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Abstract : Multi-electron visible light photoaccumulation on a dipyridylamine copper(II)-

polyoxometalate conjugate applied to photocatalytic generation of CF3 radical. 

By Weixian Wang, Lise-Marie Chamoreau, Guillaume Izzet, Anna Proust, Maylis Orio* and Sébastien 

Blanchard* 

This article describes the synthesis and characterization of an organic-inorganic hybrid polyoxometalate 

functionalized by a short link with a tripodal N based ligand and its copper complex. Upon visible light 

irradiation, the latter is able to store up to three reducing equivalents. The locus of the reduction is 

discussed based on physicochemical measurements and DFT calculations. In presence of Togni’s 

reagent, this complex allows for the photocatalytic generation of CF3 radicals, opening the road to 

valuable synthetic applications.  
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Introduction 

Photoredox catalysis is emerging as a major research area for sustainable organic synthesis 1–3 and 

energy conversion purpose.4,5 It requires the association of a photoactive antenna to a redox catalyst that 

is able to accept/release the photogenerated charges to operate the redox reaction. Most reactions in 

organic chemistry/small molecule activation involve multi-electronic processes, while photosensitizers 

usually produce monoelectronic charge separation processes. Yet, only a few molecular photoactive 

systems with a designed charge accumulation site have been described so far.6–10 The development of 

an all-integrated system able to absorb visible light energy, accumulate charges to finally use them in a 

catalytic process is thus of high interest. In this context, polyoxometalates (POMs), i.e. oxo-clusters of 

early transition metal (Mo, W, V),11–14 are currently drawing an important attention in the field of 

photochemistry owing to their photoactivity (often limited to the UV range).15–17 Among the different 

POMs, the decatungstate [W10O32]
4- polyanion (DT) has retained a considerable interest in 

photocatalysis owing to its ability to abstract hydrogen atoms upon irradiation.17–20 POMs have also 

been associated to molecular chromophores to develop charge photoaccumulation systems 21–23 as they 

can be reduced with several electrons under minor structural rearrangement. 24,25 

Incorporation of fluorine or fluorinated groups into molecules is widely employed for a variety of 

applications, ranging from drugs to material science, owing to the highly specific chemical properties 

of fluorine (e. g. high electronegativity, low Van der Walls radius, low polarizability).26–30 In particular, 

a wide range of electrophilic, nucleophilic or even radical trifluoromethyl sources has allowed this field 

to blossom.31–34 Among the various proposed methodologies, MacMillan applied in 2019 copper-

photoredox dual catalysis to achieve the trifluoromethylation of alkylbromides.35 The same team then 

successfully replaced the noble metal iridium photosensitizer by DT, thus developing an original 

approach relying on more abundant metal ions.36   

Yet, DT only absorbs in the UV range and can only be functionalized through electrostatic association 

with a co-catalyst, while numerous POMs can be modified through the covalent anchorage of an 

organic/organometallic moieties to the POM framework.37,38 Among these various examples, a few have 

studied the influence of the POM on the catalytic properties of  tethered classical transition metal 

catalysts. Various advantages of the hybrids, including improved recyclability, 39 electronic 

delocalization,30 tunability,40,41 protection against degradation,42,43 milder conditions,44 dual Lewis acid-

oxidation catalysis45 or simply synergy improving yields have been observed.46 Moreover, some of these 

hybrid POMs display also appealing photophysical properties.47–50  

We herein present the synthesis of a copper(II)-polyoxometalate conjugate relying on the grafting of a 

Cu-dipyridylamine complex onto the surface of the Dawson-type [P2V3W15O62]
9- polyanion. This all-

integrated photosensitizer/charge accumulation/catalyst system is able to store up to three reducing 

equivalents upon irradiation with visible light. Moreover, its ability to catalytically photogenerate 

CF3 radicals, in the presence of a “CF3
+” source is demonstrated. Finally, this compound shows 
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improved activity compared to the multi component system, in which the Cu-dipyridylamine complex 

and the POM are only associated through electrostatic interactions: this outlines the beneficial effect of 

the covalent anchorage of the Cu-complex onto the POM. 

Results and discussion 

Synthesis of the POM hybrid ligand  

In order to introduce a bioinspired tripodal ligand at close vicinity of the surface of the POM, we first 

reacted tris(hydroxymethyl)aminomethane with 2-picolylchloride (Figure S1-S3).51 Subsequent 

reaction of the obtained 2-[bis(pyridin-2-ylmethyl)amino]-2-(hydroxymethyl)propane-1,3-diol (H3Tris-

DPA) with (TBA)5H4[P2V3W15O62] (abbreviated DV3 hereafter), a mixed 

polyoxovanadate/polyoxotungstate of the Dawson family, using classical grafting conditions,52 gave 

after treatment the hybrid (TBA)6 [P2V3W15O59(TrisDPA)] (abbreviated DV3DPA) in 56% isolated yield 

(scheme 1). 

