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Ruthenium and Iron Complexes with Benzotriazole and Benzimidazole Derivatives as Simple

Modelsfor Proton-Coupled Electron Transfer Systems

Reginaldo C. Rocha, Francisca N. Rein and Henrique E. Toma*

Complexos de ferro e ruténio do tipo [M—LH]" (onde M = Ru'!/(NHg)52*3*, Ru'!!! (edta) >~
[edta = etilenodinitrilotetraacetato], ou Fe'!!(CN)5%-2~ e LH = benzotriazol ou benzoimidazol)
foram preparados e caracterizados em solugdo agquosa através de métodos eletroquimicos e
espectroeletroquimicos. Neste trabalho, maior énfase foi direcionada aos processos redox
dependentes do pH, que foram demonstrados por todos os complexos estudados. Os valores de
pK, e de potencial de redugao formal foram obtidos a partir dos diagramas de E,;, versus pH, que
apresentaram comportamento ti picamente Nernstiano. Os diagramas de Pourbaix também foram
usados parailustrar o particionamento entre as espéciesredox e os equilibrios &cido-base envolvidos
nasreacoes. Naavaliagdo dapotencialidade desses complexos como model os simples parareagdes
detransferéncia de el étrons acoplada a préton (PCET), considerou-se a extensdo daregido onde a
dependéncia do par redox M!''//M!' com o pH é ativa, definida entre pK,/"' e pK,/!. Os resultados
obtidos neste trabalho foram analisados do ponto de vista do caréter eletronico doador/receptor
dosligantes e dasinteractes o,m-metal-ligante envol vidas em cada espécie, paraambos os estados
de oxidag&o do ion metalico.

Iron and ruthenium complexes of the type [M—LH]" (where M = Ru'l:!'l(NHg)g2*:3*,
Ru'l!"!(edta)?~~ [edta = ethylenedinitrilotetraacetate], or Fe'!!!/(CN)s3+2~ and LH = benzotriazole
or benzimidazol €) were prepared and characterized in aqueous sol utions by meansof electrochemical
and spectroel ectrochemical methods. Special emphasis was given to the pH-dependent redox
processes, exhibited by all theinvestigated complexes. From their related Pourbaix diagrams, which
displayed atypicaly Nernstian behavior, the pK ;and formal reduction potential valueswere extracted.
In addition, these E,;, versus pH curves were also used to illustrate the partitioning relationship
concerning the redox and acid-base species, and their interconversion equilibria. The active areain
which the dependence of the M!!'/M'! couple on the pH takes place, asdelimited by pK,!! and pK,!!,
was taken into account in order to evaluate the usefulness of such simple complexes as models for
proton-coupled electron transfer (PCET). The results were interpreted in terms of the acceptor/
donor electronic character of the ligands and o,T=metal-ligand interactions in both redox states of
the metal ion.

Keywords: ruthenium complexes, iron complexes, monoacid N-heterocycles, redox potentialss,
pH-dependent electrochemistry
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Introduction

Proton-coupled electron transfer (PCET) isknownto play
an important pathway of charge transport in a variety of
aqueous electrochemical processes:2 and biochemical34,
inorganic® and organic reactions*®. Recent developmentsin
supramolecular solid-state chemistry are directed toward
rational design of PCET systems with novel electronic or
photonic material propertiesS. Theoverall redox mechanisms,
however, are often quite complex, involving multiple electron
and proton transfers. But, by limiting the inner coordination
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sphere to one ionizable proton, it is possible to obtain
complexes which exhibit one-electron, one-proton redox
reactions over relatively broad pH and potential regions®. In
order to develop simple models for PCET, we have
synthesized coordinatively saturated, substitutionally inert
trangition-metal complexes such that oxidation of the metal
iscoupled to protontransfer at aremote site on the coordinated
acid N-heterocyclic ligand.

In this direction, ruthenium’ and iron8° complexes with
d®/d8 configurations are very useful due to their rich and
versatile redox chemistry, in addition to their usually
favorable kinetic properties and stability. Heterocyclic
nitrogens play in turn an important role in coordination
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chemistry10. Imidazole, for instance, is an ubiquitous
ligand!® in chemical and biological systems as it appears
as such in proteins, and, together with its derivatives, have
been extensively employed as models in a wide range of
inorganic subject areas, from biological applications to
electronic devices and materials!'213, The triazole
derivatives have also beenlargely studiedin ruthenium and
osmium chemistry of discrete or supermolecules!4. In
particular, benzotriazoleislargely employed as an efficient
corrosion inhibitor for copper and its alloys!® and provides
a model ligand for biocinorganic studies involving the
interaction of nucleic bases or DNA fragments and
transition metal complexes. Nevertheless, its coordination
chemistry with iron and second-row transition metals has
been little explored.

