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Anthraquinone (AQ) and its derivatives possess biological acti­
vity,1–3 and they are used for cancer therapy in medicine4,5 and 
also as redox active labels in DNA biosensor technologies,6,7 
receptors for selective fluoride ion recognition,8 for the synthesis 
of dyes9 and as pendant groups of electro-active polymers used 
in non-volatile memory devices.10 Their applications are deter­
mined by reversible electron transfer in organic solvents and water 
media.11,12 The replacement of hydrogen atoms with fluorine atoms 
in anthraquinone cycle leads to an increase in electron accepting 
ability, and it is accompanied by a shift of electrochemical reductive 
potentials towards less negative values.13 A key property of the 
fluorinated AQs is a high reactivity of fluorine atoms towards 
nucleophilic substitution.14 Based on this, fluorinated AQ derivatives 
have been synthesized and solvent and temperature effects were 
studied.15–17 On the other hand, the high reactivity of fluorinated 
AQs can be used to bind the fluorinated AQs to electrochemically 
inactive molecules containing nucleophilic groups. From this 
point of view, fluorinated AQs are promising redox active labels 
because their electrochemical reduction potentials differ from 
the potentials of their H-containing congeners and other quinones 
used in electrochemical biosensor technologies.18,19

Despite the fact that fluorinated AQs are well known, only the 
electrochemical reduction (ECR) of 1,2,3,4-tetrafluorinated AQ 1 
in CH2Cl2 has been studied.13 The electrochemistry of fluorinated 
AQs with N-cycloalkyl substituents has not been investigated. 
In  this work, we studied the ECR of fluorinated N-piperidyl-

9,10-anthraquinones, which are the products of the reaction between 
1 and an N-nucleophile. The synthesis of compounds 2–4 was 
described elsewere.15

Cyclic voltammograms (CVs)† of 1–4 in DMF demonstrate 
different types of ECR behavior for 1, 3 [Figure 1(a),(c)] and 
compounds 2, 4 bearing substituents at the 1,4-positions of the 
fluoroanthraquinone ring [Figure  1(b),(d)]. The ECR of com­
pounds 1, 3 is an EE-process with two reversible one-electron 
peaks corresponding to the formation of a radical anion (RA) 
and a dianion (DA), which is a typical behavior of AQs in aprotic 
solvents. The first reduction peaks in CVs of 2, 4 are reversible 
and diffusion controlled in DMF [Figure 1(b),(d) and Figure S1, 
see Online Supplementary Materials] indicating the long-lived 
nature of corresponding RAs, whereas the transfer of a second 
electron onto RAs 2, 4 leads to the instability of DAs 2, 4 and 
the  irreversibility of peaks 2C in both cases [Figure  1(b),(d)]. 
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The electrochemical reduction of 1,2,3,4-tetrafluoro-9,10-
anthraquinone and its 2-(N-piperidyl) derivative in DMF and 
DMF–H2O mixtures represents an EE-process, whereas that 
for 1-(N-piperidyl) and 1,4-di(N-piperidyl) derivatives occurs 
as an EEC-process. Based on the linear dependences of the 
first reversible one-electron reductive half-wave potentials 
of these compounds on the water content of DMF–H2O 
mixtures, the corresponding changes in the free energies of 
solvation under electron transfer have been calculated. Radical 
anions of the above compounds were obtained in DMF and 
characterized by EPR spectroscopy and DFT calculations at 
the (U)B3LYP/6-31+G* level of theory.

†	 The CV measurements of AQs 1–4 in DMF and its mixtures with H2O 
(1.2–1.7 mM solutions) were performed at 295 K under argon atmosphere. 
The supporting electrolyte was 0.1 m Et4NClO4. A PG 310 USB potentiostat 
(HEKA Elektronik) was used for the measurements. A standard electro­
chemical cell with a solution volume of 5 ml connected to the potentiostat 
with a three-electrode scheme was employed. A stationary Pt disk electrode 
(S = 0.06  cm2) was used as a working electrode, and Pt helix was an 
auxiliary electrode. Peak potentials were quoted with reference to a saturated 
calomel electrode (SCE). A salt bridge with 0.1 m of supporting electrolyte 
in DMF and its mixtures with H2O of the same composition as in working 
electrode space was used to connect the cell and SCE. Triangular potential 
sweep was used for CV measurements. The potential sweep rates were 
n = 0.1–1.5 V s–1. To estimate the pure resistance (R) of a cell and its changes 
when DMF–H2O mixtures were used as a solvent, the corresponding 
measurements have been done using an INSTEK LCR meter. The signal 
frequency was 2 kHz.
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The peak 2C becomes quasi-reversible for 2 at the potential 
sweep rates n > 0.3 V s–1 [Figure 1(b)] and the corresponding 
anodic peak 2A becomes observable. No quasi-reversibility of 
2C peak was detected for 4 in the studied range of n [Figure 1(d)].