  

Scheme 1: Synthesis of DV3DPA{Cu(OAc)}  

DV3DPA has been fully characterized by various techniques. Upon formation of the hybrid, in agreement 

with Hill’s precursor work,53 the two peaks observed in 31P NMR for the Dawson skeleton are shifted 

from -7.38 ppm and -12.76 ppm to -6.95 ppm and -13.04 ppm respectively,46 attesting the grafting of 

the triester onto the POM surface (Figure S4). The quite small changes, mostly in the relative intensities, 

of the W-O and V-O stretching region in IR spectroscopy (700-1100 cm-1) confirmed that the Dawson 

structure was preserved (Figure S5). The isotopic pattern of the adduct 

{TBAH[P2V3W15O59(TrisDPA)]}4- at m/z=1114.7948 (z=-4) was detected in HR-MS (Figure S6). 

Finally, the 1H NMR spectrum, which displayed the characteristic peaks of two equivalent pyridine rings 

in the aromatic part, together with the expected two types of methylene (NCH2O and NCH2Py) and the 

TBA signature (Figure S7), combined with elemental analysis confirmed the purity of the product. Slow 

diffusion of diethylether into a concentrated acetonitrile solution afforded crystals suitable for X-ray 

diffraction studies. 
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X-ray diffraction studies: 

Single crystal X-ray diffraction studies were performed on a plate orange crystal. Crystallographic data 

are summarized in Table 1. 

Table 1 Crystal data and structure refinement for DV3DPA1.5ACN. 

Formula  C115H240.5N10.5O62P2V3W15 

Formula weight  (g. mol-1) 5735.17 

Temperature (K) 200 

Space group  Pbcn  

a/Å  58.129(7)  

b/Å  19.830(2)  

c/Å  30.818(4)  

α/°  90  

β/°  90  

γ/°  90  

Volume/Å3  35524(7)  

Z  8  

ρcalcg/cm3  2.145  

μ (MoKα)/mm-1  9.911  

Reflections collected  118560 

Independent reflections  18566 [Rint = 0.0681, Rsigma = 0.0482]  

Data/restraints/parameters  18566/870/1681 

Goodness-of-fit on F2  1.206 

Final R indexes [I>=2σ (I)]  R1 = 0.0804, wR2 = 0.1810  

Final R indexes [all data]  R1 = 0.1035, wR2 = 0.1953  

Largest diff. peak/hole / e Å-3  2.11/-2.26 

CCDC 2218347 

 

While some important disorder, notably on the TBA cations and one of the pyridine ring, did exist, the 

X-ray diffraction study clearly showed the successful grafting of the TrisDPA moiety on the POM via 

V-O-C bond formation. Interestingly, one can measure a fairly short distance of 3.32(3) Å between the 

tertiary amine of the TrisDPA moiety and the surface of the POM (define as the average plane between 

the 6 oxygen atoms on top of the vanadium-oxo triad): this should favor a strong electronic 

communication between the POM skeleton and the grafted complex.  
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Figure 1: Molecular structure of DV3DPA (TBA cations and hydrogen atoms are omitted for clarity). Blue 

octahedron: WO6; Pink octahedron: VO6; green tetrahedron: PO4; the trisDPA part is represented with balls and 

sticks (C in grey; N in blue) 

Cu(II)-complexation: 

UV-vis titration of a solution of the ligand with copper(II) acetate in acetonitrile showed the appearance 

of an isosbestic point at 642 nm (Figure 2). Plot of the evolution of the absorbance at 540 nm and 690 

nm (inset, Figure 1, black and red respectively) clearly showed a change in the linear adjustment slope 

after the addition of one equivalent of copper salt in agreement with the formation of a 1:1 complex. 
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Figure 2: UV-vis titration of DV3DPA with increasing amount of Cu II(OAc)2. Blue: starting solution; red: upon the 

addition of one equivalent of Cu(II). Inset: evolution of the absorbance at 540 nm (black) and 680 nm (red) as a 

function of the number of equivalents of copper ion added. 

 

Precipitation of a 1:1 POM/Cu(OAc)2 mixture in acetonitrile with diethyl ether afforded a green-yellow 

powder. The resulting product was characterized by ESI-mass spectrometry (Figure S8). The large 

number of naturally abundant W isotopes, combined with various counter ions, yield to very specific 

and characteristic, though quite complicated, isotopic patterns.55,56 Notably, the spectrum displays 

several signals of anions with z=3 corresponding to the association of the {Cu(II)-DV3DPA}4-
 with either 

one H+ or a TBA cation, and with or without coordinated acetate. For example, the peak at m/z 1427.63 

corresponds to {H[DV3DPA(CuII)]}3- (calc. m/z = 1427.35) (see SI for further analysis). Elemental 

analysis in agreement with the formula (TBA)4.8H0.2[P2V3W15O59(TrisDPA(CuII(OAc)] was also 

obtained, while the IR spectrum showed little variations compared to the free ligand, with essentially 

two new bands at 1572 cm-1 and 1447 cm-1, which correspond to the acetate stretching frequencies 

(Figure S5). 