Although the reactivity and the properties of transition
metal complexeswithimidazoleand triazole derivativeshave
been studied over the last decades, afew casesinvolving the
interaction of the benzimidazole (bimH) and benzotriazole
(btaH) ligands (Scheme 1) with iron(ll,ll1l) and
ruthenium(l1,111) complexes areknown16-22, Actually, tothe
best of our knowledge, we haveinvestigated the coordination
chemistry of benzotriazole with pentacyano-ferrate(ll)/
(111)17.21 pentaammineruthenium(11)/(111)18.21.22 angd
ethylenediaminetetraacetatoruthenium (11)/(111)19.20.22
for the first time. In this present work, a larger series
involving these metal units was studied, by including a
structural analogue of the benzotriazole ligand (namely,
benzimidazole). We explored in detail the relationship
between the acid-base equilibria and electrochemistry,
focusing on their proton-coupled electron transfer
(PCET) reactions.

N
Or o
N/ benzotriazole (btaH): R=N

H benzimidazole (bimH): R =CH

Scheme 1.

Experimental

Syntheses and preparation of compounds

Chemicals. RuCl;.nH,0 (Inco Europe Ltd.),
[RU(NH3)g]Cl 5 (Johnson Matthey Chem.; recrystallized),
Na,[Fe(CN);NO] (J.T.Baker), benzimidazole and
benzotriazole (Aldrich Chem.). All organic solvents
employed in the syntheses were analytical reagent grade
and were used without further purification. Deionized water
(Nanopure™ —Barnstead) was used through out the
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experiments. Other chemicals used here were also
purchased from Sigma-Aldrich Co. and used as supplied.
Argon gas (White-Martins) was employed to deaerate the
solutions during the experiments.

Starting materials. Nag[Fe(CN)s5(NH3)] 23, [Ru(NH3)s
Cl]Cl,2* and Ru(Hedta)H, 02> were synthesi zed according
to the procedures previously reported in the literature.
Elemental analyses, spectroscopic and electrochemical
methods were used to assess the purity of the compounds.

[RU"(NH3)5(LH)] (PFg),x xH,O (where LH = bimH or
btaH). In the preparation of the ammineruthenium
derivatives, 58.6 mg of [Ru(NH5):=CI]Cl, (0.2 mmol) were
dissolved in 5 cm3 of degassed water, after which some
amalgamated zinc pieces were added. After reacting for
30 min, the resulting yellow solution was anaerobically
transferred to a recipient containing 238.2 mg of
benzotriazole or 236.2 mg of benzimidazole (2.0 mmol)
under an argon atmosphere (in the benzimidazol e case, 5%
in volume of ethanol was previously added to make the
dissolution of the ligand easier), and | eft for 30 min. Then,
5 cm3 of aconcentrated ammonium hexafluoro-phosphate
was dripped onto the orange color reactional mixture. A
yellow precipitate was immediately formed. The solid
product was collected on a filter, washed with a small
volume of ethanol, and dried in vacuum in the presence of
anhydrous calcium chloride. Yield: 80-90%.

In the case of the benzimidazol e derivative, theyellow
solid becomes rapidly reddish in the presence of air,
indicating its conversion to the Ru'!! species (similar
observations have been reported for several imidazole
derivatives)12. For convenience, the isolated solid was
then redissolved in water and completely oxidized by
passing a flow of O, through the solution. After adding
about 50 mg of solid ammonium hexafluorophosphate, a
red product was isolated from the slow evaporation of
the concentrated solutions. The final yield slightly
decreased to ca. 75-80%.

Anal. Calcd. for C;HogN;O,5FgPsRU (bimH; MM =
775.3; weight of product: 115-122 mg): C, 10.84; H, 3.25;
N, 12.65. Found: C, 10.79; H, 3.31; N, 12.62%. Anal. Calcd.
for CgH,ogNgO5F1-,P,RuU (btaH; MM = 649.3; weight of
product: 100-105mg): C, 11.10; H, 4.04; N, 17.26. Found:
C, 10.95; H, 4.11; N, 17.04%.

