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ABSTRACT: Competition between hydrogen bonding and proton transfer
reactions was studied for systems composed of electrogenerated dianionic
species from dinitrobenzene isomers and substituted dihomooxacalix[4]arene
bidentate urea derivatives. To analyze this competition, a second-order ErCrCi
mechanism was considered where the binding process is succeeded by proton
transfer and the voltammetric responses depend on two dimensionless
parameters: the first related to hydrogen bonding reactions, and the second
one to proton transfer processes. Experimental results indicated that, upon an
increase in the concentration of phenyl-substituted dihomooxacalix[4]arene
bidentate urea, voltammetric responses evolve from diffusion-controlled waves
(where the binding process is at chemical equilibrium) into irreversible kinetic
responses associated with proton transfer. In particular, the 1,3-dinitrobenzene
isomer showed a higher proton transfer rate constant (∼25 M−1 s−1) compared
to that of the 1,2-dinitrobenzene (∼5 M−1 s−1), whereas the 1,4-dinitrobenzene
did not show any proton transfer effect in the experimental conditions employed.

1. INTRODUCTION

Hydrogen bonding (H-bonding) plays an essential role in a
wide range of biological systems and is a basic interaction for
designing supramolecular devices with specific applications.1

This interaction is also important for proton-coupled electron
transfer (PCET) reactions which take place in natural and
artificial energy transduction processes, including fuel cells,
chemical sensors, and cellular respiration.2−4 For systems in
which electron transfer precedes proton transfer reactions, H-
bonding complexes can be present either as intermediates5−9 or
can determine the energy of transition states.9 In both cases,
the reaction rate increases due to the appearance of a low-
energy barrier pathway,8,10 which is dependent on the lifetime
of the H-bonded complexes formed. H-bonding complexes can
undergo further proton transfer provided that the basicity of
the anionic receptor and/or the acidity of the proton donor
species are strong enough to abstract or donate the proton,
respectively.9,11−13

The competition described above between H-bonding and
proton transfer processes has been observed with urea-based

receptors.11−16 NH fragments form selective and directional
hydrogen bonds with anions, and if they are basic enough and
the urea contains strong electron-withdrawing groups, the
process evolves toward proton transfer. For example, in a
comparative study using N-alkyl- and N-aryl-(thio)ureas, which
act as receptor species for different anions,11 thioureas proved
to be more acidic than the respective urea and therefore
presented the highest binding constants for H-bonding.
Interaction with thioureas evolves into proton transfer when
they interact with fluoride anions, and this proton transfer
process was enhanced in cases where the urea-based receptor
contained electron-withdrawing groups (for example,
NO2).

11,13 In another work,16 naphthalenimide moieties were
introduced in an urea-based receptor, increasing its acidity and
leading to protonate anions with lower basic character, such as
H2PO4

− and CH3COO
−. The urea receptor also undergoes a

stepwise double deprotonation process in the presence of
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fluoride or hydroxide anions, and this process was dependent
on anion concentration. Bergamaschi and collaborators15

showed also that deprotonation can occur in ureas bearing a
positively charged N-methylpyridinium residue. However, in
this case, proton transfer occurred at the methylene group
linking the pyridinium fragment to the receptor skeleton, while
the urea moieties of the receptor formed intermolecular
hydrogen bonds with the corresponding anions (fluoride and
acetate), leading to competition between H-bonding and
proton transfer pathways. The anion affinity in these processes
can be increased using more preorganized structures of the
receptor,12 for example, calix[n]arene skeletons,11,17−19 which
allows incorporation of more than one urea binding site in its
structure and favors its selectivity. This was observed by Jin and
collaborators17 by comparing the binding constants of different
anions with calix[4]arene ureas and simple urea and thiourea
derivatives. Their results also showed deprotonation of the
receptor upon interaction with F−, H2PO4

