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ABSTRACT: The combination of NiIIX2 salts with a bipyridine-type ligand and aromatic-

carbonyl-based chromophores has emerged as a benchmark precatalytic system to efficiently 

conduct cross-couplings mediated by light. Mechanistic studies have led to two scenarios in which 

Ni0 is proposed as the catalytic species. Nonetheless, in none of these studies a NiII to Ni0 

photoreduction has been evidenced. By exploiting UV-visible, nuclear magnetic resonance 

(NMR), resonance Raman, electron paramagnetic resonance (EPR) and dynamic light scattering 

(DLS) spectroscopies, and also transmission electron microscopy (TEM), we report that when 

photolyzed by UVA in alcohols, the structurally-defined [NiII
2(µ-OH2)(dtbbpy)2(BPCO2)4] 

complex 1 integrating a benzophenone chromophore is reduced into a diamagnetic NiI dimer of 

general formula [NiI
2(dtbbpy)2(BPCO2)2]. In marked contrast, in THF, photolysis led to the fast 

formation of Ni0. which accumulates in the form of metallic ultrathin Ni nanosheets characterized 

by a mean size of ~ 100 nm and a surface plasmon resonance at 505 nm. Finally, it is shown that 

1 combined with UVA irradiation catalyzes cross-couplings, i.e. a C(sp3)-H arylation of THF and 

a O-arylation of methanol. These results are discussed in light of the mechanisms proposed for 

these cross-couplings, with a focus on the oxidation state of the catalytic species. 
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INTRODUCTION 

Dual photoredox/Ni catalysis is the subject of intense researches that have led to the discovery of 

highly effective carbon-carbon and carbon-heteroatom cross-coupling reactions.1,2 While Ir 

complexes have been the most widely employed photoredox catalysts in these processes,3,4 the use 

of organic photoredox catalysts,5-7 in particular aromatic carbonyl derivatives,5,6c-f is receiving 

increasing interest as promising alternatives to noble and rare metal-based complexes.   

Over the last five years, great efforts have been devoted to the elucidation of the reaction 

mechanisms involved in these dual photoredox/Ni catalyzed processes, particularly in the Ir/Ni 

ones.1c,1d,8-10 These studies highlighted that deciphering the chemical nature of the reactive species 

implied in dual photoredox/Ni catalyzed processes is a challenging issue. This is particularly true 

when structurally ill-defined precatalysts, typically generated in situ from NiX2 (X = Cl, Br) and 

one or two equivalents of a 2,2’-bipyridine (bpy) ligand, most often the 4,4’-Di-tert-butyl-2,2’-

dipyridyl (dtbbpy), are irradiated in the presence of photoredox catalysts in rather complex reaction 

mixtures. Under such conditions, many competing processes may occur, including single electron 

transfers from photocatalyst excited states, in situ generated ketyl radicals, Nin+ 

comproportionation/disproportionation reactions, photoreductive elimination processes from the 

Ni-halogen precursors/intermediates, trapping of organic radicals by the low-valent Ni0/I species, 

or generation of long-lived triplet excited states of LnNiII through direct light excitation or triplet-

triplet energy transfer from photocatalyst excited states. A key finding of these studies is that the 

bpyNiIX species can effectively perform the oxidative addition steps, and that the C-heteroatom 

cross-coupling reactions most likely proceed through a dark, thermally sustained NiI/NiIII cycle.9  
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Scheme 1. The current two proposed mechanisms for C-C and C-heteroatom photocatalyzed 

cross-couplings employing bpy/NiIIX2/aromatic ketone precatalytic systems. In blue: where 

previous mechanistic studies have focused. In red: precatalyst activation step explored in 

this study. 
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As far as cross-couplings involving LNiX2/aromatic carbonyl couples are concerned (L = bipy 

derivative), there are no reports focusing on the initial precatalyst photoreduction (Scheme 1). 

Indeed, the mechanistic studies focused on the elucidation of the different steps of the catalytic 

cycles, which led to propose two types of mechanism. One implies the interplay of a photo-

HAT/photoredox cycle with a Ni catalytic cycle implying Ni0/NiII/NiIII/NiI or Ni0/NiI/NiIII/NiI 

intermediates depending whether the photogenerated radical is reacting with Ni(0) before or after 

the oxidative addition step. In the other, the triplet sensitization of the LNiII(R)(Nu) intermediate 

allows the reductive elimination step. Rather surprisingly, although in all the proposed reaction 

mechanisms LNi0 is the catalytic species, no direct experimental evidence is available regarding 

its generation, neither under the catalytic conditions, nor during the photolysis of the 

LNiX2/aromatic ketone precatalytic system. What is the oxidation state and the structure of the 

main reduced species that are generated upon photolyzis of the bpyNiX2 precatalyst in the presence 

of an aromatic ketone and a reducing agent? What is the efficiency of the reduction process? These 

are the fundamental questions we address in this study. 

