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Abstract

In the Oxygen Reduction Reaction (ORR) domain, the investigation of new homogeneous
catalysts is a crucial step towards the full comprehension of the key structural and/or
electronic factors that control catalytic efficiency and selectivity. Herein, we report a unique
non-heme diiron complex that can act as a homogeneous ORR catalyst in acetonitrile
solution. This iron(Il)-thiolate dinuclear complex, [Fe',(LS)(LSH)] ([Fe,SH]") (LS* = 2,2’-
(2,2’-bipyridine-6,6’-diyl)bis(1,1-diphenylethanethiolate)) contains a thiol group in the metal
coordination sphere. [Fe,H]|* is an efficient ORR catalyst both in the presence of a one-
electron reducing agent as well as under electrochemically assisted conditions. However, its
selectivity is dependent on the electron delivery pathway, in particular, the process is selective
for H,O, production under chemical conditions (up to ~95%), whereas H,O is the main
product during electrocatalysis (less than ~10% H,0,). Based on computational work
alongside the experimental data, a mechanistic proposal is discussed that rationalizes the

selective and tunable reduction of dioxygen.
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Introduction

The development of efficient, stable and noble metal-free catalysts for the O, reduction
reaction (ORR) with selective production of either water or hydrogen peroxide remains one of
the central challenges in the energy conversion domain.!-> Fuel cell design is focused on the
production of electricity based on the four-electron O, reduction (to H,O) at the cathode,
associated with the oxidation of a fuel (such as H, or MeOH) at the anode.3> On the other
hand, the two-electron O, reduction is an interesting strategy to produce H,0,, which
represents a valuable commodity chemical and a versatile and clean oxidizing agent.6-
Heterogeneous ORR catalysts have been mainly developed towards implementation into
exploitable devices for such applications.’!® Among them, the most promising noble metal-
free materials are nitrogen-doped nanocarbon materials, containing molecularly-defined
active sites based on metal porphyrinic moieties.!!"!> Regarding molecular homogeneous
catalysts, their study generally allows for a deeper comprehension of the ORR mechanism by
identifying the rate limiting steps for the reaction and the key structural and electronic factors
that control their activity and selectivity (two proton/two electron vs four proton/four electron
O, reduction).!> 13 Such investigation should eventually lead to enhanced efficiency through
rational ligand design (e.g. by introduction of proton relays or Lewis acidic sites) for guiding
the bifurcation processes into the wanted reaction channel.

Regarding homogeneous ORR catalysts, the most common and well-studied ones are based
on iron or cobalt complexes embedded in macrocyclic heme-like ligands (such as porphyrins,
phthalocyanines, or corroles).!*?! Detailed electrochemical studies of a series of such
complexes evidenced how Fe-based catalysts are generally more selective for 4-electron O,
reduction than their Co analogues.!> 1> 22 This difference in reactivity is proposed to be a
consequence of the generation of high-valent metal-oxo species that are easier to generate for
hemes than for porphyrinic complexes based on other metal ions. Catalysts with non-heme
ligands have been much less explored, although some studies on copper-based complexes?3-3
and, to a lesser extent, manganese-based systems have been reported.3!-** Even though in
several cases the nature of the acid and/or the presence of a proton relay were investigated on
such systems, the selectivity towards 4H/4e- vs 2H"/2e O, reduction catalysis is still difficult
to predict.

For homogeneous catalysts, generally two ways to provide electrons have been adopted,
namely through the use of an appropriate reducing agent or an electrode (with application of a
suitable electrochemical potential). Both approaches have been widely tested but rarely with

the same catalyst. Using an Fe-based porphyrin system, Mayer et al. observed the same
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efficiency and comparable selectivities for H,O, production for both the chemically- and
electrochemically-driven processes (10(£3)% vs 10-20%).3> A mononuclear Cu complex
supported by a tetrapodal nitrogen-donor ligand was also reported and found to be selective
for 4H"/4e- O, reduction catalysis in both cases. However, in that example electrocatalysis
was performed in protic solvent,’® while chemical reduction was carried out in acetone and
hence the environmental conditions affected the catalysis and selectivity.?3

