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Electrochemical and spectroelectrochemical
investigation of Ru(por)(NO)(OAr) derivatives
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The electrochemistry and spectroelectrochemistry of Ru(porphyrin)(NO)(phenoxide) complexes Ru(por)
(NO)(OPh) (por = OEP, 1a; TAP, 2a; Ph = CgHs), Ru(por)(NO)OArY) (por = OEP, 1b; TAP, 2b; OAr! =
—OCgH4-(2-NHC(=O0)CF3)), Ru(por)(NO)(OAr?) (por = OEP, 1c; TAP, 2c; OAr® = OCgH3-(2,6-NHC(=0)
CF3),; OEP = octaethylporphyrinato dianion, TAP = tetraanisolylporphyrinato dianion) indicate that initial
one-electron oxidation results in structure-dependent net reactivity at the phenoxide ligand. Oxidation of
la generates 1a*, which undergoes a relatively slow rate-limiting second-order follow-up reaction. In
contrast, 2a undergoes a diffusion-limited follow-up reaction after oxidation. Oxidation of species 1b and
2b results in dissociation of the corresponding phenoxide radicals from the metal center following a rela-
tively slow first-order kinetic process. The "OAr! radical was detected by EPR spectroelectrochemistry.
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The follow-up reactions after oxidation of 1c and 2c are also very fast. In all cases, the ultimate fate of the
ruthenium complex is to be trapped with adventitious water to generate the stable aqua complex. Further
oxidation of each compound at higher potentials occurs at the porphyrin ligand, generating the n-radical
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Introduction

Metallo-proteins such as heme catalase, HasAp' and IsdB>
contain a heme cofactor with an aryloxide ligand that is con-
tained in the active site in their enzymatic transformations.?
The heme catalase enzyme facilitates the disproportionation
reaction of H,O, and O, to H,O with exceptionally high cata-
lytic turnover frequencies, helping to protect organisms from
destructive reactive oxygen species.>* The active site of heme
catalase contains an iron-heme complex bound to the sur-
rounding protein via the phenolate head group of a tyrosine
residue with hydrogen bonding protons coordinated to the
O-atom from neighboring arginine residues.’

“Department of Chemistry, Southern Illinois University Edwardsville, Edwardsville,
1L, 62025-1652 USA. E-mail: michsha@siue.edu

bDepartment of Chemistry and Biochemistry, Stephenson Life Sciences Research
Center, University of Oklahoma, 101 Stephenson Parkway, Norman, OK 73019, USA
‘Department of Chemistry, Saginaw Valley State University, 7400 Bay Road,
University Center, MI 48710, USA

tElectronic supplementary information (ESI) available. CCDC 2340852 and
2340853. For ESI and crystallographic data in CIF or other electronic format see
DOIL: https:/doi.org/10.1039/d4dt02764g

3444 | Dalton Trans., 2025, 54, 3444-3455

cation observed by IR spectroelectrochemistry.

Diatomic nitric oxide (NO) interacts with the heme macro-
cycle at the Fe centers, forming Fe-NO derivatives that have
significant biological implications. The subject of NO binding
to heme derivatives has been reviewed extensively.”® NO has
been shown to bind to the iron-heme site and inhibit heme
catalase, thereby regulating reactive oxygen species (H,O,)
levels within cells.*” The physiological function of iron-heme
nitrosyls are dependent on their Fe-NO binding interaction,
influenced by the trans axial ligand’s electron-donating ability
into the d,. orbital of the metal.® As such, modulating the elec-
tronic donation of the O-ligand is expected to influence the
electronics and function of the Fe-NO unit.

Few synthetic analogs of the Fe(por)(NO)(O-ligand) struc-
ture have been reported, likely due to their instability in solu-
tion.” Heavier analogs which contain ruthenium act as valence
isoelectronic congeners that are more stable and tend to be
diamagnetic. Recently, we have reported the preparation and
redox behavior of ruthenium nitrosyl porphyrins with axial
bonded O-ligands.’®" In the current work, we examine the
consequences of electron transfer for a set of Ru(por)(NO)(O-
ligand) (por = OEP, TAP; OEP = octaethylporphyrinato dianion;
TAP = tetra(p-C¢H,OCH;)porphyrinato dianion) with varied
hydrogen bonding characteristics, formulated as Ru(por)(NO)

This journal is © The Royal Society of Chemistry 2025
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(OPh) (OEP, 1a; TAP, 2a, Ph = C¢H;), Ru(por)(NO)(OAr') (OEP,
1b; TAP, 2b; Ar' = -C¢H,-(2-NHC(=O0)CF3)), Ru(por)(NO)(OAr?)
(OEP, 1c; TAP, 2¢; Ar* = C¢H;-(2,6-NHC(=O0)CF3),) shown in
Fig. 1. These complexes feature phenoxide ligands based on
phenol, N-2-hydroxyphenylenetrifluoroacetamide, and N,N'-(2-
hydroxy-1,3-phenylene)bis[trifluoroacetamide]. The latter two
phenoxides feature amide substituents which are capable of
H-bonding with the O-atom bound to the metal center.’® The
complexes comprise a series where there are 0, 1, and 2
H-bonds present in progressively less electron rich environ-
ments as determined by single crystal X-ray diffraction.'>™**

An initial report of this work™* described the synthesis and
characterization (NMR, IR, ESI-MS, X-ray) of the compounds
la-1c and preliminary electrochemistry studies. We have pre-
pared the analogous complexes 2a-2¢ for comparisons of their
redox chemistry with 1a-1c. The current report covers in-depth
cyclic voltammetry, IR-spectroelectrochemistry, EPR spectro-
electrochemistry, and digital simulations to explore the conse-
quences of the oxidation of compounds 1a-1c¢ and 2a-2c.

