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Abstract:  

Solvent effect is investigated on ᵝ-phophorylated nitroxides carrying electron widthdrawing groups exhibiting 
various steric hindrances. Solvent effect on nitrogen and phosphorus hyperfine coupling constants highlights the 
entanglement of polar and steric effects on the changes in hyperfine coupling constants.  

Introduction 

Nitroxyl radicals are currently applied as probe in several fields as Site Directed Spin-Labeling to investigate 
dynamics of protein, as spin probes in Materials Sciences and in Medecine.[] Recently, we highlighted the inter-
est to use ᵝ-phosphorylated nitroxides as spin label,[] as imaging agent[] and as spin probe.[] Such applications of 
nitroxides rely on changes in both the nitrogen and phosphorus hyperfine coupling constants aN and aP, respec-
tively, depending on their surrounding.[] We showed that changes in aN and aP are dramatically dependent on the 
structure of the nitroxyl radical.[,,,,-] However, in the series of nitroxyl radical 3 only minor steric changes were 
investigated with 3a and 3b,c.[8,9] Indeed, one methyl group in 3a is replaced either by the CH2OAc (3b) or by 
the CH2OPiv (3c). Hereafter, we report on the effect on aN and aP of more significant changes in the steric strain 
as Me group in 3a is replaced by COOMe group in 3d (Figure 1).  
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Results and Discussion 

Nitroxide 3d• was prepared as already reported[] and the corresponding nitrogen and phosphorous hyperfine cou-
pling constant (hcc) an and aP, respectively, were measured as previously described.[6-11] Due to the presence of 
both N- and P-atoms at the positions a and b to the odd electron with nuclear spin IN = 1 and IP = ½, respective-
ly, EPR signal of 2•, 3a-d• displays 6 lines (doublet of triplet) with a large doublet due to aP and a small triplet 
due to aN (Table 1).  

Table 1. Nitrogen and phosphorus hyperfine coupling constants aN and aP
a in various solvents for nitroxides 

1•,2•, and 3a-d• 

 

Figure 1. Nitroxides discussed in the ar ticle 

en-
try 

solvent[b] 1•c 2•d 3a•e 3b•e 3c•e 3d•  

  aN aN aP aN aP aN aP aN aP aN aP ET
Nf 

1 pentane 15.15 14.06 41.35 13.54 46.19 13.61 45.67 13.43 55.07 13.59 43.19 0.009 

2 n-hexane 15.22 14.30 41.68 -g -g 13.49 45.55 13.43 54.97 13.76 43.02 0.009 

3 CHex 15.19 14.23 40.68 13.54 46.10 13.49 45.42 13.43 55.17 13.76 42.84 0.006 

4 octane 15.22 14.56 41.35 13.50 46.20 13.49 45.55 13.54 55.17 13.41 43.02 0.012 

5 benzene 15.53 14.56 35.32 13.74 45.14 13.61 44.68 13.54 55.75 13.58 42.15 0.111 

6 toluene 15.46 14.73 36.63 -g -g 13.61 44.8 13.54 55.55 13.76 42.50 0.099 

7 t-BuPh 15.47 14.56 38.33 13.70 45.70 13.49 45.05 13.54 55.55 13.59 42.84 0.099 

8 PhBr 15.57 14.56 32.64 -g -g 13.74 44.18 13.66 56.03 13.59 41.97 0.182 
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a aN and aP given in G. b CHex: cyclohexane, t-BuPh: tert-butylbenzene, PhBr: bromobenzene, AcPh: acetophe-
none, DCE: 1,2-dichloroethane, DME: 1,2-dimethoxyethane, 14D: 1,4-dioxane, THF: tetrahydrofurane, AcOEt: 
ethyl acetate, ACN: acetonitrile, DMSO: dimethylsulfoxide, F: formamide, NMF: N-methylformamide, DMF: 
N,N-dimethylformamide, TFE: 2,2,2-trifluoroethanol, EG: ethylene glycol, TEG: triethylene glycol, AcOH: ace-
tic acid, i-PenOH: iso-pentanol, Mecyc: methylcyclopentane, PhCl: chlorobenzene. c Given refs. [6,7]. d Given 
in ref. [8]. e Given ref. [11]. f Given in ref. [17,18]. g  Not available. h Phosphate buffer NaH2PO4/Na2HPO4, 0.05 
M, pH = 7.3 