Ru'll(Hedta)(LH)x 3H,0 (where LH = bimH or btaH).
The edta-complexes were obtained by mixing 480.4 mg of
[Ru(Hedta)(H,0)]x3H,0 (1.0 mmol) and 141.7 mg of
benzimidazole or 142.9 mg of benzotriazole (1.2 mmol) in
20.0 cm? of H,Ofethanol 3:1, under argon. 15 min later, the
paleyellow mixture was evaporated under low pressure using
a rotatory evaporator up to 3-5 cm3, after which 15 cm3 of
cold acetone was added dropwise. The flaked yellow
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precipitatewas collected on afilter, washed with a2:1 acetone/
ethanol mixture and kept under vacuum. Yield: 85-90%.

Anal. Caled. for C;H,5N,O41Ru (bimH; MM =562.5;
weight of product: 475-500 mg): C, 36.30; H, 4.48; N,
9.96. Found: C, 36.29; H, 4.63; N, 9.92%. Anal. Calcd. for
C16H24N504;1Ru (btaH; MM = 563.5; weight of product:
480-510mg): C, 34.11; H, 4.29; N, 12.43. Found: C, 34.22;
H, 4.41; N, 12.52%.

Nag[ Fe''(CN)5(LH)] xxH,0O (where LH = bimH or
btaH). The cyano-iron complexeswere obtained by adding
326.0 mg of Nag[Fe(CN)g(NH3)]*3H,0 (1.0 mmoal) to
20.0 cm? of a deoxygenated H,O/ethanol 3:1 solution
containing 177.2 mg of benzimidazole or 178.7 mg of
benzotriazole (1.5 mmol). After 20 min, theyellow mixture
was evaporated under vacuum up to 3-5 cm3. Then, 15
cm3 of cold acetone was dripped on the solution. The
precipitate was collected by filtration, washed with a 2:1
acetone/ethanol mixture, and dried under vacuum in the
presence of anhydrous calcium chloride. Yield: 80-85%.

Anal. Calcd. for C;,H4N;O4FeNag (bimH; MM =
445.1; weight of product: 355-375 mg): C, 32.38; H, 3.17;
N, 22.03. Found: C, 32.44; H, 3.23; N, 21.96%. Anal. Calcd.
for C;1H1NgOsFeNay (btaH; MM = 428.1; weight of
product: 350-365 mg): C, 30.86; H, 2.59; N, 26.18. Found:
C, 30.93; H, 2.66; N, 26.13%.

Agueous solutions. Alternatively, all the complexes
were freshly prepared in aqueous solutions as follows:
0.025 mmol of the starting complex (i.e.,
Nag[Fe(CN)5(NHy)], [Ru(NH3)sCl]Cl,, or Ru(Hedta)H,0)
was added, under anaerobic conditions, to 5.0 cm3 of a
0.10 mol dm=3 PIPES buffered solution (PIPES =
piperazine-N,N’ -bis[2-ethanesulfonic acid]; pH 7.0)
containing an amount of 0.050 mmol of the ligand and 5%
of ethanol (in volume) to make the dissol ution of theligand
easier (particularly for the benzimidazole). Then, the pH of
the solutions was adjusted by carefully controlling (with the
useof high-precision microvolumetric syringes) theaddition
of 3.0 mol dm™3 sodium hydroxide or hydrochloric acid
solution, asrequired. Sodium trifluoroacetate (NaTFA) 0.10
mol dm3 was employed as supporting eectrolyte for the
electrochemical and spectroel ectrochemical measurements.

The purity of the complexes prepared in-situ was
assessed by means of cyclic voltammetry, which presented
in al samples only one reversible wave couple for the
product (whose redox potential was rather distinguishable
from the starting complex). In addition, thefreshly prepared
solutions from either the isolated solid or directly from the
in-situ mixture of the reagent species showed identical
cyclic voltammograms and electronic spectra.

Measurements for solutions at pH above 6.5 were run
under an argon atmosphere. This procedure avoids, for
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instance, further oxidation processes involving the edta-
ruthenium(111) complex28. All prolonged-time measurements
involving the photo-sensitive [Fe(CN) 5] 273~ derivatives were
asoruninthepresenceof reducedlight. Thisprocedureavoids
further subgtitution processes involving the cyanide ligands.

