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Abstract: Organometallic derivatives of nucleobases are characterized by distinctive biological and electrochemical properties. In this work, 
reduction potentials of ferrocenoyl-substituted nucleobases (uracil, 5-fluorouracil, and thymine) were measured by cyclic voltammetry and 
calculated by using density functional methods. Both experimental (281– 296 mV) and calculated (271–293 mV) values for reduction potential 
E°’ show that these conjugates are much better oxidants than the parent ferrocene system. In search for the computational model, which can 
successfully reproduce experimental results, the M06-2X functional appeared as the optimal method in terms of efficiency and accuracy. 
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INTRODUCTION 
ORGANOMETALLIC nucleobase derivatives corre-
spond to a new generation of conjugates in which 

metallocenes are linked to the basic structural elements of 
heredity.[1] Due to their redox and bioactive properties, 
these conjugates are of use in bioanalytical[2] and medicinal 
chemistry.[3,4] Ferrocene, a prototypical metallocene, fea-
turing characteristic sandwich-like structure with Fe2+ 
between two cyclopentadienyl rings (Cp) has been exten-
sively explored in numerous copulates.[5] 
 Ferrocene part of the molecule undergoes a 
reversible one-electron oxidation and produces a stable 
ferrocenium cation. This important property has spurred 
ferrocene coupled molecules towards applications in the 
group of novel redox switches and electrochemical 
sensors.[6] Pharmaceutical potential of ferrocene based 
sensors and/or marker has not yet been utilized, but a drug 
containing ferrocene, Ferroquine, has been registered for 
the use as an antimalarial agent.[7] Intensive work has been 

done in search for a ferrocene containing drug with 
anticancer properties,[8] where drugs’ electrochemical 
potential may be used to turn off targeted enzymes in 
similar fashion as hydroxyurea works in interrupting 
ribonucleotide reductase enzyme.[9] 
 In search for bioorganometallic systems with an 
extended conjugation, the ferrocenoyl-substituted 
pyrimidine nucleobases (Scheme 1) have been prepared in 
our laboratory.[10] In these chemical hybrids the two 
moieties (ferrocene and nucleobase) are linked by the 
carbonyl group. In this work we examine their redox 
properties by means of experimental and computational 
electrochemistry. 
 

EXPERIMENTAL AND 
COMPUTATIONAL DETAILS 

Electrochemical measurements on samples dissolved in 
acetonitrile with 0.1 M tetraethylammonium tetrafluoro–
borate, (NEt4)(BF4), as the supporting electrolyte were 
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performed at 25 °C using a CH Instruments 660D 
potentiostat with iR-drop compensation, on-line connected 
to a PC. All measurements were performed under argon 
atmosphere in an ALS VC-4 three-electrode glass cell 
containing a glassy carbon working electrode, a platinum 
wire auxiliary electrode (diameter 0.6 mm) and an ALS RE-
7 nonaqueous silver reference electrode (RE). The RE 
consisted of a silver wire inserted into an acetonitrile 
solution of 0.01 M AgNO3 with 0.1 M (NEt4)(BF4) and 
separated from the working solution by a Vycor tip. The GC 
electrode was polished with an aqueous alumina slurry 
with particles 0.05 μm in diameter before every experiment 
and the electrode surface was determined to be A = 0.081 
± 0.001 cm2 by chronocoulometry of a 2 mM solution of 
K3[Fe(CN)6] in 1 M aqueous KCl.[11] 
 The cyclic voltammetry (CV) measurements were 
recorded at scan rates varying between 20 and 200 mV·s–1. 
All (relative) redox potentials are referenced against the 
ferrocene Fc+/Fc redox couple (E°’ = 0.00 V), as 
recommended by IUPAC.[12]  Parameters of the recorded 
cyclic voltammograms were evaluated according to 
previously published procedures.[13] The cathodic and 
anodic current peak potentials, Epc and Epa, were taken 
directly from the CHI software v16.08 and were used to 
calculate the half-wave potential, E1/2 = (Epc + Epa) / 2. The 
values of the apparent diffusion coefficients, Dapp, were 
calculated from the dependence of the anodic peak 
current, ipa, on the scan rate, according to the Randles-
Sevcik equation.[14] The apparent rates of electron transfer, 
k°app, were estimated from the polynomial model of 
dependence of current peak potential difference, ΔEp, on 
log ψ,[15] assuming no significant difference between the 
diffusion coefficients of the oxidized and the reduced 
species (i.e. DO ≈ DR and E1/2 ≈ E°’).[16] The values of ΔEp vs. 
log ψ couples were obtained from data published by 
Nicholson.[17] The obtained k°app values are the rates of 
electron exchange in the condition of E = E°’, i.e. when the 