Upon formation of the complex, only two peaks at -5.94 ppm and -12.62 ppm are present in the 31P 

NMR spectrum (Figure S9), somewhat shifted compared to the free ligand (-6.95 ppm and -13.04 ppm 

respectively), confirming the formation of a single new product. The dipicolylamine peaks in 1H NMR 

are much more affected, as can be expected from the coordination to a paramagnetic Cu(II) ion. Indeed, 

as can be seen Figure 3.a and Figure S10, all the aromatic signals and the N(CH2Py)2 of the free ligand, 

originally around 8 ppm and 4.3 ppm respectively, completely vanished, and are replaced by broad peaks 

with paramagnetic chemical shift at 15.30 ppm, 12.81 ppm, 12.23 ppm and -1.14ppm.  
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Figure 3: Zoom between 4 ppm and 16 ppm of the 1H NMR spectra in CD3CN of a) the freshly synthesized 

complex (TBA)4.8H0.2[DV3DPACuII(OAc)] (red), b) after evolution in the NMR tube (yellow green),  c) after 

irradiation (deep green),  d) upon reduction with 1eq. [CoCp2] (blue), e) in situ generated Cu(I) complex 

(purple). *: 1H NMR signature the of [Co(Cp)2]+ cation 

Cyclic voltammograms  of both the ligand and the complex were recorded in acetontitrile, with TBAPF6 

as supporting electrolyte.  

 

Figure 4: Cyclic voltammograms of 1.0 mmol.L−1 solution of DV3DPA (black) and [DV3DPACuII(OAc)] 5- (red) in 

CH3CN (0.1 mol.L−1 TBAPF6)  at a scan rate of 100 mV s−1.  
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In the case of the DV3DPA ligand alone, in reduction, two quasi-reversible waves at -0.090 V/SCE and -

0.452 V/SCE were observed, followed by a less well-defined process at -0.761 V/SCE (Figure 4, black 

line). This is in fair agreement with the data for a similar hybrid based on the [P2V3W15O62]
n- skeleton 

reported by Ruhlmann and coworker,57,58 in which three processes are observed at -0.11 V/SCE, -

0.48V/SCE and -0.85 V/SCE,58 and attributed to the successive one electron reduction of the three VV  

into VIV. This is also in agreement with the UV-vis signature of these reduced species (vide infra).  

 

Table 2: Electrochemical data  in V versus SCE. Half-wave potentials E1/2 = (Ep
ox + Ep

red)/2. In brackets: ΔEp= 

Ep
ox - Ep

red, in mV. 

 

*ill-defined 

In the case of the Cu(II) complex, very similar waves were present in the CV when going to negative 

potentials, and were again attributed to V-centered redox processes (table 2). Moreover, an additional 

and quite broad redox process appeared at 0.435 V/SCE when going back in oxidation which was 

attributed to a Cu(I) to Cu(II) reoxidation process. The initial wave associated with the Cu(II) to Cu(I) 

reduction is very broad and harder to assign, being already started at the resting potential of 0.34 V/SCE 

(the product has probably already been partially photoreduced from Cu(II) to Cu(I) during the 

preparation of the experiment, vide infra). Indeed, when a second cycle was recorded in the same CV 

(Figure S11), a broad reduction wave starts at 0.46V/SCE and is merged with the foot of the first V(V) 

reduction wave. The lack of electrochemical reversibility of this process is quite common for copper 

complexes and relates to a change of preferred geometries and ligand affinity between Cu(I) and Cu(II). 

These attributions were further confirmed by spectroelectrochemical studies performed on the complex. 

Upon stepwise reduction of the [DV3DPACuII(OAc)]5- at more and more negative potentials, from 0.2 

V/SCE down to -1.5 V/SCE, various new signatures were observed (Figure S12). The first reduction 

process, associated with an electrolysis at about 0V/SCE corresponds to a progressive disappearance of 

the very weak transition at 690 nm associated with the Cu(II) d-d transition, and the appearance of an 

isobestic point at 575 nm. This is in agreement with a first process corresponding to a reduction of Cu(II) 

to Cu(I).  

This was followed by a second evolution when setting the potential at -0.4 V/SCE, where a very broad 

and panchromatic (from 400nm up to 1200nm) absorption did grow, associated with the detection of a 

second isosbestic point at 455 nm. Upon going to more negative potential (-0.9 V/SCE, behind the third 

Product 
 Cu(II)/Cu(I) 

 Successive V(V)/V(IV) reduction waves 

 1
st
  2

nd
  3

rd
 

 Ep
ox Ep

red E1/2  Ep
ox Ep

red E1/2  Ep
ox Ep

red E1/2  Ep
ox Ep

red E1/2 

DV3DPA 
- - - -0.044 -0.136 -0.090 

(92) 

 -0.328 -0.576 -0.452 

(148) 

 -0.640 -0.882 -0.761 

(242) 

DV3DPA 

{Cu(OAc

)} 

0.435 * - -0.035 -0.145 -0.090 

(90) 

-0.321 -0.461 -0.391 

(140) 

-0.634 -0.850 -0.742 

(216) 
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reduction wave), a new signature arose with changes in the intensity more centered between 600 nm and 

900 nm, and these changes were associated with the apparition of another isosbestic point at 423 nm. 

