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Scheme 5. DFT computed P-P bond cleavage energy of the diphosphine 11a and 
subsequent energy strain released in each radical fragment. 
 
These calculations indicate that the experimentally observed P-P bond elongation 
of 0.1 Å corresponds to a decrease of the P-P bond strenght of only 4 kJ.mol-1 and 
therefore cannot explain the easy dissociation. Although that during the P-P bond 
cleavage the S1 steric repulsions are released (see Scheme 4), the splitting of 11a 
remains still endothermic (96 kJ.mol-1 according to calculations). However, after 
dissociation the conformation change of the (-CH(TMS)2) ligands from syn, anti 
to syn, syn in the resulting fragments cancel the important steric strains S2 and S3 
(see scheme 4). According to calculations, the energy release during this process 
is 67 kJ.mol-1 per PR2 fragment (135 kJ.mol-1 per dimer) compensating largely the 
energy cost for the P-P cleavage (see Scheme 5). In consequence, the bulky but 
flexible (-CH(TMS)2) ligands in 11a behave as energy reservoirs and can be 
compared to springs.  
Whereas the radical 10a has not been further studied, its derivative 10b 
.P[N(TMS)2][NiPr2] displays a behavior similar to 9 (Scheme 6).[11] The 
corresponding dimers 11b (rac- and meso- diastereoisomers) were directly made 
from the chlorophosphine 8b by reduction with K/C8. The latters undergoe 
reversible cleavage to the radical 10b upon warming a hexane solution of 11b 
(Scheme 6). 
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Scheme 6. Preparation of the radical 10b and the diphosphines 11b. 

 
Interestingly, when the dimers 11b are reacted with white phosphorus in toluene 
at reflux, the products 12-rac/meso are formed together in 63% yield.[12] It was 
proposed that the radical 10b is an intermediate generated during the reaction 
which consequently reacts with white phosphorus (Scheme 7) 
 

 
Scheme 7. Reaction between 11b-rac/meso and P4. 
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In conclusion, these results clearly outline the high propensity of phosphinyl 
radicals to dimerize in the solid state even in the presence of bulky substituents. 
This tendency is so strong that the strain energy accumulated in the molecule is 
even higher that the P-P bond dissociation energy. It appears therefore that kinetic 
protection strategy is not efficient enough for the stabilization of phosphinyl 
radicals. For this reason, the first synthesis of a stable phosphinyl radical avoiding 
the dimerization in the solid state was possible thanks mainly to thermodynamic 
stabilization. 
 
3.2.2) Transition metal stabilization of phosphinyl radicals 
 
 It was only in 2007 that the first example of a phosphinyl radical stable in 
the solid state (the already mentioned compound 5) was reported by Cummins et 
al.[4]  In order to achieve this goal, the author took advantage of the electronic 
stabilization afforded by transition metals. Indeed, on the contrary to main group 
elements, transition metals are susceptible to undergo one-electron redox process. 
Thus, the radical 5 was prepared smoothly by one-electron reduction of the 
chlorophosphine precursor 13 bearing the metalloligand NV[N(Np)Ar]3 using 
potassium graphite (K/C8) (Np = neopentyl, Ar = 3,5-Me2C6H3) (Scheme 8). 
 
 

 
Scheme 8. Preparation of the stable radical 5 bearing the metalloligand 
NV[N(Np)Ar]3 (Np = neopentyl, Ar = 3,5-Me2C6H3). 
 
Compound 5 is stable at room temperature both in solution and in the solid state 
allowing its complete characterization. The room temperature solution EPR 
spectrum of 5 displays a complex splitting pattern due to the hyperfine coupling 
with the 31P nucleus (I =1/2, 100%, a(31P) = 42.5 G) and the hyperfine coupling 
with the two equivalent 51V nuclei (I = 7/2, 99.75%, a(51V) = 23.8 G). The 
hyperfine coupling constant with the phosphorus nucleus is only half of the one 
observed for radicals 9 and 10a suggesting a significantly reduced spin density at 
the phosphorus center. The observed hyperfine coupling constant with the 
vanadium nuclei is also small in comparison with the ones reported for 
[V(NMe2)4]

. (65 G) or for [V(NEt2)4]
. (66 G).[13] All together these results suggest 

clearly a significant delocalization of the spin density over the two vanadium and 
the phosphorus atoms. To gain more insight into the electronic situation in 
compound 5, calculations were performed on the model system 5’ 
[P{NV(N(Me)Ph]3}2]..  
The calculations indicate that the SOMO in 5’ is mainly constituted of the 
phosphorus 3py orbital (31.30%) and the vanadium 3dxy and 3dx²-y² orbitals 
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(39.49% and 8.33% respectively over the two vanadium atoms) (See figure 2). 
Therefore, the calculations are in agreement with a significant delocalization of 
the single electron from the phosphorus center to the vanadium atoms as 
illustrated by the resonance structures depicted in Scheme 1. 

 
Figure 2. Calculated SOMO of the model radical 5’ showing the delocalization of 
the spin density over the vanadium and phosphorus centers (adapted from ref. 4). 
 
 In the solid state, the NPN bond angle of 5 is 110.9° and importantly the 
P-N bonds (average 1.62 Å) are shorter than a regular P-N single bond (1.77 
Å).[14] This last geometrical parameter is in agreement with the delocalization of 
the radical over the vanadium centers increasing the P-N bond order (see 
resonance structures in Scheme 1). Importantly, reactivity studies showed that on 
the contrary to the bulky phosphinyl radical .P[N(TMS)2][NiPr2] 10b,[11-12] 
compound 5 is not able to activate P4. Also no reaction was observed with the 
common H-atom sources nBu3SnH, nBu2SnH2 and [(η5-C5H5)(CO)3MoH]. This 
lack of reactivity is attributed to the reduced spin density at the phosphorus center 
in the radical 5. 
Therefore, the use of metalloligands to stabilize thermodynamically the 
phosphinyl radical proves to be efficient enough to prevent dimerization in the 
solid state. This is mainly due to a significantly reduced spin density at the 
phosphorus center. Also, the steric shielding provided by the bulky metalloligands 
around the phosphorus center may account as well for the stability of 5. As a 
consequence of the important radical delocalization some concern may be raised 
about the phosphinyl nature of 5 which can alternatively be viewed as a mixed 
valence vanadium (IV/V) system bridged by a NPN ligand (Scheme 9). 
 

 
 

Scheme 9. Two possible descriptions of the compound 5: on the left a phosphinyl 
radical, on the right a mixed valence complex vanadium (IV/V). 
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 To summerize, two different ways have been used for the stabilization of 
phosphinyl radicals: kinetic protection and electronic stabilization. In the first 
case, the radicals display an important spin density at the phosphorus center and 
are highly persistent. However, despite steric hindrance around the phosphorus 
center, they readily dimerize in the solid state. In the second case, electronic 
stabilization along with steric protection offered by the vanadium metalloligands 
allowed the phosphorus radical to be stable even in the solid state. However, EPR 
as well as computational analysis revealed a significant decrease of the spin 
density at the phosphorus center. For the latter, one of the main consequence is its 
lack of reactivity. 
 

3.3) Polarized phosphaalkenes as precursors for the synthesis of 

phosphinyl radicals 

 
The previously discussed neutral radicals were prepared by the one-

electron reduction of the corresponding chlorophosphines. It will be shown in this 
section that some neutral phosphaalkenes can also be suitable precursors of 
phosphorus radicals. In fact, by choosing carefully the substituents of the 
phosphaalkene, the polarity of the latter can be modified. In consequence, it is 
possible to generate the corresponding radical cation or radical anion respectively 
by one-electron oxidation or one-electron reduction of the phosphaalkene. In 
addition, the generated radicals are persistent in solution allowing their 
characterization. Moreover, EPR and computational analysis indicate that these 
phosphorus radicals feature an important phosphinyl character. 
 

3.3.1) Reduction of phosphaalkenes containing an electron-deficient 

phosphorus center  

 
In 1997, Geoffroy et al. generated and characterized the radical anions 15a and 
15b obtained by the one-electron reduction of the respective phosphaalkenes 14a 
and 14b.[15] These phosphaalkenes can be prepared easily in two steps starting 
from cyclopentadienide or fluorenide lithium respectively (Scheme 10).[16] 
Due to the incorporation of the phosphaalkenic carbon into the cyclopentadiene or 
the fluorene ring in 14a or 14b, respectively, the phosphorus center in each 
compound is electron-deficient as outlined by the resonance forms depicted in 
scheme 11. 
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Scheme 10. Preparation of the phosphalkenes 14a and 14b. 
 
This is also confirmed by the cyclic voltammetries carried out for both species in 
THF at room temperature. Indeed, 14a and 14b undergo a reversible one-electron 
reduction at E1/2 = -1.339 V and E1/2 = -1.494 V, respectively (vs saturated 
calomel electrode (SCE)). These potentials are significantly higher than the 
previously reported reduction potential for the “typical” phosphaalkene 14c (see 
scheme 11) featuring a phenyl substituent at the phosphaalkenic carbon (E1/2 = -
1.980 V vs SCE).[17] 
 

 
 

Scheme 11. Resonance structures of the phosphaalkenes 14a and 14b (Mes* = 
2,4,6-tri-tert-butylphenyl). 
 
These results clearly indicate that it is easier to reduce 14a or 14b than 14c in 
agreement with the more electrodeficient phosphorus center in the two 
phosphafulvenes. The radical anions 15a and 15b were then generated by 
electrochemical reduction of 14a and 14b in THF or by reduction with a 
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potassium mirror in THF (only for 14a) (Scheme 12). The EPR spectra recorded 
in solution were similar in both cases. In the room temperature measurement, each 
spectrum displays a large splitting due to the isotropic hyperfine coupling with the 
31P nucleus. The measured hyperfine coupling constants (15a: a(31P) = 90 G, g = 
2.0039 and 15b: a(31P) = 79 G, g = 2.0059) are in the range of the corresponding 
values observed for other persistent neutral phosphinyl radicals (a(31P) = 63-100 
G).[6] Moreover, the frozen solution EPR spectra show that in each case the 
hyperfine coupling tensor displays axial symmetry with a large parallel hyperfine 
splitting and a small perpendicular component (15a: A║(31P) = 250 G, A┴(31P) = 
10 G, g║ = 2.0018, g┴ = 2.005; 15b: A║(31P) = 218 G, A┴(31P) = 8 G, g║ = 2.003, 
g┴ = 2.0104). According to these results, the SOMO is mainly composed of a 
phosphorus 3p orbital (15a: 61 % and 15b: 53%) with a little contribution of the 
3s orbital (15a: 2 % and 15b: 2%). Also, according to calculations the remaining 
spin density is localized on the cyclopentadienyl substituent in 15a and on the 
fluorenyl substituent in 15b. Therefore, similar to the species 9 and 10a, the spin 
density for 15a and 15b is mainly localized on the phosphorus center suggesting 
that these species can actually be described as phosphinyl radicals featuring a 
cyclopentadienide or a fluorenide substituent respectively (scheme 12). 
 

 
 
Scheme 12. Preparation of the phosphinyl radical anions 15a and 15b. 

 
A similar strategy has been employed by Yoshifuji et al. two years later for the 
synthesis of the persistent radical 17 obtained by the reduction of the para-
phosphaquinone 16.[18] 
The phosphaquinone was prepared readily from 2,6-di-tert-butyl-4-iodophenol 
and dichlorosupermesitylphosphine according to Scheme 13. 
 
 

 
Scheme 13. Preparation of the para-phosphaquinone 16. 
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The cyclic voltammetry measured for 16 in THF indicated that the latter 
undergoes a reversible one-electron reduction at E1/2 = -1.43 V (vs Ag+/Ag). The 
corresponding reduction of 16 was then carried out chemically using sodium as a 
reducing agent which afforded the persistent radical anion 17 (Scheme 14).  
 

 
Scheme 14. One-electron reduction of the phosphaquinone 16 affording the 
phosphinyl radical anion 17. 

 
According to EPR analysis, the radical 17 displays a large hyperfine coupling 
with the 31P nucleus (a(31P) = 93 G, g = 2.0069). Moreover, the frozen solution 
EPR spectrum shows that the 31P hyperfine coupling tensor displays axial 
symmetry and also exhibits a large parallel hyperfine splitting and a small 
perpendicular component, indicative of a pronounced spin density on the 
phosphorus center (gxx = 2.0094, gyy = 2.0094, gzz = 2.0022; Axx(31P) = 2.5 G, 
Ayy(31P) = 17 G, Azz(31P) = 261 G). According to these principal values, the spin 
density is mainly localized in a 3p(P) orbital (64%), with a little contribution of 
the 3s(P) orbital (2%), a situation already encountered for the radicals 15a and 
15b. Therefore, similar to 15a and 15b, the radical 17 can be described as a 
phosphinyl radical linked to a phenoxide fragment in a para position (see the 
resonance structure depicted in Scheme 14). 
 In conclusion, suitable neutral phosphaalkenes can be used as precursor 
for the synthesis of phosphinyl radicals. This is mainly due to the peculiar 
electronic property of the starting phosphaalkenes which display a higher electron 
affinity than the “typical” compounds of this family (such as 14c). 
 