Herein, we report the synthesis and characterization of a well-defined precatalyst model, the 

[NiII
2(µ-OH2)(dtbbpy)2(BPCO2)4] complex 1 (BPCO2 = 3-benzoylbenzoate), and a thorough study 

of its reduction when photolyzed by UVAs in MeOH, i-PrOH or THF. UV-visible, nuclear 

magnetic resonance (NMR), resonance Raman, electron paramagnetic resonance (EPR) and 

dynamic light scattering (DLS) spectroscopies, and also transmission electron microscopy (TEM), 

have been employed to characterized the reduced species. We show that photolysis of 1 in H-atom 

donating alcohols mainly leads to the diamagnetic [NiI(dtbbpy)(BPCO2)]2 dimer, while photolysis 

in THF generates Ni0 which accumulates in the form of ultrathin metallic Ni nanosheets of an 

average size of about 100 nm. Finally, catalytic studies demonstrate that 1 combined with UVA 
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irradiation catalyzes cross-couplings, i.e. a C(sp3)-H arylation of THF and a O-arylation of 

methanol. 

RESULTS AND DISCUSSION 

Synthesis, X-ray and electrochemical characterization of complex 1. By exploiting a synthetic 

strategy that we developed for the development of photolatent CuII catalysts,11-13 the complex 1 

was prepared in MeOH by reacting NiSO4.6H2O with 1 equiv. of dtbbpy and 2 equiv. of the 3-

benzoylbenzoate sodium salt. Faint blue crystals (needles) could be grown by slow diffusion of 

hexane layered on a THF solution of 1. The X-ray structure (Figure 1, table S1) reveals that 1 has 

a dimeric structure, in which octahedral NiII ions (dNi· · ·Ni 3.52 Å) are bridged by a water molecule 

and two BPCO2 in a syn-syn configuration, while one dtbbpy and one monodentate BPCO2 

complete the coordination sphere of each NiII ion. The dimeric structure is further stabilized by 

intramolecular hydrogen bonds between the carbonyles of the monodentate carboxylates and the 

bridging water molecule (dO···O = 2.54 Å). Comparison of the cyclic voltammogram (CV) of 1 

recorded in CH3CN to those of the dtbbpy ligand and benzophenone shows that a two-electron 

NiII/Ni0 reduction process occurs at ~ −1.7 V vs Fc/Fc+ (Figure S2), in good agreement with 

previous values reported for [dtbbpyNiIICl2].4d The reduction of the benzophenone and dtbbpy in 

1 were found at ~ −2.3 V and −2.8 V vs Fc/Fc+, respectively. 
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Figure 1. Schematic representation and crystal structure of 1. Hydrogen atoms and disorder were 

omitted for clarity. 

Photoreduction studies. In the present work, we mostly focus on photoreductions conducted in 

MeOH, i-PrOH or THF because they are good terminal electron sources in photoredox reducing 

processes implying hydrogen atom abstraction (HAA), but also because C-O cross-couplings of 

alcohols4a,4h,8a and C-C cross-couplings of ethers6c,6e,6k are important applications of photoredox 

(bpy)Ni-catalyzed reactions.  

Photolysis in MeOH. Irradiating a strictly deoxygenated MeOH solution of 1 with a low pressure 

Hg lamp type TLC (TLC = Thin Layer Chromatography, see figure S3) leads to a rapid color 

change from colorless to dark purple. The UV-Vis follow-up shows that after ~ 30 min of 

irradiation a new species displaying strong bands at 550 nm and 350 nm is formed (Figure 2). 

These broad and intense electronic transitions are characteristic of metal to ligand charge transfer 

(MLCT) bands observed in [NiI(dtbbpy)]+ complexes.9b,9e The accumulating species proved to be 

extremely reactive towards O2, instantaneous discoloration occurring under oxygenation of the 

solution. When kept under inert atmosphere at room temperature, this species is moderately stable, 
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with a 45 % linear decrease of the absorbance at 550 nm observed in 14 h (Figure S4). Overall, 

these observations bode well for the formation of low valent NiI or Ni0 species. Noticeably, a 

similar behavior is observed when conducting the photoreduction in i-PrOH, i.e. the accumulation 

of a colorful species exhibiting a similar UV-Vis spectrum, albeit the two main transitions are red-

shifted to 360 nm and 595 nm (i.e. by about 10 and 45 nm, respectively, Figure S5). The observed 

bathochromic shifts with polarity decrease of the solvent agree with the charge-transfer character 

for these transitions. 

 

Figure 2. UV-Vis spectra of a MeOH solution (quartz cuvette, path length 1 cm, solution degassed 

by freeze-pump thaw cycles followed by blowtorch sealing) of 1 (0.25 mM, blue spectrum) after 

2, 3, 4, 5, 6, 7, 8, 9, 12, 19 and 29 min of irradiation (TLC lamp placed at 1 cm of the cuvette); 

Insert: Evolution of the three main bands maxima with time. 

A closer look to the spectra in figure 2 reveals that a transient species is observed. This species, 

characterized by a very broad absorption centered at ~ 890 nm, reaches a maximum concentration 

from ~ 3 to 10 min of irradiation and then disappears, while the main absorbing species 

accumulates. Such a broad band at low energy is characteristic of an intervalence transition found 
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in mixed-valence binuclear complexes. Krüger and Holm have reported on the mixed-valent 

NiINiII [Ni(pdmt)]2
− species (pdmt = pyridine-2,6-dimethanethiol) that exhibits a broad electronic 

absorption band centered at 910 nm, and  an EPR signal at ~ g = 2 (S = ½) arising from an 

antiferromagnetic coupling between the two  Ni ions.14 The observation of a transient S = ½ EPR 

spectrum associated to a NiI-based species observed under irradiation of complex 1 in MeOH (See 

figure 5a and associated discussion) supports the assignment of this transient species to a NiINiII 

dimeric complex. 

