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Reducing the energy input of light in photocatalytic reactions is desirable yet

challenging, as modifying the light-absorbing or catalytic properties of a
photocatalyst typically requires tedious preparation, resulting in a lengthy
development process. Here, we overcome this limitation by achieving
manganese-based low-energy photoredox catalysis through the in-situ

assembly of simple Mn salts with inexpensive coordinating chemicals, thereby
bypassing the need for complex pre-preparation. Assembling Mn(acac),, 2,2’
bipyridine-6,6’-diamine, and TMSN; in-situ forms a visible-light-absorbing
system that, upon blue-light irradiation, generates azido radicals to drive an
anti-Markovnikov hydroazidation of unactivated alkenes with H,O as the
hydrogen source. Building on this assembly strategy, the combination of
Mn(acac); and TMSN; in CH;CN/HFIP yields a system with a light-absorption
range extended to 850 nm; this feature is further leveraged to unlock the
selective aerobic hydroxyazidation of alkenes in a single step. These findings
pave the way for the development of in-situ-assembled, 3 d metal-based low-

energy photochemistry.

Reducing the consumption of light energy needed in photocatalytic
reactions is significant. Excess inputs of light energy into organic
chemical reactions not only result in a waste of energy, but also
probably cause several intractable issues, such as over-
functionalization of reactants and incompatibility with light-sensitive/
labile functional groups'™. In this context, the direct use of high-energy
light (1<500nm)‘—encompassing both the high-energy visible
(400-500nm) and UV (<400 nm) regions—frequently leads to an
excessive input of photon energy. Furthermore, the poor penetration
depth and biocompatibility of high-energy light significantly limit its
applications, particularly in scale-up synthesis and biomedical fields®”’.

Therefore, for a given high-energy photocatalytic system, the strategy
for reducing its demand for light energy is of great importance’®,
The natural abundance, low toxicity, and versatile catalytic reac-
tivity of 3d metal render 3d metal-catalyzed chemical reactions
extraordinarily valuable. Integrating exogenous light energy into 3d
metal catalysis provides intriguing opportunities to enrich the diver-
sity of synthetic strategies in organic synthetic chemistry’'. In direct
visible light-induced 3d metal catalysis, a 3d metal-based light-
absorbing system—without any external photocatalyst—drives the
entire catalytic cycle (Fig. 1A)*". However, current 3d metal-based
photoredox catalysis relies heavily on the use of high-energy light to
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achieve the desired catalytic effect. The unique mildness and deep-
tissue penetration of low-energy light (A1>595nm) motivated us to
develop a low-energy, 3d metal-based photocatalytic system”?° %,
Such a system holds great promise for applications across synthetic
organic chemistry, biomedicine, and polymer science’*.

The in-situ assembly of a 3d metal-based photocatalytic system
from readily available components—such as metal salts, ligands, or
substrates—is a straightforward strategy for controlling both light-
absorbing and catalytic properties through modulating the ligand,
counterion, or metal oxidation state (Fig. 1B)***. This paradigm avoids
the preparation process of 3 d metal photocatalysts and is expected to
enable a rapid shift from prevalent high-energy to low-energy photo-
redox catalysis platforms®.

We observed that Mn-based photocatalysis still remains in its
infancy**™*. To date, CO-coordinated Mn(0) complexes (e.g.,
Mn,(CO);0) have been extensively studied as robust photocatalysts to
mediate atom transfer or single electron transfer processes for the
production of various carbon-centered radicals***%. By contrast, N-
centered radicals generated by a Mn(ll or Ill)-based photocatalytic
system remain to be developed. Given the privileged status of N-cen-
tered radicals in synthetic organic chemistry**=? and the limitations of
existing systems, we questioned whether an effective Mn(ll or III)-
based photocatalytic platform that allows for the controllable
absorption of light energy could be devised using easy-to-access
starting materials to yield versatile N-centered radicals™.

Here, we demonstrate that assembling Mn-based photocatalytic
systems in situ is an effective strategy to rapidly unlock a low-energy
photoredox catalytic system from high-energy visible light-induced
Mn catalysis (Fig. 1C). The formation of valuable azido radicals can be
achieved not by leveraging high-energy visible light (blue light,
Acenter =440nm), but by using low-energy, near-infrared light
(Acenter =850 nm). The blue light-induced Mn photocatalytic system
enables the anti-Markovnikov hydroazidation of unactivated alkenes
with H,O as the hydrogen source, while the Mn-based low-energy
photocatalytic platform allows for the aerobic hydroxyazidation of
alkenes in a single step. This showcases the unique catalytic ability of
in-situ-assembled, Mn-based photocatalysis.