Experimental

All syntheses were performed under an anaerobic (N,) atmo-
sphere using standard Schlenk glassware and/or in an
Innovative Technology Labmaster 100 Drybox. Solutions for
spectral studies were also prepared under a nitrogen atmo-
sphere. Dichloromethane, benzene and hexane used in the
experiments were dried using an Innovative Technology Inc.
Pure Solv  400-5-MD  Solvent Purification  System.

2-Trifluoroacetylaminophenol,*>*? 2,6-bis(trifluoroacetyla-

H

CF

OEP, 1a
=TAP, 2a

por por

OEP, 1b
= TAP,

View Article Online

Paper

mino)phenol,""* and Ru(TAP)(NO)(O-i-CsHy,) (TAP = tetraani-
solylporphyrinato dianion)"® were synthesized as reported pre-
viously. Phenol (>99%) was obtained from Aldrich and used as
received. Chloroform-d (CDCl;, 99.96% atom%D) was pur-
chased from Cambridge Isotope Laboratories, deaerated and
dried using activated 4 A molecular sieves. Infrared spectra
were recorded on a Bruker Tensor 27 FTIR spectrometer.
Proton NMR spectra were obtained on a Varian 400 MHz
spectrometer and the signals referenced to the residual signal
of the solvent employed (CHCIl; at § = 7.26 ppm). X-ray diffrac-
tion data were collected using a D8 Quest k-geometry diffract-
ometer with a Bruker Photon II cpad area detector and Mo-K,
source (1 = 0.71073 A). Details of X-ray crystallography data col-
lection are found in the ESI Experimental section.f ESI
Table S1t contains a summary of crystal data and structural
refinement.

Ru(TAP)(NO)(OPh) (2a)

To a stirred CH,Cl, (15 mL) solution of Ru(TAP)(NO)(O-i-
CsHy4) (50 mg, 0.053 mmol) was added phenol (15 mg,
0.16 mmol). The mixture was stirred for 4 h at room tempera-
ture, and the reaction progress was monitored by solution IR
spectroscopy (NaCl plates). A new band at 1831 cm™' was
formed with concomitant and complete disappearance of the
starting vyo band of Ru(TAP)(NO)(O-i-CsHy;) at 1807 cm ™.
The solvent was removed in vacuo, the residue re-dissolved in
benzene and passed through an alumina column (Activity
Grade III). Benzene was used to elute a dark red band that was
collected. The solvent of this collected band was removed in
vacuo and the product obtained in 69% yield (35 mg,
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Fig. 1 Synthetic ruthenium metallo-porphyrin complexes investigated in this work.
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0.036 mmol). IR (KBr, cm™"): vno = 1828. '"H NMR (400 MHz;
CDClL;): 5 8.96 (s, 8H, pyrrole-H of TAP), 8.20 (dd, 4H, o-H of
TAP, J = 3 and 8 Hz), 8.05 (dd, 4H, o-H of TAP, J = 3 and 8 Hz),
7.31 (app m, 8H, m-H of TAP), 5.69 (t, 1H, p-H of phenolate
moiety, /] = 8 Hz), 5.55 (t, 2H, m-H of phenolate moiety, J = 8
Hz), 4.12 (s, 12H, p-OMe of TAP), 1.51 (d, 2H, o-H of phenolate
moiety, /] = 8 Hz). Xray diffraction quality crystals were
obtained by slow evaporation using layered CH,Cl, and
n-hexane (1:1). IR and NMR data are available in ESI Fig. S1
and S2.1 ESI Fig. S31 shows experimental and simulated H
spectra of the phenyl region of the 'H spectrum. A preliminary
X-ray crystal structure was consistent with the formulation of
the product as Ru(TAP)(NO)(OPh) as derived from IR and 'H
NMR spectral data (ESI Fig. S47).

Ru(TAP)(NO)(0-0-(NHC(—O0)CF;)C¢H,) (2b)

This compound was prepared similarly as above from Ru(TAP)
(NO)(0-i-CsH44) (50 mg, 0.053 mmol) using 2-trifluoroacetyla-
mino phenol (32 mg, 0.16 mmol). The chromatographed
product was obtained in 78% yield (44 mg, 0.041 mmol). IR
(KBr, em™): vy = 3349, vno = 1836, veo = 1720. '"H NMR
(400 MHz; CDCl;): § 9.02 (s, 8H, pyrrole-H of TAP), 8.11 (over-
lapping dd, 8H, o-H of TAP, J = 3 and 8 Hz), 7.33 (overlapping
dd, 8H, m-H of TAP, J = 3 and 8 Hz), 6.72 (d, 1H, p-H of phenol-
ate moiety, J = 8 Hz), 5.67 (t, 1H, m-H of phenolate moiety, J =
8 Hz), 5.47 (t, 1H, m-H of phenolate moiety, J = 8 Hz), 4.12 (s,
12H, p-OMe of TAP), 3.37 (br s, 1H, NH of axial ligand), 0.86
(d, 1H, o-H of phenolate moiety, J = 8 Hz). IR and NMR data
are available in ESI Fig. S1 and S2.t X-ray diffraction quality
crystals were obtained by slow evaporation from CH,Cl,/
n-hexane.

