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Direct metal-free near infra-red photoredox catalysis is applied to organic oxidation, photosensitization and

reduction, involving cyanines as photocatalysts. This photocatalyst is competitive with conventional

reactions catalyzed under visible light. Kinetic and quenching experiments are also reported.

Interestingly, these systems are compatible with water media, opening perspective for various applications.
Introduction

Light as a source of energy for organic transformations has
always been an interesting alternative to thermally driven
processes. Classically, UV-irradiation is used to activate organic
reaction, since most of molecules absorb in this spectral
window.1 However, such high energetic light is not innocent
and limit the reaction applicability in terms of scope and safety
issues. Moving to less energetic wavelengths (i.e. visible light),
photoredox catalysis appeared to be a remarkable solution.2 The
excitation of a photoredox catalyst (PC to PC*) could give birth
to either an oxidant or a reductant, able to promote SET organic
transformations. Although extensively studied, the use of visible
light has still some limitations like the low penetration of such
wavelengths through the solution,3 which limits the set-up to small
scales or ow-systems.4 Additionally, the biological window for
light is between 650 nm and 950 nm,5 which reduces the impact of
visible photoredox catalysis for biological applications. To
circumvent these problems, longer wavelengths should be
involved, shiing from visible light to near infra-red (NIR) irradi-
ation. Very recently, NIR-photoredox catalysis emerged as a valu-
able solution resulting in more efficient photochemical processes,
due to deeper penetration in various reaction media and the
improvement of the irradiation surface. An appropriate photo-
catalyst able to absorb NIR-light with suitable excited state redox
properties is needed. Indirect NIR-photoredox catalysis trans-
formations have been developed based on upconversion
phenomena. Two photocatalytic systems are needed, one to
convert a NIR-photon into a visible photon and a second, based on
conventional photocatalysts, absorbing visible photon to initiate
a photoredox transformation (Scheme 1a).6 Recently, direct NIR-
photoredox catalysis has been accomplished using Os(II)
lications (LIMA), UMR 7042, Université de

ourg, CNRS, 68100 Mulhouse, France.

pe.goddard@uha.fr

tion (ESI) available. See DOI:

68
polypyridyl complexes to promote oxidation/reduction reactions
(Scheme 1b).7 Although having remarkable properties, preparation
and handling need a glovebox. Moreover, osmium could be an
issue in term of toxicity. In parallel, publications have been re-
ported on NIR-polymerization using cyanines as a photoiniator
(Scheme 1c).3,8 These NIR-dyes are also well-known as uorescence
probes9 and redox partners for CuAAC, also in a context of polymer
science.8,10 Thus, we anticipated that such cyanines could catalyze
organic photoredox transformations under NIR light and open
a promising eld of investigation to push forward the limitation of
conventional visible light photoredox catalysis.
Results and discussion

Among a large variety of cyanines, we selected stable commer-
cial Indocyanine Green (ICG), IR-813, DTTCI, cy746 (Fig. 1), with
Scheme 1 NIR-Photoredox catalysis.
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Fig. 1 Selected cyanine photocatalysts.
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a structural diversity impacting their photophysical properties
(see spectra in ESI §2†). However, this family of dyes owns
similar excited state lifetime (�1 ns)11 and comparable redox
properties.12

Then, we began their evaluation with the photoredox
oxidation of amine through the aza-Henry reaction (Table 1).13

The optimization has been done with 1a and nitromethane as
Table 1 Aza-Henry reaction optimization

Entrya PC x (mol%) Solvent l (nm) Convb. (%)

1 ICG 10 CH3NO2
c 810 16

2 IR-813 10 CH3NO2
c 810 28

3 DTCCI 10 CH3NO2
c 810 14

4 cy746 10 CH3NO2
c 810 57

5 cy746 10 CH3NO2
c 780 14

6 cy746 10 CH3NO2
c 940 <5

7 cy746 10 DCM 810 48
8 cy746 10 DMF 810 n.r
9 cy746 10 MeOH 810 28
10 cy746 10 DMSO 810 91
11 cy746 5 DMSO 810 85
12 cy746 1 DMSO 810 67
13 cy746 — DMSO 810 16
14d cy746 5 DMSO 810 n.r
15e cy746 5 DMSO 810 5

a Run on 0.1 mmol scale. b Conversions are determined on the crude by
1H-NMR. c CH3NO2 is used as solvent. d Run in the dark. e Run under
nitrogen atmosphere in the absence of air.