3.3.2) Oxidation of phosphaalkenes containing an electron-rich phosphorus 

center 
 

It will be shown now that, by reversing the polarity of the P=C bond, the 
resulting inversely polarized phosphaalkenes are readily oxidized to the 
corresponding radical cations. Moreover, as suggested by EPR analysis and DFT 
calculations, these radicals can also be viewed as phosphinyl radicals. 
The reductive properties of the inversely polarized phosphaalkenes 18a and 18b 
were investigated by Geoffroy et al.[19] These compounds are easily prepared 
according to scheme 15. 
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Scheme 15. Preparation of the inversely polarized phosphaalkenes 18a and 18b. 
 
The electronic situation in 18a or 18b is opposite to the one encountered in the 
compounds 14a, 14b and 16 in which the phosphorus atoms are electron-
deficient. Indeed, because of the donation of the electron lone-pairs of the 
nitrogens, the phosphorus centers in 18a and 18b are actually electron-rich as 
suggested by the resonance forms depicted in Scheme 16. 

 
 

Scheme 16. Two resonance structures for compounds 18a and 18b outlining the 
electron-rich phosphorus centers. 
 
The presence of this electron-rich phosphorus center results in interesting 
reducing properties for these phosphaalkenes which are indicated in the cyclic 
voltammograms of the THF solutions of 18a and 18b. Compounds 18a and 18b 
undergo a reversible one-electron oxidation at E1/2 = +0.315 V (vs SCE) and E1/2 
= +0.553 V (vs SCE), respectively. Those potentials are significantly lower than 
the reported ones for typical phosphaalkenes (1.07 V-2.94 V)[20] confirming the 
dramatic electronic change resulting from the presence of the amino substituents. 
The corresponding radical cations were then chemically generated in both cases 
by the one-electron oxidation of the phosphaalkenes using [Cp2Fe]+PF6 
(Ferrocenium hexafluorophosphate) (Scheme 17). The obtained radicals were 
highly persistent, allowing their characterization in solution by EPR spectroscopy. 
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At room temperature, the EPR spectra of 19a and 19b are very similar and display 
a large isotropic hyperfine coupling with the 31P nucleus (19a: aiso(31P) = 105 G, 
19b: aiso(31P) = 103 G) consistent with phosphinyl radicals.[6]  
 

 
 

Scheme 17. Synthesis of the phosphinyl radical cations 19a and 19b. 
 

The frozen solution EPR spectra reveal that in both cases, the g and the axially 
symmetric hyperfine coupling tensors are aligned (19a: gxx = 2.0081, gyy = 2.0136 
and gzz = 2.0032; Axx(31P) ≈ 0, Ayy(31P) = 11 G and Azz(31P) = 298 G. 19b: gxx = 
2.0114, gyy = 2.0109 and gzz = 2.0035; Axx(31P) = 0, Ayy(31P) = 16 G and Azz(31P) 
=  290 G). These principal values show clearly that for both species the spin 
density is mainly localized in a 3p orbital of the phosphorus centers (around 75% 
in the 3p(P) orbital in both cases). Therefore, the radicals 19a and 19b can be 
described as phosphinyl radicals bearing a formamidinium or an iminium 
substituent respectively (Scheme 17). 
 

3.4) Summary and objectives 

 
Although phosphinyl radicals are extremely reactive species, their stabilization 
leading to persistent or even solid state stable species has been achieved. 
However, the only example of a solid state stable phosphinyl radical (compound 
5) displays an important delocalization of the spin density away from the 
phosphorus center. As a consequence its phosphinyl character is reduced. In 
addition, inversely polarized phosphaalkenes seem to be promising precursors for 
the synthesis of phosphinyl radical cations featuring an important spin density at 
the phosphorus center. The presence of a charge in these radicals would be an 
additional barrier to the dimerization. In the previous chapter, we showed that 
singlet carbenes were able to stabilize the paramagnetic electron-deficient P2+. 
radical cation. Therefore, we reasoned that by extending this concept, the 
oxidation of a suitable carbene-phosphinidene adduct (which is also an inversely 
polarized phosphaalkene) may result to a stable phosphinyl radical cation 
(Scheme 18). In addition, this phosphinyl radical cation could be also viewed as a 
carbene-phospheniumyl adduct. 
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Scheme 18. One-electron oxidation of a carbene-phosphinidene adduct. 
 

3.5) Results and discussion 

 
 3.5.1) Phosphinyl radical cations: from a transient to an isolated crystalline 

compound 

 

3.5.1.1) Preliminary study 

 

 In order to verify that the generation of a phosphinyl radical from such a 
carbene-phosphinidene adduct was possible, we decided to study first the readily 
prepared phosphaalkene 22. This simple non-hindered phosphaalkene was 
prepared in one step from the free carbene 20 by the reaction with 
pentaphenylcyclopentaphosphane 21 according to a procedure described by 
Arduengo et al. (Scheme 19).[21] Compound 22 was obtained as a yellow powder 
in 79% yield.  
 

 
 
Scheme 19. Synthesis of the phosphaalkene 22 and structures of the already 
reported similar carbene-phosphinidene adducts.[21] 
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Compound 22 displays in the 31P{1H} NMR spectrum a high field chemical shift 
for the phosphorus center (δ = -61.2 ppm), a feature already observed in the 
previously reported carbene-phosphinidene adducts 23 and 24 (Scheme 19).[21]  
This high-field chemical shift is very different from the observed values for 
“regular” phosphaalkenes (100-400 ppm)[22] and indicates that the phosphorus 
center is particularly electron-rich. In the 13C{1H} NMR spectrum, the C2 carbon 
center of the imidazole ring gives rise to a doublet at 167.8 ppm due to the 
coupling with the phosphorus center (1JPC = 102 Hz). Similar values were 
obtained for the adducts 23 (δ = 170 ppm, 1JPC = 103 Hz), 24 (δ = 169 ppm, 1JPC = 
98 Hz), confirming the identity of 22. Like compounds 23 and 24, 22 can also be 
viewed as a carbene-phosphinidene adduct where the phosphorus center carries 
two electron lone-pairs (Scheme 20). This resonance structure suggests that the 
P=C double bond is not well developed due to the weak π back-bonding from the 
phosphorus lone-pair to the carbene center. This is also in agreement with the 1H 
and 13C NMR data which indicate that in solution, the imidazole ring is 
symmetrical suggesting fast rotation around the P-C bond.  
 
 

 
 

 Scheme 20. Resonance structures and bonding situation for compound 22.   
 

The cyclic voltammetry of 22 performed in THF shows an irreversible one-
electron oxidation at Eox = -0.193 V (vs Fc+/Fc) suggesting clearly that the 
corresponding radical cation is not stable under the conditions of the measure.  
This value is also significantly lower that the reported values for the oxidation 
potentials of typical phosphaalkenes (1.07 V-2.94 V)[20] consistent with a higher 
electron density at the phosphorus center.  
However, we still decided to perform the chemical oxidation of 22 in the hope of 
identifying the oxidation product. Thus, after the reaction of 22 with one 
equivalent of ferrocenium triflate (Fc+TfO) and subsequent work-up, the mixture 
of products 25a and 25b, not soluble in THF was isolated as a white powder in 
moderate yield (30%) (Scheme 21). 
The 31P{1H} NMR spectrum of the mixture in CD3CN consists in two singlets at δ 
= -49.8 ppm and δ = -57.7 ppm in a 6.3:1 ratio. The 1H NMR spectrum displays 
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also two very similar sets of signals in the same 6.3:1 ratio, suggesting the 
presence of two different diastereoisomers in the mixture that we were not able to 
separate (major: 25a and minor: 25b). In addition, each set of signals indicates the 
presence of the carbene derived organic fragment in both products. 
The imidazole ring protons give rise to a singlet at 7.92 ppm  for the major 
product and 7.91 ppm for the minor one (in CD3CN) which are quite downfield in 
comparison with the corresponding singlet for 22 (δ = 6.41 ppm, in C6D6). 
However these chemicals shifts are comparable with the corresponding one 
displayed by the imidazolium chloride (7.60 ppm in CD2Cl2) suggesting that the 
products contain an imidazolium fragment. 
 

 
 

Scheme 21. One-electron oxidation of 22. 
 
In addition, the 13C{1H} NMR spectrum displays for the major diastereoisomer a 
triplet signal at 137.9 ppm due to the coupling with two phosphorus atoms (1JPC = 
2
JPC = 25 Hz). This signal is attributed to the C2 imidazole carbon centers. The 
corresponding signal for the minor diastereoisomer was not observed, probably 
due to overlapping. The ipso carbon atoms of the phenyl rings give also rise to a 
triplet (major: 134.2 ppm, 1JPC = 2JPC = 12 Hz; minor: 135.6 ppm, 1JPC = 2JPC = 12 
Hz). All together, these results suggest that the oxidation products are the dication 
25a and 25b which are two diastereoisomers due to the presence of two chiral 
phosphorus centers. Unfortunately, we were not able to attribute the 
diastereoisomers (meso or the rac compounds) to the corresponding sets of 
signals in the NMR (major diastereoisomer and minor diastereoisomer). However, 
the nature of the product is clear and it results most likely from the dimerization 
of the generated transient radical cation (Scheme 21). 
In order to prevent this dimerization, we decided to change the nature of the 
carbene fragment in the carbene-phosphinidene adduct. We chose the bulky cyclic 
(alkyl)(amino)carbene CAAC 26 (Scheme 22), hoping that the steric hindrance 
offered by the carbene would be efficient enough to protect the radical center. 
Moreover, we have seen in the second chapter that the electrophilic CAACs are 
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more efficient than NHCs to delocalize the spin density from the coordinated P2
+. 

radical cations. This would result in a decrease of the spin density at the 
phosphorus center and consequently to an enhanced stabilization of the radical. 

 
 

 
 

Scheme 22. Synthesis of the carbene-phosphinidene adduct 28. 
 
The adduct 28 was prepared from the free carbene 26 (Scheme 22).  Addition of 
one equivalent of dichlorophenylphosphine to a solution of the free carbene 26 in 
hexane resulted after one night of stirring at room temperature in the formation of 
the salt 27(Cl) which precipitated out from the solution. The 31P{1H} NMR of 
the solid in CD3CN displays only a singlet at δ = 162 ppm which was attributed to 
the chlorophosphine 27(Cl). However, the 1H and 13C{1H} NMR analysis 
indicated the presence of an unidentified by-product. As any attempt to isolate 
27(Cl) failed and resulted to decomposition, the second step was performed 
without any purification. The chlorophosphine 27(Cl) was reduced with two 
equivalents of potassium graphite in THF which gave after work-up the desired 
product 28 as a pale yellow powder in 42% yield (over two steps). The 31P{1H} 
NMR spectrum of 28 in C6D6 displays a singlet at 56.2 ppm. In the 13C{1H} 
spectrum, the quaternary carbon of the pyrrolidine ring in 28 gives rise to a 
doublet due to the coupling with the phosphorus nucleus (δ = 191.3 ppm, 1JPC = 
109 Hz). The ipso carbon of the phenyl ring gives also a doublet at 141.9 ppm 
(1JPC = 64 Hz). The chemical shift in the 31P NMR is significantly down-field in 
comparison with the NHC analog 22 (-61.2 ppm). This difference reflects the 
more important π back-bonding from the phosphorus lone-pair to the carbene 
center generated by the more electrophilic CAAC in comparison with the NHC. 
The cyclic voltammetry of 28 in THF was performed and shows a quasi-
reversible one-electron oxidation at E1/2 = + 0.094 V (vs Fc+/Fc) (Figure 3). 
However this oxidation occurred at a relatively high potential suggesting that the 
generated radical cation may be quite electrophilic. We then attempted to perform 
chemically the oxidation of 28 using Ag+OTf (Eo = +0.41V vs Fc+/Fc in 
THF)[23], however no formation of any paramagnetic product was observed. We 
moved therefore to the stronger commercially available triarylaminium radical 
cation [N(p-C6H4Br)3]+.SbCl6 (Eo = +0.70V vs Fc+/Fc in CH2Cl2).[23] When one 
equivalent of the latter was added to one equivalent of 28 in THF, the solution 
turned immediately clear yellow and after one hour of stirring at room 
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temperature, the 31P{1H} NMR of the solution revealed that a large amount of the 
chlorophosphine  27 (δ = 162 ppm) was actually present in solution. While the 
mechanism of formation of 27 is still unclear, the chlorophosphine most likely 
results from the abstraction of a chlorine atom from the SbCl6 anion present in 
solution (Scheme 23). This result outlines clearly the very electrophilic character 
of the generated radical cation. 
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Figure 3. Cyclic voltammogram of the THF solution of 28 containing 0.1 M n-
Bu4PF6 as electrolyte (potential versus Fc+/Fc, scan rate 100 mV.s-1). 