Ru(TAP)(NO)(0-2,6-(NHC(—0)CF;),CoH,) (2¢)

This compound was prepared similarly from Ru(TAP)(NO)(O-i-
CsH;;) (50 mg, 0.053 mmol) using 2,6-bis(trifluoroacetyla-
mino)phenol (50 mg, 0.16 mmol). The chromatographed
product was obtained in 56% yield (35 mg, 0.030 mmol). IR
(KBr, ecm™): vy = 3339 and 3371, vyo = 1851, vgo = 1728. 'H
NMR (400 MHz; CDCl;): § 9.06 (s, 8H, pyrrole-H of TAP), 8.35
(dd, 4H, o-H of TAP, J = 3 and 8 Hz), 7.93 (dd, 4H, o-H of TAP, J
=3 and 8 Hz), 7.45 (dd, 4H, m-H of TAP, J = 3 and 8 Hz), 6.75
(d, 2H, m-H of phenolate moiety, J = 8 Hz), 5.79 (t, 1H, p-H of
phenolate moiety, J = 8 Hz), 4.13 (s, 12H, p-OMe of TAP), 3.17
(br s, 2H, NH of axial ligand). Partial signal overlap was
observed between the CDCl; solvent peak at 7.26 ppm and the
m-H’s of TAP at 7.28 ppm. IR and NMR data are available in
ESI Fig. S1 and S2.f Xray diffraction quality crystals were
obtained by slow evaporation from CH,Cl,/n-hexane (1: 1).

For electrochemical measurements at SIUE, all chemical
manipulations were carried out under an inert atmosphere of
nitrogen or argon gas using standard Schlenk glassware and a
glove box. Solvents used were pre-dried, distilled and freeze—
pump thaw degassed before use. Ferrocene was obtained from
Acros Chemicals, and sublimed before use. Compounds 1a-1c
and 2a-2c were synthesized at the University of Oklahoma.
The supporting electrolyte NBu,PF, for electrochemical experi-
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ments was obtained from Millipore-Sigma, recrystallized from
hot ethanol and dried in a drying pistol at 100 °C for three
days. Electrochemical measurements were recorded with a
EG&G PAR 263A potentiostat operated via a PC and PAR 270
software or through custom LabView software interfaced to the
potentiostat via a National Instruments USB-6251 A/D board.
Measurements were performed in an inert-atmosphere drybox
under argon using a 1.6 mm Pt disk as the working electrode,
a silver wire pseudo-reference electrode and a platinum wire
auxiliary electrode. The potential of ferrocene measured under
these conditions was typically 0.35 V vs. Ag/AgCl, but was
measured independently at the end of each experiment.

IR-spectroelectrochemical measurements were performed
using a Bruker Tensor 22 FTIR spectrometer equipped with a
mid-IR fiber-optic dip probe with ZnSe waveguide and liquid
nitrogen cooled MCT detector available from RemSpec
Corporation and an in-house designed cell as described pre-
viously.'® All spectroelectrochemical experiments were con-
ducted under a blanket of argon and performed at 25 °C.

EPR spectra were recorded with a Bruker X-Band EMXP'S
system at 22 °C. EPR spectroelectrochemical samples were pre-
pared in the drybox under an atmosphere of argon by injecting
2 mL of 0.5 mM 1b/1 M NBu,PF¢/CH,Cl, solution into a
Wilmad EPR spectroelectrochemistry cell equipped with a
silver-wire pseudo reference electrode.

Experimental CV data are plotted as normalized current vs.
potential plots, after correction for uncompensated resistance
(Ry) drop and double layer capacitance (Cq;) as described pre-
viously.”” LabView and Python programs were written to
implement these transformations. Procedures for iR, correc-
tion in this work,"” and the limitations of digital iR, correc-
tion'® have been described previously. Plots of voltammograms
are displayed following the IUPAC convention with anodic cur-
rents represented as positive. Currents have been converted to
the dimensionless form, ¥(t), through eqn (1),"**® where i(t)
is the experimental current in amps, F is Faraday’s constant, A
is the electrode area (measured to be 0.020 cm’ in these
studies), D is the diffusion coefficient (measured as 8.0 x 10~°
em? s7Y), C is the concentration of analyte (mol cm™), v is the
scan rate (V s™'), R is the gas constant 8.31441 ] mol™* K,
and T is the temperature (K).

i(1)

o(t) = ol
FAC (—)

RT

Digital simulations and curve fitting were conducted in
DigiElch 8F (ElchSoft.com, available from Gamry
Instruments). DigiElch simulations were performed with
values of R, and Cg4 estimated from the behavior of the
internal standard ferrocene added at the end of each
experiment.

Additional note

CV data can be mathematically transformed to equivalent
depictions reminiscent of other techniques.*! It may be useful

This journal is © The Royal Society of Chemistry 2025
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for readers who are less experienced with convolution
methods to note that if a function is semi-integrated twice, the
result must be the same as regular integration. Commonly, the
Riemann-Liouville definition of the semi-integral is used in
convolution analysis of CV data.”* Semi-differentiation is per-
formed by taking the full derivative of the semi-integral. Semi-
integration and semi-differentiation of normalized CV data
can allow easier access to diagnostic information.?*** Thus, if
iR, effects have been compensated or mathematically cor-
rected, semi-integration of a 1-electron Nernstian CV feature
results in an S-shaped wave where the forward and reverse
current overlap, reminiscent of steady-state voltammetry
methods.>***> If diffusion coefficients, concentrations, and
electrode areas are known, the height of the plateau allows an
estimate of n, the number of equivalents of electrons trans-
ferred. The derivative of such plots appear similar to differen-
tial pulse voltammograms with heights proportional to n>.>°
Ryan made effective use of semi-derivative plots in a recent
paper on Fe(por)(NO) compounds related to the title species.?”