© 2021 The Author(s). Published by the Royal Society of Chemistry
nucleophile to generate 2a under NIR-light. Gratifyingly, the
irradiation (810 nm) of 1a (Eox ¼ 0.62 V vs. SCE)14 with photo-
catalysts in nitromethane (Table 1, entry 1–4) promoted the
formation of 2a in modest to good conversions. Among the
tested cyanine photocatalysts, cy746 revealed to be superior
(Table 1, entry 4) and we monitored the impact of the irradia-
tion wavelength. As lmax (cy746 in DMSO) ¼ 760 nm, we ex-
pected to improve the reaction efficiency with an irradiation at
780 nm but only 14% conversion aer 24 h was observed (Table
1, entry 5). No benet was gained with lower energetic light at
940 nm (Table 1, entry 6).

Finally, variation of solvents and catalyst loadings (Table 1,
entry 7–12) revealed that reaction conditions involving 10
equivalents of nitromethane in DMSO under irradiation (810
nm) allowed a very high 91% conversion aer 24 h (Table 1,
entry 10), which can be maintained at 85% with 5 mol% of
cy746 (Table 1, entry 11). When the catalyst was omitted, only
16% conversion was measured (Table 1, entry 13) while no
reaction occurred in the dark (Table 1, entry 14). In the absence
of oxygen, 5% conversion was observed, indicating that photo-
catalyst could not be recovered without oxygen (Table 1, entry
15). This clearly indicates the synergistic effect of light, oxygen
and photocatalyst to reach high conversion.

These optimal conditions were applied to a set of tetrahy-
droisoquinolines 1 with various nucleophiles (Scheme 2). An
electronic modication of the N-aryl moiety is tolerated given
2a–d in good yields even with more challenging electron poor
substrates (i.e., 2d). A more sterically congested nitropropane
does not affect the reaction and 2e is obtained in good yield
(71%, d.r ¼ 1 : 0.6). Other C–C and C–P bond formation
processes have been investigated.14 With dimethyl malonate, 2f
is isolated in 74% yield, resulting from the addition of the
corresponding enol tautomer onto the iminium intermediate.
In the same vein, cyanide anion addition from trimethylsilyl
Scheme 2 Scope of Aza-Henry type reactions.
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Scheme 3 Dual catalysis: alkynylation reaction.

Fig. 2 Reaction insights of NIR photoredox process.
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cyanide generates 2g in 79% yield. Diethyl phosphite is also
compatible with our optimized conditions and phosphonate 2h
is isolated in a satisfactory 75% yield. Our optimized conditions
demonstrated a very good tolerance to the catalytic alkynylation
of 1a through copper phenylacetylide addition (Scheme 3). The
photocatalytic system seems to be undisturbed by this second
organometallic catalytic cycle since the corresponding adduct 2i
is obtained in 75% yield. In this dually catalyzed trans-
formation, copper(I) intermediate as well as its reactivity, seems
to be preserved against redox processes as it was also demon-
strated for visible light photoredox catalysis.

To gain insights into the reaction parameters, additional
experiments were done. “On/off” experiments demonstrated
that the conversion increases during a light-on period and
stopped when light is off (Fig. 2a). When the light was switched
on aer 14 h in the dark, the conversion of 1a was resumed.
This demonstrates the stability of the catalyst which was
conrmed by the monitoring (1H-NMR) of an irradiated solu-
tion of cy746 (DMSO-d6) over 24 h (see ESI §5†).

We compared the kinetic prole of cy746 (810 nm) with Rose
Bengal (565 nm), Eosin Y (565 nm) and Ru(bpy)3Cl2 (455 nm) in
their respective optimal conditions for the formation of 2a
(Fig. 2b). The visible photocatalysts showed faster formation of
2a to a plateau (�80%), reached in 4 h. While the reaction with
cy746 appeared to be slower (24% conversion in 3 h), full
conversion was achieved in 24 h.