−, and AcO−.
From the above discussion, more information is required

about the conditions driving H-bonded systems into proton
transfer reactions to fully understand anion recognition
processes by these urea derivatives. Also, such a study would
complement the growing interest in elucidating H-bonding
effects on PCET reactions.6−8,10,20−23 Dihomooxacalix[4]arene
bidentate ureas are interesting H-bond donor species ((HD)2-
R2) for studying anion recognition, as previous results have
shown that they noticeably increase their binding capacity to
anions when the nature of the substituent groups in their
structures is changed (from t-Bu to Ph, Kb ranges from ∼250 to
∼7000 M−1, respectively).18,19 Also, by electrogenerating
dianions ([NO2 − ϕ − NO2]

2−) from dinitrobenzene
compounds (NO2 − ϕ − NO2), electron transfer-controlled
hydrogen bonding (ETCHB) can be studied,18,24 leading to
increases in the binding affinity when the charge state of the
receptor is changed.1,18,24,25 ETCHB processes between these
latter species can be generally described by the next set of
chemical equations:18,24
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In the process depicted by eq 3, H-bonding occurs between
the more basic dinitrobenzene dianions rather than with the
electrogenerated anion radical, which is itself not basic enough.
As the former species tend to be very basic,24 they could
abstract protons from H-bonding donor species, for example,
arylureas.24 Therefore, this experimental strategy allows a
systematic evaluation of the above-discussed effects between
donors and acceptors leading to changes in the overall pathway
(either H-bonding and/or proton transfer). By ETCHB, it is
also possible to generate unstable anions and dianions, allowing
an increase in the variety of studied species other than those
proceeding from inorganic or organic salts without the use of
chemical reducing agents, which can form ion-pairing species26

and thus prevent the study of H-bonding/proton transfer
processes. In this work, ETCHB processes between dinitro-
benzene isomers (Scheme 1) and dihomooxacalix[4]arene

bidentate ureas (Scheme 2) were studied with the aim of
identifying molecular properties that modulate binding
reactions and proton transfer processes during anion
recognition. Results are discussed in terms of the substituent
effects on both the receptor and the H-bond donor species and
how these substituents determine the kinetic regime for a given
donor/acceptor pair.

2. RESULTS AND DISCUSION
2.1. Competition between H-Bonding and Proton

Transfer Reactions. To test the competition process between
hydrogen bonding and proton transfer reactions, ETCHB
processes were studied using dinitrocompounds (1−3) in their
reduced forms as guest species and dihomooxacalix[4]arene
bidentate ureas bearing t-Bu (4) and Ph (5) residues as hosts.
Dinitrobenzene isomers undergo two reversible reduction
processes in aprotic media to form first a radical anion and
then a dianion (Figure 1).24 Addition of urea compound 4
(substituted with t-Bu groups), to the solution of dinitroben-
zene isomers (1−3) produces little effect on the first
voltammetric signal (Ipc/Ipa), as revealed from the marginal
variation of the peak current and potential values (Figures 1A−
C). However, the second signal (IIpa/IIpc) shifts toward less

Scheme 1. Chemical Structures of the Substituted
Dinitrobenzene Derivatives Studied

Scheme 2. General Structure of the Dihomooxacalix[4]arene
Bidentate Ureas Studied ((HD)2-R2)
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negative potential values upon increasing concentrations of the
added urea (Figure 1). This result suggests that the
electrogenerated dianions (formed at peak IIc), bind in a fast
and reversible reaction with the added urea.24 Due to the
presence of the calix[4]arene ring, this interaction could
possibly be the formation of inclusion compounds upon
interaction between the aromatic ring of the studied
dinitrobenzenes and the calix[4]arene moiety, though this
process was discarded as the peak current did not decrease (as
expected from the change in diffusion coefficients), and the
potential shifts would take place in the opposite direction as
expected for this reaction.27 Therefore, the experimental results
indicate the presence of specific interactions between electro-
genera ted d ian ion ic spec i es and (HD)2 -R2 v i a
ETCHB1,18,20,24,25 following the mechanism described in eqs
1−3.
The reversible voltammetric behavior observed for both the