Anodic peaks 3A were observed in the CVs of 2 and 4, if the 
potential sweep range covers both peaks 1C, 2C only (Figure S2, 
see Online Supplementary Materials). This fact indicates the 
attribution of peaks 3A to electrochemical oxidation of unknown 
products of DAs transformation. An additional minor peak 4C 
was detected for the ECR of 2 [Figure 1(b)], whose nature was 
not studied.

Tentatively, the instability of DAs 2, 4 can be explained by the 
higher reactivity of fluorine atoms at the 2,3-positions than that 
at the 1,4-positions, as was also observed in the nucleophilic 
substitution reactions of 1.15–17 The presence of electron donating 
substituents at the 1,4-positions of the AQs cycle activates the 
reactivity of fluorine atoms at the 2,3-positions and DAs 2, 4 
become less stable. The substitution in the 2-position does not 
activate the reactivity of fluorine atoms since no instability of 
DA 3 was observed [Figure 1(c)]. The electrochemical decomposi­
tion details of DAs 2, 4 require a separate investigation.

Peak potentials of 1–4 together with the corresponding values 
E1

1/2  = (Ep
1C + Ep

1A)/2‡ for the first reversible peaks and DFT 
calculated first adiabatic electron affinities are given in Table 1. 

Peak potentials of unsubstituted AQ 5 are presented for com­
parison.

For AQs 1–4, a good correlation was revealed between the 
half-wave potentials of the first CV wave, E1

1/2, and EA1 values 
calculated by DFT [Figure 2(a)] indicating a uniform change of 
electron affinity in 1–4 in accordance with the electron donating 
effects of substituents. To estimate changes in the free energies 
of solvation (dDG0

solv) in 1–4, it is necessary to correct the DFT 
calculated EA1 values using the known experimental gas-phase 
electron affinity of a related compound as a reference point. The 
values of dDG0

solv together with gas-phase electron affinities 
determine the first peak potentials and E1

1/2 of 1–4 in solution, 
and they are related to charge distributions in their RAs.20 Among 
the test compounds, the experimental gas-phase electron affinity 
EAad of 1.59 eV (36.61 kcal mol–1, see Table 1) is known only for 
5, as found from electron transfer equilibria.21 The difference in 
the DFT calculated and the experimental EAad of 5 is DEA = 
= 0.405 eV (9.326  kcal mol–1), which was used to correct the 
DFT calculated EA1 of 1–4 to obtain the corresponding EAad (see 
Table 1). Assuming the approximation EAad ≈ –DHad ≈  –DGad 
due to minimal changes in entropy under electron transfer, it is easy 
to obtain a relationship between E1

1/2, gas-phase electron affinity 
and dDG0

solv as follows:21,22

23.06G E G C/solv ad
0

1 2
1 0dD D=- - + ,	 (1)

where C  =  –108.6  kcal  mol–1, which includes the potential of 
SCE. This value of C was confirmed by published data.23 Using 
the experimental EAad and dDG0

solv of 5 in DMF as a reference 
point21 the corresponding changes in free energies of solvation in 
DMF were calculated from equation (1) (see Table 1).

ECR of 1–4 in DMF–H2O mixtures in the range of the molar 
fractions of water 0 < c < 0.6 led to consequent shifts of both Ep

iC 
(i = 1,2) and the corresponding E1

1/2 potentials towards less negative 
values [Figure 2(b), Figure  S3, Tables  S1–S4]. The values of 
E1

1/2 in H2O obtained by extrapolation of E1
1/2( c = 1) are –0.491, 

–0.651, –0.604, and –0.870  V, respectively (vs. SCE). In the 
range 0 < c < 0.46 the solvent dependences of E1

1/2 associated 
with the first reductive one-electron CV wave of 1–4 form parallel 
linear regressions [Figure 2(b)] and allow us to estimate the corre­
sponding dependences of dDG0

solv on water contents (Tables S1–S4) 
using the same constant C [equation (1)]. The effect of diffusion 
potential changes on E1

1/2 at various c limits the range of c for 
the correct determination of dDG0

solv (c) by 0 < c < 0.46.
The linear dependences dDG0

solv ( c) demonstrate an increase 
in the absolute values of | dDG0

solv| with c, as it was previously 
observed.20 The difference in dDG0

solv (c) is noticeable only for 
compound 4 with two N-piperidyl substituents at the 1,4-posi­
tions of the AQ ring [Figure 2(c)]. Since the dDG0

solv values are 
mostly determined by electrostatic interactions of RAs with 
solvent molecules,20,22 it can be concluded that RA 4 is charac­
terized by the least intense electrostatic interaction with solvent 
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Figure  1  CVs of (a) 1, (b) 2, (c) 3, (d) 4 in DMF in the potential sweep 
range 0 > E > –2.0 V at various potential sweep rates.