In the present work, we report the synthesis, characterization and reactivity of a dinuclear
non-heme iron complex, [Fe',(LS)(LSH)] (LS* = 2,2°-(2,2’-bipyridine-6,6’-diyl)bis(1,1-
diphenylethanethiolate),’” that acts as a homogeneous O, reduction catalyst and displays a
change in selectivity under chemical versus electrochemical conditions. The process is
selective for H,O, production when octamethylferrocene (MegFc) is used as reducing agent,
whereas H,O is dominant when catalysis is driven electrochemically, while the other main
experimental parameters (solvent, catalyst concentration, nature and concentration of the acid)
remained unchanged. With the aim of understanding how the selectivity could be fine-tuned
as a function of the different electron sources, a mechanistic investigation supported by
theoretical calculations has been performed. Surprisingly, even though the iron-oxygen
chemistry has been extensively investigated,®®-** our study reports the first non-heme iron-
based ORR catalyst. In addition, it provides insights on how to control the ORR selectivity in
separate pathways for 2-electron versus 4-electron reduction. Finally, comparison of the data
gained in this work with those previously reported for the isostructural Mn complex3>43
allowed us to provide insights into the role of the transition metal in ORR catalysis mediated

by such dimetallic complexes.

Results

Synthesis and solid-state properties of the dimercapto-bridged Fe!' dinuclear complex.
Under an inert atmosphere the LS?- ligand®’ reacts with Fe(BF,),06H,0 (1.2 equiv.) in THF to
yield a brown precipitate that was characterized as [Fe!;SH]* or [Fe!(LS)(LSH)]" (Scheme 1).
Single crystal X-ray diffraction data collected on the isolated product reveal a dimercapto-
bridged dinuclear Fe!' complex [Fe'l,(LS)(LSH)]BF, ([Fe,SH]"), isostructural to the parent
Mn!" compound ([Mn"y(LS)(LSH)]BF,, [Mn,SH]* reported previously.3?

3
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Electrolysis | [FeMeCNy*
at-0.17 Vv

+2 MeCN -2MeCN

Scheme 1. Synthetic routes for the different iron-thiolate complexes described in this work.

Similarly to [Mn,SH]*, the structure of the [Fe,SH]|* cation (shown in Figure 1a, selected bond
distances and angles are reported in the Supporting Information) displays: (i) a planar {Fe,S,}
diamond core with deviations from the FelS2Fe2S3 plane of ~0.010 A, (ii) two
distinguishable metal sites, each Fe!! center being pentacoordinated and surrounded by an
N2S3 donor set in a distorted trigonal bipyramidal environment (75 = 0.59 for Fel and 75 =
0.68 for Fe2),* (iii) no direct metal-metal interaction, with a metal --metal distance of
3.1107(7) A, and most importantly (iv) the unusual presence of one metal-bound thiol.”-5
The protonation of one thiolate is attested by the difference between the Fel-S1 and Fe2-S4
bond lengths (2.3566(11) and 2.5387(11) A, respectively) that gives evidence of the
protonation at S4. A similar ~0.2 A discrepancy has been previously observed between the
two Mn-Sierminal distances in [Mn,SH]* (Mn1-S1 = 2.4399(10) A and Mn2-S51 = 2.6462(10)
A). Thiolate protonation in [Fe,SH]* is further confirmed by significant electron density
assigned to a hydrogen atom (H4) found on the difference Fourier map near S4 (S4 - H4 =
1.171(17) A). The resulting S1--S4 distance (3.5940(10) A) is compatible with the presence
of an intramolecular S4-H4--S1 hydrogen-bond, while in the parent Mn complex the S-S
distance is too long for such interaction (3.772(3) A).
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Figure 1. (a) Molecular structure of [Fe;SH]Cl0O4e1.5MeCNe0.5Et,O determined by X-ray
crystallography with the thermal ellipsoids of the metal core drawn at 30% probability level.
All hydrogen atoms except H4, all anions and solvent molecules are omitted for clarity. (b)

Solid-state zero-field Mdssbauer spectrum of [Fe,SH]|* recorded at 80 K.