Acid-base spectrophotometrictitration. For determining
the pK,, of the complexes, the complexes were preparedina
modified Britton-Robinson?’ buffer (pH 2-12) solution,
which has been prepared by mixing acetic (0.03 mol dm=3),
PIPES (0.04 mol dm™3) and boric (0.03 mol dm3) acids.
The pH of the solutions was adjusted by the controlled
addition of 3.0 mol dm3 sodium hydroxide or hydrochloric
acid solution, as required.

Physicochemical measurements

The electronic spectra were recorded on a Hewlett-
Packard model 8453 diode-array spectrophotometer.

Cyclic and differential pulse voltammetry
measurements were carried out using a Princeton Applied
Research — PAR model 283 potentiostat/gal vanostat. A
conventional three-electrode arrangement was employed
inthe measurements; it consists of aglassy carbon working
electrode, a Luggin capillary with Ag/AgCl (KCI 1.0 mol
dm3) reference electrode (E° = 0.222 V versus SHE), and
a platinum wire as the auxiliary electrode, in aqueous
solutions containing sodium trifluoroacetate as supporting
electrolyte. All solutions were thoroughly degassed with
argon prior to beginning the experiments, and before each
measurement the solutions were purged with inert gas. All
E,/» values are uncorrected for junction potentials.

For the spectroelectrochemical measurements, a
Princeton Applied Research — PAR model 173 potentiostat
or amodel 366 bi-potentiostat was used in parallel with the
diode-array spectrophotometer. A three-electrode systemwas
designed for a rectangular quartz cell of 0.025 cm interna
optical path length. A gold minigrid was used asatransparent
working electrode, in the presence of a small Ag/AgCl
reference electrode and a platinum auxiliary electrode. The
cell was located directly in the spectrophotometer, and the
absorption change was monitored during the electrolysis.

The pK, valueswere determined by cyclic voltammetry
measurements asafunction of pH. An electrochemical cell
was specialy designed, in order to combine simultaneous
pH measurements with cyclic voltammograms.

pH measurements were carried out with a digital pH
meter mod. MD21 from Digimed Ltda. Calibration was
performed by using pH 4.00, 7.00 and 10.00 commercial
standard buffers.

Elemental analyses were obtained by Central Anditica
— Instituto de Quimica, Universidade de Sao Paulo.
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Results

The reactivity of the benzotriazole and benzotriazolate
mononuclear derivatives was already discussed
elsewherel”-19. The benzimidazole/benzimidazolate
species, on the other hand, are being reported for the first
time. Even so, only their PCET related properties will be
stressed in this contribution, in such away that the spectral
features of both derivatives will no longer be outlined in
details in the sections below. Instead, they are collected in
tables, for comparison and discussion purposes.

Complexes [RullI"'(NH)5(LH)]%*+3* and
[RUMI(NHZ)5 (L)]+2+ (L = bta~ or binT)

In an aqueous solution, the starting complex penta-
ammine(chloro)ruthenium(11), [Ru(NH3)sCl]*, reactsrapidly
to form the aguapentaammineruthenium(ll), [RU(NH3)s
(H,0)]2*. Thisagua-complexislabileand exchangesthewater
eadily in the presence of N-heterocyclic ligands?8, yielding
the corresponding substituted complexes.

The cyclic voltammograms of the [Ru(NH)g(LH)]2*
products exhibited a systematic dependence on the acidity/
basicity of the medium, from which the E;;, vs. pH
diagrams were built (Figures 1la and 2a).

Complexes [Rulll!! (edta)(LH)]~2~ and
[Rull.I(edta)(L)]2~3 (L = bta~ or binT)

The starting complex aqua(ethylenediaminetetra-
acetato)ruthenate(l11), Ru'''(Hedta)(H,0), undergoes
two deprotonation processes, with acid-base equilibrium
constants corresponding to pK,(Y) = 2.37 and
pK @ = 7.60%°;

[Ru(Hedta)(H,0)] <= [Ru(ecta)(H,0)) + H* (D)

[Ru(edta)(H,0)]" R [Ru(edta)(OH)]2 + H* )