Finally, a new species was generated when fixing the potential at -1.5 V/SCE, with essentially a growth 

around 500nm. Regarding these last three successive processes, reduction could either occur at the W 

or V centers. However, the first W(VI) to W(V) reduction in Dawson POMs is classically associated 

with a broad absorption growth around 850 nm having ε values of several hundreds to few thousand, 

while the second W(VI) to W(V) reduction leads to a new band arising around 700 nm, with ε values of 

a few thousand.22,49 Thus, the UV-vis signatures of the 2nd, 3rd and 4th reduced species can only be 

attributed to the successive one electron reductions of the 3 V(V) centers of the POM skeleton into 

V(IV), and support the attribution proposed for the cyclic voltammetry experiment.  

To gain insight into the nature of the species observed by electrochemistry, DFT calculations were 

undertaken. Considering a DFT-model consisting of [DV3DPACu(OAc)]5- surrounded by 5 

trimethylammoniun (TMA) cations, the structures of the putative species were subjected to geometry 

optimization and their electronic properties were investigated. The optimized geometry of 

{(TMA)5[DV3DPACu(OAc)]} showed several close contacts between one TMA and the oxygen atoms of 

the POM (Figure S13). Electronic structure calculations provided a singly occupied molecular orbital 

(SOMO, Figure 5a) that is a metal-based orbital while the spin density was found localized at the copper 

center using Mülliken population analysis (Figure S14a). These data were consistent with the presence 

of a Cu(II)-POM complex having a doublet (S=1/2) ground spin state. Geometry optimization of the 

one-electron reduced species {(TMA)5[DV3DPACu(OAc)]}- was performed and the resulting structure 

also displayed close contacts between one TMA and two oxygens from the POM which is likely to have 

some implications on the electronic structure upon further reduction of the system (Figure S15). The 

calculated electronic structure supported a metal-based reduction process with the copper center being 

the reduction locus, leading a Cu(I) complex with a singlet ground spin state (S=0). Looking at the 

frontier orbitals of {(TMA)5[DV3DPACu(OAc)]}- (Figure 5b), we observed that the doubly occupied 

molecular orbital (DOMO) is metal-based and distributed on the copper center consistent with the 

formation of the Cu(I) species. Interestingly, the lowest unoccupied orbital (LUMO, Figure 5c) is 

delocalized on the V centers, which are in close contact to a TMA cation. This implied that the next 

reduction was likely to occur at the vanadium centers. To further support this assumption, we optimized 

the doubly-reduced species {(TMA)5[DV3DPACu(OAc)]}2- (Figure S16) and analyzed its electronic 

structure. The geometry of the direduced species still displayed close contacts between the same TMA 

and oxygens from the POM.  Interestingly, the SOMO of this doubly-reduced species is metal based and 

the spin density is localized mainly at a single vanadium center, the one opposite to the interacting TMA 

(Figures 5d and S14b). This is in agreement with the 8-line hyperfine pattern observed in EPR for the 

bi-reduced species, which suggested a localized reduction on one V center only. 

{(TMA)5[DV3DPACu(OAc)]}2-  is thus best described as a Cu(I) complex attached to a POM having one 
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V(IV) center, which is in favor of a POM-based second reduction process presenting a doublet ground 

spin state (S=1/2). Our DFT findings are thus in good agreement with the experimenta l observations 

and help to support the previous assignment of the redox processes. 

The computational data were also in line with previous studies in the literature that suggested a net effect 

of the counterions on the structure, properties and reactivity of POM systems.59 To further corroborate 

the influence of the counterion, especially on the electronic structure, we performed additional 

computations using two extra DFT-models having either 5 Na+ or (4 Na+ and 1 TMA+) counter-ions 

(Table S1). The models were considered upon one-electron reduction and the relative stability of all 

possible spin states were calculated. When examining these data, we can observe that the optimized 

structure of {Na5[DV3DPACu(OAc)]}- (Figure S17) displayed no close contact between the Na and the 

POM while that of {Na4(TMA)[DV3DPACu(OAc)]}- (Figure S18) featured two interactions between the 

TMA and the oxygens from the POM. It is worth mentioning that the positioning of the TMA in 

{Na4(TMA)[DV3DPACu(OAc)]}-
 is slightly different compared to {(TMA)5[DV3DPACu(OAc)]}- leading to 

less interactions with the POM oxygens for the former. Such structural features are reflected in the spin 

state energetics: for both monoreduced {Na5[DV3DPACu(OAc)]}- and {Na4(TMA)[DV3DPACu(OAc)]}-
 the 

open-shell singlets resulting from the interaction between a Cu(II) center with a V(IV) center formed 

upon POM-based first reduction are the most stable spin configurations while for 

{(TMA)5[DV3DPACu(OAc)]}-, we showed that the singlet due to the formation of the Cu(I) species for 

the first reduction was the ground spin state. Interestingly, the energy separation between the open-shell 

singlet and the close shell singlet is decreased by 4 kcal.mol-1 when including only 1 TMA in the 

surrounding of the system which highlights the effect of the interactions between the POM and the 

counterion on the electronic structure. The nature of the counterion that compensates for the negative 

charge of the Cu-POM complex thus tunes the ground spin state of the system as well as the reduction 

locus. Moreover, the influence of the counterion on the reduction locus strongly suggest that the first 

reduction process is very sensitive to the environment, which is in agreement with the electrochemical 

data and more specifically in line with the overlap of the first reduction wave (Cu-centered) with the 

second one (V-centered). 
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Figure 5: Frontier orbitals: a) SOMO of {(TMA)5[DV3DPACu(OAc)]}, b) DOMO (HOMO) and c) LUMO of 

{(TMA)5[DV3DPACu(OAc)]}- and d) SOMO of {(TMA)5[DV3DPACu(OAc)]}2-.  