The +2 oxidation state of both Fe ions is confirmed by Mossbauer spectroscopy (Figure 1b):
the zero-field spectrum of [Fe,®H]* recorded on a solid sample at 80 K displays a single
doublet (0 = 0.87 mm's™! and 4E, = 3.76 mm's!) characteristic of two high-spin (S = 2) Fe!!
ions. Taken together with the charge balance of the complex (+1), these data are consistent
with the presence of one Fe-bound thiol in [Fe,SH]*. The two Fe centers are indistinguishable
by Madssbauer spectroscopy, reflecting the only small differences in their coordination
spheres, and suggesting that elongation of one Fe-S bond does not significantly alter the metal

ion’s electronic structure.
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Solution and redox properties. In MeCN solution, [Fe,SH]* remains dinuclear, as indicated
by (i) ESI-mass spectrometry, with a major peak at 1269.3 m/z (with isotope pattern
corresponding to [Fe',(LS)(LSH)]"; Figure S1) and the absence of any peak originating from
mononuclear species, and (ii) the paramagnetic 'H NMR spectrum of [Fe,SH|*, displays no
large paramagnetic shift as observed in the spectrum of the parent mononuclear complex
[Fe''(LS)CI]! (Figure S2), consistent with an antiferromagnetically coupled dinuclear high

spin Fe!l complex.

1
0.0
E/V
vs Fc/F¢'

:|:5 HA

Figure 2. Cyclic voltammograms of [Fe;SH]* (~1.0 mM) before (black line) and after (blue
line) bulk electrolysis at -0.17 V vs Fc™/Fc in MeCN under argon atmosphere. Supporting
electrolyte: 0.1 M BuyNC10O,4, GC working electrode (& =3 mm), scan rate: 100 mV-s™!.

The cyclic voltammogram (CV, Figure 2) of [Fe,SH]|* displays an electrochemically
irreversible oxidation step (Ep, = -0.19 V vs Fc¢*/Fc and Ep. = -0.63 V), which is partially
reversible chemically (ip./ip, ~0.6). On the basis of coulometric and spectroscopic studies
(vide infra), this redox system has been assigned to the two-electron metal-based oxidation of
the dinuclear complex (Fel'Fe!! - FelllFe!l) followed by chemical rearrangements. A mixture
of two different oxidized species is generated by bulk electrolysis carried out at -0.17 V vs
Fc*/Fc of a MeCN solution of [Fe,SH]* (6.65 C of charge passed for 0.0368 mmol of initial
complex, corresponding to 0.94 electrons per Fe atom). By different spectroscopic techniques
(including UV-vis, '"H-NMR, and cw X-band EPR), they have been identified®' as: (i) a

mononuclear Fell-thiolate complex, [Fe'(LS)(MeCN)]* ([FeMeCN]*), and (ii) a dinuclear Fell-
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disulfide complex, [Fe',(LSSL)]*" ([Fe;5]?", LSSL* = disulfide form of the LS* ligand,
Scheme 1). This assignment relies on our previous investigation showing that an identical
mixture is obtained when [Fe,3%]?* is dissolved in MeCN. Note that in solid state, Fe®* can be
isolated in the dimeric form, [Fe,3%]>*.5! For simplicity, in the following paragraphs the
[FeMeCN*+ + [Fe,38)+ mixture (~2:1 ratio)’! is designated Fe°*. Taken together, these results
imply that fast deprotonation accompanies the double electron transfer before the Fe*
complex is formed.

A similar redox behavior is observed for the parent Mn-based dinuclear complex [Mn,SH]*,
which displays a ~180 mV anodic shift for the M,"/M,!!" redox system with respect to the Fe
complex (Ep, =-0.19 V for Fe vs Ep, = -0.01 V for Mn).3>% This shift indicates that [Fe,SH]*
is expected to be more easily oxidized by dioxygen with respect to the corresponding Mn
complex. For a previously described series of mononuclear M!!-thiolate complexes, an even

larger cathodic shift (290 mV) was observed between the Fe and Mn derivatives.>?

Homogeneous catalysis and electrocatalysis for dioxygen reduction. The capability of Fe*
and [Fe,SH]* to catalyze ORR was investigated in MeCN solution, in the presence of protons
and electrons. The 2,6-lutidinium tetrafluoroborate acid (LutHBF,) was employed as proton
source, whereas electrons were delivered by a chemical reducing agent (octamethylferrocene,
MegFc, Ep = -0.41 V vs Fc'/Fc, Figure S11) or alternatively by applying an adequate
electrochemical potential to a glassy carbon electrode. In the presence of LutH', [Fe,SH]*
reacts with O, to generate Fe®* (Figure S3). Note that this complex can also be prepared by
bulk electrolysis of [Fe;SH]* (see above), or by dissolving the [Fe;S](Cl0,); solid in MeCN.3!
Despite the fact that the redox potential of the MegFc*/MegFc couple is too high to reduce
Fe®* (Ep. = -0.63 V, see above), Fe®* is efficiently reduced by MegFc in the presence of a
large excess (50 and 150 equiv.) of LutH"* to generate the oxygen reactive [Fe,SH]|* species
(see the UV-vis experiment in Figure S4). As expected, in the absence of protons, no reaction
is observed by mixing Fe®* and MegFc in MeCN solution under Ar atmosphere. The
protonation step that occurs after the reduction of Fe®® to generate [Fe,SH]* is therefore
proposed to trigger the electron transfer process. Accordingly, in the CV of Fe®* the cathodic
wave is 60 mV shifted to a less negative potential (Ep. = -0.57 V) after the addition of 150
equiv. of LutH* (Figure S12).