meta- (2) and para-dinitrobenzene (3) compounds indicates
that the formation of intermolecular H-bonding occurs as a fast
and reversible process within the experimental time scale
(Figures 1B and C).1,18,20,24,25 However, for dinitrobenzene
derivative 1, this second reduction step partially loses its
reversibility, and upon increasing amounts of urea, a new
oxidation peak (II′pa) emerges which is located at more
positive potential values than the first reduction step (Figure
1A).
Similar experiments were performed in the presence of the

urea compound 5, bearing a phenyl residue, which in turn

increases the acidity of the NH group on the urea moiety.19

Experimental voltammograms showed more pronounced
changes in their shapes (Figure 2), compared with those
obtained upon addition of urea 4 (Figure 1). In the case of 3,
the second voltammetric signal merges with the first reduction
peak upon increasing amounts of added urea, leading to the
formation of a two-electron voltammetric wave (Figure 2C).24

For the ortho- (1) and meta (2) dinitrobenzene isomers, the
second voltammetric signal loses its reversibility (as mentioned
above for the interaction between electrogenerated dianions
from 1 and urea 4, Figures 2A and B) and also leads to the
evolution of voltammetric peak II′pa, in turn related to the
formation of a hydroxylamine derivative.24,28−30

The electrochemical behavior described above is consistent
with previous experimental results24 where it was proposed that
hydroxylamine is the protonated form of the reduced species,
uptaking the protons from the host urea compound (NHOH −
ϕ − NHOH). In the systems analyzed here, each binding site
of the proton donor species (urea derivatives 4 and 5) could
protonate each nitro function of the receptor species
(compounds 1−3). To simplify the analysis, it was assumed
that both the overall mechanism and the respective
thermodynamic and kinetic parameters are identical for both
NO2 groups. Therefore, the reactions taking place at any
binding site (after the formation of the H-bonding adduct) can
be described as follows:

Figure 1. Cyclic voltammograms for 0.0004 mol L−1 1,2-dinitrobenzene (1, A), 1,3-dinitrobenzene (2, B), and 1,4-dinitrobenzene (3, C) in CH3CN
and 0.1 mol L−1 n-Bu4NPF6 (v = 0.1 V s−1, WE: GC (0.0079 cm2)), with different amounts of the urea 4 added. Solid gray lines: [(HD)2-R2] = 0 mol
L−1. Solid black lines: [(HD)2-R2] = 0.0065 mol L−1. Dashed lines show voltammograms obtained with intermediate (HD)2-R2 concentrations.
Arrows indicate the direction of the shift of the voltammetric signals upon increasing urea concentrations.

Figure 2. Cyclic voltammograms for 0.0004 mol L−1 1,2-dinitrobenzene (1, A), 1,3-dinitrobenzene (2, B), and 1,4-dinitrobenzene (3, C) in CH3CN
and 0.1 mol L−1 n-Bu4NPF6 (v = 0.1 V s−1, WE: GC (0.0079 cm2)) with different amounts of urea 5 added. Solid gray lines: [(HD)2-R2] = 0 mol
L−1. Dashed black line: [(HD)2-R2] = 0.0006 mol L−1. Solid black lines: [(HD)2-R2] = 0.006 mol L−1. Dashed lines show voltammograms obtained
with intermediate (HD)2-R2 concentrations. Arrows indicate the direction of shifts of the voltammetric signals.
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The observed voltammetric behavior (Figures 1 and 2)
proved to be dependent on both the relative position of the
nitro groups in compounds 1−3 and also on the nature of the
substituents present in the studied dihomooxacalix[4]arene
urea derivatives 4 and 5. In particular, addition of urea 5 to
solutions containing dinitrobenzene isomers being reduced (1−
3) produced potential shifts larger than those in experiments
performed in the presence of urea 4 and also induced the
largest changes in the voltammetric responses. These results
suggest that there is an enhanced interaction (Kb in eq 3) of the
host−guest system with a mutually increased rate of proton
transfer (kf2 in eq 4) in systems involving the urea residue
bearing phenyl substituents. These effects are in accordance
with the changes in electrophilicity of the reactive species,
specifically with the local electroaccepting power (∑kωk

+(r)) in
the vicinity of the urea region for compounds 4 and 5.18 For
these systems, electronic structure calculations showed
∑kωk