 

Photoreduction of the complex: 

As shown in Figures 3, S19 and S20, an evolution of the NMR signatures is observed with time. While 

two peaks are observed at -6.89 ppm and -12.99 pm by 31P NMR spectroscopy for a freshly prepared 

solution of the anion [DV3DPACu(OAc)]5- (Figure S19), confirming the presence initially of a single 

species, the appearance of a new set of signals both in 31P NMR and in the aromatic region (6-9 ppm) 

of the 1H NMR spectrum of an aged solution indicates an evolution of the solution toward the formation 

of a diamagnetic species (Figure 3.b). As some POMs (e.g. decatungstate, some Dawson 

polyoxotungstates or some polyoxovanadates…) are known to possess photoredox properties,15,60–62 we 

wondered if these new features could originate from a partial reduction of the copper center due to an 

electron transfer from a photoreduced POM to the Cu(II) moiety. Indeed, when irradiating the NMR 

tube with a more powerful light source (with  > 385 nm), full conversion of the Cu(II)-complex into a 

diamagnetic species was observed within 60 minutes (Figure 3.c). Moreover, the addition of one 
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equivalent of cobaltocene as a chemical reducing agent into a freshly prepared solution of the 

[DV3DPA(CuII(OAc))]5- anion resulted in the same 1H NMR (Figure 3.d) and 
31P NMR signatures (Figure 

S19.e), thus confirming the reduction of the complex from paramagnetic Cu(II) to diamagnetic Cu(I). A 

very similar Cu(I) complex was also generated in situ by the addition, under inert atmosphere, of 1 eq. 

of [Cu(NCMe)4]PF6 on the DV3DPA ligand in a NMR tube (Figure 3.e).  

The addition of a second equivalent of cobaltocene led to the disappearance of the two peaks in 31P 

NMR, while the 1H NMR showed a slight shift of the peak in the aromatic region, with some line 

broadening (Figures S19f and S20f) in agreement with a reduction occurring on one of the VV of the 

polyoxometalate framework. 

 

Figure 6: Evolution of the UV-vis signature of a 0.2 mM solution of [DV3DPACuII(OAc)]5- in acetonitrile upon 

visible light irradiation. A. During the first hour of irradiation; B. for the following 26h. Arrows highlight the 

successive changes of species associated with photoreduction of the complex by 1  (0-1h), 2 (from 1h-2h) or 3 

electrons (2h to 26h). 

This photoreduction process was followed by UV-vis spectroscopy. Upon visible-light irradiation of the 

[DV3DPACuII(OAc)]5- anion in acetonitrile, a global evolution reminiscent to that of the 

spectroelectrochemistry experiment was observed. The slight difference in the two evolution profiles 

probably resulted from different solvation effects of the electrolyte (spectroelectrochemistry) compared 

to pure acetonitrile (photochemistry). In a first step, the band at 690 nm, assigned to the Cu(II) d-d 

transition, progressively decreased, in agreement with the reduction of Cu(II) to Cu(I) and the formation 

of the diamagnetic complex observed by NMR (Figure 6A). In the same time, we observed an increase 

around 550nm, and a first isosbestic point at 609 nm. Longer irradiation, over about one hour, led to a 

second process (red to green evolution, Figure 6B) where the absorption at 550 nm remained constant 

while an overall though modest increase from 600 nm to 1200nm appeared. An isobestic point at 480 

nm is associated with this change of species, corresponding to the generation of the 2-electrons reduced 

form. Finally, upon continuous irradiation up to 2h, conversion to a fourth species, i.e. the 3 electron-

reduced species, was observed with the appearance of a new isosbestic point occurring this time at 

442nm and associated with a significant increase of the absorption around 700 nm. 
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This photoreduction was also followed by X-band EPR spectroscopy, freezing the sample in acetonitrile 

down to 30K. The spectrum of the [DV3DPACuII(OAc)]5- anion can be reasonably simulated (Figure S21) 

with a rhombic g-matrix (gx=2.240, gy=2.105, gz=2.020) with an hyperfine coupling Ax of 490 MHz 

only detectable on the highest g-value, which is in agreement with a five coordinated Cu(II) ion in an 

intermediate geometry between bipyramid trigonal and square planar.63,64 The DFT-computed EPR 

parameters (gmax = 2.231, gmid = 2.077, gmin = 2.057) obtained with the optimized structure of 

{(TMA)5[DV3DPACu(OAc)]} agreed well with the experimental values, supporting the presence of an 

open-shell Cu(II) center leading to a doublet ground spin state for this species (Table S2).   