As revealed by UV-vis absorption monitoring (Figure 3a, Table S3), the addition of a
catalytic amount of Fe®* (100 uM) to an air-saturated (~1.6 mM-atm-' O,) MeCN solution of

MegFe (2 mM, 20 equiv.) and LutH* (15 mM, 150 equiv.) results in the progressive oxidation
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of MegFc to MegFc™ (Apax = 750 nm, € = 420 M-l-cm™"), up to a ~75(x10)% amount. A similar
behaviour is observed when [Fe,%H]* is employed as ORR catalyst (Figure S5), indicating that
both species are involved in the same catalytic cycle. In the absence of catalyst (and on the
timescale of catalysis) MegFc is not oxidized by O,. The absence of catalysis when the Fe
complexes [Fe(H,0)s](BF;), or [Fe(bpy)s;](PFs), are employed, highlights the remarkable
beneficial effect of the coordination sphere provided by the thiolate-rich LS?- ligand. The non-
quantitative MegFc oxidation in the presence of Fe* or [Fe,3H]* can be rationalized in term of
partial catalyst deactivation during the ORR, most likely because of sulfur oxygenation in the
presence of in-situ generated H,0O, (Figure S9).
The amount of hydrogen peroxide produced in the reaction solution during the ORR catalysis
was quantified from a spectrophotometric assay using the Ti-TPyP reagent for the titration
(see Table S3).333* In the presence of Fe°* as catalyst, under the typical conditions of Figure
3, a 0.67(£0.03) mM concentration of H,O, is detected after 10 min. If we take into account
the overall reaction stoichiometry (Eq. 1), this implies a 94(+4)% selectivity of the catalytic
process for H,O, production.

0, +2 MegFc + 2 LutH" — H,0, + 2 MegFc™ + 2 Lut  (Eq. 1)
Under these conditions, the ORR selectivity using Fe®* is thus comparable to that measured
with the parent Mn catalyst (82 (£2)%).
The kinetic profiles for the generation of MegFc* catalyzed by Fe®* and the parent Mn catalyst
(IMn,SH]) (Figure S6) indicate one order of magnitude faster apparent kinetics for the iron
system (TOF; Fe* =8 (+1)10° h'!) compared to the manganese system (TOF; [Mn,3H]* = 4.0
(£0.4)'10? h'!, TOF; = initial turnover frequency).
In the case of Fe®*, the TOF; is neither significantly sensitive to the relative concentration of
acid (from 5 to 15 mM) nor of reductant (from 2 to 4 mM), but the selectivity for HO, drops

when the concentration of reductant increases (46(+4)% with 4 mM of MegFc, Table S3).

8

ACS Paragon Plus Environment

Page 8 of 24



Page 9 of 24

oNOYTULT D WN =

Journal of the American Chemical Society

1.0 0.7
(a) (b)
0.84 £
o
| Y :
8 ~
£ 06 ® 044 Fe"
5 g Fe(BFa)206H20
@ = Blank
< 044 8 034
2
1 2 024
0.2+
0.1
00— 0.0 =
400 500 600 700 800 900 0 100 200 300 400 500 600
Wavelength / nm Time /s

Figure 3. (a) UV-vis spectral changes observed during ORR catalyzed by Fe®* in the presence
of LutH" and MegFc in MeCN at 293 K: 2.0 mM MegFc, 15 mM LutHBF,4, 0.1 mM (dimer)
Fe®X, air-saturated solution, 1 cm path length, Az = 0.5 s. (b) Representative kinetic profiles
for the formation of MegFc* at 750 nm in the presence of Fe®* ([Fe,SH]|* in Figure S5),
Fe(BF,4),06H,0, or in the absence of catalyst (blank).