Results and discussion
Synthesis and characterization

Complexes 1a-1c have been reported previously from the reac-
tions of the precursor Ru(OEP)(NO)(O-i-CsH;;) with the
respective aryloxides."*® The syntheses of complexes 2a-2¢
employed similar methodology and were obtained in 56-78%
isolated yields (see ESIf). The IR spectra of complexes as KBr
pellets revealed bands assigned to vyo which increase in the
order 2a (1828 cm™") < 2b (1836 cm™") < 2¢ (1851 cm™ ") reflect-
ing the decreased electron density provided by the more sub-
stituted aryloxides (ESI, Fig. S17). In addition, bands due to
Voo are present for the complexes 2b and 2c¢, consistent with
the presence of the amide moieties in the axial aryloxide
ligands. Their 'H NMR spectra are consistent with their dia-
magnetic formulations (Fig. S2t), and the protons of the
-CcH,OMe-p groups of the porphyrin macrocycle display
characteristic AA'BB’ splitting patterns (Fig. $31).>®*° The X-ray
crystal structures of 2b and 2c¢ are shown in Fig. 2; see also
ESIt for the preliminary X-ray structure of 2a.

Electrochemistry of OEP species 1a-1c

Fig. 3 depicts iR,-corrected'® CV data for the first oxidation of 1a
and 1b in 0.1 M NBu,PF, at varying scan rates plotted as ¥(t) vs.
potential. For compounds 1a and 1b, the normalized currents for
the forward wave of the first oxidation feature overlap well for
different scan rates, and suggest a reversible electron-transfer
reaction. In contrast, the first oxidation of 1c is completely irre-
versible as shown in ESI Fig. S5.f Each complex displays further
oxidations as shown in the semi-derivative plots in Fig. 4 and in
the ¥(t) vs. potential plots in ESI Fig. S6.}

The scan-rate dependent reversibility of the 1-electron oxi-
dation for all three compounds is further emphasized by the
semi-derivative plots (Fig. 4), where the first oxidation’s
forward current clearly overlaps for all scan rates, and the peak

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 X-ray crystal structures of (a) 2b, and (b) 2c. Hydrogen atoms are
omitted for clarity, with the exception of the N6-H6 and N7-
H7 hydrogen atoms. Only the major disordered components are shown;
details of the structures are shown in the ESI.1

is 91 mV wide at half-height, consistent with a 1-electron
process. Additionally, the re-reduction feature becomes more
pronounced as scan rate increases, suggesting that the elec-
tron-transfer step is followed by a reaction whose rate is com-
petitive with the scan rate used. For compound 1c, the oxi-
dation feature’s normalized height is approximately constant
with scan rate, but the peak potential is scan-rate dependent
and the feature appears completely irreversible at all scan rates
used. This first oxidation merges at faster scan rates with a
subsequent oxidation which occurs at higher potentials (ESI
Fig. S107t), but can be distinguished in the semi-derivative plot
which clearly shows the progression of the peak potential
(approximately E;,,) with scan rate (Fig. 4C). The semi-inte-
grated experimental CV data for the forward scan of species
la-1c also indicate that the first oxidation of each species
involves one electron (ESI Fig. S77).

Scanning to higher potentials reveals further oxidations for
each species. Although the semi-derivative traces for the first
oxidation of complex 1a overlap, two further features whose
heights depend on scan rates are present. A wave labelled Y in
Fig. 4A at E° = 0.71 vs. Cp,Fe®" is observable as a small peak at
fast scan rates but at slow scan rates it is more prominent as a
shoulder on the peak labelled X. Peak Y is assigned as the oxi-
dation of the [Ru(OEP)(NO)(H,O)]" cation (vide infra), and
appears in all CV’s for 1a-1c. The wave labelled X at E° = 0.86
V appears in scans of la and decreases in intensity with

Dalton Trans., 2025, 54, 3444-3455 | 3447
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Fig. 3 ¥ vs. E representation of R,- and Cgy-corrected CV data col-
lected at 298 K in CH,Cl»/0.1 M NBu4PFs with 0.02 cm? Pt working elec-
trode, R, = 15 kQ, Cq = 1.0 pF. (A) 1.1 mM complex 1a (B) 1.3 mM
complex 1b. Blue arrow indicates initial scan direction.

increasing scan rate. This feature is assigned to products
which must subsequently give rise to the aquo complex. As
described later, complex 1a reacts by a second-order process
after oxidation in contrast to 1b (and presumably 1c), which
explains why X is only observed for 1a. Instead scans of 1b
display a peak labelled Z in Fig. 4B at E° = 0.92 V which
increases in intensity with increasing scan rate. This feature is
ascribed to the second oxidation of 1b, i.e. the 1b*?>* couple.
The 1a*** couple appears to be beyond the solvent limit.
Cyclic voltammetry measurements at varying concen-
trations of 1a give insight into the consequences of its oxi-

3448 | Dalton Trans., 2025, 54, 3444-3455
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dation. For second-order follow-up reactions, the CV shape
should show concentration dependence while no such depen-
dence should be observed for first-order follow-up reactions.*®
This is shown clearly in the semi-derivative plot in Fig. 5
which depicts the oxidation of species 1a at concentrations of
1.1 mM (top) and 0.27 mM (bottom). The ¥ vs. E representa-
tion is shown as ESI Fig. S9.1 The plots recorded at 0.27 mM
display higher reversibility than achieved at 1.1 mM. The
improvement in reversibility is consistent with the presence of
a second-order rate-limiting chemical step which follows the
initial oxidation. The improved reversibility also rules out the
effect of adventitious water before the rate-limiting step since
the low-concentration data should be more severely affected by
the constant amount of adventitious water present in these
experiments, as all data was collected with the same batch of
solvent and supporting electrolyte in a drybox.

Species 1c (Fig. 4c) displays an irreversible initial oxidation
whose peak potential varies with scan rate. The second oxidation
at E° = 0.71 vs. Cp,Fe®" displays reversibility. This behavior is in
agreement with a rapid chemical dissociation event that takes
place after the initial oxidation of 1c to 1¢" which generates a new
species that undergoes a subsequent reversible oxidation. This
new species is observed for all complexes 1a-1c at a potential con-
sistent with the presence of the known [Ru(OEP)(NO)(H,O0)]"
complex,®" likely formed by reaction of the initial electrooxidation
product(s) with adventitious water.