Upon irradiation of the sample, a diminution of the Cu(II) signal was observed, while in the meantime 

a new pattern appeared, associated with an axial S=1/2, I=7/2 spin system with (g ⊥=1.97, A ⊥=180 MHz) 

and (g//= 1.92, A//=500MHz), characteristic of the formation of an axial V(IV) species65,66 (Figure S22). 

The calculated EPR parameters (gmax = 1.983, gmid = 1.982, gmin = 1.964) obtained with the optimized 

structure of {(TMA)5[DV3DPACu(OAc)]}2- are consistent with the experimental data, demonstrating that 

the electronic structure of the direduced species is assigned to doublet ground spin state originating from 

a Cu(I) center attached to the POM having a V(IV) center carrying the unpaired electron (Table S3).

   

The combination of the NMR, UV-vis and EPR analyses strengthened by the DFT calculations clearly 

showed that upon irradiation, [DV3DPA{CuII(OAc)]5- was successively photoreduced by up to three 

electrons, with a first Cu(II) to Cu(I) reduction process followed by two vanadium-centered processes. 

Although electrochemical storage of numerous electrons is well known in polyoxometalates chemistry,67 

photoaccumulation of two charges has seldom been observed22,60 and, to the best of our knowledge, 

three-electron visible light photoreduction of a POM-hybrid has been described only once, very recently, 

using a POM functionalized with photosensitizers.23 At this stage, the source of the electron donor has 

not been identified: adding isopropanol as a sacrificial electron donor allows for the detection on the 1H 

NMR spectrum of a small amount of acetone, whose integration corresponds only to a small part of the 

electrons required to reduce the POM with one electron. Other alternative sources, as proposed in the 

literature, could be the solvent49 or the TBA cations.68 A latter possibility could have been oxidation of 

the -CCH2O-V linkage of the tethering group as Vanadium(V)-alcoholate are prone to get oxidize into 

V(IV)-aldehyde. However, the latter is excluded by 1H NMR analysis after catalysis: the spectrum 

clearly displayed both methylene bridges at 5.7 ppm and 4.3 ppm, with a 3/2 integration between them, 

and the corresponding pyridine peaks, attesting that the hybrid POM is intact. 

Photochemical CF3-radical generation 

Owing to its photoreducing abilities, [DV3DPACuII(OAc)]5- is a natural candidate for photocatalytic 

studies were the copper(I) state could transfer its electron to a valuable substrate. In line with 

MacMillan’s work,36 reduction of « CF3
+ » sources like Togni or Umemoto reagents into trifluoromethyl 
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radical and its catalytic incorporation onto substrate was explored. Visible light irradiation of a mixture 

of Togni (II) reagent (2eq.) and the [DV3DPA{CuII(OAc)]5- anion (1eq.) in the presence of TEMPO radical 

(2,2,6,6-tetramethylpiperidine-N-oxyl radical) as a CF3-radical trap led, as monitored by 19F NMR, to 

the disappearance of the Togni (II) signal at 37.5 ppm and the apparition of a single peak at =-55.7 

ppm characteristic of the TEMPO-CF3 adduct (Figure S23),69 while no reaction occurred in the dark. 

Following the same reaction by EPR, the starting solution displayed initially the triplet signal of TEMPO 

at g = 2 as the only observable signature. The latter progressively decreased upon irradiation, following 

the conversion of TEMPO to TEMPO-CF3, and was replaced by the signature of the 

[DV3DPA{CuII(OAc)]5- anion (Figure S24). Further irradiation led, as previously observed, to the decrease 

of the Cu(II) signature and the progressive appearance of the V(IV) signal, indicating that the POM did 

retain its integrity. The obvious next step was thus to study the catalytic ability of this hybrid POM to 

photogenerate CF3-radicals.  

Indeed, when using only 5 mol% of POM for the same reaction, evolution of the 19F NMR clearly 

indicated the full consumption of Togni (II) and TEMPO reagents and their conversion into TEMPO-

CF3 within 8 hours (Figure 7). When the same reaction was performed in the presence of the triester53 

[P2V3W15059((OCH2)3CCH3)]
6- DV3Me as a substitute for the hybrid POM, almost no reaction occurred. 

Furthermore, adding Cu(OAc)2 and DPA to the latter reaction medium only allowed for the formation 

of ca. 15% TEMPO-CF3 after 8 hours. This last experiment stresses the importance of the covalent link 

between the POM and the Cu-moiety, that allows for synergy between the photoactive POM skeleton 

and the copper ion and thus improves efficiency. Indeed, according to the cyclic voltammetry studies, 

the clear overlap between the Cu(II)/Cu(I) and first V(V)/V(IV) redox processes in the hybrid is in 

favour of electronic delocalization between the two moieties. Moreover, the counter ion effect observed 

with DFT calculations clearly suggested that the location of the photoreduction is very sensitive to the 

environment, and that the resulting electron on the POM can easily be injected in the copper upon CF3
+ 

approach. Such a delocalization cannot occur in the multi-molecular approach. 
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Figure 7 : Evolution of the conversion of Togni reagent ito TEMPOCF3 followed by 19FNMR in the presence of 

[DV3DPA{CuII(OAc)]5- anion (black), DV3DPA (red), DV3Me (bright green), and DV3Me with the mixture of Cu(OAc)2 

and DPA (green) 

When 20 more equivalent of Togni and TEMPO reactants were added after catalysis, upon irradiation, 

full conversion to TEMPOCF3 was again observed. This confirmed that the catalyst remains intact after 

the first cycle. 