In order to assess whether the intense bands are due to MLCT, but also to determine the Ni 

oxidation state of the main absorbing species, resonance Raman spectroscopy has been used. 

Indeed, from the UV-Vis data, one cannot completely rule out that these bands could be the 

signature of BP or dtbbpy radical anions, which could be formed by single electron transfer (SET) 

from highly reducing species, in particular Ni0. As expected, the complex 1 is Raman silent at a 

concentration of 2 mM in MeOH and λexc 532 nm (Figure 3a), the only bands observed being those 

of MeOH. In marked contrast, the spectrum of the colorful dark blue solution recorded after 50 

min irradiation exhibits three intense bands at 1613 cm−1, 1538 cm−1 and 1476 cm−1, and two less 

intense at 1313 cm−1 and 1285 cm−1. A similar spectrum, albeit less intense, was recorded upon 

excitation at 633 nm (Figure S6), i.e. under pre-resonant conditions if one considers the electronic 

absorption band centered at 550 nm. The Raman spectrum is characteristic of those of 2,2’-

bipyridine and derivatives. For instance, the Raman spectrum of [Ru(bpy)3]2+
,
15

 recorded under 

resonant conditions with the RuII to bpy charge-transfer, is characterized by intense bands at 1607 

cm−1, 1563 cm−1, 1490 cm−1, 1321 cm− and 1277 cm−1 while the spectrum of the dtbbpy ligand 

that we recorded at high concentration in THF (0.5 M) exhibits mains bands at 1609 cm−1, 1550 

cm−1, 1430 cm−1, 1318 cm−1and 1297 cm−1 (Figure S7). Conclusive evidence that the band at 550 
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nm originates from a low valent Ni species to a dtbbpy ligand charge-transfer was obtained by 

recording the resonance Raman spectrum of [Cu(dtbbpy)2]PF6, for which a CuI to dtbbpy charge-

transfer band is observed at 440 nm. As shown in the Figure 3a, its Raman spectrum, with bands 

1610 cm−1, 1543 cm−1, 1473 cm−1, 1311 cm−1 and 1290 cm−1, is almost superimposable to that of 

the final reduced Ni species. 

 

Figure 3. a) Resonance Raman spectra (λexc 532 nm) of a MeOH solution of 1 (1 mM, 3 mL, UV 

cuvette, solution degassed by argon bubbling) before (black spectrum) and after (red spectrum) 50 

min irradiation at 320-390 nm (TLC lamp set at 365 nm placed at ~ 1 cm of the cuvette); In blue, 

the resonance Raman spectrum (λexc 532 nm) of [Cu(dtbbpy)2]PF6 prepared in situ by mixing under 

inert atmosphere [Cu(CH3CN)4]PF6 (10 mM) in MeOH with 2 equiv of ligand in MeOH (3 mL 

degassed by argon bubbling). b) Resonance Raman spectra (λexc 532 nm) of THF (black spectrum) 

and a THF-d8 solution of [Ni(dtbbpy)COD] in a NMR tube (blue spectrum) prepared following 

the procedure of ref 3c, compared to the spectrum of the MeOH solution of 1 recorded after 50 

min irradiation (red spectrum). 
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In contrast, the spectrum of the Ni0 complex [Ni(dtbbpy)(COD)],3c,16 whose deep blue/violet 

colour (λmax = 562 nm in THF) is ascribed to a Ni0 to dtbbpy charge-transfer, reveals intense high 

frequency bands at 1600 cm−1, 1510 cm−1 and 1490 cm−1, which are significantly shifted compared 

to those of the reduced species of 1 and [Cu(dtbbpy)2]PF6 (Figure 3b). Finally, the resonance 

Raman spectrum of the dtbbpy and BP radical anions recorded in THF were found to be very 

different to that of photolyzed 1 (Figures S8-S9). Overall, the UV-vis and Raman studies show 

that UVA photolysis of 1 in MeOH produces a NiI complex, in which the nickel ion is bound to at 

least one dtbbpy, but not to radical anions of BP or dtbbpy. 

Further insights on the photoreduction process and structure of the main NiI species generated 

upon photolysis were gained by NMR and EPR studies. The 1H NMR spectrum of 1 in CD3OD 

shows broad resonances characteristic of a paramagnetic species (Figure S10). Using the Evans 

method,17 a room temperature magnetic moment µeff = 2.9 µB was measured in CD3OD, in 

agreement with the spin-only value of 2.83 µB expected for a high-spin S = 1 NiII ion, agreeing 

with a dimer in which the two NiII ions are not magnetically coupled or, are weakly magnetically 

coupled. That 1 in solution in MeOH could partly exist as a monomer cannot be ruled out. This 

would lead to the same magnetic moment. After photolysis, the spectrum of the dark blue-purple 

solution exhibits intense and well-resolved NMR peaks between 0 and 9 ppm, while the broad 

resonances of 1 have almost disappeared (Figure 4; the follow-up of the photolysis is given in 

Figure S10). This shows that the blue-purple reduced NiI species, which accumulates upon 

irradiation, is mainly diamagnetic at room temperature. Since the NiI ion (d9, S = 1/2) is 

paramagnetic, it means that in the photogenerated reduced species the NiI ions are strongly 

antiferromagnetically coupled to each other. An antiferromagnetic coupling between a NiI ion and 

a BP or dtbbpy radical anion is ruled out by the resonance Raman study. Key structural information 
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was gained by analysis of the 1H NMR spectrum combined with COSY (Correlation 

spectroscopy), HSQC (Heteronuclear single quantum spectroscopy), EXSY (Exchange 

spectroscopy) and DOSY (Diffusion-ordered spectroscopy) experiments. The dtbbpy ligands in 

the NiI complex lie in a non-symmetrical environment as revealed by the splitting of the t-Bu 

resonances and the six resonances observed for the aromatic protons of the bpy (Figure 4a and 

COSY-HSQC experiments in Figures S11-S12). The BP is present in solution as two main species. 