A plot of peak potential vs. log(v) for compound 1c is pre-
sented in ESI Fig. S8.f The slope of the line is 37 mV per
decade. Diagnostic values of such slopes for irreversible EC
reactions according to Saveant>*? are 29.6 mV for a concerted
EC process or diffusion limited chemical reaction following
electron-transfer and 59.2 mV for a slow follow-up chemical
reaction at 298 K. The value of 37 mV lies between these two
values, indicating that a short-lived intermediate exists in solu-
tion as was the case for systems described previously by
Amatore for the reduction of metal carbonyl complexes.*?
Under the same conditions, the peak potentials for 1a and 1b
do not show variation as expected for CV features which show
some reversibility. This is consistent with our determination
that complex 1¢” must decompose at a rate much faster than
either 1a* or 1b*.?*

The trend in the observed potentials for the first oxidation
for compounds 1a-1c is consistent with the decrease in elec-
tron density expected as electron-withdrawing substituents are
placed on the phenoxide ligand (Table 1).

Electrochemistry of TAP species 2a-2c¢

CV (¥ vs. E), semi-derivative, and semi-integral plots for 2a, 2b,
and 2c are given as ESI Fig. S10, S11 and S12,7 respectively. As
was the case for the octaethylporphyrin species, the semi-inte-
grated experimental CV data for the forward scan of species
2a-2c indicate that the first oxidation of each species involves
one electron (ESI Fig. S12%). The electrochemical data is sum-
marized in Table 1. The TAP complexes are uniformly oxidized
at more positive potentials than the OEP species, reflecting the
more electron-rich nature of the latter ligand.

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Semi-derivative representation of R,- and Cq-corrected CV data collected at 298 K in CH,Cl,/0.1 M NBu4PFs with 0.020 cm? Pt working
electrode, Cy, = 1.0 pF. (A) 1.1 mM complex 1a, R, = 1.5 kQ, (B) 1.3 mM complex 1b, R, = 1.5 kQ, (C) 1.0 mM complex 1c, R, = 1.2 kQ. Blue arrow indi-

cates initial scan direction. See text for discussion of processes X and Y.

In contrast to 1a, complex 2a exhibits an irreversible oxi-
dation at all scan rates. Oxidation of 2a results in a reversible
daughter peak which is assigned to the aquo complex [Ru
(TAP)(NO)(H,0)]". Comparison of scans for 2a at 0.55 mM and
1.43 mM show no concentration-dependence, but they do
reveal evidence for electrode fouling after a dozen scans or so
at high concentrations. The slope of a plot of iR-corrected Ep,
values vs. log(v) is 55 mV per decade, a value which indicates a
diffusion-limited follow-up reaction and therefore an exceed-
ingly short lifetime for the 2a* cation. This oxidation results in
a reversible follow-up feature at 0.76 V vs. Cp,Fe®", similar to
what was observed for 1a (ESI Fig. S11A%).

The electrochemical behavior of 2b is qualitatively similar
to 1b and can be rationalized similarly. A mechanism involving
irreversible first order dissociation of the “"OAr'” phenoxyl
radical (Ar' = -C¢H;3-(2-NHC(=0)CF;)) followed by rapid trap-
ping of the coordinatively unsaturated cationic Ru-complex by
adventitious ligands such as water in dichloromethane®® is
consistent with the results for both compounds via digital
simulations (vide infra).

Similar to what was observed for 1c, CV’s of complex 2¢
show no change in shape between scans performed at 0.6 mM
and 1.0 mM and the slope of a plot of Ep, vs. log(v) was found
to be 53 mV per decade, i.e. the follow-up reaction appears to
be diffusion-limited and therefore somewhat faster than the
process for 1c which only gave a Ep, vs. log(v) slope of 37 V per
decade.

EPR spectroelectrochemistry

Room temperature EPR spectroelectrochemistry was attempted
for 1a-1c with only 1b yielding a detectable signal. ESI

This journal is © The Royal Society of Chemistry 2025

Fig. S137 displays the EPR spectroelectrochemistry data of 1b
in 1.0 M NBu,PF¢/CH,Cl, after 1 pA of anodic current was
passed through the cell for 2 minutes during a chronopoten-
tiometry experiment. The EPR spectroelectrochemistry cell is
highly resistive, which poses a problem for its use with a
potentiostat in controlled-potential mode. In controlled-
current (galvanostatic) mode, it was found that a stable poten-
tial at the first oxidation could be applied for extended periods
of time if the current was limited to 1 pA. The level of current
was sufficient to oxidize 1b without raising the applied poten-
tial above E°' = 0.44 V. vs. Cp,Fe®", i.e. the E° value of 1b’s
first oxidation. Under these conditions, a persistent EPR signal
increases in intensity over a period of over 30 minutes.
Increasing the applied current to 10 pA or 100 pA allowed for
more positive potentials to be applied while being measured.
Application of increased current led to rapid increases in the
signal intensity observed, without the appearance of any new
observable signals. Kaim et al.®’ have investigated the [Ru
(OEP)(NO)(H,O)]*" m-cation radical under similar conditions
using spectroelectro-EPR. They reported a g value for the
complex of 2.0017 and a peak width of 25 Gauss. The EPR
signals observed in this investigation possess a g value of
2.0029 with a peak width of 4.9 Gauss which are values con-
sistent with a free organic radical, most likely the "OAr' phe-
noxyl radical. The potential applied to yield this signal is
insufficient to oxidize [Ru(OEP)(NO)(H,0)]" to its EPR-active
17-electron dicationic form.