Results and discussion

Evolution of a Mn-based low-energy photocatalytic system via
in-situ assembly

Our study began with UV-Vis experiments to probe the in-situ
assembly of the Mn-based light-absorbing system for generating
desired azido radicals (Supplementary Figs. 13-18). After continuous
efforts, we found that the mixture of Mn(acac),, 2,2”-bipyridine-6,6"-
diamine (L1) and TMSN; exhibited a distinct absorption band at
approximately 475 nm, which lies within the high-energy visible light
region (Fig. 2A and Supplementary Fig. 13). This peak was eliminated
upon removal of any one of the three components. When the mixture
was subjected to blue light irradiation (Acencer = 440 nm), the intensity
of the absorption peak gradually decreased, indicating that the events
of electron transfer and azido radical generation along with the
valence change of Mn might have occurred (Fig. 2B and Supplemen-
tary Fig. 15)%. In addition to the prominent absorption peak at ~475 nm,
the absorption tail extended into the low-energy light range. Low-
energy light irradiation (Acencer = 630 Nm) was also able to consume the
Mn(ll)-based light-absorbing system (Fig. 2C and Supplementary
Fig. 17), whereas the consumption rate was markedly lower than that
under blue light irradiation. The weaker light absorption in the region
of 700-850 nm relative to 630 nm should account for the lower effi-
ciency of the expected redox event (Fig. 2D and Supplementary
Fig. 18). We therefore sought a method to enhance its absorption and
corresponding photoredox activity in the 700-850 nm region. In
principle, raising the valence of Mn from +2 to +3 can improve the
oxidizing ability of the Mn center. This stronger oxidizing power may

lower the light energy required to drive the redox event, thereby
enabling the use of lower-energy light.

With this hypothesis in hand, we examined the absorption spec-
trum of the mixture of Mn(acac)s, L1 and TMSN;. The spectrum indeed
showed stronger absorption in the 700-850 nm low-energy light
region (Fig. 2E and Supplementary Fig. 19). It was also worth noting
that irradiation of the Mn(lll)-based system with a near-infrared light
source (760-918 nm, Acencer =850 nm) caused a distinct decrease in
absorbance (Fig. 2F and Supplementary Fig. 20). Moreover, L1 was not
essential for the absorption of the near-infrared light (Fig. 2G and
Supplementary Figs. 21-24). To confirm that light irradiation triggers
the formation of the valuable azido radical, we proposed an anti-
Markovnikov hydroazidation of alkenes**®* catalyzed by the Mn-based
light-absorbing systems, employing H,O as the hydrogen source
(Fig. 2H and Supplementary Figs. 28, 38 and 40). As shown in Fig. 21, the
targeted hydroazidation of the unactivated alkene proceeded in good
yield (3, 78%) under the blue light-induced, Mn(ll)-based photoredox
catalytic system (Supplementary Tables 1-5, Supplementary Fig. 26);
the yield of 3 drastically decreased when L1 was absent (Supplemen-
tary Figs. 32-34). Furthermore, the deuterioazidation of alkenes was
observed when H,0 was replaced with D,O (Supplementary Fig. 30),
confirming that H,O is the source of hydrogen for the alkene hydro-
azidation. The low reactivity observed under irradiation at 630 nm and
850 nm might correlate with the relatively weak absorption of low-
energy light by the Mn(ll)-based photoredox catalytic system (Fig. 2J).
The Mn(lll)-based, low-energy photoredox catalytic system was also
examined. Unfortunately, the yields of the target product 3 were still
very low (Fig. 2J). These results led us to reevaluate the plausibility of
the Mn(lll)-catalyzed hydroazidation of alkenes. From a mechanistic
perspective (Supplementary Figs. 40 and 41), the regeneration of
[Mn"] from [Mn"] is much more difficult under external oxidant-free
conditions compared with that of [Mn"] from [Mn']. This might be the
real reason why the blue light-induced, Mn(ll)-based photoredox cat-
alytic system was competent to perform the hydroazidation of alkenes,
but the Mn(lll)-based, low-energy photoredox catalytic system was
ineffective.