In addition, quenching experiments have been done to
determine Stern–Volmer constant of the cy746/1a system in
comparison with the same three catalysts (Fig. 2b).15 cy746 has
comparable excited lifetime11 to other organic dyes (�1 ns)2d,16

and similar excited state quenching constant (kq ¼ 1.7 109 M�1

s�1) which is 100-fold more than Ru(bpy)3Cl2. Therefore, the
slower reactions, observed with cy746 cannot be only explained
by those two parameters.

To demonstrate the synthetic potential of cyanines as pho-
toredox catalysts, we extended the scope to heteroatom oxida-
tions, photosensitization and onium salt reduction (Scheme 4).
Thus, oxidation of N,N-dimethylaniline 3 (Eox ¼ 0.80 V vs. SCE)17

afforded the corresponding a-aminoalkyl radical which reacted
with maleimide followed through a formal [4 + 2] cycloaddition
and gave cis-5 in 79% yield as a unique diastereoisomer.18

Thioamide 6 dimerized according to sulfur atom oxidation to
provide 1,2,4-thiadiazole 7 in 77%.19 The oxidation of boronic
acid 8 was done to generate 9 in 78% yield, as a mild alternative
to classical H2O2 oxidation conditions.20

Cyanines are known to generate 1O2 for dynamic photo-
therapy.21 Thus, we took advantage of this to apply NIR O2
6966 | Chem. Sci., 2021, 12, 6964–6968
photosensitization to the oxidation of furfural 10 and tetra-
phenylcyclopentadienone 12 at 810 nm under O2 atmosphere to
get respectively 11 and 13 in 45% and 74% yields.22 The
photosensitization of vinyl azide was also successfully applied
to 14, producing, aer cyclization, the disubstituted pyrrole 15
in 68% yield.23 Interestingly, cy746 is also capable to catalyze
reductive processes. The Umemoto's reagent 16 (Ered ¼ �0.75 V
vs. Fc/Fc+) was reduced by cy746 under anaerobic conditions to
performed triuoromethylation reactions through the forma-
tion of the triuoromethyl radical intermediate.24,25 Thus, this
reactive radical added onto 17 to generate the resulting tertiary
bis-benzylic radical that could be further oxidized to provide 18
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 4 Selected examples of NIR-triggered reactions.
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(50%) in the absence nucleophile. This reaction was improved
by using the more electron-rich olen 19 to form 20 (66%). The
compatibility of our NIR-photoredox catalysis with water media
has been demonstrated by the formation of the hydroxy tri-
uoromethylation adduct 21 (46%), coming from the [CF3
radical addition/oxidation/water addition] sequence. It is
important to note that no background reaction was observed
without light and cy746 (Scheme 4). Further mechanistic
considerations as well as two proposed mechanisms are re-
ported in the ESI† section.
Conclusions

In conclusion, we developed an original metal-free NIR-photoredox
catalytic system as one of the rst to promote organic trans-
formations. This user-friendly method, based on commercial and
stable cyanine (cy746), demonstrated its versatility for organic
transformations (aza-Henry, heteroatom oxidation, photosensiti-
zation and reduction) under mild irradiation (810 nm). Addition-
ally, we compared some photophysical properties with
© 2021 The Author(s). Published by the Royal Society of Chemistry
conventional photoredox catalysts. The design and synthesis of
new cyanine-based photoredox catalysts are currently in progress in
order to improve the reaction parameters.
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V. Strehmel, Y. Yagci and B. Strehmel, Angew. Chem., Int.
Ed., 2018, 57, 7898–7902.

11 J. K. G. Karlsson, O. Woodford, H. Mustroph and
A. Harriman, Photochem. Photobiol. Sci., 2018, 17, 99–106.

12 (a) C. Schmitz, A. Halbhuber, D. Keil and B. Strehmel, Prog.
in Org. Coat., 2016, 100, 32–46; (b) B. Strehmel, S. Ernst,
K. Reiner, D. Keil, H. Lindauer and H. Baumann, Z. Phys.
Chem., 2014, 228, 129–153; (c) For selected data see the
ESI† section.

13 (a) S. M. Soria- Castro, B. Lebeau, M. Cormier, S. Neunlist,
J. Daou and J.-P. Goddard, Eur. J. Org. Chem., 2020, 1572–
1578; (b) A. G. Condie, J. C. Gómez and
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