To test the ability of the air-stable Fe°* catalyst to serve as ORR electrocatalyst, CV
experiments of Fe®* (0.1 mM) were performed in the presence of a buffered LutH"/Lut MeCN
solution (15 mM, 150 equiv.) under saturated argon (Figure S14a) or oxygen atmosphere
(Figure 4a). Under O, saturated atmosphere, an irreversible oxygen-reduction peak appears at
E ..» = -0.50 V vs Fc*/Fc only in the presence of Fe®*. The ORR peak onset is only slightly
shifted (to less negative potentials) with respect to the cathodic peak of Fe®* under Ar
atmosphere (Ep. = -0.60 V), but is ~5-fold more intense under the same experimental
conditions (see Figure 4a vs Figure S14a). These data unequivocally demonstrate the
electrocatalytic activity of Fe®* towards O, reduction in MeCN solution. A rinse test confirms
that the activity arises from the iron catalyst in solution and is not due to any electrode-
adsorbed material (see Figure S13).

The standard potentials for 2H*/2e- and 4H*/4e~ O, reduction can be estimated in the buffered
LutH"/Lut MeCN solution (lutidinium, pK, = 13.92 in MeCN)*3: E%(O,,4LutH"/2H,0) = 1.21
- 0.0592pK, = 0.39 V vs Fc'/Fc, by using the method reported by Mayer et al.,!» 22 or
E%(O,,4LutH"/2H,0) = 2.038 - 0.0592pK, = 1.21 V vs NHE, corresponding to 0.68 V vs
Fc'/Fc,’® by using the method reported by Nocera et al.’’; E%O,,2LutH*/H,0,) = 0.68 -
0.0592pK, ~ -0.14 V vs Fc*/Fc (Mayer method).>> On the basis of the experimental mid-wave
potential of the catalytic wave (E.., = -0.50 V vs Fc'/Fc), the 4H/4e- O, reduction
overpotential 7(0,,4LutH/2H,0) (7 = E.»-E°) is estimated in the range 0.89-1.18 V (while
the 2H*/2e- O, reduction overpotential 7(O,,2LutH"/H,0, is determined to 0.36 V). The

9
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estimation of 7(0,,4LutH*/2H,0) is typical for homogeneous metal catalysts (mainly Fe- and
Co-based) for 4H'/4e- O, reduction (0.52-0.96 V reported range).®

L a0

1.0 &)
_ -2 T
RING L4n ==
08
1 20
<
< 06
H__D 0 """"."-"“T"""'-“"'"' 0
E -08 -07 -0.6 -05 -0.4

E/V vs Fe/Fc®

Lok | HA

-100 -

DISK

-150 -

Figure 4. (a) Cyclic voltammograms (CV) on GC disk and (b) rotating ring-disk electrode
voltammograms (RRDEV) under oxygen-saturated atmosphere of a 15.0 mM LutH" + 15.0
mM Lut solution in the absence (red lines) or presence (blue lines) of 0.1 mM (dimer) Fe°x.
MeCN 0.1 M BuyNClO4, GC (& = 5 mm); scan rates: 100 mV-s™' (CV), 5 mVs™! (RRDEV,
the response does not change within the range 2-10 mV's™!); for RRDEV: rotation rate 1500
rpm; ring current recorded with the Pt ring held at 0.2 V vs Fc*/Fc (for the blue curves, iing"?"
has been corrected by subtracting iV, see Figure S16). The inset of (b) displays the
RRDEV-determined % of produced H,O, and the number of electrons () consumed for

reduction of one molecule of O, vs applied potential.
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Rotating ring-disk electrode voltammetry (RRDEV) experiments were carried out for
estimating H,0,/H,O selectivity and quantifying the production of H,O, under
electrochemical conditions (Figures 4b, S14-S15). The potential at the GC disk was scanned
through the catalytic region (from -0.4 V to -0.8 V vs Fc*/Fc), and the potential at the Pt ring
(Ering) was fixed at 0.2 (Figure 4b) or 0.43 V (Figure S15) vs Fc*/Fc°7 in order to detect the
oxidation of the ORR-generated hydrogen peroxide.