As no lag time is observed in the catalysis, and since the reduction of “CF3
+” to CF3-radical only requires 

1 electron, it is likely that as soon as the [DV3DPA{CuII(OAc)]5- anion is photo-reduced by 1 electron to 

generate H[DV3DPA{CuI(OAc)]5- the latter reacts with Togni reagent to generate the radical and 

Ph(I)COOH and the reoxidized Cu(II). The radical is then trapped to TEMPO to give TEMPO-CF3 and 

the cycle repeats (scheme 2). 
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Scheme 2: proposed mechanistic cycle for the trifluoromethylation reaction, using isopropanol as electron source  

 

Conclusion 

In this work, we have described the grafting of a Cu(II)-DPA complex on the surface of a mixed V/W 

Dawson type anion using a modified Tris as a linker bearing a coordination site. This compound has 

proven to be quite sensitive to light, and is able to store up to 3 electrons upon visible light irradiation.  

Most notably, although the photoredox properties are associated with the POM skeleton, the first 

reducing equivalent is stored on the grafted complex. This was confirmed by photophysical studies 

together with DFT calculations. The latter, however, displayed the major role of the counter-ion in 

orienting the reduction process, as small ions like Na+, susceptible to come closer to the POM surface, 

favored a first reduction on the vanadium triad, presumably due to a pronounced electrostatic interaction, 

whereas calculation with larger alkylammonium led to the experimentally observed Cu- centered redox 

process. The latter opens the road to Cu-centered reactivity. As a proof of concept, the photoreduced 

POM was used to catalytically photoreduce Togni’s reagent, the generated CF3 radical being trapped 

with TEMPO. The presence of a covalent link between the POM skeleton and the complex clearly 

improves the efficiency of the system compared to the bimolecular approach, and its reactivity toward 

more valuable substrates is underway. Moreover, owing to the high modularity of the system, where a 

large array of Nitrogen-based coordination centers, including chiral ligands, could easily be 

implemented, together with the possible variation on the nature of metal center, this system will be 

applied to a wide range of applications in the field of photocatalysis, trying to make use of all the 

electrons stored on the hybrid POM. 
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Synthesis protocoles, IR, NMR, UV-Vis, MS and EPR spectra, together with simulation when 

appropriate, cyclic voltammograms, X-ray diffractions results, and DFT calculations, including energies 

for frontier molecular orbitals, and Cartesian coordinates are provided in the SI.  
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EXPERIMENTAL SECTION 

Materials and general procedures. 

Chemicals and solvents were obtained from Aldrich or Acros. When appropriate, the solvents were dried 

using solvent purification systems or by distillation under nitrogen from appropriate drying agents and 

degassed by several freeze−pump−thaw cycles. 

1H (400 MHz) and 31P (121.5 MHz) NMR spectra were recorded on a Bruker Avance III Nanobay 400 

MHz spectrometer equipped with a BBFO probehead. Chemical shifts are quoted as parts per million 

(ppm) relative to tetramethylsilane using the solvent signals as a secondary standard for 1H and relative 

to 85% H3PO4 for 31P (s, singlet; d, doublet; t, triplet; sex, sextet; m, multiplet), and coupling constants 

(J) are quoted in hertz (Hz). The IR spectrum of the powder was recorded from a KBr pellet on a Jasco 

FT/IR 4100 spectrometer. Elemental analyses were performed at the Institut des Sciences Analytiques, 

Villeurbanne, France. High-resolution ESI-MS spectra were recorded using an LTQ Orbitrap hybrid 

mass spectrometer (Thermofisher Scientific, Bremen, Germany) equipped with an external ESI source 

operated in the negative-ion mode. Spray conditions typically included a spray voltage of 3 kV, a 

capillary temperature maintained at 280 °C, a capillary voltage of −30 V, and a tube lens offset of −90 

V. Sample solutions in CH3CN (10 pmol.μL−1) were infused into the ESI source by using a syringe 

pump at a flow rate of 180 μ.h−1. MS spectra were acquired with the Orbitrap analyzer with a theoretical 

mass resolving power (Rp) of 100000 at m/z 400, after ion accumulation to a target value of 105 and a 

range detection from m/z 300 to 2000. All data were acquired using external calibration with a mixture 

of caffeine, a MRFA peptide, and Ultramark 1600 dissolved in Milli-Q water/HPLC-grade CH3CN 

(50/50, v/v). Cyclic voltammetry was performed in a three-electrode cell, with a glassy carbon working 

electrode, a platinum counter electrode, and an aqueous saturated calomel electrode (SCE) equipped 

with a double junction. Spectroelectrochemical studies were conducted in a cell using carbon foam as 

working electrode and equipped with a Hellma UV−vis immersion probe. UV−visible spectra were 

recorded at 20°C on a CARY 5000 spectrometer equipped with a Peltier thermostating system. 