 
 

 
Scheme 23. Oxidation of compound 28 resulting to the formation of the 
chlorophosphine 27(the counter anion of 27 is undetermined). 
 
 Whereas all the attempts to generate the radical cation by the oxidation of 
the phosphaalkene 28 failed, the electrochemical studies still suggest that CAACs 
are suitable for our purpose. The difficulty to prepare the radical cation from 28 is 
mainly due to the high oxidation potential of the latter, requiring inconvenient 
oxidative agents with usually unsuitable counter anions. Moreover, the high 
electrophilicity of the radical cation implies also that the latter may be really 
sensitive. For these reasons, we believed that by changing the phenyl subsituent at 
the phosphorus atom to a suitable group, we may be able to lower the oxidation 
potential of the resulting phosphaalkene while keeping the CAAC ligand. 
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3.5.1.2) Design and synthesis of CAAC-phosphinidene adducts with reduced 

oxidation potentials 

 

 It was previously showed that the 8-aminonaphtalene group was efficient 
for the hypercoordination of electron-poor phosphorus fragments and the 
formation of hypervalent phosphorus compounds.[24] We therefore prepared the 
phosphaalkene 31 (Scheme 24) hoping that the sigma donation from the nitrogen 
lone-pair to the phosphorus center in the corresponding radical cation would 
result in a lower oxidation potential. 
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Scheme 24. Preparation of the phosphaalkene 31 
 
For this synthesis, we used the less sterically hindered carbene 29 which would be 
small enough to accommodate the naphthalene fragment. In a first step, the 
chlorophosphine 30 was prepared in 77% yield by the addition of 29 to 1-
(dimethylamino)-8-dichlorophosphinonaphtalene. The 31P{1H} NMR spectrum of 
30 in CD3CN displays a broad singlet at +69.4 ppm indicative of some fluxional 
effects. In the 1H and 13C{1H} NMR spectra, the signals in the aromatic region 
were well defined confirming the presence of the naphthalene group as well as the 
2,6-diisopropylphenyl substituent in the molecule. Most of the signals in the 
aliphatic region were broad making their assignment difficult. However, the 
integration in the 1H NMR spectrum is in agreement with the expected number of 
protons. 
The chlorophosphine 30 was then reduced with an excess of magnesium powder 
to give the desired phosphaalkene 31 in 81% yield after work-up. The latter 
displays a sharp singlet at +95.2 ppm in the 31P{1H} NMR spectrum which is 
down-field in comparison with the previously described phosphaalkene 28 (+56.2 
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ppm). In the 13C{1H} NMR spectrum, the quaternary carbon from the pyrrolidine 
ring gives rise to a doublet at δ = +200 ppm (1JPC = 60 Hz) comparable to the 
corresponding chemical shift displayed in 28 (δ =  191.3 ppm). Interestingly, the 
amino methyl substituents give rise to a broad singlet at 2.57 ppm in the 1H NMR 
spectrum, due probably to some fluxional effects. 
Unfortunately, the cyclic voltamogramm of 31 in THF showed an irreversible 
one-electron oxidation at Eo = - 300 mV (vs Fc+/Fc), but the lower oxidation 
potential in comparison with 28 (E1/2 = + 94 mV vs Fc+/Fc) confirmed the 
expected influence of the amino group. 
Despite the latter feature, we still decided to carry out the chemical oxidation of 
31 in benzene using one equivalent of Ph3C+B(C6F5)4 as the oxidant (Scheme 25) 
(previously reported oxidation potential for Ph3C+BF4: -0.11 V versus Fc+/Fc).[23] 
After work-up, a solid was obtained and the corresponding 31P NMR in 
flurorobenzene indicated the presence of two products in a 1:1 ratio. Each 
compound displays a singlet in the 31P{1H} NMR spectrum (32a: δ= -17.9 ppm 
and 32b: δ = -55.2 ppm). However in 32a the phosphorus nucleus displays a 
coupling with two non-equivalent protons (32a: 2JPH = 31 Hz, 2JPH = 14 Hz) and 
in 32b, there is a strong coupling between the phosphorus nucleus and a unique 
proton (32b: 1JPH = 290 Hz). In the last case, the strong coupling indicates the 
presence of a P-H bond which suggests that 32b is actually the protonated 
phosphaalkene (Scheme 25). 
 

 
 

Scheme 25. Chemical one-electron oxidation of 31 affording a 1:1 mixture of the 
salts 32a and 32b. 
 
Finally, we were able to obtain single crystals suitable for an X-ray diffraction 
study of the second compound 32a. The structure of 32a is depicted in Figure 4 
and shows that the cation contains a pyramidal tricoordinated phosphorus center 
involved in a six member heterocycle. This phosphorus atom is involved in a 6 
members ring and is connected to a methylene group which explains the coupling 
with the two different protons displayed in the 31P NMR spectrum. 
Unfortunately, all attempts to separate the products failed and no complete NMR 
characterisation of 32a and 32b was possible.  
Although the mechanism for the formation of 32a and 32b is unclear, we can 
propose that first the transient phosphinyl radical cation undergoes a H. atom shift 
from a methyl substituent linked to the nitrogen atom to the phosphorus center 
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(scheme 26). Indeed, due to the electrophilic character of the phosphinyl radical 
(already discussed for 28) combined with the nucleophilic character of the 
resulting α-aminoalkyl radical, this transformation is favored by polar effects. 
These polar effects have been evocated previously in radical chemistry.[25]  
After this first step, various subsequent intermolecular reactions leading to the 
obtained products can be proposed. 

 

 
 

Figure 4. Solid-state structure of 32a, 50% thermal ellipsoids are shown. 
Hydrogen atoms and the counter anion (B(C6F5)4-) are omitted for clarity. 
Selected bond distances [Å] and angles [°]: P(1)–C(16) 1.795(3), P(1)–C(1) 
1.873(3), P(1)–C(26) 1.803(3), N(1)–C(1) 1.304(3); C(16)–P(1)–C(26) 
100.07(15), C(16)–P(1)–C(1) 106.41(13), C(26)–P(1)–C(1) 98.25(13). 
 

 

 
 
Scheme 26. Proposed mechanism for the formation of 32a and 32b. 
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The proximity of the dimethylamino substituent to the phosphorus center 
in 31 probably facilitates the H. transfer reaction. Therefore, in order to avoid this 
side-reaction, we decided to move on to the synthesis of the phosphaalkene 34 
where the dimethylamino group is separated from the phosphorus center by a 
phenyl ring (Scheme 27). Moreover, the donation of the nitrogen lone-pair to the 
phosphorus center would proceed via π-conjugation through the phenyl ring, still 
reducing the oxidation potential in comparison with 28. 

 

 
 Scheme 27. Preparation of the phosphaalkene 34. 
 

The adduct 34 was prepared directly in one step by the reaction between two 
equivalents of the bulky CAAC 26 and one equivalent of dibromo(4-
dimethylaminophenyl)phosphine according to Scheme 27. After three hours at 
room temperature, a white precipitate appeared which was removed by filtration 
and washed with diethyl ether. The yellowish filtrate was on the other hand 
evaporated to give a light yellow powder.  
The 31P{1H} NMR spectrum of the white precipitate (33) in CD3CN revealed that 
no phosphorus atom was present in the molecule. Moreover, the 1H and the 
13C{1H} NMR spectra indicate that 33 features a similar organic skeleton to 26. 
Importantly, this species displays a downfield singlet at 187.7 ppm in the 13C{1H} 
NMR spectrum which is attributed to the quaternary carbon of the pyrrolidine 
ring. This spectroscopic data suggests that 33 is the bromine-CAAC adduct 
depicted in Scheme 27. 
The 31P{1H} NMR spectrum of the yellow compound (34) in C6D6 displays a 
singlet at 58.4 ppm which is very similar to the chemical shift of the 
corresponding singlet displayed by the related adduct 28 (56.2 ppm). Similarly, 
the 13C{1H} NMR spectrum displays a down-field doublet at 189.6 ppm (1J =  
107 Hz) which is attributed to the pyrrolidine quaternary carbon linked to the 
phosphorus center (28: δ = 191.3 ppm, 1JPC = 109 Hz). All together these results 
indicate that 34 is the desired phosphaalkene (Scheme 27). Interestingly, here the 
intermediate bromophosphine resulting from the addition of the carbene to the 
dibromophenylphosphine is not observed. This feature indicates that this transient 
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compound is quickly dehalogenated by the second equivalent of carbene resulting 
to the salt 33 and the phosphaalkene 34 (Scheme 27).  
The cyclic voltammetry of a THF solution of 34 indicated that under the 
conditions of the analysis, 34 undergoes a non-reversible one-electron oxidation 
process around Eox ≈ -0.150 V. This potential is lower than the corresponding 
value for the phenyl derivative 28 (E1/2 = + 0.094 V) reflecting the expected π 
donation from the amino substituent. We then performed the chemical oxidation 
of 34 using Ph3C+B(C6F5)4. Immediately upon addition of toluene to an 
equimolar mixture of 34 and Ph3C+B(C6F5)4, the color of the solution turned 
intense blue. However, after stirring the solution at room temperature during one 
hour, the color changed to red. The 31P{1H} NMR spectrum of the crude indicated 
the presence of a mixture of unidentified products, suggesting that the blue 
persistent radical cation 35 which is formed upon addition of the solvent is not 
stable and undergoes degradation in solution (Scheme 28). 
 

 
Scheme 28. Generation of the persistent phosphinyl radical cation 35. 
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(a)                                                                  (b) 

                 
 

 
 
 
 
 
 

 
(c)                                                                   (d) 
 

 

 

 
 

 

Figure 5. EPR spectra of the in-situ generated transient radical cation 35 in 
dichloromethane at -80°C (spectrum recorded at: (a): - 80°C, (b): - 50°C, (c): 
0°C, (d): room temperature).  
 
In order to confirm our hypothesis, we performed the EPR analysis at different 
temperature of the in-situ generated radical cation in CH2Cl2. Dichloromethane 
was added at -80°C to an equimolar mixture of 34 and Ph3C+B(C6F5)4- in an EPR 
tube. Then, the tube was quickly inserted into the cavity of the EPR spectrometer 
previously cooled down at -80°C. The spectrum recorded at this temperature 
exhibits a broad doublet due to the hyperfine coupling with the 31P nucleus, 
confirming the presence of the phosphinyl radical (figure 5(a)). The broadness of 
the spectrum is probably due to the slow tumbling of the radical in the solution. 
However, when the temperature of the sample was increased to -50 °C, the line 
width decreased allowing us to determine the EPR isotropic parameters of the 
radical (g = 2.005, aiso(31P) = 89 G). The measured isotropic hyperfine coupling 
constant is in the expected range for phosphinyl radicals (a(31P) = 63-100 G) 
confirming the nature of 35.  
However, when the temperature of the sample is further risen, we can see that the 
intensity of the doublet decreases dramatically (see Figures 5(c) and 5(d)) and is 
almost vanished at room temperature (Figure 5(d)). This analysis indicates that 
the radical is only persistent at room temperature and has a half-life of a few 
minutes in solution. On the EPR spectrum recorded at room temperature (Figure 
5(d)), the additional single line (g ≈ 2.002) is probably attributed to the trityl 
radical (.CPh3)[26] which is generated by the reduction of the trityl cation during 
the reaction (previously reported value for g: 2.003). Due to broadening, the 
hyperfine coupling with the protons is not observed for the trityl radical.   

50 G50 G

50 G

r.t.