One is the free BPCO2H acid (Figure 4a; Figure S13 for a comparison with an authentic sample; 

Figure S15 for COSY assignments), which is expected to be formed upon photoreduction. 

Accordingly, ~ 1 equiv. is present with respect to the [NiIdtbbpy]+ cation. The second species, 

characterized by very different chemical shifts and present in stoichiometric amount with respect 

to dtbbpy, is the BPCO2 ligand and counterion of the reduced [NiIdtbbpy]+ cation (Figure 4a; 

Figure S16 for COSY assignments). This assignment is supported by DOSY measurements (Figure 

4b) showing that the dtbbpy and BPCO2, which diffuse at the same rate (D ~ 3.6 x 10−10 m2 s−1), 

belong to the same species, a species which is significantly larger than the free BPCO2H which 

diffuses at a faster rate (D ~ 4.5 x 10−10 m2 s−1). Photodegradation products of BP, mostly ascribed 

to the pinacol coupling of BPCO2H, are also observed by NMR (Figure 4a, Figure S13) and mass 

spectrometry (Figure S14). Finally, two-dimensional NMR exchange spectroscopy (EXSY) shows 

that the dtbbpy ligands in the reduced species are kinetically labile, and that the free BPCO2H is 

exchanging with the BPCO2 ligand/counterion (Figure 4c).  
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Figure 4. a) 1H NMR spectrum (600 MHz, recorded at −10 °C) of a CD3OD solution of 1 (1 mM, 

0.7 mL, solution degassed by freeze-pump-thaw cycles followed by flame sealing) irradiated for 

120 min with a TLC lamp (320−390 nm) placed at ~ 1 cm of the tube; b) DOSY experiment 

recorded on the solution of a); c) EXSY experiment (tm = 500 ms) recorded on the solution of a). 
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X-band EPR spectroscopy has been also used to investigate the mechanism of the photolysis 

process. Two EPR active NiI-based species are rapidly generated during photolysis of 1 but in a 

very small concentration for both of them (Figure 5a; simulations in Figure S17 and table S2). A 

rhombic S = ½ EPR spectrum (gx = 2.2509, gy = 2.0780, gz = 2.0450) appears after 1 min of 

irradiation and almost fully disappeared after 30 min of irradiation. As previously discussed, this 

transitory signal is tentatively assigned to a mixed-valent [NiI/II(dtbbpy)2(BPCO2)3] complex as it 

displays comparable g-values than those reported for the mixed-valent NiINiII [Ni(pdmt)]2
− 

complex, and because of the transient electronic absorption band at 890 nm (Figure 2) that is 

observed in the same region than [Ni(pdmt)]2
− (900 nm) and which is characteristic of an 

intervalence band.14 

 

 

 

 

 

 

Figure 5. a) EPR spectra (X band, 100 K) of deaerated 0.5 mM MeOH solutions of complex 1 

(Six EPR tubes, i.e. one for each irradiation time, were prepared in a glovebox) without irradiation 

and after 1 min, 2 min, 5 min, 10 min and 30 min of irradiation at 320-390 nm (TLC lamp placed 

at ~ 1 cm of the tube, irradiation in the glovebox); b) 4 equiv of PBu3 were added to each EPR 

tubes after the photolysis (addition in the glovebox) before recording the spectra. 
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The second observable NiI species, characterized by an axial S = ½ spectrum (gperp = 2.2040, 

gpara = 2.0240) reaches its maximum concentration between 10 to 30 min of irradiation. It is 

proposed to correspond to a small amount of the [NiI(dtbbpy)2]+ by-product generated during the 

process. Considering the 1H NMR study, most of the NiI present in the photolyzed solution is 

expected to be EPR silent. PBu3 was thus used as a NiI trapping agent to evaluate the ratio between 

silent and EPR active NiI species (Figure 5b).18 Thus, MeOH solutions of 1 have been photolyzed 

for different times, times after which 4 equiv. of PBu3 was added. The corresponding solutions 

display a new EPR spectrum, whose intensity varies as a function of the irradiation time. Hyperfine 

coupling features arising from the interaction between the unpaired electron and the nucleus of 

two distinct P atoms (I = 1/2) are observed in this S = ½ axial spectrum in both parallel and 

perpendicular components (Figure 5b). Such a spectrum is characteristic of a mononuclear 

[LNiI(PBu3)2]+ complex (see simulation in Figure S18).19  As a control experiment, the addition of 