The [Rul'!(edta)(H,0)]~ species, generated from the
dissolution of [Ru'l(Hedta)(H,0)] in an aqueous
solution (pH > 3), exhibits an unusually labile
coordination site and reacts rapidly with many ligands
via an associative mechanism29,

The complexes of the type [Ru(edta)(LH)]~ also
presented pH-dependence on their redox potentials, as
illustrated in Figures 1b and 230,

Complexes [Fe/l1N(CN)g(LH)] 32 and
[Fe I (CN)g(L)] 43 (L = bta or binT)

Inadlightly acidic agueous sol ution, the amminepenta-
cyanoferrate(ll) ion, [Fe(CN)s(NH3)]3-, undergoes
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Figure 1. pH-potential diagrams for (a) [Ru(NHz)s(btaH)]%*,
(b) [Ru(edta)(btaH)]~, and (c) [Fe(CN)s(btaH)]3~.

substitution of ammonia to form the corresponding
agquacomplex, [Fe(CN)g(H,0)]3- 3L, which in turn reacts
readily with N-heterocyclic ligands®.

The reaction of aquapentacyanoferrate(ll) with
benzotriazole and benzimidazole (twice in excess) in an
aqueous solution gives complexes whose acid-base
equilibria for the coordinated ligands, [Fe(CN)5(LH)]3-,
wereinvestigated. Their pH-potentia diagrams can be seen
in Figures 1c and 2c, respectively30.

Animportant comment on the electrochemical behavior
of the studied systems is required before advancing the
discussion of the results: while the cyclic voltammograms
of the benzimidazole derivatives displayed a single wave
couple, which was reversible over al the investigated pH
range, in the 1H-benzotriazol e species an additional anodic
wave of low current intensity and shifted by about 100
mV to more positive potentials appeared in the
voltammograms. This process has been assignedl7-19 to
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Figure 2. pH-potential diagrams for (a) [Ru(NH3)5(bimH)]2+,
(b) [Ru(edta)(bimH)]~, and (c) [Fe(CN)g(bimH)]3~.

the partial isomerization from the complex formulated as
[M—N3-btaH] to the [M—N2-btaH] one. Since this
chemical process (isomerism) follows the electrochemical
step (reduction) and the [M—N2-btaH] species practically
does not exist in the oxidized form!7:19, only the redox
potentials associated with the reversible wave (M!!'1—
N3-btaH couple) will be taken for al purposes involving
proton-dependence related features.

Discussion

If aligand containing anionizable proton is coordinated
to a metal ion, its acidity generally increases due to
stabilization of the conjugate base by the metal cation®32,
Since increasing the charge of the cation usually stabilizes
the anionic conjugate base, it follows that the coordinated
ligand becomes more acidic when the charge of the cation
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isincreased. Therefore, the acid dissociation constant (K,)
of the complex increases with the oxidation state of the
metal 1933, Consequently, a metal-localized redox process
shows a pH-dependent couple if deprotonation
(protonation) of the ligand occurs upon oxidation
(reduction) of the complex in the pH range studied. The
observation of pH-dependent potentials is, therefore, a
powerful tool for recognizing proton-coupled redox
processes®.

As the reactions investigated herein are of the type
expressed by Eq. (3) and occur with aconcomitant change
in proton content, then the driving forcefor the ET reaction
depends on the concentration of the hydrogen ion; hence,
the electron transfer and proton transfer processes are
considered to be coupled, which is readily indicated by
the presence of the proton in the half reaction.

MIIL + H* + & —— MIILH ©)

The half-wave potential (Eq,;, experimentally
measured by cyclic3435 or differential pulse
voltammetry34:36) is predicted to have a pH dependence
according to the Nernst equation34, which in the particular
case of one-electron/one-proton redox couples, asin Eq.
(3), reduces to a simplified expression (Eg. (4)). This
eguation considers that the diffusion coefficients D, and
D,eq @€ very similar for such systems and can often be
assumed as being equal; E is the hypothetical formal
potential at pH O.

The dependence of redox potential upon the hydrogen
ion concentration is conveniently visualized in a pH-
potential diagram, commonly referred to as a Pourbaix
diagram2:37, or predominance area diagram. The
parameters defining such apH-potential diagram, for aone-
electron redox process involving a hypothetical M'!/1ILH
complex containing a single ionizable proton (i.e., exactly
as the ones studied herein), are shown in Figure 3.