rates of both reduction and oxidation reactions have the 
same value equal to k°app, which represents a measure of 
the kinetic facility of a redox couple.[Error! Bookmark not defined.] 
The apparent radii of solvent cavities, rapp, were calculated 
according to the known Stokes–Einstein relation, rapp = 
kBT/(6πηDapp), where kB is the Boltzmann constant and η = 
0.344 × 10−3 kg m−1 s−1 is the viscosity of acetonitrile.[18] 
 All geometries were optimized on the M06-2X and 
B3LYP levels of theory, as implemented in the Gaussian 09 
software package.[19] The basis set for optimization was 
standard Pople's 6-311G(d) on non-metal atom centers, 
while Stuttgart-Dresden (SDD)[20] basis set with effective 
core potential (ECP) was used for Fe, similar to previous 
studies.[21] Wave function stability test was performed on 
all species. Harmonic frequencies were computed from 
analytical second derivatives at the corresponding level of 
theory. 
 Gibbs energies of solvation were determined by 
single-point calculations using the PCM continuum 
solvation model at the B3LYP/6-311G(d)//B3LYP/6-311G(d) 
level, with the UFF atomic radii and electrostatic scaling 
factor (alpha value) set to 1.1 for all atoms (default values 
in Gaussian09).[22,23] The solvent relative permittivity of  
ε = 35.688 (acetonitrile) was used. 
 

RESULTS AND DISCUSSION 

Electrochemical Measurements 
Electrochemical parameters E°’, k°app, Dapp and rapp are 
summarized in Table 1, and corresponding cyclic 
voltammograms are presented in Figure 2. Ferrocenyl-
substituted nucleobases exhibit a reversible one-electron 
redox behaviour. All measured redox potentials E°’ are 
281–296 mV above the value of the reference ferrocene 
redox couple Fc+/Fc. This indicates that oxidation of the 
ferrocenyl units in conjugates with nucleobases is 
considerably more difficult than that of ferrocene itself. The 
increased difficulty in oxidation can be interpreted in terms 
of the carbonyl group effect. The electron withdrawing 
effect of this group, attached directly to the 
cyclopentadiene ring, makes the oxidation of the iron 
centre more difficult (Figure 1). 
 In cases where the carbonyl group was replaced by 
the methylene group, as in ferrocenylmethylthymine and 
ferrocenlymethyluracil, the reduction potentials were 
shifted toward the value of the reference couple (87 and 
135 mV, resp.).[24] 
 Different substitutions at the C5-position of the 
pyrimidine ring have negligible effect on the redox 
properties of the ferrocenoyl-nucleobase system, as all 
the measured potentials are lying in the range of only  
15 mV. 

 

Scheme 1. Ferrocenoyl-substituted pyrimidine nucleobases 
(1, R = H; 2, R = F; 3, R = Me). 
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Computational Electrochemistry 
Due to high requirements for achieving results of predictive 
quality, reduction potentials are good target properties for 
the evaluation by electronic structure methods. A number 