PBu3 at t = 0 led to a silent EPR spectrum, showing that the observed [LNiI(PBu3)2]+ species is 

generated from the reaction between the NiI species present in the photolyzed solutions and PBu3, 

and not from a reduction process driven by PBu3. Importantly, integration of the signals at 30 min 

of irradiation before and after addition of PBu3 revealed that the NiI signal is ~ 8 times higher after 

addition. Interestingly, the comparison of the 1H NMR spectra of a reduced solution of 1 in CD3OD 

before and after addition of PBu3 (Figures S19, S20) reveals the complete disappearance of the 

diamagnetic resonances which have been ascribed to the dtbbpy and BPCO2 ligand resonances of 

the main Ni reduced species. This result validates the NMR peak attribution of the reduced species 

(Figure 5), and is also consistent with the breaking of a diamagnetic Ni(I) dimeric complex by 

PBu3 to form paramagnetic [dtbbpyNiI(PBu3)2]+ species. Thus, most of the NiI accumulating upon 
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photolysis is EPR silent, in agreement with the 1H NMR and resonance Raman studies, which 

supports the formation of a diamagnetic species. 

Overall, the spectroscopic data strongly suggest that the main reduced species forming during 

UVA photolysis of 1 in MeOH and i-PrOH is a diamagnetic NiI dimer with general formula 

[Ni2(dtbbpy)2(BPCO2)2] in which the NiI ions, most likely bridged by the 3-benzoylbenzoates, are 

strongly antiferromagnetic coupled through a short Ni-Ni bond, as typically observed in NiI dimers 

(dNi-Ni ~ 2.4-2.5 Å).20 The NiII to NiI reduction process most probably occurs by a PCET (proton 

coupled electron transfer) from the reducing BP ketyl radical intermediate such as A (Scheme 2) 

that leads to the release of BPCO2H. The ability of ketyl radicals to reduce transition metals 

through PCET have been widely exploited to prepare metallic nanoparticles (Au, Cu, Ag…),21 or 

to reduce NiII(acac)2 into NiI(acac).18,22 Also, the ~ −2.2 V reduction potential measured for the 

benzophenone radical anion in 1 makes it competent to reduce the NiII whose reduction potential 

in 1 occurs at ~ −1.6 V. The ketyl radical would be generated by classical H-atom abstraction of 

the solvent from the BP triplet state. 

 

 

 

 

Scheme 2. Proposed NiII to NiI photoreduction pathway. 
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Photolysis in THF. The photoreduction behavior of 1 in THF, which is also a good H-atom 

donating compound, is markedly different to that observed in alcohols. One should note that when 

photolysis is conducted in a very poor H-donating solvent such as DCM, no signs of reduction is 

observed spectroscopically. In THF, a new species is rapidly formed upon photolysis, which 

exhibits an intense and broad absorption band centered at 505 nm (Figure 6). The species 

responsible for this absorption is extremely sensitive to O2, recovery of a colorless solution 

occurring within seconds when bubbling air. Contrasting with photolysis in alcohols, the only 

diamagnetic resonances that emerged on the 1H NMR spectrum during photolysis in THF are those 

of the 3- benzoylbenzoic acid, as expected if NiII reduction occurs (Figure S21). The absence of 

observable resonances from the dtbbpy ligand reveals that it interacts with a reduced paramagnetic 

Ni species. 

 

 

 

 

 

 

Figure 6. UV-Vis spectra of a THF solution of 1 (0.5 mM, quartz cuvette, path length 1 cm, 

solution degassed by argon bubbling) after 0 (blue spectrum), 10 min, 20 min, 30 min, 40 mon and 
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50 min (red spectrum) of irradiation (TLC lamp placed at 1 cm of the cuvette). Insert: Evolution 

of the band maximum with time. 

 

In marked contrast with photoreductions conducted in MeOH, no mononuclear NiI species are 

observed by EPR during photolysis of 1 in THF (Figure S22). Besides, addition of PBu3 to 

photolyzed solutions did not generate [LNiI(PBu3)n]+, the corresponding EPR spectra remaining 

silent (Figure S23). Such observations support the rapid formation of a Ni0 species upon photolysis 

of 1 in THF. The band observed at 505 nm could thus be ascribed either (i) to a charge transfer 

from Ni0 to a dtbbpy ligand, albeit the λmax = 562 nm of [Ni(dtbbpy)(COD)] in THF is red-shifted 

by about 50 nm to that of photolyzed 1,3c or (ii) to the surface plasmon resonance (SPR) of 

dispersed metallic nickel nano objects. Since the SPR of Ni-based NPs is expected in the UVA 

region (~ 350 nm),23 such Ni plasmon resonance shifted at about 500 nm can only be possible if 

nano objects with extended metallic Ni surfaces, such as aggregated NPs, nanodisks or nanosheets 

have been formed. Such well-known optical phenomenon is well-established for Au24 or Pd25 

metallic nanoobjects. The synthesis and characterization of ultrathin Ni nanosheets has been 

reported.26,27 Their preparation is typically achieved by solvothermal/electrochemical methods 

from Ni(acac)2, Ni(formate)2, Ni(OH)2 precursors, or from Ni(1,4-benzenedithiol) and Ni(OH)2 

nanosheets. In none of these studies the optical properties of the ultrathin Ni nanosheets have been 

described. Interestingly, Hillenbrand and coworkers demonstrated that Ni nanodisks prepared on 

glass substrates by hole-mask colloidal lithography exhibit plasmonic resonances in the visible 