The horizontal linesin the acidic and basic pH regions
represent the pH-independent redox processes in which
both the oxidized and reduced species are protonated (Eq.
(5)) or deprotonated (Eg. (6)), respectively.

MIILH* + & —— MIILH (5)
MIL + & —=MIIL- (6)

The diagonal line corresponds to the pH-dependent
redox processwhere reduction/oxidation of themetal center
is coupled to protonation/deprotonation of the ligand (see
Eq. (3)). The slope of thislineis59 mV/pH unit according
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Figure 3. pH-potential diagram for a complex of the type M!'LH
exhibiting a pH-dependent M!'/M!! couple, where the slope a is 59
mV/pH; E® isthe formal potential of the M"''L/M!'LH couple (at pH =
0); Eq),” isthe formal potential of the M""LH*/M!'LH couple; E,P is
the formal potential of the M!L/M''L- couple; and pK!"' and pK,'!
arethe pK, values of the M(I11) and M(l1) species, respectively (adapted
from ref. 5).

to Eq. (4) for a one-electron, one-proton e ectrochemical
process. Thevertical linesintheacidic and basic pH regions
represent the acid/base equilibrium for the oxidized (Eq.
(7)) and reduced (Egs. (8)) complexes, for which the acid
dissociation constants are given by K/ = [MIL][H*]/
[MLH*] and K/! = [M''L-][H*]/[MVLH].

MULHY — ML + Rt 7

MILH —— MIL- + H* (8)

The horizontal linein the acidic region corresponds to
the potential at which [M!"LH*] = [M!ILH], while the
diagonal line corresponds to [M''L] = [M!ILH]. At the
intersection point, [M'!"LH*] =[M"'LH] =[M''L] and K/"!
= [H*]. Hence, pK,'!! is equal to pH at the vertical linein
the acidic region. By asimilar argument, pK,'! = pH at the
vertical linein the basic region.

Asshown by the profilesof the E,, versuspH diagrams
inFigures1and 2, al the complexeswithin theinvestigated
series displayed proton-coupled redox reactions which are
consistent with the expected Nernstian behavior for
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one-el ectron/one-proton couples, asgenerically introduced
above. A very important proof of that is provided by their
slope values, which were very close to the predicted value
of =59 mV/pH unit (see Table 1).

In addition, all the electrode reactions arisen from the
one-electron M!"'/M!! redox couples were electro-
chemically reversible. The reversibility was shown by the
difference in anodic and cathodic peak potentials from the
cyclic voltammetry experiments (AEp = 60-70 mV)34. In
addition, the current intensities (ipeak) for the reduction
couple were plotted against the corresponding scan rates,
showing square root dependence. This behavior is
characteristic of a diffusion controlled process34. In such
type of reaction, the number of electrons ninvolved in the
process can be estimated from the theoretical peak to peak
(Egnodic — Ecathodic) Separation, which is 59 mv/n.

All the reported complexes of the type M-LH, and their
associated bases M-L~, were also spectroscopically
characterized in aqueous solutions, as summarized in Table 2.

From Tables 1 and 2 one can conclude that, unlike the
pyridine and pyrazine derivatives (where the Teacceptor
character usually prevails), benzotriazole/ benzotriazolate
and benzimidazol e/benzimidazol ate behave essentially as
T-donor ligands, leading to a preferential stabilization of
the M!I'-LH* or M!I-L complexes. That is why the
reduction potentials for them are relatively lower (more
negative) than other similar N-heterocycle complexes.

In some benzimidazole-complexes (particularly in the
ruthenium-edta and cyano-iron ones), their pK, for the
reduced species (named herein as pK.'') is so high that they
could not be electrochemically determined, since above pH
12, the cyclic voltammetry response is too poor, and the
stability of the complexes becomes poorer aswell. Although
pK,!! were not precisely estimated in these examples, their
superior limit (up to the maximum pH where the potentials
were successfully measured) are indicated in Table 1.

Analysis of the spectral results related to ligand-to-metal
(LMCT) and metal-to-ligand charge transfer (MLCT)
trangitions, suggeststhat benzimidazoleand itsconjugate base,
benzimidazolate, are both stronger electron-donorsthan their
benzotriazole and benzotriazolate analogues. That is, the

Table 1. PCET parameters for the studied series of ruthenium and iron complexes.