9 pyridine 15.66 14.90 31.00 13.86 44.49 13.61 43.69 13.89 56.32 13.76 41.45 0.302 

10 AcPh 15.64 14.73 31.64 -g
 -g

 13.61 44.06 13.66 56.26 13.76 41.80 0.306 

11 t-BuPH/CH2Cl2 15.61 14.73 37.50 13.90 44.70 13.74 43.94 13.68 56.32 13.76 41.80 -[g]
 

12 CH2Cl2 15.77 15.06 27.28 13.90 44.61 13.74 43.69 13.74 56.80 13.93 41.80 0.309 

13 DCE 15.71 15.06 28.62 13.90 45.10 13.74 43.69 13.77 56.61 13.76 41.63 0.327 

14 CHCl3 15.77 15.23 27.95 13.98 45.46 13.86 44.67 13.77 57.09 13.76 42.67 0.259 

15 CCl4 15.40 14.56 37.50 -g
 -g

 13.61 45.55 13.54 55.75 13.58 43.19 0.052 

16 DME 15.265 14.39 35.49 -g
 -g

 13.61 44.69 13.54 55.55 13.58 42.50 0.231 

17 Et2O 15.241 14.23 37.83 -g
 -g

 13.49 45.17 13.54 55.26 13.58 42.85 0.117 

18 i-Pr2O 15.23 14.23 39.50 13.62 45.82 13.61 45.30 13.54 54.97 13.76 43.02 0.105 

19 n-Bu2O 15.36 14.39 37.66 13.50 46.00 13.49 45.30 13.54 55.36 13.58 42.85 0.071 

20 Met-BuO 15.32 14.06 38.17 13.62 45.74 13.61 45.17 13.54 55.17 13.41 42.67 0.124 

21 14D 15.45 15.06 31.64 13.78 45.31 13.61 44.55 13.66 56.13 13.58 42.32 0.164 

22 THF 15.47 14.73 35.49 13.70 45.59 13.61 44.68 13.66 55.55 13.58 42.49 0.207 

23 AcOEt 15.60 14.90 36.32 13.66 45.66 13.61 44.93 13.54 55.84 13.76 42.67 0.228 

24 acetone 15.62 14.56 33.65 13.82 45.42 13.74 44.55 13.77 56.03 13.58 42.32 0.355 

25 ACN 15.76 15.06 28.62 13.86 44.73 13.74 43.81 13.77 56.42 13.76 41.63 0.460 

26 MeNO2 15.86 15.06 26.78 13.94 44.45 13.86 43.56 13.89 56.90 13.76 41.45 0.481 

27 DMSO 15.77 15.06 30.80 13.8 45.40 14.73 43.69 13.77 56.32 13.76 41.80 0.444 

28 F 16.20 15.56 20.59 14.4 43.70 14.11 42.2 14.24 58.44 14.11 40.76 0.775 

29 NMF 15.77 15.40 20.50 14.1 44.20 13.99 42.7 14.00 57.29 13.93 40.76 0.722 

30 DMF 15.67 14.90 32.31 13.9 45.50 13.74 44.31 13.77 56.23 13.76 41.97 0.386 

31 MeOH 16.20 15.56 20.75 14.1 45.70 13.86 43.94 13.89 58.06 13.93 41.97 0.762 

32 EtOH 16.08 15.23 22.76 14 45.80 13.74 44.31 13.86 57.48 13.76 42.32 0.654 

33 TFE 16.78 15.90 20.42 14.7 46.30 14.36 44.43 14.24 59.78 14.11 42.50 0.898 

34 i-PrOH 16.04 15.23 25.44 13.94 45.94 13.74 44.68 13.77 57.19 13.76 42.50 0.546 