range, i.e. at ~ 480 nm for 100 nm diameter nickel disks, up to ~ 630 nm for 200 nm diameter 

nickel disks.28 The far-field extinction spectrum reported for the 100 nm disks is thus closely 

related to that recorded for the photolyzed solution of 1 in THF (Figure 6).  
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Strong evidence that ultrathin Ni0 nanosheets are formed upon photolysis of 1 in THF came 

from Raman resonance, DLS and TEM studies. Compared to photolysis in MeOH, the Raman 

resonance spectrum (λexc 532 nm) of a photolyzed colorful THF solution (Figure S24) exhibits 

very weak bands at 1616 cm−1, 1541 cm−1 and ~ 1485 cm−1, supporting the assumption that the 

band at 500 nm is not due to a NiI or Ni0 to dtbbpy charge transfer, but rather to a surface plasmon 

resonance. DLS analysis of burgundy colored and limpid photolyzed THF solutions revealed the 

presence of colloidal particles with mean size values of ~ 100 nm and ~ 10 µm as shown in the 

intensity size distribution (Figure 7). It should be mentioned that the largest population is not 

present when the particle size distribution is weighted in number, which means that the amount of 

large particles must be negligible in photolyzed THF solutions. In addition, the relatively low 

scattering intensity of the THF solutions at 90° detection angle evidences an overall low 

concentration in particles or a poorly light scattering because of a loose structure. The intensity 

size distribution of the limpid colorless solution obtained after opening the photolyzed solution to 

air exhibited a similar pattern, but with a significant broadening of the main peaks and the 

appearance of a new population around 1 µm.  Importantly, the aerated limpid and colorless THF 

solution that was passed through a 0.1 µm PTFE filter did not scatter light, confirming that nano 

objects with sizes > 100 nm are formed upon photolysis of 1 in THF. As a control experiment, the 

DLS spectrum of a photolyzed MeOH solution of 1 has been recorded. Its silent spectrum agrees 

with the formation of a reduced molecular NiI complex. 
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Figure 7. In blue, DLS spectrum of a colorful and limpid THF solution of 1 (0.5 mM, glass test 

tube, solution degassed by Ar bubbling) recorded after 20 min irradiation (TLC lamp set à 365 

nm); In red, DLS spectrum of the limpid and colorless solution obtained after oxygenation of the 

colored solution with air. 

Conclusive evidence that ultrathin nanosheets made of metallic nickel are formed in photolyzed 

THF solutions have been obtained thanks to transmission electron microscopy (TEM) images, 

which revealed ultrathin objects of various sizes exhibiting large-area 2D structures (Figure 8). 

The TEM images, in particular the transparency of some parts of the objects under the electron 

beam, are highly reminiscent to those previously observed for metallic ultrathin folded nanosheets. 

However, as previously evidenced by others,27c the nanosheets observed by TEM are most likely 

Ni(OH)2 and not Ni0 metallic ultrathin sheets due to air oxidation during the transfer of the copper 

grids to the microscope. Accordingly, the EDS (Energy dispersive spectroscopy) spectrum (Figure 

8) and elemental mapping (Figure 9) showed that the nanosheets were mostly composed of nickel 

and oxygen. With the support of these previous works, our study demonstrates that photolysis of 

1 in THF unexpectedly leads to the fast generation of metallic Ni ultrathin nanosheets whose size  
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Figure 8. TEM images and EDS spectrum of ultrathin Ni nanosheets. Note that the nanosheets 

that are observed are most probably Ni(OH)2 nanosheets resulting from the aerobic oxidation of 

metallic Ni nanosheets (see text). 

 

 

 

 

Figure 9. STEM (Scanning Transmission Electron Microscopy) and elemental mapping images 

of an ultrathin Ni nanosheet (Most probably Ni(OH)2, see text). 
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is ~ 100 nm, and which exhibit a SPR at ~ 500 nm, i.e. strongly red-shifted compared to Ni NPs. 

As for Ni NPs, Ni0 nanosheets were shown to display superparamagnetic behavior,27a that could 

explain why the dtbbpy ligands are not observed on the 1H NMR spectrum of the photolyzed 

solution, particularly if bound to the Ni atoms.29 To the best of our knowledge, this is the first 

example of a photochemical synthesis of metallic nanosheets, and the first report on the SPR 

properties of Ni ultrathin nanosheets characterized in solution. Even if these O2-sensitive metallic 

Ni nanosheets could not be observed directly by TEM, their oxidized forms, most probably as 

Ni(OH)2 nanosheets, have been characterized. Further studies that go beyond the objectives of this 

account will be required to better characterize the magnetic properties of the metallic nanosheets, 

and elucidate the formation mechanism of such 2D objects, in particular the role of the dtbbpy 

and/or BPCO2 ligands on the anisotropic growth. It should be noted that previous studies have 

reported the formation of Ni(0) nanoparticles by photolysis of NiX2 salts in the presence of 

photosensitizers, including carbon nitride,30a-c fluorescein,30d or TiO2.30e Interestingly, in the course 

of their study on arylation of esters photocatalyzed by NiCl2/dtbppy/BIPA/graphitic carbon 

nitrides, Pieber and coworkers noticed that a small amount of nickel was found as Ni NPs 

immobilized on the heterogeneous carbon nitrides.30b The same group also showed that the 

aggregation of Ni(0) NPs into nickel black was responsible for the loss of activity in amine 

arylations photocatalyzed  by a NiX2/carbon nitrides system.30a 

Catalytic studies in relation with proposed mechanisms. With the objective to put into 

perspective the results of the photolysis study with a key issue raised by previous mechanistic 

studies of cross-couplings, namely the oxidation state of the catalyst, Ni0 vs NiI, we tested 1 as 

precatalyst in two reactions of interest: 1) A C(sp3)-H arylation of THF for which Ni0 is proposed 
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as the catalytic species; 2) An O-arylation of methanol for which NiI is proposed as the catalytic 

species.  