of theoretical studies have addressed the question of how 
to get accurate result for redox potentials, focusing on 
various chemical systems and different computational 
models.[25,26] As expected, different chemical systems 
require different computational models to correctly 
calculate their redox properties.[27] 
 There may be a problem with selection of theoretical 
model appropriate to calculate redox potential for larger 
compounds which comprise of two (or more) molecular 
moieties. For example, in the nucleoside the pyrimidine (or 
purine) ring is connected to the sugar part of the molecule. 
For each of the two fragments, nucleobase and sugar, 
suitable computational methods are determined, but not 
for the nucleoside system as a whole.[28] 
 Here, we explore conjugates of type Fc–CO–B in 
which organometallic part (Fc = ferrocene) and nucleobase 
(B = uracil, thymine, or fluorouracil) are connected by the 
carbonyl linker (CO). According to literature reports, two 
different parts of ferrocene-nucleobase conjugates require 
different theoretical approaches to correctly calculate their 
redox properties. Thus, ferrocene itself and its redox 
property was properly described with the composite model 
G3(MP2)-RAD-Full-TZ, as reported by Coote and co-
workers.[29] On the other side, the CBS–QB3 and G3B3 
models were benchmarked as superior to calculate redox 
properties of nucleobases.[28] These benchmarking studies 
were performed on separated systems, i.e. nucleobase and 
ferrocene as isolated moieties in each case. However, for 
larger chemical systems, i.e. ferrocenyl derivatives of 
nucleobases (Fc–CO–B), these sophisticated composite 
models may become impractical. 
 In the search for theoretical model which is efficient 
and optimal both for ferrocene and nucleobase derivatives, 
the B3LYP method and M06 family of density functionals 
appeared as good candidates. These methods were used by 
different authors to determine redox potentials of 
nucleobases and ferrocene, and good agreement with 
experiments was obtained. Thus, the B3LYP functional was 
employed to calculate redox potentials of nucleobases[30] 

and transition metal complexes, including ferrocene.[31] The 
6-31+G(d,p) and 6-311G(d) basis sets were used, 
respectively. In the latter study, the metal center was 
described by the nonrelativistic effective core potential of 
the LANL2DZ basis set. In addition, the B3LYP functional 
was recently used to calculate redox potential of 
ferrocene,[32] together with several functionals from the 
Truhlar group (M05, M06, and M06L). Again, the 6-311G(d) 
basis set was used for all atoms, except the iron which was 
described with the LANL08 or SDD basis set. Finally, the 
functionals from the Minnesota series (M06 and M06-2X) 
were also used in calculation of the one-electron redox 
properties of nucleobases, together with the 6-31++G(d,p) 
basis set.[33,34] 

 
Table 1. Electrochemical data for 1, 2, 3, and Fc. 

 
E°’ / mV 

vs. Fc+/Fc 
k°app/ 

10–2 cm s–1 
Dapp /  

10–5 cm2 s–1 rapp / Å 

1 296 1.23 1.73 3.7 

2 294 1.01 2.04 3.1 

3 281 1.27 1.73 3.7 

Fc 0 1.31 2.28 2.8 

 

 

Figure 1. Cyclic voltammograms of ferrocenoyl-nucleobase 
conjugates, 1, 2, and 3, and Fc in acetonitrile at 25 °C 
(supporting electrolyte 0.1 M (NEt4)(BF4)), at a scan rate of 
100 mV s–1. All potentials are referenced to Fc+/Fc. 

 

Figure 2. The HOMO (MO82 calculated at the B3LYP/6-
311G(d)/SDD level) in the ferrocenoyl-5-fluorouracil 
(reduced form) belongs to the iron-centered 

−2 2d
x y

 orbital 
with some delocalization to the carbonyl group. 
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 In all cases investigated, the DFT models were 
reported as reliable methods for calculations of the redox 
potential for each respective system (i.e. ferrocene or 
nucleobases). Therefore, we have selected them to 
calculate redox properties of pyrimidine-ferrocene 
conjugates. We decided to use the M06-2X/6-311G(d) and 
B3LYP/6-311G(d) which include density functional and 
basis set validated earlier as reliable tools (see above) for 
redox property calculations. In this work the methods were 
identified as optimal for describing redox properties of 
ferrocene-nucleobase conjugates 1, 2, and 3, and results 
obtained at these levels were used throughout the text. In 
each case the iron was described by SDD basis set, and 
solvent effects were modeled with SCRF/PCM model. 
 Isodesmic reaction protocol was used to calculate 
redox potential of ferrocene-nucleobase conjugates Fc-CO-
B, where B is uracil (1), 5-fluorouracil (2), or thymine (3). In 
this protocol redox potentials of ferrocene-nucleobase 
conjugates [Eq. (1)] are referenced with respect to the 
redox potential of the ferrocenium / ferrocene (Fc+/Fc) 
couple [Eq. (2)]. 
 