Complex pKM pK,T ApK, @ S EqoP AEq ¢ Eod slope
(V)P (V)P (mv) ) (mV/pH)
[RU(NHg)(btaH)]™ 132 833 401 0.245 —0.012 257 0522 639
[RU(NHg)5(bimH)]"* 7.82 11.36 354 0.127 -0.125 252 0.674 -69.0
[Ru(edta)(btaH)]™ 6.31 9.94 3.63 0.100 -0.086 186 0.422 —54.7
[Ru(edta)(bimH)]™ 882 >12¢ >38 -0.011 <-0.20 > 180 0.403 525
[Fe(CN)s(btaH)]™ 6.34 9.55 321 0.447 0.253 194 0.823 -59.7
[Fe(CN)5(bimH)] ™ 988 > 12f >26 0.308 <0.14 > 170 0.939 -63.8

apK T —pK,T; PV vs. SHE; °E, ;" — E4,P; 9Proton-coupled redox potential at pH 0; ®Spectrophotometrically determined as 11.9; 'Spectrophotometrically

determined as 12.3.
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Table 2. Comparison of UV-Vis absorption spectra for the series of complexes.

J. Braz. Chem. Soc.

Complex

LMCT
nm(mol—tdm3cm™1)

MLCT
nm(mol~tdm3cm1)

[RUT(NHZ)5(btaH)]*
[RU'(NH)g(btaH)]2*
[RuM(NH)5(bta)] 2

327,32 448 P (660; 360)

325;2 467 b (3650; 2060)

410 (11310)

389 (7760)

[Ru''(NH)g(bta)] -
[RUM(NH_)5(bimH)]3* 445 (1050) -
[Ru''(NHg)5(bimH)]2* - 360 (1300)
[RUM(NHZ)5(bim)]2* 500 (1170) -
[Ru''(NHg)5(bim)]* - 350 (1000; sh)
[Ru'l!(edta) (btaH)] - 350 (sh) © _
[Ru'!(edta) (btaH)]?~ - 400 (6500)
[Ru'll(edta) (bta)] 2 510 (1540) -
[Ru'!(edta) (bta)] > - 395 (6000)
[Ru'!l(edta) (bimH)]~ 360 (1280) -
[Ru!(edta) (bimH)] 2~ - 330 (3280)
[Ru'!l(edta) (bim)] - 520 (350) -
[Rul!(edta) (bim)] 3~ - 325 (3060)
[Fe'!'(CN)5(btaH)]2- 365 (1170) d

396, 487 P (875; 1020) -
[Fe!(CN)5(btaH)] 3~ - 388 (4440)
[Fe'!'(CN)5(bta)] > 365 (990) d

392;2 582 b (840; 2180) -
[Fe''(CN)5(bta)] +- - 350 (2100)
[Fe/''(CN)5(bimH)] 2~ 505 (1800) i
[Fe'! (CN)g(bimH)] 3~ - 322; 430 (1650; 380)
[Fe'!'(CN)g(bim)]3- 610 (1900)

[FE'/(CN)g(bim)] 4~

320; 380 (1500; 485)

a(L)m, — d(M™) transition; where m; is the most external occupied Tt level of the benzotriazolate ligand; P(L)m, - d,(M') transition;

Ru (d - d) transition; 4CN-)1t - d(Fe'l!) transition.

former derivative possesses a higher basic character than the
latter one, which can be clearly observed through the set of
acid-base and dectrochemical parameters concerning their
proton-coupled electron transfer reactions (Table 1).

Indeed, as the acidity of the ligand enhances when
coordinated to a metal which has partially empty drt
orbitals (as in the case of the dr® ions), the m-donor
capability of the ligands can be inferred by analyzing
the variation (decrease) of pK, values on their
coordination to the oxidized complexes of the type
M!X—LH or M X—L~ (that isthe so called T-effects).
In this sense, while the ApK, from the uncoordinated
benzimidazole ligand (pK, = 12.78+0.04)38 to the
[Ru'(NH3)s(LH)]3*, [Ru'''(edta)(LH)]-, and
[Fe''l(CN)5(LH)]2~ complexes is 4.96, 3.96, and 2.90,
respectively, the variation in the analogous series for
benzotriazole (whose pK, in the free form is
8.38+0.03)3 is rather lower: ApK, = 4.06, 2.07, and
2.04. The greater relative stabilization of the coordinated
benzimidazolate speciesin relation to the benzotriazol ate
ones reflects their higher -donor character, i.e. they
havetheir acidity more enhanced with coordination than
benzotriazole, although the latter is a better acid when
analyzed in terms of absolute value of pK,, both in the
free and in its corresponding complexes.