C(sp3)-H arylation of THF. In 2018, Martin et al. reported the combination of Ni(acac)2 (10 

mol%), a benzophenone with a “push-pull” structure (10 mol%) and the 5,5’-dimethyl-2,2’-

bipyridine as ligand (10 mol%) as an optimized precatalytic system to conduct C(sp3)-H arylations 

and alkylations.6c Arylations/alkylations of the α-C(sp3)-H bonds of cyclic and linear ethers were 

shown to proceed smoothly under CFL irradiation, typically using ether as solvent. Their 

mechanistic study supported the mechanism a) of scheme 1, in particular that Ni0 is the catalytic 

species that performs the oxidative addition on the aryl bromides. In support to this, the use of 

Ni(COD)2 instead of Ni(acac)2 led to comparable catalytic activity. Nevertheless, the formation of 

Ni0 species was not demonstrated directly from either the photolyzed NiII precatalytic system or 

the LNiIX catalytic intermediate. 

As shown in Table 1, using the conditions developed by Martin (THF as solvent, Na2CO3 as the 

base) the reaction of THF with 1-bromo-3,5-dimethylbenzene in the presence of 0.75 mol% of 1 

(1.5 mol% in Ni) affords the coupling product 2 in low to high isolated yields depending on the 

irradiation source. A low yield of 12% is obtained when using CFL bulbs (entry 1). The yield 

increases to 42% using low vapor pressure mercury lamps, while using the 365 nm Luzchem LED 

(Figure S2) a yield up to 76% is obtained (entry 3). For comparison, Martin et al. obtained 2 in 

96% yield under CFL illumination (60 h) using their precatalytic system Ni(acac)2 (10 mol%)/ 

benzophenone (10 mol%) / 5,5’-dimethyl-2,2’-bipyridine (10 mol%).6c  
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Table 1. C−C cross-coupling photocatalyzed by 1. 

 

 

 

 

 

             

 

 

 

 

 

 

 a Isolated yields. TLC = Thin layer chromatography type lamp (set at 365 nm).  

LED = Light emitting diode. CFL = Compact fluorescent light bulb. 

 

Having shown that Ni0 is very effectively produced upon photolysis of 1 in THF, and that 1 is 

catalytically active for the C(sp3)-H arylation of THF under the conditions developed by Martin, 

these results provide additional support to the mechanistic proposal that involves Ni0 as a catalytic 

species (Scheme 1a). Moreover, considering that NiI is inherently an intermediate towards the 

formation of Ni0 from NiII, our results suggest that the reaction step, which closed the catalytic 

cycle, i.e. the reduction of LNiIX into LNi0 is likely to occur in THF. Martin proposed that this 

reduction could be achieved by the benzophenone ketyl radical, thereby regenerating the 

benzophenone photocatalyst. An alternative process could be the disproportionation of LNiIX into 

LNi0 and LNiIIX2. In this scenario, the benzophenone would be regenerated by reduction of the  

LNiIIX2 species produced by the ketyl radical. Previous study by Nocera and coworkers 

demonstrated that the [NiI(bathocuproine)2]Cl complex, although stable in CH3CN, 

disproportionates in THF to afford [Ni0(bathocuproine)2].31 Also, a recent work by Doyle and 

coworkers revealed that a [NiI (bpy)Cl] complex disproportionates in THF into [Ni0(bpy)2] and 

NiCl2.9h The fact that photolysis of 1 in MeOH led to the stabilization of a [NiI(bpy)X2] species 

while in THF no NiI species were observed but instead Ni0 accumulated rapidly could be 

Entry hν Time (h) Yield (%)a 

1 CFL (23 W) x 2 48 12 

2 TLC lamp x2 72 42 

3 LED 365 nm 
Luzchem 

72 76 
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supportive of a disproportionation process that is favored in THF. To test this hypothesis, a 

deaerated photoreduced MeOH solution of 1 in a UV cuvette was diluted two times with deaerated 

THF. This led rapidly to the disappearance of the NiI dimer absorption bands with the concomitant 

appearance of a transient species displaying a band at ~ 700 nm (Figure S25). The UV-Vis 

spectrum recorded 10 min after the addition of THF doesn’t show resolved MLCT bands expected 

for [Ni0(dtbbpy)n] or [NiI(dtbbpy)n]+ species. The spectrum is rather characteristic of the presence 

of nanoparticles diffusing the light over the full visible spectrum. While this experiment shows 

that the reduced NiI dimer is destabilized in the presence of THF and that new species rapidly 

form, the resulting UV-vis spectra are not informative enough to conclude that this is due to 

disproportionation. Further studies will be necessary to ascertain this point. 