Under argon atmosphere, the ring current observed in the presence of Fe®* and LutH*/Lut is
mainly attributed to the re-oxidation of [Fe,SH]* formed on the disk, to regenerate Fe*
(Figure S14). The ring current at 0.2 V vs Fc/Fc* (blue trace in Figure 4b) in the presence of
Fe®* and LutH/Lut under dioxygen atmosphere can be thus attributed to the oxidation of
H,0,; generated in the catalytic ORR process. Under these conditions, the Faradaic efficiency
for H,O, production is <3.5% in the explored potential window, corresponding to =3.9
electrons (n) exchanged during the ORR process (see inset of Figure 4b). Similar results have
been found at E,, = 0.43 V vs Fe/Fc™: <12.5% H,0,, n 3.7 (Figure S15). These RRDE
studies, therefore, give evidence that the Fe®* catalyst is selective for water production, and
thus catalyzes almost exclusively 4H/4e- O, reduction under electrochemical conditions. A
bulk electrolysis carried out at -0.43 V vs Fc*/Fc on an O,-saturated acidic solution of Fe®* in
MeCN (0.1 mM complex, 15 mM LutH"), followed by Ti-TPyP reagent analysis, evidences

no formation of H,O, in agreement with RRDE experiments.

Mechanistic investigations of the O, reduction process

In support of the experimental observations, a series of density functional theory (DFT)
calculations were performed to gain insight into the mechanistic details for catalytic reduction
of dioxygen by [Fe,SH]|* (or Fe®*). We calculated individual structures along the proposed
reaction cycle of Scheme 2 (using two different models that give comparable results, see
Supporting Information, including Figures S17 — S22) and investigated reaction (free)
energies of dioxygen binding and activation.

The catalytic process is initiated by the reduction of Fe* into [Fe,SH]*, the complex that does
interact with O,. The DFT-optimized structure of [Fe,SH|* fully matches the X-ray structure,
and the high spin state of the Fe!l ions is well predicted. Specifically, the calculated distances
of Fel-S1 and Fe2-S4 of 2.39 and 2.61 A match the crystal structure bond lengths excellently
and indeed show elongation of the Fe-S bond for the thiol-ligated system. Note as well the
predicted hydrogen bonding interaction between the terminally bound thiolate and the thiol

(S-S = 3.582 A) in the optimized structure of [Fe,5H]* as observed experimentally. An almost
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thermoneutral dioxygen binding step with AG = 5.6 kcal mol™' (AE+ZPE = -2.2 kcal mol ™)
leads to the formation of the trans-1,2-u-peroxo dinuclear Fe'' complex, [Fe;C?SH]|* (via a
transient high-energy superoxo species, [Fe,%0“SH]|* Figure S18 and Table S5). In contrast to
the corresponding DFT-calculated structure of the dinuclear Mn'-peroxo complex,’® the
diiron complex [Fe,O9SH]* is much less symmetric with an almost linear Fe—O—Fe angle of
173°, while the second oxygen atom is coordinated to one iron only (Figure 5). As such, the
structure of [Fe,Q98H]* resembles a side-on Felll-peroxo linked to a second mononuclear Fe!
unit. Such p-n':m2-peroxo coordination mode has been already observed in heme-peroxo
copper models of the cytochrome ¢ oxidase.>%-6!

Attempts to optimize either a more symmetrical structure for the framns-1,2-p-peroxo diiron
complex or a cis-p-1,2-peroxo coordination mode failed and converged back to the geometry
shown in Figure 5. The cis-p-1,2-peroxo mode is the exclusive coordination mode found in
non-heme Fe'!' peroxo-bridged complexes,®>-% in which one or more additional bridges (e.g.
carboxylate, phenolato) are often present to stabilize such species. Conversely, complexes
with unsupported peroxo-bridged dimers as in Fell'-tetraphenylporphyrins display a trans-p-
1,2 coordination mode as in the present case.®

We thus evaluated the capacity of the peroxo [Fe,?SH|* complex to evolve either via an
internal proton transfer to form a hydroperoxo complex or via the breaking of the O-O bond
to generate a high-valent Fe-oxo species.