 2(Fc–CO–B)+ + e– →  1Fc–CO–B (1) 
 

 2Fc+ + e– →  1Fc (2) 

 
where 1Fc represents ferrocene singlet state (the central 
atom formal charge is Fe2+) in the eclipsed conformation 
(D5h point group), and 2Fc+ is the ferrocenium doublet (the 
central atom formal charge is Fe3+) also in the eclipsed 
conformation.[35] The 2(Fc-CO-B)+ and 1Fc-CO-B represent 
an oxidized and reduced form of ferrocene-nucleobase 
conjugates 1, 2, or 3, with no symmetry constraints (Figure 
4). 
 Combining [Eq. (1)] and [Eq. (2)] gives an overall 
redox reaction which corresponds to an isodesmic charge 
transfer (CT) reaction [Eq. (3)]. 
 

 1Fc + 2(Fc–CO–B)+ + e– →  2Fc+ + 1Fc–CO–B (3) 

 For the charge-transfer reaction between Fc–CO–B 
and a reference molecule (Fc) the standard potential  
E°’(2Fc–CO–B+ / 1Fc–CO–B) may be obtained from the 
thermodynamic cycle in Figure 3 and Equations 4 and 5. 
 

 
+

+

= + +

− −

2
CT,solv CT,gas solv 

1 1 2
solv solv solv 

Δ Δ Δ ( Fc )

Δ ( Fc-CO-B) Δ ( Fc) Δ ( Fc-CO-B )

G G G

G G G
 (4) 

 
 + =' 2  1

CT,solv ( Fc-CO-B / Fc-CO-B) Δ /E G nF  (5) 

 
where E°’(2Fc–CO–B+/1Fc–CO–B) is the standard reduction 
potential for ferrocene-nucleobase conjugate, F is Faraday 
constant (96 485 C mol–1), and n is number of electrons 
transferred. 
 This alternative approach may be more accurate by 
systematic error cancellation.[36] An added advantage of 
the protocol is that the absolute potential of the standard 
hydrogen electrode is no longer needed, thereby 
eliminating a source of uncertainty. 
 Experimental redox potentials of ferrocenoyl-substi-
tuted nucleobases 1, 2, and 3 (Table 1) were reproduced 
computationally (Table 3). In case of results calculated at 
the B3LYP level, all values are somewhat overestimated by 
an average factor of 1.09. This suggests that an additional 
benchmarking and scaling of calculated values would be 
beneficial. A better agreement with experimental results is 

 

Figure 3. Thermodynamic cycle for a charge transfer (CT) reaction. 

 

 

Figure 4. B3LYP/6-311G(d) optimized geometries of the 
reduced form of ferrocenoyl-substituted 5-fluorouracil (12, 
singlet state in which the central atom formal charge is Fe2+) 
and its oxidized form (22+, doublet state in which the central 
atom formal charge is Fe3+). 
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obtained if M06-2X functional is used. In addition to a 
better numerical agreement, the M06-2X functional also 
gives an accurate trend in the obtained values, compared 
to experimental electrochemical potentials. Therefore, this 
method, already proposed by some authors as optimal in 
terms of efficiency and accuracy, is recommended for 
calculations of redox potentials of conjugates which con-
tain organometallic and heterocyclic fragments. 
 

CONCLUSION 
Organometallic derivatives of pyrimidine nucleobases were 
prepared in our laboratory and their electroactive 
properties were investigated by use of cyclic voltammetry 
and quantum-chemical methods. It was shown that these 
conjugates are more resistant to reduction, i.e. they are 
better oxidant than the parent ferrocene. Experimental 
results obtained by cyclic voltammetry were reproduced by 
B3LYP and M06-2X models, the two functionals, which 
were proposed earlier as reliable DFT methods. We found 

that the Minnesota functional is a better choice for 
calculation of redox potentials of ferrocenoyl-substituted 
nucleobases. 
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