+(r) values for compound 5 (−3.298 × 10−1) higher
than those for compound 4 (−3.95 × 10−2).18 However,
experimental results also show that these thermodynamically
enhanced recognition effects are accompanied by changes in
the reaction mechanism, and therefore, a kinetic strategy is
required to discriminate and evaluate the relative binding
constant and proton transfer rate from the experimental
responses.
2.2. Proton Transfer Kinetic Effects in Voltammetric

Responses Involving ETCHB. To rationalize how molecular
properties determine proton transfer processes and binding
reactions during ETCHB, in the second reduction step of the
studied dinitrobenzenes (eqs 1−10), some considerations were
taken into account. For instance, only a single one-electron
transfer reaction is coupled sequentially with a one-proton
transfer process (eqs 2 and 3). The binding reaction should

occur as a fast and reversible process for which the relative rates
of both formation and dissociation reactions (kf1 and kb1) of the
adduct (eq 3) should be very large, as the system is in
equilibrium during the binding process.20,31,32 For this purpose,
both rate constants were fixed at values close to the diffusion
limit rate constant for a bimolecular reaction (108 s−1).20

Classically, the presence of the binding reaction leads to a shift
in the corresponding reduction potentials toward less negative
values, exhibiting diffusion-controlled voltammetric
waves.1,18,24,25 This case can be identified as a DE process.33

The proton transfer reaction (eq 4) requires the formation of
the H-bonded complex ([NO2 − ϕ − NO2]

2− ··· (DH)2 − R2),
and the transfer rate of this species (kf2) becomes determining
in the overall kinetics of the process. Even though this rate is
not explicitly dependent on the (DH)2 − R2 concentration,
such a relationship can be found using the equilibrium constant
Kb (eq 3) as follows:

ν ϕ

ϕ

= − − ··· −

= − − −

−

−

k

k K

[[NO NO ] (DH) R ]

[[NO NO ] ][(DH) R ]
2 f2 2 2

2
2 2

f2 b 2 2
2

2 2 (11)

Therefore, the reaction becomes a second-order process and
also depends on the (DH)2 − R2 concentration, as occurring in
the binding process (eq 11). This analysis implies that both
effects should be considered systematically without underlying
the interdependence between them, a consideration which is
not usually employed.33 In this way, the theoretical description
of the voltammetric behavior can be described by simulation of
the electrochemical processes depicted in eqs 2−4, considering
that eq 1 is insensitive to hydrogen bonding effects, and eqs
5−10 are fast enough to not be determining of the overall
mechanism. Using voltammetric simulations of the codepend-
ent variables (see the Supporting Information), a kinetic zone
diagram was constructed to identify the kinetic regimes defining
different sets of values between a dimensionless binding
parameter (represented as Kb[(DH)2 − R2]) and the second-
order dimensionless kinetic parameter λ (λ = Kbkf2[(DH)2 −
R2]RT/(vF)).

20,31,33,34 To avoid an intrinsic dependence on the
rate of electron transfer, the reduction step (eq 1) was
considered to occur quickly (ks1 = 10000 cm s−1) within the
time scale selected for the simulation (v = 1 V s−1).
Different regions define the kinetic diagram obtained (Figure

3), whose characteristics are described in Table 1. These kinetic
regions were identified based on specific values expected of
both dimensionless peak potential (ξpc) and current function
(π1/2χ(σt)) of the voltammetric responses.33−35 In general,
voltammograms obtained at DO and DE zones show a
reversible behavior, while total chemical irreversibility corre-
sponds to KP region. Partial reversibility (with the proton
transfer reaction becoming rate determining) occurs at the
intermediate zones KE, KG, KG2 and KG3 (controlled by the
kinetics of proton transfer).
With this zone diagram, it is possible to rationalize the