Irradiation was carried out with a 300 W ozone-free Xe lamp (Newport) operated at 280 W and mounted 

with a water-filled Newport 61945 liquid filter for elimination of IR (λ> 800 nm) irradiation and 
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Newport 10CGA-385 cut-off filter (λ < 385 nm). The power density measured at 450 nm using a 

Newport 843-R powermeter coupled to a Newport 818-UV photodiode was 110 µW.cm-2. 

X-band EPR spectra were recorded under non-saturating conditions on a Bruker Elexsys 500 

spectrometer equipped with an Oxford Instrument continuous-flow liquid helium cryostat and a 

temperature control system. Simulations of EPR spectra were performed using the Easy Spin Pepper 

program.70 

X-ray diffraction measurements: A single crystal of each compound was selected, mounted onto a 

cryoloop, and transferred in a cold nitrogen gas stream of an Oxford Cryostream. Intensity data were 

collected with a BRUKER Kappa-APEXII diffractometer with either graphite-monochromated Mo-Kα 

radiation (λ = 0.71073 Å) for DV3DPA or microfocused Cu-Kα radiation (λ = 1.54178 Å) for 

H3TrisDPA. Data collection were performed with APEX2 or 3 suite (BRUKER). Unit-cell parameters 

refinement, integration and data reduction were carried out with SAINT program (BRUKER). SADABS 

(BRUKER) was used for scaling and multi-scan absorption corrections.  

Crystal structure determination: For DV3DPA, In the Olex2 suite ,71 the structure was solved with 

SHELXT-14  program and refined by full-matrix least-squares methods using SHELXL-14 . Fourier 

difference maps were used to locate secondary atoms positions. TBA cations are highly disordered and 

it was not possible, with this quite low-quality dataset, to locate neither all cations nor all atoms of 

cations. Geometrical restraints or constraints were applied on distances and a few ones also on angles. 

Almost all cations are restrained with SIMU/RIGU commands to allow partial anisotropic refinement. 

A model of disorder was also introduced for pyridine moieties as we were not able to identify one 

specific position for nitrogen atom. We decided not to introduce geometrical restraints on the hybrid-

POM moiety.  

For H3TrisDPA :The structure was solved with SHELXT272 and refined anisotropically by full-matrix 

least-squares methods with SHELXL73 using WinGX.  

CCDC 2218347 (DV3DPA) and 2206292(H3TrisDPA) contain the supplementary crystallographic data 

for this paper. The data can be obtained free of charge from The Cambridge Crystallographic Data 

Centre via www.ccdc.cam.ac.uk/structures. 

 

DFT calculations: 

All calculations were performed using the ORCA program package.74 To facilitate comparisons 

between theory and experiments, the X-ray crystal structure of DV3DPA was used as a starting point to 

construct our DV3DPA{Cu(OAc)} models. We have chosen to work with three  different models 

consisting in the DV3DPA{Cu(OAc)} complex surrounded by either 5 Na, 4 Na and one 
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trimethylammonium (TMA) or 5 TMA cations to evaluate the effect of the counterion nature onto the 

electronic structure of the resulting complexes. Full geometry optimizations were carried out for all 

complexes using the GGA functional BP86 75,75,76 by taking advantage of the resolution of the identity 

(RI) approximation in the Split-RI-J variant 77 with the appropriate Coulomb fitting sets.78 The def2-

TZV/P basis set79 was set for the copper complex, while the def2-SVP basis set80 was applied to 

DV3DPA and its surrounding cations. Increased integration grids (Grid4 in ORCA convention) and tight 

SCF convergence criteria were used. Dispersion correction was applied according to the method 

developed by Grimmer with the Becke-Johnson damping scheme (D3BJ).81,82 Electronic structures 

were obtained from single-point DFT calculations using the hybrid functional B3LYP 83,84 together 

with the def2-TZVP-(f) basis set. All possible spin configurations were probed from single-point 

Broken-Symmetry DFT calculations85,86,87 generated with the “FlipSpin” feature of ORCA and using 

the hybrid functional B3LYP together with the def2-TZVP basis set. For accordance to the experimental 

conditions, calculations were performed in acetonitrile solvent by invoking the Control of the 

Conductor-like Polarizable Continuum Model (CPCM).88 EPR parameters, namely g-tensors, for the 

copper center were obtained from additional single-point calculations using the PBE0 functional.89 The 

aug-cc-pVTZ-Jmod basis set was applied for the metal center following a protocol recently published 

by our group.90 Scalar relativistic effects were included using the zeroth-order regular approximation 

(ZORA) Hamiltonian91,92 with the SARC def2-TZVP(-f) basis sets93,94 and the decontracted def2-

TZVP/J Coulomb fitting basis sets for all remaining atoms. For the vanadium centre, g-tensor 

calculations were performed using the B3LYP functional together with the def2-TZVP basis set. Spin 

density plots and molecular orbitals were generated using the orca plot utility program and were 

visualized with the Chemcraft program. 

 

Further information on the synthesis and characterization of all compounds, together with additional 

reactivity and DFT results are displayed in the supporting information.   
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