The variation of AE,, (Ey,° — E;,P) follows the same
trend of ApK,, meaning that theacidity of the coordinated ligand
increases with increasing polarizability and dectronegdtivity
of themetd, both factorsleading to anincreasein the covaency
of the M—L bond. In order to understand the importance of the
factors involving the MXg units in this comparison, one must
point out the nature of their coligands. In this way, one can
correlate the greater ApK, and AE;, in the
pentaammineruthenium derivatives with the less a-donor
capability of NH, than the others (edta.or CN-).

Table 1 also shows that there is a greater stabilization
of the oxidized metal ion when it is coordinated to the
deprotonated ligand, which is more basic (donor). In fact,
in all the cases, E;;,P is around 200 mV shifted to lower
potentials than E,;,". Besides, the reduced species, M'!-
LH, have pK, values about a 3.5 pH unit higher than the
oxidized ones, M!!l-LH*. This could be expected due to
the M!! — dr® ion being able to promote a greater
stabilization of the whole complex by means of
tbackbonding in direction to the (more Tr-acceptor/acid)
protonated ligand. On the other hand, the oxidized ion,
Ml — dré (Lewis acid), is better stabilized through the
o,1=donor interactions from the anionic deprotonated
ligand. These correlations are also reflected on the LMCT
and MLCT spectral data comparison in Table 2.
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Conclusions

The transition metal complexes outlined in this article
constitute simple examplesof efficient modelsfor the study
and exploitation of PCET reactions. That is because,
although in principle any redox reaction with rapid change
in proton content givesrise to pH-dependent redox couple,
the systems reported here satisfy a number of additional
factors and criteriarelated to such phenomena. Their most
important characteristics are listed as follows: (i) one-
electron/one-proton couples in the solvent window; while
many examples in the literature® involve many coupled
proton or electron processes in successive steps; (ii) wide
pH and potential range where the PCET takes place; inthe
studied examples ApK (pK,!' — pK ") is typically higher
than 3 pH units (reaching the value of 4 pH units in some
cases), and AE;5(Eq,° — E;,P) lies around 200 mV or
higher; these parameters define not only the full region of
pH-dependent behavior but al so describetherelated square
thermodynamic cycle; (iii) stable and substitutionally inert
in both oxidation states, making the couple chemically
reversible; besides, the coordination sphere is saturated in
all examples, avoiding secondary pH dependence due to
aqua ligands; (iv) rapid heterogeneous electron transfer
kinetics between the surface of the electrode and the
chemical reactant interface, making the couple
electrochemically reversible, asindicated by the small peak-
to-peak splitting (AEp near 60 mV in all examples) and
equal peak current ratios in cyclic voltammograms; (v)
highly water solubleat all pH in both oxidation states; while
many literature examples comprehend systems poorly or
not soluble in water, making necessary the use of mixed
solvents, such as acetonitrile/water>40,

In this idea, the best model among the investigated
systems in this work would be represented by the
[RU(NH,)5(btaH)]2* complex, even though al the other
benzotriazole ones present an accessible and wide PCET
region. The imidazole derivatives have in turn a little
disadvantage in relation to the triazole analogues due to
the highintrinsic basicity of the ligand, that usually results
in high pK, valuesin their transition metal complexes.

Asafina remark, thecomparison of the PCET properties
in complexes of the same family (i.e. the ones containing
the same substituted ligand; eg. M—btaH or M—bimH) can
be understood purely in terms of the electronic nature of the
starting metallic unit (M) and pi-bonding effects. The
consideration of the inductive (through bond) and field
(through space) sigma-bonding effectsare not relevant, since
they are proportional to Z/r (i.e. the charge of the ion and
theionicradius), whichisvery similar for all theinvestigated
ruthenium and iron complexes. In addition, thedistancefrom

Ruthenium and Iron Complexes with Benzotriazole and Benzimidazole Derivatives 241

the center ion to theionizable proton is practically identical
for al the series.
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