IR spectroelectrochemistry

The fiber-optic infrared spectroelectrochemistry (IR-SEC)
method probes the layer of solution adjacent to the electrode
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Fig. 5 Semi-derivative representation of R,- and Cq-corrected CV data
collected at 298 K in CH,Cl,/0.1 M NBu4PFg with 0.020 cm? Pt working
electrode, R, = 1.5 kQ, Cq4, = 1.0 pF. (A) 1.1 mM complex 1a, (B) 0.27 mM
complex la. Blue arrow indicates initial scan direction.

(i.e. the diffusion layer) rather than the electrode surface. Since
the IR beam approaches the electrode normal to the surface,
there is a node of zero IR intensity at the surface of the elec-
trode, so no IR radiation can be absorbed there. The data is
collected over a 1 minute period when the current at the elec-
trode has reached a near-steady state, in practice after about 10
seconds. As a result, short-lived species are not expected to be
observed. At higher applied potentials, highly oxidizing
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Table 1 Electrochemical data for la—1c and 2a—-2c

E°' first E°' second oxidation E° further
Complex oxidation process  process (aqua complex)  oxidations
la 0.44 0.71
1b 0.54 0.72 0.83”, 0.96°
1c 0.58¢ 0.71
2a 0.64“ 0.76 1.06
2b 0.62 0.76 1.06
2¢ 0.63¢ 0.78 1.06

Potentials are reported in volts and referenced to the Fc/Fc' couple.
“Epa at 0.2 V s™" is reported due to irreversibility. ? Dominant at slow
scan rates. ¢ Dominant at fast scan rates.

species generated at the electrode are reduced by starting
material from the bulk solution. Thus, signals due to mono-
oxidized material are detected even when higher potentials are
applied. Weak signals due to highly oxidized material at close
distances to the electrode are observed as shoulders.

The results of IR-SEC investigations for compounds 1a, 1b
and 1c are displayed in Fig. 6, 7 and 8 respectively as difference
spectra. The data for compounds 2a, 2b and 2¢ are very similar
and are included as ESI Fig. S14, S15, and S161 respectively.
The most striking similarity in the data for all complexes is the
behavior of the vyo bands and the appearance of r-radical
cation bands upon oxidation. The downward-pointing feature
in the 1822-1857 cm™" range of each spectrum results from
consumption of the starting material. The decrease in the elec-
tron density at the metal center diminishes backbonding and

1878 cm™
0.05

0.03 1851 cm? 1530cm?

/ 1600cm™
P

0.01

-0.01

-0.03 r

Change in Absorbance

-0.05

1822 cm?
‘0.07 T T T T T T T T T T T 1

2100 1900 1700 1500
Wavenumber, cm™?

Fig. 6 Fiber-optic IR-spectroelectrochemistry of 1.1 mM 1a in CH,Cl,/
0.1 M NBu4PFg at 298 K, 3 mm Pt working electrode. Red trace recorded
at 0.5 V vs. Cp,Fe®*, blue trace recorded at 0.7 V vs. Cp,Fe®’*, 60 s data
collection.
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recorded at 1.2 V vs. Cp,Fe®*.
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Fig. 8 IR spectroelectrochemistry of 1.0 mM 1c in CH,Cl,/0.1 M

NBu4PFg at 298 K, 3 mm Pt working electrode. Red trace recorded at 0.5
V vs. Cp,Fe®*, blue trace recorded at 1.0 V vs. Cp,Fe®*, green trace
recorded at 1.2 V vs. Cp,Fe®/*.

causes a shift of the NO band to higher frequency. New vyo
bands due to electrode products manifest as upward-pointing
features. A band at 1878 cm " is observed when IR data is

This journal is © The Royal Society of Chemistry 2025
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recorded at an applied potential (E,pp) of 0.5 V vs. Cp,Fe®*
corresponding to the first oxidation for each OEP complex 1a-
1c. This band matches the vno band previously observed for
[Ru(OEP)(NO)(H,0)]".** The aquo complex likely forms after
loss of the phenoxy moiety as a neutral species and trapping of
the Ru complex by adventitious water. The corresponding
band due to [Ru(TAP)(NO)(H,0)]" from complexes 2a-2¢
occurs at 1885 cm™ ", and is at a slightly higher frequency con-
sistent with the less electron-donating nature of the TAP
ligand relative to OEP.

Bands at 1900, 1898, and 1899 cm™" are observed for 1a,
1b, and 1c respectively at applied potentials of 0.7 V wvs.
Cp,Fe®". These are assigned to [Ru(OEP)(NO)(H,O)]*" which
has a vyo band reported at 1895 em™" and a band reported at
1531 cm™" due to it being a porphyrin n-cation.*’ Such bands
are observed in the 1520-1570 cm™" region for a variety of OEP
porphyrin n-cation species.**® Accordingly, bands 1530, 1531
and 1535 cm™" observed after the first oxidation of 1a, 1b, and
1c respectively are assigned to the dicationic aquo species. The
Uno bands assigned to [Ru(TAP)(NO)(H,O)]*" appear as poorly
defined shoulders in the 1900-1921 cm™" range for 2a-2c¢
respectively. Since TPP-type n-radical cations have IR bands in
the 1270-1295 cm™' region, they would be obscured by
solvent/electrolyte bands in the present study.

An additional vyo band is also observed as a very small
shoulder upon oxidation at 0.7 V vs. CpZFeO/+ at 1914, 1916,
and 1915 cm ™" for 1a, 1b, and 1c respectively. Finally, bands at
1951 and 1952 cm ™" are observed when 1b and 1c are oxidized
at 1.0 V vs. Cp,Fe®". Again, these agree with the reported value
for the [Ru(OEP)(NO)(H,0)]** complex at 1850 cm™".*' Bands
at similar positions are observed for 2a-2c.