experimental results involved. Upon increasing the urea
concentration, ETCHB systems encompass transitions between
DO and DE zones where both cathodic and anodic peaks II are
shifted toward less negative values without a significant loss of
reversibility. From the latter, Kb values can be obtained (e.g., by
nonlinear regressions between Epc vs log [(DH)2 − R2] Figure
4).1,18,20 In the case of the systems studied, interactions
between urea 4 and dinitrobenzene isomers 2 and 3 would be
classified in this zone in addition to the experimental results for
the interaction between urea 5 and 3 (Figure 2C).
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For systems involving proton transfer effects, only the
regions where an explicit dependence on the [(DH)2 − R2]
concentration are of use, as shown by the experimental results.
This behavior occurs at the KG zone, which is intermediate
between the transitions from pure diffusion control to pure
kinetic conditions. Under these circumstances, experimental
Epc

II values together with the simulated working curves can be
used to analyze both binding and kinetic effects (Figure 5). The
working curves were taken in a wide range of λ values along the
variation of the parameter Kb[(DH)2 − R2]. From this analysis,
experimental values of both Kb and kf2 are shown in Table 2. It

should be noticed that only kf2 was determined, as the
remaining protonation steps are not typically rate determin-
ing.28−30 and were not considered in the mechanism used for
simulation.
From the analysis performed, phenyl urea 5 is a stronger

receptor than tert-butyl urea 4 and also leads to proton transfer
effects upon interaction with dinitrobenzene anionic species
electrogenerated from compounds 1 and 2 due to the higher
acidity of their NH groups.19 Both urea compounds show in
general higher Kb values for the interaction with the studied
dianion species compared to previous results with the single
anion radical species,18 which is consistent with previously
obtained data showing that this kind of electrogenerated
dianions are stronger H-bond acceptors.24 On the other hand,
data in Table 2 also indicate a clear preference of ureas 4 and 5,

Figure 3. Kinetic zone diagram for variations of the peak potential Epc
in a stepwise electron transfer reaction coupled with a proton transfer
process involving H-bonding intermediates as a function of both the
binding parameter Kb[(DH)2 − R2] and the proton transfer kinetic
parameter λ = Kbkf2[(DH)2 − R2]RT/(vF) (ks1 = 10000 cm s−1; v = 1
V s−1; [(DH)2 − R2] = 1 mol L−1.

Table 1. Voltammetric Peak Properties of the Responses Obtained as a Function of [(DH)2 − R2] and v at a Constant
Temperature of 298.15 K
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Figure 4. Experimental variations of the peak potential Epc for 1,4-
dinitrobenzene as a function of the parameter Kb[(DH)2 − R2] for
different concentrations of the dihomooxacalix[4]arene urea sub-
stituted with (■) Ph and (○) t-Bu groups.
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depending on the dinitrobenzene substitution pattern. As
observed in another study with 1,3-diphenylurea,24 1,3-
dinitrobenzene is prone to be protonated with phenyl-
substituted ureas. In this meta isomer, a direct resonance
between the two nitro groups is not possible, resulting in less
delocalization of the negative charge and consequently stronger
H-bonding by the NH residues of the urea compound.
However, this effect also provokes an increase in the
protonation rate (Table 2), thus decreasing the stability of
the H-bonded adduct. The slight preference for the 1,4-
dinitrobenzene para isomer in the case of tert-butyl urea 4
should be related to steric hindrance caused by the tert-butyl
groups. On the other hand, kinetic results suggest that binding
reactions between urea compound 5 and isomers 2 and 3 are
quickly affected by slow proton transfer reactions, as was
observed experimentally, because small values of kf2 (∼5) cause
an important loss in experimental reversibility (Figure 2B).
These results suggest that further increases in kf2 could be
obtained by adding electron-withdrawing groups (e.g., CF3,
NO2) to the phenyl urea substituent, thus increasing the acidity
of the NH protons. Preparation of these molecules could
provide interesting transitions to study behavior in the kinetic
regions KG2, KG3, and KP, which were not observed in this
work.