Table  1  Peak potentials,a DFT calculated first adiabatic gas-phase electron affinitiesb (EA1), and corresponding changes in the free energies of solvation 
(dDG0

solv) under one-electron transfer of 1–5 in DMF. 

Compound
Ep

iC/V Ep
iA/V

E1
1/2 /V EA1/eV EAad /kcal mol–1 –dDG0

solv /kcal mol–1

i = 1 i = 2 i = 1 i = 2 i = 3

1 –0.698 –1.382 –0.626 –1.308     – –0.662 1.567 45.41c 47.89
2 –0.887 –1.403 –0.818 –1.326 –0.56 –0.853 1.374 40.97c 47.92
3 –0.840 –1.474 –0.770 –1.404     – –0.805 1.421 42.05c 47.99
4 –1.068 –1.610 –1.007       – –0.74 –1.037 1.256 38.25c 46.44
5 –0.890 –1.540 –0.800 –1.460     – –0.845 1.185 36.61d 54.40e

a Measured with Pt working electrode vs. SCE, v = 0.1 V s–1; in potentials designation, Ep
iC(A), i is a number of peak, symbols ‘A’ or ‘C’ indicate the anode or 

cathode branch of the CV curve. b EA1 calculated at the B3LYP level of theory. c Recalculated values, EAad = EA1 + DEA, DEA = EAad(5) – EA1(5), EAad(5) 
is the experimental first gas-phase electron affinity of unsubstituted 9,10-anthraquinone (see ref. 20). d Experimental value in the following approximation: 
EAad(5) ≈ –Had(5) (see ref. 21). e Calculated with experimental EAad(5) (see ref. 21).

‡	 For discussion of IR-compensation effect on the E1
1/2 and for a contri­

bution of diffusion potential in E1
1/2 values, see Online Supplementary 

Materials.
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molecules among compounds 1–4. Tentatively, it can be explained 
by a shielding effect from two N-piperidyl substituents in the 
1,4-positions of 4, which hinders interactions between RA 4 and 
solvent molecules. Note that the dDG0

solv values of fluorinated AQs 
will be useful for computational studies of solvent effects on the 
reduction potentials of anthraquinone derivatives.26

For compounds 1–4, the EPR spectra§ of the RAs were 
obtained under stationary electrolysis in DMF at the potentials 
Ep

iC (Figure S4). The EPR spectrum of RA 1 (Table 2, Figure S4) 
demonstrated the pared magnetic equivalence of 19F (1,4- and 
2,3-positions) and 1H (5,8- and 6,7-positions) nuclei and a 
well‑resolved hyperfine structure (hfs) with all nuclei except 
for 1H (5,8). For RAs 2–4, hfs with 19F and 1H (6,7) is resolved 
and no hfs with 14N and 1H (5,8) nuclei were detected due to 
the  low values of the corresponding hyperfine coupling (hfc) 
constants that are comparable with the line width. For RAs 1–4, 
no hfs with 1H nuclei of the N-piperidyl ring were observed.

The experimental isotropic hfc constants of the RAs together 
with those calculated in a gas phase at the (U)B3LYP/6-31+G* 
level of theory¶ (see Table  2) demonstrate good compatibility. 
According to calculations, the fluoroanthraquinone scaffold is 
planar in all RAs, and SOMO is of p-type (Figure  S5). The 
N-piperidine cycle in RAs 2–4 has a chair conformation twisted 

from the AQ cycle plane (Figure S5, Tables S7–S10) and two 
N-piperidyl cycles in RA 4 are in a hindered conformation with 
respect to each other. Note that DFT calculations indicate a 
positive sign of the hfc constants with 19F (2,3) nuclei, whereas 
hfc constants with other nuclei are negative (see Table 2).

In conclusion, we described the electrochemical behavior of 
N-piperidyl-substituted fluorinated anthraquinones in DMF and 
its mixtures with H2O. ECR of 3 in DMF is analogous to that for 
1,2,3,4-tetrafluoroanthraquinone 1 and is a classical EE process, 
whereas ECR of 2, 4 is the EEC process and their dianions are 
unstable both in DMF and in its mixtures with water. For all AQs 
studied, linear dependences of the first CV half-wave potentials 
E1

1/2 on water content in a range of 0 < c < 0.462 were found to 
reflect changes in the free energy of solvation, and the weakest 
absolute values of dDG0

solv were observed for compound 4.
Finally, note that, taking into account the low values of the 

extrapolated ECR potentials of compounds 1–3 in H2O and the 
high reactivity of fluorine atoms in nucleophilic substitution 
reactions,15–17 we can suggest the practical application of the 
test  fluorinated anthraquinones as redox active labels for the 
modification of oligonucleotides in biosensory technologies.19
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