Concerning the intramolecular proton transfer pathway in [Fe,C%SH|* (Figure 5), a kinetic
barrier of 12.8 kcal mol™! has been calculated to generate the diiron(III)-hydroperoxo complex
[Fe,Q0H]* (Figure S22). Regarding the cleavage of the O-O bond, even if two different
pathways were located (see SI for further details), the most favorable one corresponds to the
generation of dinuclear Fe!V di-oxo intermediate [Fe,(n-0),5H]* (Figure 5). However, the
energy barrier of 15.9 kcal mol™! for this reaction is larger than the barrier predicted to
generate the protonated [Fe,®°H]* peroxo complex. These calculations are thus consistent
with the fact that H,O, can be selectively produced (in the presence of MegFc), through the
reaction of [Fe,®OH]* with an additional proton and the formation of Fe;** (Scheme 2,

pathway B).
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Figure 5. Optimized geometries of [Fe,SH]*, [Fe,C08H]* | [Fe,(u-0),5H]* and [Fe,CCH]" in the
antiferromagnetically coupled singlet spin state with bond lengths in angstroms. For the sake
of simplicity, the peroxo intermediate is considered only in its protonated form. Reaction
energies (AE+ZPE) and reaction free energies (AG) at 298 K are given in kcal mol™! for the
large model structures. Transition state energies (in kcal mol!) are reported at

UB3LYP/BS1//UB3LYP/BS2 and contain zero-point and solvent corrections.

When electrons are delivered electrochemically, catalysis mainly occurs through a 4H/4e- O,
reduction mechanism. In this case we propose that O, activation involves the formation of
either [Fe,QOSH]* (or [Fe,QOH]%), which is then immediately reduced at the electrode before it
can react with an additional proton. Indeed in Scheme 2, pathway A requires the use of three
protons and two electrons to convert [Fe;®%SH]* into Fe* with production of water. The full

prediction of this complicated mechanism involving four protons and four electrons in
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sequential and/or coupled manner to produce H,O through an O-O bond cleavage is out of the
scope of the present study.

Pathways A and B are both exergonic, even if route B has a much lower driving force (AG® =
—9.2 kcal mol™! vs AGA = -39.2 kcal mol™). The fact that [Fe,3H]* has a proton located in the
metal coordination sphere means that during the catalytic cycle there is competition between
dioxygen bond cleavage and proton transfer, whereby a possible pathway to H,O, formation

becomes possible.

+

-
S SH S
S 0] SH
N S
N\FI /S\F\/N _ 0 Fe”
N e\s/ e\N N | Fé
N ,L "N
[Fe,SHT* [Fe,00/SH]*
pathway B pathway A
MeCN + Lut LutH* + 2 MeCN 3 LutH* + 2 MeCN + 2e~
LutH* + 2e~ H,0, + Lut 2H,0 + 3 Lut
+ -2+
MeCN | -2MeCN S—S
N~ e/s\l\:e/N
2 N—_—Fe\\\s + 2 MeCN N \S/ \N
S
[FeMeCN]+ [Fezss]2+

- J
e

Fe%X

Scheme 2. Proposed 4H"/4e- (electrochemically driven) vs 2H*/2e" (chemical reducing agent)
O, reduction catalysis by [Fe,SH]* (or Fe®). For the sake of simplicity, only the peroxo

[Fe,COSH]* intermediate is depicted (and not the hydroperoxo [Fe,CCH]* species).

Discussion and Conclusion

In this study, we report the reactivity of a unique dinuclear iron-thiolate complex, [Fe,SH]*
(and of its oxidized form, Fe®*), as an efficient ORR (electro)catalyst. Thiolate ligation has
been previously proposed to promote the activation of molecular oxygen,®® via (i)
stabilization of metal—peroxo intermediates,®’-7? (ii) decrease of the activation barrier for O,
binding,>> 73 (iii) decrease of the metal redox potential,’* (iv) increase of the basicity of bound

substrates” or (v) labilization of the trans sites.”* Our study confirms and further generalizes
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this aptitude: the thiolate-rich N2S2-donor LS? ligand, in the presence of Fe!! (this study) or
Mn!' (previously reported work)3> 43 promotes O, activation at the coordinated transition
metal ion. Although the continuous regeneration of the initial complex [Fe,SH]* during
catalytic turnover entails that sulfur-oxygenation is limited in the present system during the
ORR catalysis, this is not the case for other mononuclear Fe-thiolate complexes mainly
reported by the Limberg and Goldberg groups.’-3° Clearly, the thiolate groups of the LS*-
ligand system are much more difficult to oxidize than the cysteinate group used in the
Limberg and Goldberg systems. Indeed, our calculations indicate little or no spin density on
the thiolate groups.