35 n-BuOH 16.04 15.22 23.42 -g
 -g

 13.74 44.43 13.77 57.29 13.76 42.32 0.586 

36 t-BuOH 15.91 15.06 29.96 13.9 46.50 13.74 45.17 13.54 57.09 13.76 42.84 0.389 

37 BnOH 16.29 15.40 23.60 -g
 -g

 13.86 44.06 13.89 58.15 13.76 41.97 0.608 

38 EG 16.30 15.40 21.59 13.74 45.54 14.11 43.91 14.12 58.53 14.11 41.80 0.790 

39 TEG 15.30 15.23 21.76 13.62 45.42 13.99 44.43 13.89 57.48 13.76 41.97 0.682 

40 water/MeOH 16.72 15.90 22.60 14.5 45.70 14.23 43.81 14.35 59.5 14.11 41.97 0.710 

41 water 16.99 16.90 22.15 14.9 45.60 14.73 43.69 14.7 60.85 14.28 42.15 1.000 

42 bufferh
 -[g]

 16.23 22.09 -g
 -g

 -g
 -g

 -g
 60.85 14.28 42.15 -[g]

 

43 AcOH 16.19 -[g]
 -[g]

 -g
 -g

 13.86 44.93 13.77 58.54 13.76 42.67 0.648 

44 Et3N 15.32 15.06 39.5 13.58 46.10 13.61 45.42 13.54 55.35 13.41 42.84 0.043 

45 i-Pr2NH -[g]
 14.73 39.17 13.62 45.91 13.49 45.3 13.66 55.36 -g

 -g
 0.145 
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Hcc at position a is directly related to the spin population localized on the nucleus,[] and to the shape of the SO-
MO (Fermi contact term QN, eq. 1).[13] For p-radicals, the SOMO is of the p type and thus any increase in the s 
character leads to an increase in the spin population and, hence, to an increase in aN. 

     (1) 

 
For nitroxides, a decrease in aN is observed for both a decrease in QN – because form A is favoured over zwiteri-
onic form B[,,] (Figure 2) due to the presence of electron widthdrawing groups (EWG) – and a change in the hy-
bridization (pyramidalization) at the nitrogen atom, varying from sp3 to sp2 (Figure 3), i.e., the higher the pyram-
idalization (form C), the higher the s character of the SOMO, and conversely. 

The dramatic increase in polarity – electrical Hammet constant sL are -0.06, 0.27, 0.28, 0.48, 0.48, and 0.61 – of 
the substitutents in the nitroxides 1•, 2•, 3a-d• do not account for the decrease in aN as expected (see y-intercept 
in Figure 4) by disfavouring mesomeric form B over form A (Figure 2). Indeed, aN decrease from 1• to 3a• as 
expected but does not change significantly for 3a-d•. This means that the effect of strong EWG attached to the 
nitroxyl moiety is balanced by a stronger pyramidalization at the N-atom in 3d• than in 3b,c• and 3a• (Figure 3). 
Taking into account the large difference in sL, the very similar slope for the plot aN vs ET

N[,] for 1• and 2• denotes 
a better accessibility of the nitroxyl moiety in 2• as in 1• as more polar the nitroxide is, less sensitive aN (slope in 
Figure 4) is to the effect of solvent. Taking into account the similar values of sL for 3a• and for 2•, the smaller 
slope for 3a• denotes a larger steric hindrance than in 2• and then a lesser accessibility to the nitroxyl moiety. 
The smaller slopes for 3b-d• than for 3a• is ascribed to the higher polarity in 3b-d• than in 3a• and, hence, a low-
er sensitivity to the solvent effect. The smaller slope for 3d• is ascribed to both higher polarity and likely higher 
steric hindrance around the nitroxyl moiety.  