3. CONCLUSIONS

Experimental evidence for competition between hydrogen
bonding and proton transfer reactions was obtained for systems
composed of electrogenerated dianionic species from dini-
trobenzene isomers and substituted dihomooxacalix[4]arene
bidentate urea derivatives. To analyze this competition, a
second-order ErCrCi mechanism was considered where the
binding process is succeeded by proton transfer, and the
voltammetric responses become a function of two dimension-
less parameters: the first related to binding reactions (Kb[DH])
and the second related to the proton transfer process (λ =
Kbkf2[DH]RT/(vF)). Experimental results indicate that, upon
an increase in phenyl-substituted dihomooxacalix[4]arene
bidentate urea, voltammetric responses evolve from diffusion-
controlled waves (where the binding process is at chemical
equilibrium) into kinetic irreversible responses associated with
proton transfer. In particular, 1,3-dinitrobenzene showed a
higher proton transfer rate constant (kf2 ∼ 25 M−1 s−1)
compared to that of 1,2-dinitrobenzene (kf2 ∼ 5 M−1 s−1),
whereas 1,4-dinitrobenzene did not show any proton transfer
effect in the experimental conditions employed.

4. EXPERIMENTAL SECTION
4.1. Chemicals and Reagents. Electrochemical experiments were

carried out using 0.0004 mol L−1 solutions of 1,2-(1), 1,3-(2) and 1,4-
dinitrobenzene (3) isomers (Scheme 1), AR grade without further
purification, dissolved in acetonitrile (dried over molecular sieve) and
containing 0.1 mol L−1 tetrabutylammonium hexafluorophosphate (n-
Bu4NPF6, dried at 105 °C overnight before use) as supporting
electrolyte. All solutions were maintained under an inert atmosphere
by saturation with high-purity nitrogen (grade 5.0) at room
temperature (approximately 20 °C). These experiments were also
performed in the presence of increasing amounts of 0.007 mol L−1

solutions of a series of dihomooxacalix[4]arene bidentate urea
derivatives substituted with t-Bu (4) and Ph (5) residues which
were synthesized following a previously reported procedure (Scheme
2).19 The titration solutions of the ureas contained 0.1 mol L−1 n-
Bu4NPF6/CH3CN and 0.0004 mol L−1 of the corresponding
dinitrobenzene isomer to avoid dilution.

4.2. Instrumentation. Electrochemical experiments were per-
formed using a potentiostat at a scan rate of v = 0.1 V s−1, applying IR
drop compensation with Ru values determined from positive feedback
measurements (Ru ∼ 600 Ω).36,37 A glassy carbon disk electrode
(0.0079 cm2) was used as the working electrode. The surface was
polished with 0.05 μm diamond powder and rinsed successively with
acetone and acetonitrile before each voltammetric run. A platinum
wire served as the auxiliary electrode, using as the reference electrode a
nonaqueous commercial electrode Ag/0.01 mol L−1 AgNO3 + 0.1 mol
L−1 n-Bu4NClO4 in acetonitrile. The potential of the silver reference
electrode was measured versus the redox potential of the ferrocene/
ferrocenium (Fc/Fc+) couple under the same conditions of the other
experiments as recommended by IUPAC.38 Voltammetric simulations
were performed using the software BAS-DigiSim 3.03b.
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Figure 5. Experimental variations of the peak potential Epc for 1,2-
dinitrobenzene (◊) and 1,3-dinitrobenzene (Δ) as a function of the
kinetic parameter Kb[DH] for different concentrations of the
dihomooxacalix[4]arene urea bearing Ph groups. Lines represent
simulated variations for different values: black line, log λ = −7; black
dashed line, log λ = −0.6; gray line, log λ ∼ 0; and gray dashed line, log
λ = 0.6.

Table 2. Kinetic and Thermodynamic Data Obtained upon
Fitting Experimental Epc

II Values with Those Obtained with
Simulated ETCHB

t-Bu urea (4) Ph urea (5)

dinitro
compound

Kb
(× 10−2 M−1) kf2 (M

−1 s−1)
Kb

(× 10−2 M−1)
kf2

(M−1 s−1)

1 12 below
experimental
error

103 ∼5

2 13 N.A.a 18 ∼25
3 17 N.A.a 220 N.A.a

aN.A.: not acquired.
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2007, 111, 8993−9002.
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