To unlock a Mn(lll)-based, low-energy photoredox catalytic
reaction, the green oxidant O, was employed to fulfill the regeneration
of [Mn"], and the preliminary results of UV-Vis experiments showed
that O, could indeed facilitate the regeneration of the Mn(lll)-based
light-absorbing system (Fig. 2K and Supplementary Fig. 25). This
finding encouraged us to design a step-economic hydroxyazidation of
alkene®*7® catalyzed by the Mn(lll)-based, low-energy photoredox
catalytic platform. We envisioned harnessing a simple alkyl alcohol as
cheap reductant to reduce the peroxyl alcohol intermediate in situ,
enabling the one-step synthesis of the corresponding f-azido alcohol
(Fig. 2L and Supplementary Figs. 39, 42, and 43). It was satisfactory that
in the presence of Mn(acac); (3.0 mol%), isobutanol (1.0 equiv.),
NH,HCO; (1.0 equiv.), and 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) as
the co-solvent, a good yield 82% for 4 was obtained under the irra-
diation of low-energy light (Acencer = 850 nm) (Fig. 2M, Supplementary
Tables 6-13 and Supplementary Fig. 31). This low-energy photoredox
catalytic platform did not require the use of bidentate N ligand L1
(Supplementary Figs. 35-37). Notably, the azido radical was captured
by butylated hydroxytoluene (BHT) which also inhibited the genera-
tion of 4, indicating that azido radical was the crucial intermediate in
the low-energy photocatalytic conditions (Fig. 2N, Supplementary
Fig. 29). Also, the aerobic hydroxyazidation of alkenes is unlikely to
proceed via a radical chain process, as continuous irradiation with low-
energy light was necessary to provide the desired product (Fig. 20,
Supplementary Fig. 27).

Scope of substrates
Having identified the optimal conditions of the anti-Markovnikov
hydroazidation and aerobic hydroxyazidation of alkenes, we next
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Fig. 1| Developing 3d metal-based photoredox catalysis for organic synthesis. A 3d Metal-based photoredox catalysis. B Assembling 3d metal-based photocatalytic
system in situ. C This work: evolution of manganese low-energy photoredox catalysis from high-energy visible light photocatalysis.

examined the substrate scope. As shown in Fig. 3, an array of alkenes
was successfully converted into value-added alkyl azides in moderate
to good yields (6-59). Crucially, quinoline (16), thioether (40),
unprotected amine (21 and 42), alcohol (26 and 31-59), thiazole (15)
and triazole (29 and 54) functionalities, whose coordination ability
might influence the in-situ assembly of the Mn(ll/ll)-based light-
absorbing system, did not hinder the catalytic reactivities, showcasing
excellent functionality tolerance. The incorporation of CF; group (35
and 39) and diverse heterocycles (12-17, 29, 30, 54 and 55) into alkyl
azides enhanced their application potential in the field of biomedicine.
Although there was a cyclopropyl in the structure of the alkene, a
satisfactory yield of the hydroazidation could still be obtained (18 and
19). Subsequently, the late-stage functionalization of a plethora of
alkenes that bear more complex molecular skeletons from various

pharmaceuticals was evaluated to access new potential drug candi-
dates. Both of the Mn-based photoredox systems generated via the
strategy of in-situ assembly showed the ability to unlock complex alkyl
azides with useful yields (60-81, 20%-90%) (Fig. 4, Supplementary
Tables 16 and 17). In addition, the coexistence of azido and hydroxy
functionalities in 74-81 enabled by the Mn-based low-energy photo-
redox catalysis further attracted the interests of biologists and
pharmacologists.

Synthetic utility

The synthetic utility and advantage of the in-situ assembly paradigm
for Mn-based photocatalysis were further demonstrated. The
hydroazidation and hydroxyazidation of alkenes were both synthe-
tically scalable, and of particular note was that natural sunlight was
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Fig. 4 | Late-stage functionalization. Products were purified by silica gel chro-
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equiv.) and NH4HCO; (1.0 equiv.) in HFIP/CH3CN (2.0 mL, 1:1 v/v) was stirred under
air atmosphere and irradiated by 850 nm light at 30 °C for 48 h. See the Supple-
mentary Figs. 11,12, 46 and 47 for details. The click reaction of alkyl azide 73 yielded
the triazole derivative S15. The X-ray crystallographic structure of S15 was provided
in the Supplementary Information (Supplementary Table 16).

directly utilized to drive the Mn-based, low-energy photocatalytic
hydroxyazidation of alkenes (Fig. 5A, Supplementary Figs. 44 and 45).
During the examination of the substrate scope, we found that the
alkene 82 containing an anthraquinone moiety, which itself had the
ability to absorb high-energy visible light (e.g., purple or blue light),
was not a competent substrate for the hydroazidation of C=C double
bond (Fig. 5B-i); by contrast, only under the low-energy photo-
catalytic aerobic conditions (630 or 850 nm), could useful yields
toward fS-azido alcohol 84 be observed (Fig. 5B-ii). This huge dis-
parity in reactivity between high-energy visible light photocatalysis
and the low-energy photocatalysis highlighted the unique functional
group tolerance of the Mn-based, low-energy photocatalytic plat-
form. Furthermore, we found that adopting a series of current pop-
ular photocatalysts including 4CzIPN (PC1), Ir[dF(CF3)ppyl.(dtbbpy)
PF¢ (PC2), Ru(bpy)s;(PFs), (PC3), and [Acr-Mes]'(ClO4)” (PC4) to
catalyze the hydroazidation/hydroxyazidation of alkenes was all
unsatisfactory (Fig. 5C-i). Meanwhile, the manganese-based photo-
catalytic system was significantly more effective than its iron-based

counterpart in the hydroazidation of alkenes (Fig. 5C-ii, Supple-
mentary Tabs. 14 and 15). Last but not least, the alkyl azide 3 and S-
azido alcohol 4 were derivatized into a series of new organic N-con-
taining compounds (85-91), further highlighting the synthetic utility
of our protocol (Fig. 5D).

