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A B S T R A C T

The photocatalytic cyclization of salicylaldehydes with 1,1-diarylalkenes for the synthesis of 2,2-diarylchro
manes has been developed. The catalytic amount of Ir photocatalyst proceeds the cyclization to give the 
various 2,2-diaryl chromanes under irradiation with blue LEDs. The obtained 2,2-diarylchromanes exhibit 
noticeable free-radical-scavenging activities, which have been largely unexplored. Notably, the chromane can 
convert to 2,2-diaryl-2H-naphtho[1,2-b]pyran bearing strong electron withdrawing groups, which are found in 
various photochromic materials. Thus, the present reaction constitutes a promising tool for the synthesis of 
functional materials and biologically active compounds.

Introduction

2,2-Disubstituted chromanes are attractive synthetic targets due to 
their presence in functional materials and bioactive compounds (Fig. 1) 
1. Among the various methods for their synthesis 2, photochemical 
approaches represent a sustainable strategy in organic chemistry 3. In 
2011, UV-light irradiation of 3-(hydroxymethyl)-2-naphthols produces 
2-napthoquinone-3-methide, which react with vinyl ethers via a hetero- 
Dies-Alder reaction to afford 2-alkoxybenzochromans (Scheme 1 (a)) 4. 
More recently, a photocatalytic selective radical cascade (4 + 2) annu
lation with olefins towards the synthesis of 2,2-dialkylchromanes under 
visible-light irradiation has been reported (Scheme 1 (b)) 5. While these 
reaction are attractive, only a few examples of photochemical syntheses 
of 2,2-disubstituted chromanes via intermolecular cyclization have been 
reported 6. Moreover, the reported methods are limited to introducing 
alkyl or alkoxy groups at the 2-position of chromanes. Therefore, the 
development of alternative strategies remains desirable to further 
expand the synthetic utility of 2,2-disubstituted chromanes. Meanwhile, 

we have developed a variety of visible-light-induced photochemical 
synthesis of chromanes 7. Based on this background, we herein report 
the visible-light-induced photocatalytic synthesis of 2,2-diarylchro
manes from commercially available salicylaldehydes and 1,1-diarylal
kenes (Scheme 1 (c)).

We initially investigated the reaction of salicylaldehyde (1a) with 
1,1-diarylalkene (2a) in the presence of photocatalyst at room temper
ature under the irradiation of blue light (Table 1). The reaction did not 
proceed with typical organophotocatalysts (entries 1–2). In contrast, 
representative transition-metal photocatalysts with long excited-state 
lifetimes promoted the reaction to afford the desired product 3a in 
moderate to good yields (entries 3–6). Furthermore, a variety of solvents 
were applicable to the reaction (entries 7–10). The shorter reaction time 
decreased the yield of the product (entry 11). Control experiments 
conducted in the absence of either the photocatalyst or light confirmed 
that both are essential for the reaction to proceed (entries 12–13).

With the optimal conditions in hand, we screened various salicy
laldehydes and diarylalkenes (Table 2). A variety of alkyl groups such as 
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methyl and tert-butyl groups could be applied to the reaction (1a-1f). In 
contrast, salicylaldehydes bearing electron-withdrawing group did not 
proceed to the reaction (3g-3i). the π-extended salicylaldehydes, fur
nished the corresponding product in moderate yield (3j-3k). 1,1-Diary
lalkenes with electron-withdrawing groups proved suitable substrates 
(1l-1m), while methyl and tert-butyl-substituted diarylalkenes 
decreased the reactivity (3n-3o). The structure of chromane 3n was 
determined by 2D NMR, as shown in the Supporting Information. 
Furthermore, 1,1-diphenylethylene furnished the product in moderate 
yield (3p). In contrast, trisubstituted alkenes, α-methylstyrene, and 
monosubstituted alkenes exhibited poor reactivity (1q–1t), indicating 
that a 1,1-diarylalkene scaffold is particularly well suited for this 
transformation.

The plausible reaction mechanism is shown in Scheme 2 8. The 
excitation of an iridium catalyst enables a one-electron reduction of 
salicylaldehyde 1, generating the ketyl radical B. The radical B reacts 
with 1,1-diarylalkene to form the stable dibenzyl radical D. Finally, one- 
electron oxidation of intermediate D by the reduced catalyst and cycli
zation yields the corresponding product 3. When the reaction was car
ried out in the presence of TEMPO, product formation was not observed, 
suggesting that the reaction could proceed via a radical pathway 

(Scheme 3). Furthermore, Stern–Volmer quenching experiments 
revealed that the excited-state photocatalyst is quenched by both sub
strates, with the alkene displaying more efficient quenching than sali
cylaldehyde (Fig. 2). Styrenes are often excited by Ir photocatalysts to 
undergo [2 + 2] cycloadditions for the synthesis of cyclobutanes 9. 
However, no cyclobutane products were observed when 1,1-diarylal
kenes were employed under the present reaction conditions. This 
result indicates that 1,1-diarylalkenes are significantly less reactive in 
[2 + 2] cycloaddition processes, presumably due to steric hindrance. 
Based on the substrate scope, salicylaldehydes bearing alkyl substituents 
or π-extended frameworks proved to be more suitable substrates for this 
reaction. In contrast, substrates bearing electron-withdrawing groups 
did not undergo the reaction. Although the detailed reaction mechanism 
remains unclear, the cyclization step, likely involving nucleophilic 

Fig. 1. Representative examples of 2,2-disubstituted chromanes and chromene.