50 G
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These results show that the generated radical cation 35 is only persistent at room 
temperature and undergoes degradation to unknown products. In order to achieve 
the preparation of a stable phosphinyl radical cation, we prepared the 
phosphaalkene 37 bearing a 2,2,6,6-tetramethylpiperidino substituent directly 
linked to the phosphorus center (scheme 29).[27]  Such a substituent would still 
lower the oxidation potential relatively to the phenyl substituted phosphaalkene 
28 via the π donation from the nitrogen lone-pair to the phosphorus atom. Also, it 
would provide enough steric hindrance around the phosphorus center and due to 
the lack of hydrogens in α position of the nitrogen center, no hydrogen shifts 
could occur. 
The phosphaalkene 37 was prepared in two steps according to Scheme 29. First, 
the chlorophosphine 36 was isolated as a white powder in 55% yield after the 
reaction between the free carbene 29 and 2,2,6,6-
tetramethylpiperidinedichlorophosphine in an equimolar ratio. In CDCl3, the salt 
36 displays a singlet in the 31P{1H} NMR spectrum at 92.3 ppm, and interestingly 
the 1H  and the 13C{1H} NMR data indicate the presence of diastereotopic nuclei 
due to the chirogenic phosphorus center in the molecule. Moreover, the 
quaternary carbon directly linked to the phosphorus atom gives rise to a down-
field doublet at 213.3 ppm (1JPC = 121 Hz). 
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Scheme 29. Synthesis of the phosphaalkene 37. 

 
The reduction of 36 with an excess of magnesium proceeded smoothly at room 
temperature affording the desired phosphaalkene 37 in 81% yield. In the 31P{1H} 
NMR spectrum, the latter gives rise to a singlet at 136 ppm and the 
phosphaalkenic carbon resonates at 207 ppm (1J = 95 Hz). The structure of the 
latter was unambiguously confirmed by an X-ray diffraction analysis performed 
on a single crystal of 37 (Figure 6). 
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Figure 6. . Solid-state structure of the phosphaalkene 37, 50% thermal ellipsoids 
are shown. Hydrogen atoms are omitted for clarity. Selected bond distances [Å] 
and angles [°]: P(1)-N(2) 1.7655(11), P(1)-C(1) 1.7376(14), N(1)-C(1) 
1.3805(16), N(2)-P(1)-C(1), 108.90(6). 
 
In the solid state, the cyclohexyl ring of compound 37 is flipped away from the 
piperidine moiety reducing steric repulsions. The phosphaalkene has a E 
configuration with a P=C bond length (1.7376 Å) in the range of the 
corresponding values in inversely polarized phosphaalkenes.[28] The P-N bond 
length (1.7655 Å) is also in agreement with a single P-N bond (typical value for a 
P-N single bond length: 1.77 Å)[14].  
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Figure 7. Cyclic voltamogramm of a fluorobenzene solution of 37 containing 0.1 
M of K+B(C6F5)4 as an electrolyte. 
 
The cyclic voltamogram of 37 in a fluorobenzene solution containing  
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K+B(C6F5)4 as the electrolyte (0.1 M) displays a reversible one-electron 
oxidation at E1/2 =  -0.412 V (vs. Fc+/Fc) (Figure 7). 
This low oxidation potential prompted us to perform the chemical one-electron 
oxidation of 37 using one equivalent of Ph3C+B(C6F5)4 as the oxidant. After one 
hour of reaction at room temperature in benzene and subsequent work-up the 
radical cation 38 was isolated as a brown powder in 38% yield (Scheme 30). 

 

 
 
Scheme 30. Preparation of the phosphinyl radical cation 38. 
 
The 31P{1H} and 13C{1H} NMR of 38 were silent indicating the paramagnetic 
nature of the latter. Therefore, the EPR spectrum of a fluorobenzene solution of 
38 was recorded at room temperature and at – 173 °C (Figure 8). The room 
temperature EPR spectrum (Figure 8, left) consists in a doublet of mutliplet (g = 
2.007) due to a large hyperfine coupling constant with the phosphorus nucleus 
(a(31P) = 99 G) and a small coupling constant with one or two nitrogen nuclei 
(a(14N) ≈ 4 G). The hyperfine coupling constant with the 31P nucleus is in the 
range of the ones observed for other persistent phosphinyl radicals (a(31P) = 63-
100 G).  
Moreover, according to the frozen EPR spectrum (Figure 8, right), the g and 31P 
hyperfine coupling tensors are aligned and display axial symmetry.  
After simulation, the following principal values could be obtained: Axx(31P) = 
Ayy(31P) = 23 G and Azz(31P) = 247 G, gxx = gyy = 2.009 and gzz = 2.018. All 
together these EPR parameters suggest that the spin density is mainly localized in 
a 3p(P) orbital (57 %) with a small contribution of the 3s(P) orbital (2 %).  
 
 
 
 
 
 
 
 
 
 
Figure 8. EPR spectra of 38 in fluorobenzene at room temperature (left) and in a 
frozen solution at -173 °C (right). 
 

20 Gauss 80 Gauss
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The structure of 38 was unambiguously determined by the use of X-ray 
diffraction analysis (Figure 9). In the solid state, the cation adopts a V-shaped 
geometry with a N(2)-P(1)-C(1) bond angle of 107.3°. Moreover, the P(1)-C(1) 
bond length in 38 (1.81 Å) is longer than the corresponding one in the neutral 
precursor 37 (1.74 Å). This geometrical change from 37 to 38 is explained by the 
fact that after oxidation, there is only one electron remaining in the phosphorus 3p 
orbital for π back-bonding to the carbene center, reducing consequently the P=C 
bond order (See the bonding situation depicted in scheme 20, page 139).  

              
Figure 9. Solid state structure of the radical cation 38, 50% thermal ellipsoids are 
shown. Hydrogen atoms and the counter anion B(C6F5)4- are omitted for clarity. 
Selected bond distances [Å] and angles [°]: P(1)-N(2) 1.6805(14), P(1)-C(1) 
1.8137(17), N(1)-C(1) 1.318(2); N(2)-P(1)-C(1) 107.26(8), N(1)-C(1)-C(4) 
110.18(13). 
 
Noteworthy, the P(1)-N(2) bond length in 38 (1.68 Å) is significantly shorter than 
the corresponding one in 37 (1.77 Å) indicating some π donation from the 
nitrogen lone-pair to the phosphorus center. 
Calculations in collaboration with the group of Frenking were performed at the 
(U)M05-2X/def2-SVP level of theory using the NBO method. The calculations 
confirmed that the spin density is mainly localized on the phosphorus atom (67 
%) with small contributions from the nitrogen atoms (16 % for N(2) and 10 % 
with N(1)). The calculated spin density at the phosphorus atom is comparable 
with the value deduced from the EPR analysis (59 % of spin density located on 
the phosphorus atom). The spin density is depicted in Figure 10. 
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Figure 10. Spin density for the radical 38 calculated at the (U)M05-2X/def2-SVP 
level. 
 
The experimental and computational analyses suggest that the radical 38 is best 
described as a phosphinyl radical. This was also confirmed by the reactivity of the 
later with n-Bu3SnH. Indeed, upon addition of an excess of n-Bu3SnH (5 eq.) to a 
solution of 38 in benzene, the color of the solution changed immediately from 
dark-brown to light-orange. After work-up, the phosphine 39 was obtained as 
pale-yellow powder in 68 % yield (Scheme 31). 
 

 
 

Scheme 31. H. abstraction reaction from n-Bu3SnH by the radical 38. 
 
The 31P{1H} NMR spectrum of 39 in CD2Cl2 displays a singlet at -0.49 ppm 
which splits into a doublet (1JPH = 283 Hz) in the 31P NMR indicating the presence 
of a hydrogen atom linked directly to the phosphorus center. The structure of 39 
was confirmed by X-ray diffraction analysis (Figure 11). 
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Figure 11. Solid state structure of the phosphine 39, 50% thermal ellipsoids are 
shown. Hydrogen atoms (except the one linked to the phosphorus center) and the 
counter anion B(C6F5)4- are omitted for clarity. Selected bond distances [Å] and 
angles [°]: P(1)-N(2) 1.678(2), P(1)-C(1) 1.842(3), N(1)-C(1) 1.310(3); N(2)-
P(1)-C(1) 110.20(11), N(1)-C(1)-C(4) 110.9(2). 
 

In conclusion, we have seen that the stable singlet carbene CAAC is able to 
stabilize a phosphinyl radical which can be consequently characterized in the 
solid state. This was also possible by the careful choice of the substituent at the 
phosphorus center resulting in the decrease of the oxidation potential of the 
phosphaalkene to a value attainable by common oxidative reactants. In 
comparison to the vanadium stabilized phosphorus radical 5, the spin density in 
38 is more localized at the phosphorus center (67% vs. 31%), and in consequence 
the phosphinyl character is more pronounced in 38 than in 5 which is confirmed 
by the enhanced reactivity of the former. The stability of the radical cation can be 
attributed to the presence of the positive charge preventing the dimerization to 
happen by repulsive electrostatic repulsions. Significant steric hindrance around 
the phosphorus center may also contribute to the stability of 38.  
 
3.5.2) Stable carbenes versus transition metals for the stabilization of a 

neutral phosphinyl radical 

 
After the successful isolation of a stable phosphinyl radical cation we 

decided to move on to the more challenging synthesis of a neutral radical. For this 
purpose we used the vanadium phosphinyl radical 5 as a model. 
It has been shown previously that stable singlet carbenes can mimic the reactivity 
of transition metal complexes. For example, they are able to activate H2

[29], 
CO[30], P4

[31] and sometimes they can even surpass the reactivity of transition 
metal complexes as exemplified by the carbene mediated activation of 
ammonia.[29]  
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We reasoned therefore that the direct replacement of the vanadium metals in 5 by 
carbenes may lead to a stable neutral, fully organic phosphinyl radical. 
As discussed before, CAACs seemed to be more efficient than NHCs for the 
stabilization of the phosphinyl radical cation which is consistent with their higher 
electrophilicity. For this reason, we decided first to use CAACs for our new 
objective and the first synthetic target was the radical 42. As outlined by the 
resonance forms depicted in scheme 32, we could expect a significant 
delocalization of the spin density into the vacant p orbitals of the carbene centers 
resulting therefore to some electronic stabilization.  
 

 
Scheme 32. Preparation of the salt 41 and resonance structure of the targeted 
radical 42. 
 
First, the amidine 40 was prepared in 70% yield in one pot from the free carbene 
29 according to a modified known procedure.[32] Then 40 was deprotonated by n-
BuLi in ether and 0.5 eq. of PCl3 was added to the mixture. After work-up the salt 
41(Cl) was obtained as a white powder in 66 % yield. Compound 41(Cl) 
displays in the 31P{1H} NMR spectrum a singlet at 182.1 ppm. This NMR 
chemical shift is at the lower range of the corresponding values observed for 
iminophosphines (100 pm – 800 ppm).[22] However, at this stage the product 
contained some impurities which could be removed after an anion exchange using 
silver triflate, affording the salt 41(TfO) in 76 % yield. The 31P{1H} NMR 
spectrum of 41(TfO) in CDCl3 displays a singlet at 184.2 ppm. This chemical 
shift is very close from the corresponding value displayed by 41(Cl). The 1H as a 
well as the 13C{1H} NMR spectra of 41(TfO) display only one set of signals 
corresponding to the carbene fragments indicating that the cation is symmetrical. 
We then tried to prepare the neutral radical 42 by the one-electron reduction of 
41(TfO) using one equivalent of potassium graphite as a reducing agent. 
Unfortunately after two hours of stirring at room temperature, the 31P{1H} NMR 
spectrum of the solution indicated a complex mixture of unidentified products, 
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and all the attempts to generate the radical 42 failed suggesting that the latter is 
not stable. These results showed that the CAAC 29 is not suitable for the 
stabilization of the targeted radical, we therefore decided to change the carbene 
and to use the bulky NHC 43 (Scheme 33). 
 

 
Scheme 33. Preparation of the salt 45 and structure of the corresponding radical 
46. 
 