A peculiar feature of these [M,SH]* catalysts (M = Fe, Mn) is the presence of one thiol group
coordinated to the metal centers that can act as a proton relay during catalysis. This is a
unique example of a sulfur-based pendant acid in ORR catalysis, because most of them are O-
and/or N-based (carboxylic acids, ammonium, urea, etc.).!: 3-8 The nature of the proton relay
can still play a role as potential tunable agent of the selectivity; however no general trend can
be drawn up now. Interestingly, while Kojima et al observed an enhancement for 4H"/4e- O,
reduction catalysis in the presence of pendant pyridine close to a Cu site,”® Machan et al.
described a Schiff-based Mn catalyst with a pendant phenol that displays selective 2H"/2e" O,
reduction activity.3?

The investigation of isostructural iron- and manganese-based catalysts evidences that even if
both display similar selectivity in the presence of a chemical reducing agent under similar
experimental conditions, [Fe,3H]* is ~ 6 times more reactive than [Mn,SH]*, (on the basis of
the TOF; values determined in the presence of MegFc). This difference in efficiency can be
related to the reduction potential of the catalysts, [Fe,SH]* being more easily oxidized than
[Mn,SH]* (see above).

The most attractive properties of [Fe,SH]* as an ORR catalyst are that: (i) this is the first
homogeneous ORR catalyst based on non-heme iron and (ii) its selectivity can be tuned as a
function on the mode of electron delivery (chemical vs electrochemical catalysis).

Although iron porphyrin systems have been largely investigated,!- 13-15- 83 this is not the case
for non-heme iron complexes. To our knowledge, only one family of Fe complexes supported
by non-heme ligands has been previously reported in the ORR domain.’* However, the
described tetrapyridyl mononuclear complexes only react with O, stoichiometrically, and not
catalytically (the initial complex can be regenerated only in a two-step process). We believe
that the discovery of such non-heme iron catalyst for ORR catalysis will pave the way to new
structure-reactivity correlation studies encompassing both heme and non-heme compounds.
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As hydrogen peroxide is generated in both cases (predominantly and up to ~95% or in less
than ~10% in chemical and electrochemical catalysis, respectively), it can be proposed that a
common intermediate, that is, the calculated iron-peroxo complex [Fe,Q9SH]* is generated
during catalysis (Scheme 2). The reactivity of such a peroxo intermediate has been proposed
to be central for rationalizing the selectivity of homogeneous ORR catalysts. A study on a
series of Cu!! catalysts with tri- and tetrapodal nitrogen-donor ligands has evidenced that the
electronic and structural properties of the generated peroxo intermediates are critical for
tuning the selectivity of the ORR process.??

The tunable selectivity of the [Fe,SH]* catalyst as a function of the electron delivering manner
implies that the peroxo [Fe,C?SH]* (or [Fe,®H]*") intermediate can either (i) react with one

proton to produce H,O, (with MegFc as reducing agent), or (ii) be reduced to generate H,O as

the main product after successive reduction and protonation steps (under electro-assisted
catalysis). These two pathways are supported by DFT calculations, which predict that both are
thermodynamically feasible. The production of H,O, is further supported by the fact that the
formation of the hydroperoxo intermediate is thermodynamically and kinetically favored over
the generation of high valent Fe!V di-oxo species arising from “direct” O-O bond rupture (see
Figure 5). Concerning H,O production, the O-O bond cleavage should thus occur after further
reduction of the (hydro)peroxo complex. The tuning of the selectivity can be interpreted in
terms of a competition between acid-base and redox processes with the [Fe,C9SH]* (or
[Fe,Q0H]*) peroxo as the key intermediate. Indeed, when the concentration of the chemical
reductant is increased less H,O, is generated (see Table S3), suggesting that the peroxo
intermediate needs to be in a more reducing environment to be reduced (and then to break the
O-O bond to generate H,O) before it gets protonated (to generate H,0;). When
electrochemically driven, the electron transfer kinetics for its reduction is likely faster because
it occurs in the reaction-diffusion layer at the immediate vicinity of the electrode, compared to
bulk solution.

The present study thus represents a substantial contribution towards the understanding of the
factors controlling catalytic efficiency and selectivity of homogeneous ORR catalysis, in

terms of ligand design, nature of transition metal(s), proton and electron delivery.

Supporting Information. Additional experimental data, crystallographic data, spectroscopic
characterizations, redox data and DFT calculations. This material is available free of charge

via the Internet at http://pubs.acs.org.
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