In conclusion, we have shown that a modular in-situ assembly
strategy using easily accessible components can rapidly unlock a
highly desirable Mn-based, low-energy photoredox catalytic platform,
starting from a corresponding high-energy visible light photocatalysis.
The Mn-based high-energy visible light photocatalysis achieves an anti-
Markovnikov radical hydroazidation of unactivated alkenes with H,O
as hydrogen source, and the low-energy photoredox catalytic platform
enables a one-step aerobic hydroxyazidation of alkenes. The success-
ful gram-scale synthesis and late-stage functionalization of complex
molecules underscore the practical utility and broad applicability of
both the Mn-based photocatalytic systems. Further efforts on the
development of Mn-based low-energy photocatalytic platforms are
still ongoing in our laboratory.
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Fig. 5 | Synthetic utility of the two Mn-based photocatalysis systems. A Gram-
scale and solar irradiation experiments. B Unique advantages of the Mn-based, low-
energy photoredox catalytic system. The X-ray crystallographic data for $-azido
alcohol 84 were provided in the Supplementary Information (Supplementary

Tab. 17). C Comparisons of the two Mn-based systems and classical photocatalysts.
D Derivatization of hydroazidation and hydroxyazidation products. (DMSO dime-
thyl sulfoxide, DMAP 4-dimethylaminopyridine, DCM dichloromethane, THF
tetrahydrofuran).

Methods

All reagents and catalysts were purchased from commercial sources or
can be easily prepared (Supplementary Figs. 6-10), and all manipula-
tions were carried out by standard Schlenk techniques.

General procedure for the anti-Markovnikov hydroazidation of
alkenes

To a 25.0 mL Schlenk tube that contains a stir bar were added
Mn(acac), (0.02mmol, 10.0 mol%) and 2,2-bipyridine-6,6"-diamine
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(L1, 0.02 mmol, 10.0 mol%). The mixture was thoroughly degassed via
vacuum-nitrogen purging and filled with nitrogen. Alkene (0.2 mmol,
1.0 equiv.), azidotrimethylsilane (TMSN3;, 0.6 mmol, 3.0 equiv.), H,O
(1.0 mL) and anhydrous 1,2-dichloroethane (DCE, 1.0 mL) were added
under nitrogen. Then the reaction was stirred and irradiated with blue
light (Acenter =440 nm) at room temperature for 48 h (Supplementary
Figs. 1and 2). After the reaction was complete (monitored by TLC), the
reaction mixture was extracted with ethyl acetate (EtOAc) three times.
The combined organic layers were dried over Na,SO, and removed
under reduced pressure. The residue was purified by column chro-
matography on silica gel by eluting with petroleum ether (PE)/EtOAc to
afford the products (Supplementary Figs. 11 and 46).

General procedure for the one-step hydroxyazidation of alkenes
To a 25.0mL Schlenk tube that contains a stir bar were added
Mn(acac); (0.006 mmol, 3.0 mol%) and NH4HCO5 (0.2 mmol, 1.0
equiv.). The mixture was thoroughly degassed via vacuume-air pur-
ging and filled with air. Alkene (0.2mmol, 1.0 equiv.), TMSN;
(0.6 mmol, 3.0 equiv.), isobutanol (0.2 mmol, 1.0 equiv.), 1,1,1,3,3,3-
hexafluoro-2-propanol (HFIP, 1.0 mL) and anhydrous CH5CN (1.0 mL)
were added under air and the tube was sealed with parafilm. Then the
reaction was stirred and irradiated with low-energy light
(Acenter =850 nm) at 30 °C for 48 h (Supplementary Figs. 3-5). After
completion of the reaction (monitored by TLC), the solvent was
removed under reduced pressure. The residue was purified by col-
umn chromatography on silica gel (PE/EtOAc) to afford the products
(Supplementary Figs. 12 and 47).

Data availability

All data are available in the main text or the Supplementary Informa-
tion. Data supporting the findings of this manuscript are also available
from the corresponding author upon request. The X-ray crystal-
lographic coordinates for structures reported in this study have been
deposited at the Cambridge Crystallographic Data Centre (CCDC),
under deposition numbers 2499393 (84) and 2500507 (S15). These
data can be obtained free of charge from The Cambridge Crystal-
lographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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