Following exactly the same pathway than for the CAAC derivative 41, the radical 
precursor 45 was prepared from the free NHC 43 according to Scheme 33. Thus 
in a first step, the guanidine 44 was synthesized in 87% yield. The latter was then 
in-situ deprotonated using n-BuLi followed by the addition of 0.5 equivalent of 
PCl3 affording 45(Cl) as a white powder in 50 % yield. Exactly like the 
analogous compound 41, the impurities present with the salt 45(Cl) were 
eliminated after an anion exchange using silver triflate. The salt 45(TfO) was 
then obtained as a white powder in 83 % yield. The latter gives rise in the 31P{1H} 
NMR spectrum to a singlet (δ = 277 ppm) and in the 13C{1H} NMR spectrum, the 
imidazolidine ring quaternary carbons exhibit a doublet at 158.2 ppm (2JPC = 19 
Hz). Paradoxically, the 31P NMR signal in 45(TfO) is at a lower field than the 
corresponding signal displayed by 41(TfO). Indeed, because of the less π-
accepting property of the NHC in comparison with the CAAC, the phosphorus 
center in 45(TfO) should be more electron-rich and therefore should give rise to 
a higher field chemical shift. 
We then performed the cyclic voltammetry of a THF solution of 45(TfO) 
containing 0.1 M of n-Bu4NPF6 as the electrolyte (Figure 12). The cyclic 
voltamogramm indicates that 45(TfO) undergoes a reversible one-electron 
reduction at E1/2 = -1.84 V. These results prompted us to carry out the chemical 
reduction using one equivalent of potassium graphite as the reductant in THF. 
Upon addition of the solvent to an equimolar mixture of 45(TfO) and K/C8 the 
color of the solution turned immediately dark red. After three hours of stirring at 
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room temperature, the 31P NMR of the solution was silent indicating the 
paramagnetic nature of the product. Finally, after work-up the radical 46 was 
obtained as a dark red powder in 85 % yield.  
The EPR spectrum of 46 in a THF solution was recorded at room temperature and 
at -173°C and is shown below (Figure 13).  
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Figure 12. Cyclic voltammogram of the THF solution of 45(TfO) containing 0.1 
M n-Bu4PF6 as electrolyte (potential versus Fc+/Fc, scan rate 100 mV.s-1). 
 

 

 

 

 

 

 

 

 

 

 

 
Figure 13. EPR spectra of the radical 46 in THF, recorded at room temperature 
(left) and at -173°C (right). 
 
At room temperature (Figure 13, left), the spectrum displays a large splitting due 
to the hyperfine coupling constant with the phosphorus center (g = 2.005, a(31P) = 
78 G). Also no coupling with a 14N nucleus is observed suggesting that the spin 
density at the nitrogen centers is very weak. Moreover, simulation of the 
anisotropic frozen solution EPR spectrum (Figure 13, right) allowed us to 
determine the principal values for the g and the 31P hyperfine coupling tensors 
which are aligned and display axial symetry: gxx = 2.0074, gyy = 2.0062 and gzz = 
2.0024; Axx(31P) = Ayy(31P) = 0 G and Azz(31P) = 240 G. According to these 
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results, the spin density is mainly localized at the phosphorus center with 62% in 
a 3p(P) orbital and only 2% in the 3s(P) orbital. All these values are consistent 
with a phosphinyl radical and indicate than in 46 the spin density is significantly 
less delocalized from the phosphorus center than in the vanadium radical 5 
(according to calculations in 5: 31.3 % of the spin density is localized on the 
phosphorus center and 23 % is localized over each vanadium atom). Finally, an 
X-ray diffraction study performed on a single crystal of 46 confirmed the 
structure of the latter (Figure 14).  

 
 

 
 
Figure 14. Solid state structure of the radical 46, 50% thermal ellipsoids are 
shown. Hydrogen atoms are omitted for clarity. Selected bond distances [Å] and 
angles [°]: P(1)-N(2) 1.657(2), P(1)-N(1) 1.658(2), N(1)-C(4) 1.272(4), N(2)-C(1) 
1.277(4); N(2)-P(1)-N(1) 96.75(13). 
 
The asymmetric unit in the crystal structure of radical 46 contains three 
independent molecules. In the solid state, radical 46 adopts a V-shaped geometry 
with an average N(1)-P(1)-N(2) bond angle of 97.8°.   
This angle is more acute than the corresponding angles in the vanadium radical 5 
(110.9°) and the radical cation 38 (107.3°). The P(1)-N(1) (1.658 Å) and P(1)-
N(2) (1.657 Å) bond lengths are at the lower end of the range observed for P-N 
single bonds and are also longer than the P-N bonds in 5 (average 1.62 Å) 
confirming the weaker delocalization of the radical in 46. Importantly, 46 
represents the first example of a neutral organic phosphinyl radical stable in the 
solid state.  
In order to directly compare the electronic stabilization brought by the NHCs with 
the one offered by the vanadium metalloligands in 5 we undertook the synthesis 
of the mixed substituted phosphinyl radical 49 (Scheme 34). The distribution of 
the spin density in this molecule (which is directly deduced from the hyperfine 
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coupling with the 31P and the 51V nuclei) depends on the relative ability of each 
substituent to delocalize the radical from the phosphorus center.  
In consequence, this radical 49 would provide an experimental comparison of the 
relative ability of each substituent to delocalize the spin density from the 
phosphinyl center. 
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Scheme 34. Synthesis of the mixed substituted radical 49 (Np = neopentyl, Ar = 
3,5-Me2C6H3). 
 
The radical 49 was prepared according to Scheme 34. The dichlorophosphine 47 
was easily made in 57 % yield by the in-situ deprotonation of 44 followed by the 
addition of one equivalent of PCl3. Compound 47 displays in the 31P{1H} NMR 
spectrum a singlet at 184 ppm. Substitution of a chlorine atom by the vanadium-
iminato groupment was performed by the reaction between 47 and the already 
reported vanadium nitride anion {NV[N(Np)Ar]3}Na+.[33] The resulting product 
48 displays in the 31P{1H} NMR spectrum a broad singlet at 185 ppm. The 
broadening is due to the 2J coupling with the vanadium nucleus (51V: I = 7/2, 
99.75%). This relatively high field chemical shift shows that unlike phosphenium 
45, the chlorine atom stays coordinated to the phosphorus atom of 48. This is also 
confirmed by the 1H NMR spectrum which indicates that the pair of methylene 
protons in the neopentyl group are diastereotopic resulting in two doublets at 4.54 
ppm and 4.44 ppm. Similarly, the isopropyl groups of the Dipp substituents give 
rise to two sets of signals in the 1H and 13C{1H} spectra. This spectroscopic data 
indicates that the phosphorus center in 48 is chiral, consistent with the presence of 
the chorine atom. This structural difference between 45 and 48 suggests that the 
imidazolidin-2-iminato substituent is a better π-donor that the vanadium-iminato 
ligand. 
The one-electron reduction of 48 was performed using one equivalent of K/C8 
which afforded after work-up the radical 49 as a dark red powder in 85 % yield. 



 160 

The EPR spectrum of the latter in THF was recorded at room temperature and at -
173°C (Figure 15). 

 
 
 
 
 
 
 
 
 

 
 
Figure 15. EPR spectra of a THF solution of 49 recorded at room temperature 
(left) and at -173°C (right). 
 
The room temperature EPR spectrum displays a eight-line pattern due to the 
hyperfine coupling with the 51V nucleus (I = 7/2, 99.75%) (g = 1.981, a(51V) = 58 
G) (Figure 15, left). However, the hyperfine coupling with the 31P nucleus is 
weak, resulting only to a broadening of the lines and can not be evaluated. 
 

 
Figure 16. Solid state structure of the radical 49, 50% thermal ellipsoids are 
shown. Hydrogen atoms are omitted for clarity. Selected bond distances [Å] and 
angles [°]: P(1)-N(5) 1.572(5), P(1)-N(1) 1.634(5), N(1)-C(1) 1.286(7), V(1)-N(5) 
1.806(4), V(1)-N(6) 1.902(5), V(1)-N(7) 1.898(4); N(1)-P(1)-N(5) 109.5(3). 

 
In order to gain more insight into the electronic structure of 49, the frozen EPR 
spectrum was recorded at -173°C (figure 15, right). Simulation of the spectrum 
allowed us to determine the principal values of the g and hyperfine tensors which 
are aligned: gxx = 1.9726, gyy = 2.0048 and gzz = 1.9583; Axx(51V) = Ayy(51V) = 30 
G and Azz(51V) = 121 G; Axx(31P) = Ayy(31P) = 7 G and Azz(31P) = 12 G. 
According to these values and considering the fact that the 51V hyperfine coupling 
tensor displays axial symmetry, the spin density is mainly localized at the 

70 Gauss 50 Gauss
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vanadium center (67 %) and lightly on the phosphorus center (1 % in the 3p 
orbital). 
The structure of 49 was unambiguously confirmed by X-ray diffraction analysis 
performed on a single crystal (Figure 16). In the solid state, the radical 49 adopts 
a V-shaped geometry, with a N(1)-P(1)-N(5) bond angle of 109.5°. This angle is 
wider than the corresponding one in the organic radical 46 (96.75°) and is 
comparable to the angle in 5 (110.9°). The P(1)-N(5) bond length (1.572 Å) is 
short and lays in the range of the values observed for the iminophosphine P=N 
double-bond lengths (1.475-1.619 Å).[22] Also the V(1)-N(5) bond (1.806 Å) is 
longer than the corresponding one in 5 (1.72 Å). The EPR analysis combined with 
the geometrical parameters of 49 suggests that this compound can actually be 
described as a vanadium (IV) complex carrying an imidazolidin-2-
iminatophosphinimide ligand (Scheme 35). Therefore, the vanadium center 
appears to be more powerful than the imidazolidin-2-iminato ligand to delocalize 
the spin density from the phosphorus center. 
 

 
 
Scheme 35. Two resonance structures for the radical 49 showing that this 
compound can also be viewed as a vanadium (IV) complex (resonance form on 
the right) (Np = neopentyl, Ar = 3,5-Me2C6H3). 
 
DFT calculations on the real compounds 5, 46 and 49 were carried out in 
collaboration with the group of Frenking. The calculated Mulliken atomic spin 
densities for the three radicals are depicted in Figure 17 (5: Figure 17a, 46: Figure 
17b and 49: Figure 17c). In the neutral radical 46, a large spin density is located 
on the phosphorus atom (+0.68e) with a slight delocalization on the NHC ligands 
(+0.1% at each quaternary carbon). Also, the spin density at the central nitrogen 
atoms is very low explaining why in the EPR spectrum of 46, no hyperfine 
coupling was observed with the nitrogen nuclei. However, in the vanadium 
radical 5, a lower spin density is found on the phosphorus center (+0.42e) due to a 
more important contribution of the 3d orbitals of each vanadium atoms to the 
SOMO (+0.43e/+0.44e).  
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a) 5 

P: +0.42, N: -0.10/-0.11, V:+0.43/+0.44 

 
b) 46 

P: +0.68, N: -0.03/>-0.01, C: +0.09/+0.10 

 
c) 49 

P: +0.24, NV: -0.13, NC: +0.05, V:+0.97, C:<0.01 
 

 

Figure 17. Spin density (BP86/TZVPP//BP86/SVP, isosurfaces at 0.004 and -
0.004 a.u) of 5, 46 and 49. Mulliken atomic spin densities per atom given in 
electrons for the atoms of the central moieties. 
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This comparison suggests already that the vanadium metalloligands are more 
powerful than the imidazolidin-2-iminato ligands to delocalize the radical from 
the phosphorus center. This is confirmed by the calculated spin density in the 
mixed compound 49. In this radical the vanadium center possesses the highest 
spin density (+0.97e) which is even higher than the total spin density localized 
over the two vanadium centers in 5. There is also a little contribution of the 
phosphorus orbitals to the SOMO (+0.24e) but weaker than in 5 or 46. Moreover, 
no spin density excess is found on the NHC fragment. To conclude, the vanadium 
metalloligands are more effective to delocalize the spin density from the 
phosphorus center but NHC are efficient enough to allow the isolation of the 
neutral organic stable phosphinyl radical 46. Due to the larger contribution of the 
phosphorus orbitals to the SOMO, the latter displays a more important phosphinyl 
character in comparison with 5. Probably, the steric hindrance provided by the 
NHC moieties in the radical 46 accounts for its stability even in the solid state. 
 

3.6) Conclusion 

 
Various strategies have been attempted prior to our work for the stabilization of 
phosphinyl radicals. However, so far the use of transition metals was the only 
successful way allowing for the complete characterisation of a phosphinyl radical. 
This is mainly due to the fact that on the contrary of main group elements, 
transition metals are susceptible to undergo one-electron redox chemistry. 
However during the last past years it has been shown that singlet carbenes are 
able to mimic transition metals, and we have now shown that they are also useful 
tools for the stabilization of phosphinyl radicals.  
Two different types of radicals have been prepared: a radical cation where the 
phosphinyl center is directly linked to the carbene, and a neutral radical where 
nitrogen atoms bridge the phosphinyl center to the carbenes. The last one 
represents the first example of a neutral, organic phosphinyl radical which is 
stable in solution and in the solid state. Importantly, in these last two examples, 
the phosphinyl nature of the radicals are still conserved which is not the case for 
the vanadium stabilized radical where important delocalization occur. 
By employing the same strategy we could hope that some other main group 
elements based radicals could be prepared. 
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Synthesis of 22: 

 

 
 
In the glovebox, pentaphenylcyclopentaphosphine 21 (0.318 g, 0.59 mmol) was added at 
room temperature to a stirring solution of the free carbene 20 (0.448 g, 2.95 mmol) in 8 
mL of THF. Immediately upon addition the color of the solution turned red. The solution 
was then stirred at room temperature overnight. All the volatiles were removed under 
vacuum and the resulting yellow solid was washed 2 times with 10 mL of hexane and 
then dried under vacuum to afford 22 as a fine yellow powder. Yield 79% (0.610 g, 2.34 
mmol).  
 
