatalyzed oxidation of 9H-xanthenes, 9H-thioxanthene and 9,10-dihydroacridines.a. 
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thioxanthone 2j close to quantitative yield. 
We also applied this photooxidation protocol to N-substituted 9,10- 

dihydroacridines, obtaining excellent results for the corresponding 
acridones (Table 2). Thus, when a benzoyl N-substituent was present in 
the starting 9,10-dihydroacridine 1k, the N-benzoylated acridone 2k 
was isolated in 90 % yield. In addition, the presence of an N-benzylox-
ycarbonyl group yielded xanthone 2l, while an acid-sensitive N-sub-
stituent, such as the tert-butoxycarbonyl (Boc) group, was also tolerated 
under these neutral oxidation conditions, allowing to isolate the N-Boc- 
acridone 2m in 95 % yield. Furthermore, an N-alkylated 9,10-dihydroa-
cridine, such as N-methyl-9,10-dihydroacridine (1n), was attempted, 
but the oxidized compound 2n was obtained in only 58 % isolated yield 
after purification by column chromatography (Table 2). The reaction 
was also attempted with the N-ethyl derivative 1o, obtaining 2o in 60 % 
isolated yield (Table 2), confirming the lower reactivity of dihy-
droacridines bearing N-electron releasing substituyents. 

We also explored this photooxidation reaction using the N-unsub-
stituted 9,10-dihydroacridine 1p, but instead of the corresponding N- 

unsubstituted acridone, fully aromatized acridine 2p was isolated in a 
97 % yield (Table 2), an aromatization process previously observed 
[62]. 

The possibility of reusing the DES is crucial in a synthetic method-
ology performed using these neoteric solvents. Therefore, we explored 
the reusability of the DES by carrying out different reaction cycles of the 
model photooxidation reaction performed under the best reaction con-
ditions. Thus, we carried out the oxidation reaction of xanthene (1a), 
and once xanthone (2a) was filtered off, the recovered DES was 
employed as solvent for a subsequent run after adding additional 1a. 
However, a dramatic decrease in the formation of 2a was observed, 
suggesting a possible degradation of photocatalyst 4a. Therefore, fresh 
4a (5 mol%) was added to the DES after each run, together with 1a. In 
this way, a consistent 98 % isolated yield of 2a was obtained after five 
consecutive cycles, always using the recovered DES (Fig. 3). 

Due to the high yield of the procedure and the absence of any work- 
up or the need for the purification of the final product, we supposed that 
its efficiency in its environmental impact should be excellent. A measure 
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of this is the EcoScale [61], a semi-quantitative scale that considers the 
yield, cost of the materials, safety reaction conditions, and ease of 
work-up/purification to evaluate an organic synthesis, with a maximum 
value of 100 points. Thus, the value of EcoScale for the photooxidation 
of 1a to 2a under the optimized reaction conditions is 86 (Table 3), 

which means, according to the established definitions, that reaction 
conditions can be ranked as “excellent” (EcoScale >75). 

In addition, different green metrics, such as atom economy (AE), 
stoichiometric factor (SF), reaction mass efficiency (RME), materials 
recovery parameter (MRP), reaction yield (Rxn Yield), and environ-
mental factor profile (E-factor referring to kernel, excess, solvent, 
catalyst, work-up, and purification), have been calculated (Table 3) 
[62]. The E-factor of the whole process (0.172) results quite low, as 
there is no contribution of the solvent (the DES can be reused), and 
excellent values for AE (92 %), SF (1.000), and RME (85 %) are shown 
(Table 3). 

All these green metrics are sufficiently near to optimum to consider 
that this protocol is excellent from an environmental point of view. 
However, it is important to compare it with some other methodologies. 
Therefore, reaction conditions and yields of representative reported 
procedures are summarized in Table 4. 

In addition, radial-pentagon diagrams (Fig. 4) with all the efficiency 
parameters presented in Table 3 have been also drawn for the oxidation 
of 1a to 2a using the reported metal-based- and metal-free- 
photocatalyzed procedures shown in Table 4, proving the higher sus-
tainability of the presented method. Thus, results using metal- 
photocatalyzed methodologies such as the oxidation promoted by 4a 
and a Fe(III) complex [31] (Table 4, entry 1), the combination of 
dicyanopyrazine (DPZ) + N-hydroxyimide (NHI) and a Fe(II) salt [32] 
(Table 4, entry 2) or a Fe(III) salt combined with a Li salt [33] (Table 4, 
entry 3) were represented (Fig. 4a). In addition, results employing 
non-metal-photocatalyzed methodologies such as the use of 2, 
3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) + tert-butyl nitrite 
(TBN) + AcOH [37] (Table 4, entry 4), the use of 9-mesityl-10-methyla-
crydinium tetrafluoroborate (Acr+-Mes) as photocatalyst [38] (Table 4, 
entry 5), the use of the combination flavin + trifluoroacetic acid (TFA) 
[39] (Table 4, entry 6) or the use of 4a in MeCN [59] (Table 4, entry 7) 
were also depicted (Fig. 4b). In all cases, the protocol presented in this 
work resulted much more efficient from an environmental point of view. 