A very subtle difference is noted in the data for 1a, where a
shoulder is observed in the first oxidation at 1851 cm™". This
band is not present when higher potentials are applied and is
tentatively assigned to 1a*. The relatively small shift in vyo
(29 em™) is consistent with oxidation at a ligand (i.e. the OPh
group) rather than at the Ru-NO unit. This assignment is con-
sistent with the behavior of the peak labelled X in Fig. 4.

All the phenoxide complexes show a variety of non-uno
bands in the IR-SEC results. These bands depend on the phen-
oxide ligand, as demonstrated in ESI Fig. S17-5S19,f which
show oxidations of the analogous TAP and OEP complexes
overlaid i.e. 1a with 2a, 1b with 2b and 1c with 2¢. Oxidation of
each compound at their respective first oxidation potential
results in the disappearance of bands at 1582, 1589, and
1590 cm™" and the appearance of new peaks at 1600 cm™*,
1619 cm™", and 1615 cm™" for compounds 1a-1c respectively.
In the starting materials, these bands are assigned to the
n-system of the coordinated phenoxide ligand. For 1a and 2a,
the new peak at 1600 cm™" is consistent with the presence of
phenol possibly formed from the phenoxide radical by H-atom
abstraction from solvent or supporting electrolyte. For 1b, 1c,
2b, and 2c¢ the peaks at 1615-1619 cm™* are similarly assigned
to the phenol form of the ligands.

For 1b and 2b, the band observed at 1635 cm™ at the first oxi-
dation is assigned to the persistent phenoxide radical observed
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by EPR for 1b and whose lifetime is long enough that it should
easily be observed by this IR-SEC method. Its peaks are consistent
with those reported previously’>*® for Copno~Cimera bonds in phe-
noxyl-based radical which exhibit semiquinoid character. Thus,
the IR spectroelectrochemistry data is consistent with the phe-
noxyl-ligand in each complex being the observed site of net oxi-
dation for 1b and 2b under our conditions.

For the first oxidation of complexes 1b and 2b, the IR band
at 1713 em ™' changes to 1735 cm ™" and is assigned to a ligand
Voo band of the aryloxide group. Similarly, the aryloxide vco
band in 1c and 2c at 1714 cm ™" moves to 1732 cm™ " at the first
oxidation. Not surprisingly, the bands are more prominent in
the disubstituted OAr* complex (1c, 2¢) than the OAr' (1b, 2b)
complex and not observed at all for the OPh (1a, 2a) deriva-
tives. For 1c and 2c, oxidation at higher potentials changes the
final vco band to 1747 ecm™, and a band at 1654 cm™'
increases in intensity. For 1b and 2b, the product v band at
1735 also moves to 1748 cm™ ' upon oxidation at 1.2 V vs.
Cp,Fe®*. The appearance of features in the 1654-1674 cm™
region at higher potentials for all these compounds likely
result from further reactivity of the persistent phenoxide rad-
icals that should form under these conditions.

Digital simulations

Digital simulations of the CV data obtained for 1a and for the
1b and 2b pair were performed in detail. The concentration
studies for 1a suggest that the immediate consequence of oxi-
dation is a rate limiting second-order (in ruthenium) follow-up
reaction. This process is subsequently followed by a fast and
apparently irreversible reaction with adventitious water as sup-
ported by the IR-SEC results. In contrast, the CV data and
simulations for 1b are more consistent with first-order dis-
sociation of the aryloxyl radical ‘OAr" (observed by EPR) fol-
lowed by apparently irreversible formation of the aquo
complex (observed by IR-SEC).

For complex 1a, the possibility that both types of reactions
operated in competition with reversibility (with and without
follow-up reactions) was considered but yields poor fits via
digital simulation. When the follow-up reactions were mod-
elled as irreversible better fits were obtained.

The “dimer**” species and the “Ru™ must eventually react
with adventitious water to yield an aquo complex, but this
process does not seem to influence the observed rate-limiting
steps. As discussed in the Conclusion section, we tentatively
suggest that dimerization occurs through the coordinated OPh
groups in 1a*.

Interestingly, during the curve fitting process, the value of
k1o refines to 1.9 x 107 s7%, a value too small to have an effect
on the simulation results. When this data is considered as a
simple EC mechanism with an irreversible second-order
chemical step, curve fitting yields a value for kq;, of 2.2 x 10°
M™" s7'. The 99.7% confidence interval for this value is
(2.0-2.4) x 10> M~ 5. The DigiElch results are in good agree-
ment with a separate analysis of this data by Saveant’s method
for electrodimerization,*" which gives a rate constant for kg,
in the range of 1.1 x 10°-2.2 x 10° M~ " s™". A new set of ipa/ipe
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Fig. 9 Digital simulations of 1.1 mM 1a for a second-order follow-up
reaction at 200 mV st at 298 K in CH,Cl,/0.1 M NBu,4PFe. No R, or Cq
correction applied to experimental data. Simulation parameters: R, = 1.5
KQ, Cq = 1 pF, D° values = 1.0 x 107> cm? s7%, 0.017 cm? Pt electrode.

vs. log(4) values (4 = dimensionless kinetic parameter) were
simulated via DigiElch to facilitate this analysis, (see ESI
Table S2, ESI Fig. S20t). Comparison of experimental and
simulated data are shown in Fig. 9 for v = 0.20 V s~" with over-
lays for all data shown in Fig. S21.}

The best digital simulations of the electrochemistry of
species 1b that we could obtain are displayed in ESI Fig. S22
with an example at 0.20 V s~' shown in Fig. 10. The initial
strategy was to simulate the data based on a mechanism
similar to Scheme 1 but where irreversible first-order and
second-order reactions compete (Scheme 2).