31
P{

1
H} (C6D6, 162 MHz): δ -61.2.  

 
1
H NMR (C6D6, 400 MHz): δ 0.94 (d, J = 7.2 Hz, 12 H), 5.07 (dsept, J = 7.2 Hz, J = 4 
Hz, 2 H), 6.41 (s, 2 H), 6.86 (t, J = 7.2 Hz, 1 H), 7.03 (t, J = 7.2 Hz 2 H), 7.54 (t, J = 7.2 
Hz, 2 H).  
 
13
C{

1
H} NMR (C6D6, 100 MHz): δ 22.3, 50.4 (d, JPC = 9 Hz), 116.3, 122.2, 128.3, 132.0 

(d, JPC = 20 Hz), 151.1 (d, JPC = 50 Hz), 167.8 (d, JPC = 102 Hz, Ccarbene). 
 
 

Synthesis of 25a and 25b: 

 

 
 
15 mL of THF was added at room temperature to a mixture of adduct 22 (0.600 g, 2.31 
mmol) and ferrocenium triflate (Fc+TfO) (0.773 g, 2.31 mmol). The mixture was then 
stirred at room temperature during 2 hours. During the course of the reaction a precipitate 
appeared and was filtered via cannula. The product was then extracted with 30 mL of 
acetonitrile and the solvent was removed under vacuum. The residue was then washed 4 
times with 10 mL of THF in order to remove the remaining ferrocenium triflate. The 
resulting solid was dried under vacuum affording a mixture of the diastereoisomers 25a 
and 25b as a white powder. Yield 30 % (0.280 g, 0.34 mmol). 
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Diastereoisomer 25a (major):  
 
31
P{

1
H} (CD3CN, 162 MHz): δ -49.8.  

 
1
H (CD3CN, 400 MHz): δ 1.28 (d, J = 6.8 Hz, 12 H), 1.44 (d, J = 6.0 Hz, 12 H), 5.18-
5.34 (m, 4 H), 7.26-7.34 (m, 4 H), 7.46-7.52 (m, 4 H), 7.54-7.62 (m, 2 H), 7.92 (s, 4 H).  
 
13
C{

1
H} (CD3CN, 125.75 MHz): δ 22.6, 24.1, 55.2 (t, JPC = 9 Hz), 122.4 (q, JCF = 316 

Hz, CF3), 125.8, 131.6, 133.1, 134.2 (t, JPC = 12 Hz), 137.9 (1, JPC = 25 Hz, Ccarbene). 
 
Diastereoisomer 25b (minor):  
 
31
P{

1
H} (CD3CN, 162 MHz): δ -57.7. 

 
 1H (CD3CN, 400 MHz): δ 0.78 (d, J = 6.0 Hz, 12 H), 1.60 (d, J = 6.0 Hz, 12 H), 5.04-
5.16 (m, 4 H), 7.91 (s, 4 H), because of overlapping aromatic protons could not be 
observed.  
 
13
C{

1
H} (CD3CN, 125.75 MHz): δ 22.9, 23.4, 54.2, 122.4 (q, JCF = 316 Hz, CF3), 125.9, 

131.0, 132.9, 135.6 (t, JPC = 12 Hz), the quaternary carbons of the imidazolium rings 
were not observed. 
 
 

Synthesis of 28: 
 

 
Dichlorophenylphosphine (0.492 g, 2.75 mmol) was added at room temperature to a 
solution of the free carbene 26 (1.050 g, 2.75 mmol) in 15 mL of hexane. Immediately 
upon addition the solution turned blue and a precipitate appeared. The mixture was then 
stirred at room temperature overnight, during this time the solution turned colorless. The 
precipitate was filtered via cannula and then washed 2 times with 20 mL of hexane. The 
resulting solid was dried under vacuum. 
Potassium graphite (0.744 g, 5.50 mmol) was added to the solid followed by the addition 
at -80 °C of 20 mL of THF. The mixture was then stirred at room temperature during 3 
hours and the graphite was then removed by filtration via cannula. After evaporation of 
the solvent, compound 28 was obtained as a pale yellow powder. Yield 42% (0.565 g, 
1.15 mmol). 
 
 31

P{
1
H} (C6D6, 121 MHz): δ 56.2.  

 
1
H (C6D6, 500 MHz): δ 0.99 (d, J = 6.8 Hz, 3 H), 1.00 (d, J = 6.8 Hz, 3 H), 1.00 (s, 3 H), 
1.06 (d, J = 6.8 Hz, 3 H), 1.13 (d, J = 6.8 Hz, 3 H), 1.14 (d, J = 6.8 Hz, 3 H), 1.16 (d, J = 
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6.8 Hz, 3 H), 1.24 (s, 3 H), 1.2-1.4 (m, 2 H), 1.51 (d, J = 6.8 Hz, 3 H),1.56-1.70 (m, 2 H), 
1.59 (d, J = 12.9 Hz, 1 H), 1.99 (d, J = 13.1 Hz, 1 H), 2.31 (sept, J = 6.8 Hz, 1 H), 2.47 
(d, J = 12.9 Hz, 1 H), 2.50 (d, J = 13.1 Hz, 1 H), 2.86 (qt, J = 13.4 Hz, J = 4.2 Hz, 1 H), 
3.10-3.35 (m, 1 H), 3.26 (sept, J = 6.8 Hz, 1 H), 6.7-7.0 (m, 8 H), 1 H belonging to the 
cyclohexyl ring couldn’t be observed because of overlapping.  
 
13
C{

1
H} (C6D6, 125.75 MHz): δ 21.5 (d, JPC = 10 Hz), 22.9, 23.7, 24.9, 25.0 (d, JPC = 21 

Hz), 25.4, 25.8, 26.2, 27.4, 27.6, 29.2, 30.1, 30.3, 30.8, 36.3, 51.6, 54.7, 56.1 (d, JPC = 10 
Hz), 58.6 (d, JPC = 27 Hz), 68.9, 125.8, 126.1 (d, JPC = 6 Hz), 127.7 (d, JPC = 6 Hz), 
129.36, 134.6, 134.8, 138.2, 138.6, 141.9 (d, JPC = 64 Hz), 149.9 (d, JPC = 12 Hz), 191.3 
(d, JPC = 109 Hz, Ccarbene). 
 
 
Synthesis of 27(X): 

 

 
 

THF (6 mL) was added at room temperature to a mixture of 28 (0.350 g, 0.72 mmol) and 
[N(C6H4Br-4)3]+SbCl6 (0.584 g, 0.72 mmol). Immediately upon addition the solution 
turned clear yellow. The mixture was then stirred at room temperature during 1 hour. 
 
31
P{

1
H} (THF, 121 MHz): δ 162 ppm. 

 
 
Synthesis of 30: 

 

 
 
A solution of the free carbene 29 (0.777 g, 2.39 mmol) in 6 mL of hexane was added at 
room temperature to a stirring solution of 1-(dimethylamino)-8-
dichlorophosphinonaphtalene (0.647 g, 2.39 mmol) in 6 mL of hexane. The mixture was 
then stirred at room temperature overnight. The precipitate was filtered via cannula and 
washed 3 times with 20 mL of ether. The resulting solid was dried under vacuum to 
afford the salt 30 as a fine yellow powder. Yield: 77% (1.120 g, 1.88 mmol).  
31
P{

1
H} (CD3CN, 162 MHz): δ 69.4 (br s).  
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1
H (CD3CN, 400 MHz): δ 0.95-1.80 (m, 10 H), 1.25 (d, J = 6.4 Hz, 3 H), 1.38 (d, J = 6.4 
Hz, 6 H), 1.59 (s, 3 H), 1.71 (s, 3 H), 1.90-2.10 (m, 2 H), 2.15-2.35 (m, 3 H), 2.65-3.00 
(m, 5 H), 2.72 (s, 3 H), 7.28 (d, J = 7.4 Hz, 1 H), 7.40-7.55 (m, 2 H), 7.63 (d, J = 5.0 Hz, 
2 H), 7.70-7.80 (m, 2 H), 7.88 (td, J = 4.6 Hz, J = 1.6 Hz, 1 H), 8.19 (d, J = 8.0 Hz, 1 H).  
 
13
C{

1
H} (CD3CN, 100 MHz): δ 22.1 (d, JPC = 3 Hz), 22.8, 23.0, 25.0, 25.31, 25.34, 

25.87, 25.89, 29.7, 29.9, 30.3, 35.3, 35.5, 44.5, 48.1, 48.3, 63.2, 85.4 (d, JPC = 8 Hz), 
122.5, 127.2, 127.3 (d, JPC = 5 Hz), 127.6, 128.0, 128.5, 129.5, 129.7, 131.8 (d, JPC = 5 
Hz), 132.6, 135.1, 136.1, 145.6, 147.3 (d, JPC = 7 Hz), 149.9 (d, JPC = 5 Hz), the 
quaternary carbon of the pyrrolidinium ring was not observed. 
 
 
Synthesis of 31: 
 

 
 

15 mL of THF was added at room temperature to a mixture of salt 30 (1.100 g, 1.84 
mmol) and magnesium (325 mesh, 99.5%, purchased from Aldrich, 0.090 g, 3.69 mmol). 
The mixture was then stirred at room temperature during 4 hours. All the volatiles were 
removed under vacuum and the product was extracted 2 times with 15 mL of hexane. 
After evaporation of the filtrate the phosphoalkene 31 was obtained as a fine yellow 
powder. Yield 81% (0.785 g, 1.49 mmol).  
 
31
P{

1
H} (C6D6, 162 MHz): δ 95.2.  

 
1
H (C6D6, 400 MHz): δ 0.80-1.32 (m, 8 H), 1.07 (s, 6 H), 1.36 (d, J = 6.8 Hz, 6 H), 1.41 
(d, J = 10.8 Hz, 2 H), 1.73 (s, 2 H), 1.76 (d, J = 6.8 Hz, 6 H), 2.57 (br s, 6 H), 3.32 (sept, 
J = 6.8 Hz, 2 H), 7.04 (d, J = 8.8 Hz, 1 H), 7.20-7.34 (m, 5 H), 7.49 (d, J = 7.6 Hz, 1 H), 
7.66 (d, J = 6.8 Hz,1 H), 7.88 (t, J = 6.4 Hz, 1 H).  
 
13
C{

1
H} NMR (C6D6, 100 MHz): δ 23.8, 24.9, 26.0, 28.2 (br s), 29.4, 30.0 (br s), 38.8 (d, 

JPC = 5.4 Hz), 50.5, 54.7, 54.8, 66.3, 116.5, 124.6, 124.8, 125.6, 125.9, 128.9, 129.4, 
134.6, 136.1, 136.4, 137.9, 138.5, 138.6, 153.0, 200.5 (d, JPC = 60 Hz, Ccarbene). 
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Synthesis of 32a and 32b: 

 
Benzene (8 mL) was added at room temperature to a mixture of 31 (0.206 g, 0.39 mmol) 
and Ph3C+B(C6F5)4 (0.300 g, 0.33 mmol). Immediately upon addition, the solution 
turned dark brown. The mixture was then stirred at room temperature during 1h30 and 
the solvent was removed under vacuum to give a red solid. The resulting solid was 
washed three times with a benzene/hexane mixture (3 mL/15 mL) and was dried under 
vacuum. Single crystals of 32a were obtained by layering hexane on top of a 
fluorobenzene solution of 32a. 
 
Compound 32a: 

 

 
 

31
P{

1
H} (C6H5F, 121 MHz): δ -17.9. 

 
31
P (C6H5F, 121 MHz): δ -17.9 (d, 2JPH = 31 Hz, 2JPH = 14 Hz). 

 
Compound 32b: 

 

 
 

31
P{

1
H} (C6H5F, 121 MHz): δ -55.2. 

 
31
P (C6H5F, 121 MHz): δ -55.2 (d, 1JPH = 290 Hz). 
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Synthesis of 34: 

 

 
Ether (15 mL) was added at room temperature to a mixture of carbene 26 (0.735 g, 1.98 
mmol) and dibromo(4-methoxyphenyl)phosphine (0.305 g, 0.99 mmol). The mixture was 
then stirred at room temperature during 3 hours. Over the course of the reaction a white 
precipitate appeared. The precipitate was filtered via cannula and washed with 10 mL of 
ether. After evaporation of the filtrate the phosphoalkene 34 was obtained as a light 
yellow powder. Yield 82% (0.430 g, 0.81 mmol).  
 