We were also interested in the applicability of this methodology to 
the oxidation of the benzylic position of other non-heteroatom- 
containing systems, such as 9H-fluorene (9) anthrone (11) and even 
diphenylmethane (13). Thus, the photooxidation of these systems under 
the optimized reaction conditions allowed us to obtain the corre-
sponding carbonyl compounds 10, 12 and 14 in moderate yields, 
although increasing the loading of 4a up to 15 mol% was necessary 
(Scheme 2). Interestingly, these photooxidation reactions were unsuc-
cessful when performing the reaction in acetonitrile as solvent instead of 
the DES, even using pure oxygen as the oxidant [59]. 

3. Conclusions 

Deep eutectic solvents have been used as suitable media in a pho-
tocatalyzed reaction, such as the visible light-promoted benzylic 
oxidation of 9H-xanthenes, 9H-thioxanthenes and 9,10-dihydroacri-
dines to xanthones, thioxanthones or acridones, respectively. The pro-
cedure employs ambient air as oxidant in the presence of an economical 
metal-free photocatalyst. Other related benzylic systems have also been 
oxidized under these conditions, although less efficiently. This simple 
and environmentally convenient metal-free photooxidation procedure 
allows the easy isolation of interesting products in high to quantitative 
yields, allowing the recovery and reuse of the eutectic solvent. Green 
metrics prove the higher sustainability of this methodology compared to 
others previously reported. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Fig. 3. Recyclability of the DES betaine/HFIP (1/2 M ratio) in several 
consecutive photooxidations of 1a. 

Table 3 
Green metrics for the photooxidation of 1a to 2a catalyzed by 4a in the DES 
betaine/HFIP (1/2 M ratio).  

Parameter  Value (%)a,b 

EcoScale  86 86 
Reaction Yield (Rxn Yield)  0.980 98 
Atom Economy (AE)  0.916 92 
Stoichiometric Factor (SF)  1.000  
1/SF  1.000  
Reaction Mass Efficiency (RME)  0.853 85 
Material Recovery Parameter (MRP)  0.950 95 
E-factor Total 0.172   

Kernel 0.030   
Excess 0.000   
Catalyst 0.142   
Solvent 0.000c   

Work-up 0.000   
Purification 0.000   

a Some parameters are expressed as percentages. 
b The value has been rounded off to the nearest whole number. 
c Solvent is recovered. 

Table 4 
Reactions conditions and yields using previously reported visible light-promoted 
aerobic photooxidation of 1a to 2a.  

Entry Reaction conditions Yield 
(%) 

Ref. 

1 1 (0.02 mmol), 4a (10 mol%), Fe complex (8 mol%), air 
(open flask), blue LEDs, MeCN, rt, 1.5 h 

96 [31] 

2 1 (0.1 mmol), DPZ (0.5 mol%), NHI (20 mol%), 
FeC2O4⋅2H2O (10 mol%), O2 atmosphere, blue LEDs, 
CH2Cl2, 25 ◦C, 19 h 

93 [32] 

3 1 (0.2 mmol), FeCl3⋅6H2O (5 mol%), LiBr (5 mol%), air 
(open flask), blue LEDs, MeCN, 25 ◦C, 48 h 

99 [33] 

4 1 (1 mmol), DDQ (1 mol%), TBN (5 mol%), AcOH (0.2 
equiv.), O2 (balloon), blue LEDs, DCE, 25 ◦C, 12 h 

99 [37] 

5 1 (0.3 mmol), Acr+-Mes (5 mol%), Selectfluor (2 
equiv.), Ar, blue LEDs, MeCN/H2O (1:1), 25 ◦C, 12 h 

93 [38] 

6 1 (1 mmol), flavin-based catalyst (5 mol%), TFA (0.7 
equiv.), O2 (balloon), MS 4 Å, blue LEDs, MeCN, 45 ◦C, 
24 h 

99 [39] 

7 1 (0.2 mmol), 4a (5 mol%), O2 (balloon), blue LEDs, 
MeCN, 25 ◦C, 8 h 

99 [59]  
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