 

 

 

Figure 2. Mesomeric forms of the nitroxyl moiety 

 

 

 

 

 

Figure 3. Canonical forms for  the hybr idization at the nitrogen atom of the nitroxyl moiety and %  of  s 
character of the SOMO 

The Heller-Mconnel relationship (Scheme 1 and eq. (2))[] shows that aP depends on the square of the cosine of 
the dihedral angle q. The Heller-McConnel relationship (2) shows – provided that there are no or only minor 
changes in the hybridization or in the mode of solvation – an increase in aP as the spin population rN

p increases 
when aN increases.[13] The smaller y-intercept for 2• than for 3a-d• (Figure 5) is ascribed to a larger angle q 
meaning that the conformation are very different between 2• and 3a-d•. The very similar y-intercepts for 3a-d• 
and its decreasing trends form 3a• to 3d• agrees with very close conformation and an increase in polarity de-
creasing the spin density rN

p on the N-atom. The very similar and negative slopes for 3a-d• denote same confor-
mational changes which are much less important than in 2• (Figure 5). Hence, the bond rotations N—CP are 
strongly restricted in 3a-d•. The smaller changes in slope for 3a-d• are not discussed are they are due to entan-
gled polar and steric effects.     
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Figure 4. Correlations ET
N vs aN for 1• (■), 2• ( ), 3a• (¿), 3b•(ê), 3c• (▲), and 3d• (À). Empty symbols are for 

outliers 
 
 
 
 
 
 
 
 
 
 
 
Scheme 1. Conformation change by rotation around the C—N bond from a non polar solvent to a polar solvent. 
Dotted line for the dipole-dipole interaction +•N—O¯••••+P—O¯. 

     (2) 

 

 

 

 

 

 

Figure 5. Cor relations ET
N vs aP for 2• ( ), 3a• (¿), 3b•(ê), 3c• (▲), and 3d• (À). Empty symbols are for outliers. 
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In recent articles,[6-11] we showed that the impact of conformational changes on aP is probed using the dihedral 
angle q between the C—P bond and the SOMOp* on the N-atom of the nitroxyl moiety, as given in eq. (2). The 
value of rN

pB1 is solvent dependent and is known in non polar solvents for nitroxides carrying a diethoxyphos-
phonyl group,[19] and commonly accepted as rN

pB1 = 59 G in n-hexane or other similar non polar solvents. As rN
p 

is proportional to aN, the ratio aP,n-hexane/aP,n (eq. 3) affords the value of q for each solvent and, hence, an insight 
into the solvent dependence of the conformation. 

   (3) 

All nitroxides display (Figure 6) a decrease of aP with increasing q meaning that all nitroxides experience the 
same solvent effect except at different extents as highlighted by Dq = 24° for 2• and Dq = 6° for 3a-d•. Although 
steric hindrance and polarity are very different in 3a-d•, the relative mobility is the same but much lower than 
for 2•. Moreover, the quasi-linear and decreasing distribution of aP vs q denote that the conformational changes 
are overmatch the changes in polarity of the nitroxyl moiety and that these changes are quasi-monotonic with 
the solvent.  

 

 

 

 

 

 

 

Figure 6. Plot q vs aP for 2• ( ), 3a• (¿), 3b•(ê), 3c• (▲), and 3d• (À). Empty symbols are for outliers. 
 

CONCLUSION 
As already observed and discussed for 2• and 3a-c•, changes in aN and aP with solvent polarity in 3d• are gov-
erned by the interaction N+•—O¯····P+—O¯ between nitroxyl and phosphoryl moieties. Plots ET

N vs aN ET
N vs 

aP show that the changes in polarity and bulkiness of the substituents in 3d• compared to 3a-c• are baleanced by 
changes in hybridization at the N-atom and in conformations.  
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