Scheme 1. Photocatalytic synthesis of 2,2-disubstituted chromanes.

Table 1 
Photocatalytic synthesis of 2,2-diarylchlormane.a

Entry Catalyst Solvent Yield (%)

1 Eosin Y MeOH 0
2 4CzIPN MeOH 0
3 Ir(bpy)2(dtbbpy)PF6 MeOH 39
4b Ir(ppy)3 MeOH 40
5 [Ir(dF(Me)ppy)2(dtbbpy)]PF6 MeOH 67
6 [Ir[dF(CF3)ppy]2(dtbbpy)]PF6 MeOH 71
7 [Ir[dF(CF3)ppy]2(dtbbpy)]PF6 DCM 50
8 [Ir[dF(CF3)ppy]2(dtbbpy)]PF6 toluene 60
9 [Ir[dF(CF3)ppy]2(dtbbpy)]PF6 DMF 64
10 [Ir[dF(CF3)ppy]2(dtbbpy)]PF6 CH3CN 61
11c [Ir[dF(CF3)ppy]2(dtbbpy)]PF6 MeOH 36
12d [Ir[dF(CF3)ppy]2(dtbbpy)]PF6 MeOH 0
13e [Ir[dF(CF3)ppy]2(dtbbpy)]PF6 MeOH 0

a All reactions were carried out with 1a (0.8 mmol), 2a (0.4 mmol), photo
catalyst (1.0 mol%) in solvent (2.0 mL) at room temperature for 24 h under 
irradiation with blue LED (λex = 425 nm).

b λex = 405 nm LEDs were used.
c 12 h.
d No catalyst.
e No light.
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Table 2 
Scope of the salicylaldehydes with alkenes.a All reactions were carried out with 1 (0.8 mmol), 2 (0.4 mmol), Ir photocatalyst 
(1.0 mol%) in MeOH (2.0 mL) at room temperature for 24 h under irradiation with blue LED (λex = 425 nm). bCH3CN was used 
as a solvent.

Scheme 2. Proposed reaction mechanism.

Scheme 3. Examination of the use of the radical scavenger.

Fig. 2. Stern-Volmer plot. Orange line: alkene 2a, Blue line: salicylaldehyde 
1a. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.)

Scheme 4. Transformation of chromane to 2,2-diaryl-2H-naphtho[1,2-b]pyran.
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attack of the phenol moiety on a benzyl cation, appears to be inhibited in 
the presence of electron-withdrawing substituents due to their reduced 
nucleophilicity. Furthermore, because ketyl radicals is nucleophilic 10, 
1,1-diarylalkenes bearing electron-withdrawing groups are more suit
able reaction partners in this transformation. The detailed reaction 
mechanism will be reported elsewhere in due course.

The further transformation of chromane is shown in Scheme 4. When 
the chromane 3k was treated with p-TsOH, the desire 2,2-diaryl-2H- 
naphtho[1,2-b]pyran 4k was obtained in high yield 11. Since 2,2-diaryl- 
2H-naphtho[1,2-b]pyrans are important structural motifs in photo
chromic materials 12, this transformation provides a promising tool for 
the synthesis of such functional compounds. Notably, as methods for 
introducing strong electron-withdrawing groups into 2,2-diaryl-2H- 
naphtho[1,2-b]pyrans remain largely unexplored 13, the present reac
tion offers a valuable strategy for the development of advanced photo
chemical materials.

Although 2,2-dialkylchromanes show useful biological activities, 
2,2-diarylchromanes have been largely unexplored, especially regarding 
their free-radical-scavenging activities.1In our preliminary screening, 
3b, 3c, 3d, and 3k exhibited measurable free-radical-scavenging activ
ity, as evaluated by DPPH inhibition assays in comparison with standard 
antioxidants (Fig. 3) 14. Therefore, their free-radical-scavenging activ
ities were further evaluated by performing DPPH-inhibition 
experiments.

In summary, we have developed a photocatalytic cyclization of sal
icylaldehydes with 1,1-diarylalkenes. In the presence of [Ir[dF(CF₃) 
ppy]₂(dtbbpy)]PF₆ catalyst and under blue LED irradiation, salicy
laldehydes undergo cyclization with diarylalkenes to afford 2,2-diary
lchromanes. The obtained 2,2-diarylchromanes exhibit noticeable free- 
radical-scavenging activities, a feature that has been largely unex
plored. Furthermore, treatment of 2,2-diarylchromane with p-TsOH 
furnished the desired 2,2-diaryl-2H-naphtho[1,2-b]pyran in high yield. 
Since only a few examples of the synthesis of 2,2-diaryl-2H-naphtho 
[1,2-b]pyrans bearing strong electron-withdrawing groups have been 
reported, the present method provides a promising tool for accessing 
photochromic materials. Therefore, the present reaction represents a 
promising tool for the synthesis of functional materials and biologically 
active compounds.
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