Under these conditions, the best fit to experimental data
occurs when the second-order rate constant for the follow-up
reaction is too slow to be significant (kqy, = 1.01 x 107° M™' s7%)
while &y, = 1.02 s In a separate set of simulations which
included only an irreversible first-order follow-up reaction, the
value of k;, = 1.00 s falls within a 99.7% confidence interval of
0.976 to 1.026 s~'. In contrast to species 1a, the digital simu-
lations of species 1b strongly support a first-order process which
follows the initial oxidation. This process presumably involves the
loss of the OAr" ligand as a radical as per the EPR results.

The two subsequent oxidations observed in the CV’s of 1b can
also be modelled (ESI Fig. S23t). The feature simulated at E°' =
0.71 V vs. Cp,Fe”" is more prominent at fast scan rates and is
assigned to oxidation of 1b* to 1b**. The latter appears to irrever-
sibly dissociate the "OAr" ligand at a very fast rate. The feature at
E° = 1.11 V vs. Cp,Fe”" which is more prominent at low scan
rates is consistent with oxidation of [Ru(OEP)(NO)(H,0)]".

This journal is © The Royal Society of Chemistry 2025
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Fig. 10 Digital simulations of 1.2 mM 1b for a second-order follow-up
reaction at 200 mV s™* at 298 K in CH,Cl,/0.1 M NBu4PFe. No R, or Cq
correction applied to experimental data. Simulation parameters: R, = 1.5
kQ, Cq = 1 pF, D° values = 1.0 x 107> cm?s™%, 0.017 cm? Pt electrode.

RuOPh* + e~ 5 RuOPh E°(1a)
2 RuOPh* — “dimer*" kaa
RuOPh* — Ru* + *OPh ki

Scheme 1 Competing first and second order EC reactions following
the oxidation of la. E*' (1a) is the oxidation potential of 1a, kg1, is the
forward rate constant for the dimer formation, and k;, is the forward
rate constant for phenoxyl dissociation.

(RuOAr")* + e~ 5 RuOAT! E°’(1b)
2 (RuOAr")* — dimer* kaip
(RuOAr")* — Ru* + *OAr! ko

Scheme 2 Competing first and second order EC reactions. E°'(1b) is
the oxidation potential of 1b, kq1;, is the forward rate constant for the
dimer formation, and kj, is the forward rate constant for phenoxyl
dissociation.

A similar analysis of 2b yielded a first-order rate constant of
kap = 0.85 s7' for its follow-up reaction (see ESI Fig. S247).
Digital simulations for 1c, 2a or 2c¢ were not carried out
because their first oxidation was irreversible at the scan rates
used. For 1c, the slope of 37 mV per decade from the E, vs.
log(v) plot suggests a minimum rate of ~10%> s™*
first order follow up reaction.>

, assuming a
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Conclusions

One-electron oxidation of all compounds studied generates a
cationic complex whose behavior depends on the phenoxyl
structure and the porphyrin. In the presence of adventitious
water, the ultimate fate of the Ru(por)(NO)moiety is to form
[Ru(por)(NO)(H,0)]">***, depending on the applied potential.
The phenoxyl radicals appear to return to the phenol state as
indicated by the spectroelectrochemistry results, most likely by
reaction with the medium. This assignment seems reasonable
as the rate of H-atom abstraction from tetrabutylammonium
cations by 'OH has been measured at 4.9 x 10° M™' s in
aqueous solution by pulse radiolysis,** and H-atom abstraction
from dichloromethane by ‘OH has been measured in the gas
phase to be 1.2 x 10" M™' 57!, and these studies were con-
ducted over tens of seconds. H-atom abstraction is more likely
than radical dimerization given the low concentration of the
complexes. Interestingly, we have no observation to indicate
that deprotonation of the trifluoroacetamide groups in the
aryloxide ligands plays a role in the observed chemistry.

The differences observed between the OEP compounds 1la-
1c and the TAP compounds 2b and 2c¢ can be rationalized as a
result of increasing phenoxyl radical stability in the order "OPh
< "OAr' < "OAr’. This order of stabilities is consistent with the
increasing number of resonance structures, increasing steric
protection of the O-atom at the 2 and 5 positions of the phenyl
ring, and the electron-withdrawing effects of the trifluoroaceta-
mide groups. This explanation suggests the reactive "OPh
radical is a poor leaving group and tends to stay within the
coordination sphere in 1a, while the "OAr' and "OAr® radicals
leave the coordination sphere of the metal atom progressively
faster in 1b/2b and 1c/2c respectively.

Two results involving 1a and 2a add nuance to this expla-
nation. Firstly, 1a* undergoes an unexpected second-order reac-
tion in the ruthenium complex in contrast to the first order dis-
sociation experienced by 1b’. Secondly, while TAP complexes 2b
and 2c¢ behave similarly to their OEP analogues 1b and 1c,
complex 2a* undergoes an exceedingly fast reaction in contrast to
the slow reaction experienced by 1a’. These results can be ration-
alized by considering the different steric environments afforded
by the OEP and TAP ligands. On average, the eight ethyl groups
in OEP can protect the OPh ligand in 1a" from solvent and sup-
porting electrolyte more effectively than the four phenyl groups in
the TAP complex 2a", leading to the latter’s dramatically reduced
lifetime. The longer lifetime of the 1a* cation permits slow reac-
tions such as dimerization. The dimerization of phenoxyl radicals
have been studied.*® Diketones form in these reactions and then
tautomerize into dihydroxybiphenyls. If 1a* reacts by dimerization
through the phenoxide ligand, the weakly bound ketone inter-
mediate would later be displaced by adventitious water. The dis-
placed ketone would then isomerize into 4,4'-dihydroxybiphenyl
whose known IR spectrum® is consistent with the IR bands
observed in the spectroelectrochemistry of 1a.

These results underline how systematic variation in struc-
ture can lead to a surprising variety of consequences in the
reactions which follow electron transfer.
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