O-arylation of MeOH. In the original work describing O-arylations of alcohols by light-promoted 

dual Ni/Ir catalysis, a Ni0/NiII/NiIII/NiI catalytic cycle was proposed.4a The excited state of the IrIII 

photocatalyst was intended to oxidize the dtbbpyNiII(alcoxy)(aryl) intermediate to the NiIII 

oxidation state from which the reductive elimination is favored, with the catalytic cycle closed by 

the reduction of the NiI species by IrII to generate dtbbpyNi0. Recent mechanistic studies have 

revealed that C-O cross-couplings involving alcohols are most likely photolatent processes 

proceeding through a “dark” self-sustained NiI/NiIII catalytic cycle, with the Ir catalyst there to 

photoreduce the NiII precatalyst into catalytically active NiI, but also to reduce the NiII species that 

may be formed during catalysis, e.g. by comproportionation of NiI and NiIII.9b,9d  

UVA irradiation of iodobenzene, Na2CO3 and 0.5 mol% of 1 in MeOH led to anisole in 80% yield 

along with 20% of benzene (entry 1). When the reaction is conducted without catalyst or using 2 

mol% of 3-benzoylbenzoic acid instead of 1, no anisole is formed but benzene is obtained in 40% 

and 26% yields, respectively (entries 2, 3), showing that direct photolysis of iodobenzene competes 
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with the Ni-catalyzed cross-coupling. These results, combined with the fact that photolysis of 1 in 

MeOH produces NiI, not Ni0, give credence to a mechanism involving a self-sustained photolatent 

NiI/NiIII catalytic cycle such as that occurring in the photopromoted arylation of alcohols by a 

bpy/NiIIX2/Ir precatalytic system.9b,9d  

Table 2. C−O cross-coupling photocatalyzed by 1.a 
 

 

 

 

 

 

 

 

 

 

 

 
a Irradiations conducted with a low-pressure mercury lamp type TLC (thin layer  

chromatography) set at 365 nm (emission: 320-390 nm). b Determined by GC 

using decane as internal standard. c Reaction without catalyst. d Reaction using 

3-benzoylbenzoic acid (2 mol%) instead of 1. 

 

 

Scheme 3. Main results of the photoreduction study of 1. 

 

Photolysis in methanol

Photolysis in THF

Entry Conv. (%)b Yield of 
3 (%)b 

Yield of 
4 (%)b 

1 100 80 20 

2c 44 0 40 

3d 27 0 26 
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CONCLUSION 

In summary, the study of the photolysis of 1, a model complex of the widely used 

bpy/NiIIX2/aromatic ketone precatalytic systems in dual photoredox Ni catalysis, provided key 

insights on the structure and oxidation state of the photogenerated reduced species (Scheme 3).  In 

particular, this study revealed a markedly different behavior whether the photolysis is conducted 

in MeOH or THF that are both excellent H-atom donors for the BP triplet state, as well as 

benchmark substrates in C-O or C-C cross-couplings. In MeOH, the accumulated reduced species 

is a diamagnetic NiI dimer of general formula [Ni2
I(dtbbpy)2(BPCO2)2]. This species is 

characterized by a NiI to dtbbpy charge transfer at 550 nm and a resonance Raman spectrum 

exhibiting three intense bands at 1613 cm−1, 1538 cm−1 and 1476 cm−1. The NMR study revealed 

that, 1) the reduced dimer is unsymmetrical in solution, 2) the dtbbpy ligands are kinetically labile 

while the BPCO2
− ligands can exchange with BPCO2H released upon NiII reduction, and 3) 

BPCO2H partially degrades during photolysis to form the pinacol product. 

The photolysis in THF leads to the fast formation of Ni0 which, unexpectedly, accumulates in 

the form of metallic ultrathin Ni nanosheets with a mean-size of ~ 100 nm. To the best of our 

knowledge, this is the first direct evidence that Ni0 can be generated upon photoirradiation of a 

bpy/NiIIX2/aromatic ketone precatalytic system. The metallic ultrathin Ni nanosheets, fully soluble 

in THF, are characterized by a surface plasmon resonance at 505 nm. When reacting with O2, the 

metallic nanosheets are rapidly transformed into colorless oxidized NiII nanosheets. Contrasting 

with the photolysis in MeOH, no NiI intermediates could be observed or trapped during the 

reduction process to Ni0.  
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Finally, preliminary catalytic studies showed that 1 is an effective catalyst for light-promoted 

C-O and C-C cross-couplings between aryl halides and MeOH or THF, respectively. Combined 

with the photolysis study, our results lend additional weigh to the mechanistic hypothesis that the 

C(sp3)-H bond arylations photo-mediated by a bpy/ NiIIX2/aromatic carbonyl precatalytic system 

are catalyzed by a Ni0 species. Besides, this study suggests that the O-arylation of alcohols is 

catalyzed by NiI, in agreement with previous studies that have shown that with bpy/NiIIX2/Ir 

precatalytic systems such C-O cross-couplings proceed through a self-sustained NiI/NiIII catalytic 

cycle. This contrasts with the Ni0/NiII/NiII* catalytic cycle suggested for C-nucleophile couplings 

with bpy/NiIIX2/aromatic ketones precatalytic systems (scheme 1b). For these reactions, the study 

of the photoreduction of the precatalyst to determine whether Ni0 and/or NiI is formed would 

certainly help to ascertain the proposed mechanisms.  
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