31
P{

1
H} (C6D6, 202.5 MHz): δ 58.4.  

 
1
H (C6D6, 500 MHz): δ 1.01 (d, J = 6.5 Hz, 3 H), 1.03 (s, 3 H), 1.12 (d, J = 7.0 Hz, 3 H), 
1.14 (d, J = 6.5 Hz, 3 H), 1.15 (d, J = 7.0 Hz, 3 H), 1.19 (d, J = 7.0 Hz, 3 H), 1.21 (d, J = 
7.0 Hz, 3 H), 1.27 (s, 3 H), 1.34 (dd, J = 6.5 Hz, J = 2.5 Hz, 1 H), 1.56 (d, J = 6.5 Hz , 
3H), 1.64 (dd, J = 12.5 Hz, J = 1.5 Hz, 2 H), 1.72 (dd, J = 13.5 Hz, J = 6.5 Hz, 1 H), 2.01 
(d, J = 12.5 Hz, 1 H), 2.35 (sept, J = 6.5 Hz, 1 H), 2.45 (s, 6 H), 2.50 (d, J = 12.5 Hz, 2 
H), 2.55 (d, J = 13.0 Hz, 1 H), 2.95 (dt, J = 13 Hz, J = 4.5 Hz, 1 H), 3.22-3.34 (m, 1 H), 
3.38 (sept, J = 7.0 Hz, 1 H), 3.39 (sept, J = 7.0 Hz, 1 H), 6.25 (d, J = 8.5 Hz, 2 H), 6.62 
(d, J = 8.5 Hz, 1 H), 6.63 (d, J = 8.5 Hz, 1 H), 7.00-7.08 (m, 2 H), 7.23 (t, J = 8.5 Hz, 1 
H).  
 
13
C{

1
H} (C6D3, 125.75 MHz): δ 21.5 (d, JPC = 10 Hz), 23.8, 25.0, 25.2, 25.3 (d, JPC = 6 

Hz), 26.0 (d, JPC = 8 Hz), 27.4, 27.5, 27.7, 29.3 (d, JPC = 8 Hz,), 30.2, 30.4, 30.9, 36.5, 
40.5, 51.6, 54.8, 56.2 (d, JPC = 10 Hz), 58.3, 58.5, 68.5, 112.6, 112.7, 125.6, 125.9, 129.1, 
135.5, 135.7, 138.9, 149.4, 150.1, 189.6 (d, JPC = 107 Hz, Ccarbene). 
 
 

Synthesis of 35: 

 

 
 
Dichloromethane (1mL) was added at -80 °C to a mixture of phosphoalkene 34 (0.020 g, 
0.04 mmol) and Ph3C+B(C6F5)4- (0.035 g, 0.04 mmol) in an E.P.R. tube. Immediately 
upon addition the solution turned blue. The E.P.R. tube was then inserted into the cavity 
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of an E.P.R. spectrometer cooled down at -80 ° C for the analysis. The E.P.R. spectra 
were then successively recorded at -80°C, -50°C, 0 °C and finally room temperature. 
 

 

Synthesis of 36: 

 

 
 
2,2,6,6-tetramethylpiperidinedichlorophosphine (0.311 g, 1.29 mmol) was added at room 
temperature to a solution of CAAC 29 (0.419 g, 1.29 mmol) in 10 mL of hexane. The 
mixture was stirred at room temperature overnight. During the course of the reaction a 
white precipitate appeared. The suspension was filtered via cannula and the resulting 
white solid was washed 2 times with 15 mL of ether. After drying under vacuum the salt 
36 was obtained as a white powder. Yield 55% (0.405 g, 0.715 mmol).  
 
Mp: 177 oC.  
 

31
P{

1
H} (CDCl3, 121 MHz): δ 92.3.  

 
1
H (CDCl3, 300 MHz): δ 1.15-1.90 (m, 12 H), 1.25 (d, J = 6.7 Hz, 3 H), 1.28 (d, J = 6.4 
Hz, 3 H), 1.29 (d, J = 6.7 Hz, 3 H), 1.30 (d, J = 6.4 Hz, 3 H), 1.38 (s, 6 H), 1.42 (s, 3 H), 
1.45 (s, 3 H), 1.67 (s, 6 H), 2.03 (d, J = 12.7 Hz, 1 H), 2.12 (d, J = 12.7 Hz, 1 H), 2.26 (t, 
J = 12.8 Hz, 1 H), 2.35-2.55 (m, 1 H), 2.44 (sept, J = 6.7 Hz, 1 H), 2.48 (d, J = 13.8 Hz, 1 
H), 2.63 (sept, J = 6.4 Hz, 1 H), 2.72 (d, J = 13.8 Hz, 1 H), 7.19 (dd, J = 8 Hz, J = 1.4 
Hz, 1 H), 7.22 (dd, J = 8 Hz, J = 1.4 Hz, 1 H), 7.43 (dd, J = 7.8 Hz, J = 7.8 Hz, 1 H).  
 
13
C{

1
H} (CDCl3, 75 MHz): δ 16.8, 22.5, 22.6, 24.6, 25.2, 25.4, 25.8 (d, JPC = 7 Hz), 27.5, 

28.9, 29.5, 29.9, 30.3 (d, JPC = 7 Hz), 31.7, 32.3, 36.1, 36.5, 36.8, 39.4, 39.8 (d, JPC = 6 
Hz), 40.9 (d, JPC = 26 Hz), 44.4, 61.5 (d, JPC = 10 Hz), 62.8 (d, JPC = 33 Hz), 63.6 (d, JPC 
= 7 Hz), 85.6 (d, JPC = 6 Hz), 126.1, 126.2, 131.4, 131.5, 145.0, 145.3, 213.3 (d, JPC = 
121 Hz, Ccarbene). 
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Synthesis of 37: 

 

 
 

60 mL of THF was added at room temperature to a mixture of magnesium (325 mesh, 
99.5%, purchased from Aldrich, 0.192 g, 7.91 mmol) and salt 36 (2.24 g, 3.96 mmol). 
The mixture was then stirred at room temperature overnight. During the course of the 
reaction the color of the solution turned yellow and the white precipitate disappeared. The 
solvent was then removed under vacuum and the product was extracted with 60 mL of 
hexane. Evaporation of the filtrate provided the phosphoalkene 37 as a yellow solid. 
Single crystals suitable for X-ray diffraction analysis were obtained slow evaporation of a 
ether solution of 37 Yield 81 % (1.60 g, 3.22 mmol).  
 
Mp: 188 oC.  
 

31
P{

1
H} (C6D6, 121 MHz): δ 135.4.  

 
1
H (C6D6, 500 MHz): δ 1.05 (s, 6 H), 1.28-1.75 (m, 12 H), 1.29 (s, 6 H), 1.31 (d, J = 7 
Hz, 6 H), 1.62 (s, 6 H), 1.66 (d, J = 7 Hz, 6 H), 1.86-1.91 (m, 2 H), 1.90 (s, 2H), 3.04 (t, J 
= 13 Hz, 2 H), 3.15 (sept, J = 7 Hz, 2 H), 7.15-7.25 (m, 3 H).  
 
13
C{

1
H} (C6D6, 125.75 MHz): δ 18.6, 23.9, 24.7, 25.0 (d, JPC = 12.4 Hz), 26.7, 27.9 (d, 

JPC = 8 Hz), 29.1, 30.4, 38.1 (d, JPC = 4 Hz), 38.2 (d, JPC = 6 Hz), 43.2, 49.1, 55.4 (d, JPC 
= 12 Hz), 56.9 (d, JPC = 6 Hz), 66.8, 125.5, 129.0, 134.2, 149.0 (d, JPC = 4 Hz), 207.3 (d, 
JPC = 95 Hz, Ccarbene). 
 
 

Synthesis of 38: 

 

 
 

8 mL of benzene was added at room temperature to a mixture of Ph3C+B(C6F5)4- (0.390 
g, 0.42 mmol) and phosphoalkene 37 (0.210g, 0.42 mmol). Immediately upon addition, 
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the color turned dark brown and the mixture biphasic. The mixture was then stirred at 
room temperature during 1 hour. The solvent was then removed via vaccum and the 
resulting brown residue was washed three times with a mixture benzene/ hexane (1.5 mL/ 
20 mL) and was dried under vacuum to afford the radical 38 as a fine brown powder. 
Single crystals suitable for X-ray diffraction analysis were obtained by layering hexane 
on top of a fluorobenzene solution of 38 at 5 oC. Yield 38 % (0.190 g, 0.16 mmol). 
 
Mp: 94 oC. 
 
 

Synthesis of 39: 
 

 
 
HSn(nBu)3 (0.594 g, 2.04 mmol) was added at room temperature to a biphasic mixture of 
radical 38 (0.480 g, 0.41 mmol) in 5 mL of benzene while stirring. Upon addition the 
color turned clear orange. The mixture was stirred at room temperature overnight and the 
upper phase was then removed. The resulting orange oil was washed two times with 6 
mL of benzene and one time with 6 mL of hexane. The oil was dried under vacuum to 
afford 39 as a fine pale orange powder. Single crystals suitable for X-ray diffraction 
analysis were obtained by layering hexane on top of a fluorobenzene solution of 39 at 5 
oC. Yield 68 % (0.325 g, 0.28 mmol).  
 
Mp: 171-173 oC.  
 
31
P{

1
H} (CD2Cl2, 162 MHz): δ −0.49.  

 
31
P (CD2Cl2, 162 MHz): δ.−0.49 ( d, JPH = 283 Hz). 

 
1
H (CDCl3, 500 MHz): δ 0.8-1.8 (m, 18 H), 1.14 (s, 6 H), 1.35 (d, J = 6.5 Hz, 6 H), 1.38 
(d, J = 6.5 Hz, 6 H) , 1.43 (s, 6 H), 1.80-1.96 (m, 2 H), 1.92 (d, J = 11.5 Hz, 2 H), 2.57 
(br s, 4 H), 5.57 (d, JPH = 283 Hz, 1 H), 7.42 (d, J = 8 Hz, 2 H), 7.55 (t, J = 8 Hz, 1 H). 
 
13
C{

1
H} (CDCl3, 125.75 MHz): δ 13.6, 16.6, 22.0, 24.5, 24.8, 27.3, 27.8, 29.4, 36.6, 40.8, 

45.1, 58.9, 61.5, 82.1 , 115.5 (d, JPC = 21 Hz), 124.2 (br s), 127.6, 130.2 (d, JPC = 8 Hz), 
132.5, 136.4 (d, JCF = 241 Hz), 138.4 (d, JCF = 243 Hz), 144.9 (br s), 148.4 (d, JCF = 239 
Hz), 218.8 (d, JPC = 68 Hz, Ccarbene). 
 
 

 

 



 177 

 

Synthesis of 40: 

 

 
 
Elemental bromine (0.688 g, 4.30 mmol) was added at - 78°C to a solution of CAAC 29 
(1.400 g, 4.30 mmol) in 20 mL of hexane. Immediately upon addition a yellow 
precipitate appeared. The mixture was then stirred at room temperature overnight and the 
precipitate was filtered via cannula. The resulting solid was washed with 25 mL of ether 
and dried under vacuum. 25 mL of THF was then added to the yellow solid, and 
ammonia gas was bubbled through the suspension at room temperature while stirring 
during 30 minutes. The mixture was then quenched with 20 mL of an aqueous solution of 
NH4OH (14.87 M) and stirred at room temperature during 30 minutes. 50 mL of ether 
was then added to the mixture and the organic phases was washed with brine and dried 
over MgSO4. After filtration, the volatiles were removed under vacuum to afford 40 as a 
yellow powder. Yield 70% (1.030 g, 3.03 mmol).  
 
1
H (C6D6, 400 MHz): δ 0.96 (s, 6 H), 1.12 (d, J = 6.8 Hz, 6 H), 1.15 (d, J = 6.8 Hz, 6 H), 
1.18-1.26 (m, 3 H), 1.5-1.7 (m, 5 H), 1.75 (s, 2 H), 2.06 (br s, 2 H), 3.05 (sept, J = 6.8 
Hz, 2 H), 7.05-7.18 (m, 3 H), NH was not observed.  
 
13
C{

1
H} (C6D6, 100 MHz): δ 23.5, 23.6, 26.4, 26.9, 29.4, 30.2, 38.1, 45.9, 48.2, 62.5, 

125.1, 129.4, 131.9, 150.9, 174.2. 
 
 

Synthesis of 41(Cl): 
 

N

Dipp

N

P

N
N

Dipp
Cl

 
 

 
nBuLi (2.5 M in hexane, 1.27 mL, 3.18 mmol) was added at -78°C to a solution of 40 
(1.030 g, 3.03 mmol) in 25 mL of ether. The mixture was warmed up at room 
temperature and then stirred during 2 hours. The mixture was then cooled down at - 78°C 
and PCl3 (0.208 g, 1.51 mmol) was added. The mixture was then stirred at room 
temperature overnight. The precipitate was filtered via cannula and 25 mL of chloroform 
was added to the solid. After removal of LiCl by filtration all the volatiles were removed 
under vacuum. The residue was then washed with 25 mL of ether and dried under 
vacuum to afford 41(Cl-) as a white powder. Yield 66 % (0.740 g, 0.99 mmol). 
 
 31

P{
1
H} (CDCl3, 162 MHz): δ 182.1.  
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1
H (CDCl3, 400 MHz): δ 1.00 (d, J = 6.4 Hz, 12 H), 1.04-1.72 (m, 20 H), 1.22 (d, J = 6.4 
Hz, 12 H), 1.28 (s, 12 H), 2.22 (s, 4 H), 2.63 (sept, J = 6.4 Hz, 4 H), 7.20 (d, J = 7.6 Hz, 4 
H), 7.38 (t, J = 7.6 Hz, 2 H).  
 
13
C (CDCl3, 100 MHz): δ 21.8, 23.5, 24.9, 26.8 (d, JPC = 4 Hz), 29.2, 29.7, 35.1, 45.7, 

49.1, 68.7, 125.1, 128.9, 130.3, 147.1, 171.4 (Ccarbene). 
 
 
Synthesis of 41(TfO): 
 

 
15 mL of chloroform was added at room temperature to a mixture of 41(Cl-) (0.740 g, 
0.99 mmol) and AgOTf (0.255 g, 0.99 mmol). The mixture was then stirred at room 
temperature in the dark during 1 hour. Over the course of the reaction a precipitate 
appeared which was removed via filtration. The filtrate was evaporated under vacuum 
and the resulting solid was washed 2 times with 15 mL of ether and then dried under 
vacuum affording 41(TfO-) as a white powder. Yield 76 % (0.650 g, 0.76 mmol).  
 

31
P{

1
H} (CDCl3, 121 MHz): δ 184.2.  

 
1
H (CDCl3, 300 MHz): δ 0.9-1.8 (m, 20 H), 1.07 (d, J = 6.7 Hz, 12 H), 1.27 (d, J = 6.7 
Hz, 12 H), 1.33 (s, 12 H), 2.28 (s, 4 H), 2.66 (sept, J = 6.7 Hz, 4 H), 7.26 (d, J = 7.8 Hz, 4 
H), 7.43 (t, J = 7.8 Hz, 2 H).  
 
13
C{

1
H} (CDCl3, 75 MHz): δ 21.7, 23.6, 24.9, 26.8 (d, JPC = 4 Hz), 29.2, 29.6, 35.1, 45.4, 

49.1, 69.2, 125.2, 128.8, 130.4, 147.0, 171.5 (Ccarbene), CF3 was not observed.  
 
19
F (CDCl3, MHz): -77.1. 
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Synthesis of 44: 

 

 
 

Elemental bromine (1.257 g, 7.87 mmol) was added at -78°C to a slurry of NHC 42 
(3.070 g, 7.87 mmol) in 60 mL of hexane. The mixture was stirred at room temperature 
overnight. The precipitate was filtered via cannula and washed with 40 mL of ether. 40 
mL of THF is then added to the resulting yellow solid and ammonia gas was bubbled 
through the suspension at room temperature during 30 minutes. The mixture was then 
quenched with 20 mL of an aqueous solution of NH4OH (14.87 M), stirred at room 
temperature during 30 minutes and 100 mL of ether was then added to the mixture. The 
organic phase was washed with brine and dried over MgSO4. After filtration, the volatiles 
were removed under vacuum to afford 44 as a white powder. Yield 87% (2.770 g, 6.83 
mmol). 
 
Mp: 190 oC.  
 
1
H (C6D6, 400 MHz): δ 1.21 (d, J = 6.8 Hz, 12 H), 1.29 (d, J = 6.8 Hz, 12 H), 3.19 (sept, 
J = 6.8 Hz, 4 H), 3.25 (s, 4 H), 7.07 (d, J = 8 Hz, 4 H), 7.17 (t, J = 8 Hz, 2 H), NH was 
not observed. 
 
13
C{

1
H} (C6D6, 100 MHz): δ 24.5, 25.2, 29.4, 48.8, 124.8, 129.3, 135.8, 149.6, 160.1. 

 
 
Synthesis of 45(Cl): 
 

 
 

nBuLi (2.5 M in hexane, 2.45 mL, 6.13 mmol) was added at -78°C to a solution of 44 
(2.365 g, 5.84 mmol) in 40 mL of ether. The mixture was warmed up at room 
temperature and then stirred during 3 hours. Then the solution was cooled down at -78°C 
and PCl3 (0.404 g, 2.92 mmol) was added. The mixture was then stirred at room 
temperature overnight. The white precipitate was filtered via cannula and 20 mL of 
CH2Cl2 was added. After filtration of LiCl, all the volatiles were removed under vaccum 
and the yellowish residue was washed with 25 mL of ether. The residue was dried under 
vacuum to afford 45(Cl-) as a white powder. At this stage the product contains some 
impurities which cannot be separated. Yield 50 % (1.29 g, 1.48 mmol). 
 
 31

P{
1
H} (CD3CN, 162 MHz): δ 276.3.  
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1
H (CD3CN, 400 MHz): δ 0.78 (d, J = 7.2 Hz, 24 H), 1.43 (d, J = 7.2 Hz, 24 H), 2.79 
(sept, J = 7.2 Hz, 8 H), 3.92 (s, 8 H), 7.09 (d, J = 7.6 Hz, 8 H), 7.37 (t, J = 7.6 Hz, 4 H).  
 
13
C{1H} (CD3CN, 100 MHz): δ 25.0 (d, JPC = 3 Hz), 25.5, 30.0, 50.4, 126.1, 131.9, 

132.3, 148.9, 159.6 (d, JPC = 17 Hz, Ccarbene). 
 
 
Synthesis of 45(TfO): 
 

 
 

20 mL of CH2Cl2 was added at room temperature to a mixture of 45(Cl-) (1.270 g, 1.45 
mmol) and AgOTf (0.373 g, 1.45 mmol). The mixture was then stirred at room 
temperature in the dark during two hours. During the course of the reaction a precipitate 
appeared which was removed by filtration. Evaporation of the volatiles under vacuum 
gave a yellow residue which was washed two times with 20 mL of ether. The solid was 
dried under vacuum to afford 45(TfO-) as a white powder. Yield 83% (1.19 g, 1.20 
mmol). 
 
Mp: 374oC (decomposition).  
 
31
P{

1
H} (CDCl3, 162 MHz): δ 277.0.  

 
1
H (CDCl3, 400 MHz): δ 0.72 (d, J = 6.8 Hz, 24 H), 1.15 (d, J = 6.8 Hz, 24 H), 2.67 
(sept, J = 6.8 Hz, 8 H), 3.93 (s, 8 H), 6.99 (d, J = 8.0 Hz, 8 H), 7.30 (t, J = 8.0 Hz, 4 H).  
 

13
C{

1
H} (CD3CN, 100 MHz): δ 24.0, 24.6, 29.0, 49.3, 121.1 (q, JCF = 319 Hz, CF3), 

124.6, 130.5, 130.7, 147.3, 158.2 (d, JPC = 19 Hz, Ccarbene). 
 

 

Synthesis of 46: 
 

 
 

15 mL of THF was added at room temperature to a mixture of salt 45(TfO) (1.080 g, 
1.09 mmol) and KC8 (0.155 g, 1.15 mmol). The mixture was then allowed to stir at room 
temperature during three hours. The solvent was removed under vacuum and the product 
extracted with 20 mL of benzene. After evaporation of the solvent the radical 46 was 
obtained as a fine red microcrystalline powder. Yield 72% (0.660 g, 0.79 mmol). 
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Mp: 208°C-211°C. 
 

 

Synthesis of 47: 

 

 
 
nBuLi (2.5 M in hexane, 1.20 mL, 3.01 mmol) was added at -78°C to a solution of 44 
(1.160 g, 2.86 mmol) in 25 mL of THF. The mixture was then stirred at room temperature 
during 3 hours. The solution was cooled down at -78°C and PCl3 (0.413 g, 3.01 mmol) 
was then added. The mixture was stirred at room temperature overnight and all the 
volatiles were removed under vacuum. Benzene was then added to the residue and LiCl 
was filtered off via cannula. After evaporation of the solvent the yellow residue was 
washed two times with 20 mL of pentane. The remaining solid was dried under vacuum 
to afford 47 as a white powder. Yield 57% (0.820 g, 1.62 mmol).  
 
Mp: 271 oC.  
 

31
P{

1
H} (C6D6, 162 MHz): δ 183.7.  

 
1
H (C6D6, 400 MHz): δ 1.18 (d, J = 6.8 Hz, 12 H), 1.47 (d, J = 6.8 Hz, 12 H), 3.14 (sept, 
J = 6.8 Hz, 4 H), 3.33 (s, 4 H), 7.07 (d, J = 8.0 Hz, 4 H), 7.19 (t, J = 8.0 Hz, 2 H).  
 
13
C{

1
H} (C6D6, 100 MHz): δ 24.6, 25.5, 29.6, 49.0, 125.1, 130.6, 133.6, 148.5, 155.9 (d, 

JPC = 17 Hz, Ccarbene). 
 
 
Synthesis of 48: 

 

 
 

30 mL of THF was added at - 78°C to a mixture of 47 (0.820 g, 1.62 mmol) and the 
vanadium nitride anion 6 (1.067 g, 1.62 mmol). The mixture was then stirred at room 
temperature during six hours. All the volatiles were removed under vacuum and 30 mL of 
benzene was then added to the dark red residue. After removal of NaCl by filtration, the 
solvent was removed under vacuum. The dark red residue was then washed with 10 mL 
of acetonitrile and dried under vacuum to afford 48 as dark red powder. Yield 73 % 
(1.340 g, 1.19 mmol).  
 
Mp: 128°C-131°C.  
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31
P{

1
H} (C6D6, 162 MHz): δ 185.5 (bs).  

 
1
H (C6D6, 400 MHz): δ 0.90 (s, 27 H), 1.24 (d, J = 6.8 Hz, 6 H), 1.26 (d, J = 6.8 Hz, 6H), 
1.65 (d, J = 6.8 Hz, 6H), 1.69 (d, J = 6.8 Hz, 6H), 2.10 (s, 18H), 3.37 (sept, J = 6.8 Hz, 2 
H), 3.37-3.45 (m, 2 H), 3.46-3.52 (m, 2H), 3.54 (sept, J = 6.8 Hz, 2 H), 4.44 (d, J = 13.2 
Hz, 3 H), 4.54 (d, J = 13.2 Hz, 3 H), 6.37 (s, 6 H), 6.53 (s, 3 H), 7.18 (d, J = 7.6 Hz, 4 H), 
7.26 (t, J = 7.6 Hz, 2 H).  
 
13
C{

1
H} (C6D6, 100 MHz): δ 21.9, 25.1, 25.4, 25.9, 26.1, 29.4, 29.6, 29.9, 36.4, 50.1, 

77.7, 122.7, 124.9, 125.3, 125.8, 129.9, 135.9, 137.5, 148.3, 148.5, 157.9 (d, JPC = 23 Hz, 
Ccarbene), 158.3. 
 
 
Synthesis of 49: 

 
 
15 mL of THF was added at room temperature to a mixture of 48 (1.230 g, 1.11 mmol) 
and KC8 (0.160 g, 1.17 mmol). The mixture was then stirred at room temperature during 
three hours and the solvent was removed under vacuum. 25 mL of benzene was then 
added to the dark red residue and KCl and graphite were removed via filtration. All the 
volatiles were removed under vacuum to afford the radical 49 as a dark red powder. Yield 
85 % (1.010 g, 0.94 mmol).  
 
Mp: 98°C-102°C. 
 
 
 
 

 




