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Syntheses
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Scheme S1. Syntheses of Me-Hbpp and Br-Hbpp
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Scheme S2. Syntheses of [Fes-Me]** and [Fes-Br]>*.

[Fes(n3-O)(Me-bpp)e](PFe)s
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Chart 1. 'H NMR spectrum of 1,3-Bis(2-pyridyl)-propane-2-methyl-1,3-dione (II) in
CDCls at 296 K.
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Chart 2. 3C NMR spectrum of 1,3-bis(2-pyridyl)-propane-2-methyl-1,3-dione (1) in
CDCl; at 296 K.
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Chart 3. "H NMR spectrum of 4-methyl-3,5-bis(2-pyridyl)pyrazole (Me-Hbpp) in CDCl;
at 296 K.
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Chart 4. 3C NMR spectrum of 4-methyl-3,5-bis(2-pyridyl)pyrazole (Me-Hbpp) in CDCl;
at 296 K.
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Chart 5. '"H NMR spectrum of 4-bromo-3,5-bis(2-pyridyl)pyrazole (Br-Hbpp) in CD,Cl,
at 296 K.
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Chart 6. 13C NMR spectrum of 4-bromo-3,5-bis(2-pyridyl)pyrazole (Br-Hbpp) in CD,Cl,
at 296 K.
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X-ray Crystallography

Table S1. Summary of crystallographic data for [Fes-Me](PFs)s3, [Fes-Br](BF4)3, and [Fes-

H](BFJ)s.
Complex [Fes-Me](PFs)s [Fes-Br](BFa)s [Fes-H](BE,),15!
Formula Cs4HesN24OFesP;Fis C73H4sN24OBrsFesBsFi2 C78Hs54N24OFesBsF1a

Fw 2141.76 2356.54 1883.13
crystal color, dark orange, plate clear dark black, plate red, block
crystal size, mm? 0.76x0.51 x 0.28 0.59 x0.34 x0.10 0.22x 0.1 x 0.08
crystal system triclinic trigonal tetragonal
space group Pl R3 )2
a/A 18.1532(3) 19.1174(S) 16.6876(3)
b/A 18.1744(3) 19.1174(5) 16.6876(3)
c/A 18.5745(4) 45.8919(14) 30.1763(7)
a/ deg 70.728(2) 90 90
B/ deg 65.127(2) 90 91.143(2)
v/ deg 79.662(2) 120 90
v/ A 5242.3(2) 14525.3(9) 8403.4(3)
zZ 2 6 4
F000) 2166 6966 3804
deatey g/ cm® 1.357 1.621 1.488
;l(MoKa), mm™! 0.806 3.285 0.929
T/K 123(2) 123(2) 123(2)
R 0.0430 0.0536 0.0526
Wi 0.1219 0.1467 0.1503
GOF 1.020 1.033 1.099
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Figure S1. ORTEP drawings of (top) the cationic moiety and (bottom) the core structure
of [Fes-H](BF4)3.I3!1 The atoms are represented by the following colours: Fe, orange; O,
red; N, blue; C, grey; and Br, purple. Hydrogen atoms and crystal solvent molecules are
omitted for clarity. Thermal ellipsoids are shown at 50% probability.
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Table S2. Selected bond lengths and angles of [Fes-Me](PF¢)3, [Fes-Br](BF4); and [Fes-

H](BF4)s
[Fes-Me]** [Fes-Br]* [Fes-H]3+s1
Fel-N1 1.996(2) Fel-N1 1.994(3) Fel-N1 2.017(3)
Fel-N2 1.9636(18) Fel-N2 1.951(3) Fel-N2 1.966(3)
Fel-N5 2.005(2) Fe2-N5 1.993(7) Fel-N5 2.018(3)
Fel-N6 1.9591(19) Fe2-N6 1.955(5) Fel-N6 1.971(3)
Fel-N9 2.0002(18) Fel-N9 2.004(3)
Fel-N10 1.960(2) Fel-N10 1.963(3)
pical Fe2-N13 1.983(2)
Fe2-N14 1.9660(19)
Fe2-N17 2.002(2)
Fe2-N18 1.9533(18)
Fe2-N21 1.9975(19)
Fe2-N22 1.956(2)
average 1.9785(19) 1.973(5) 1.990(3)
[Fes-Me]** [Fes-Br]3* [Fes-H]?**
Fe3-N3 2.097(2) Fe3-N3 2.116(3) Fe2-N3 2.085(3)
Fe3-N4 2.1016(19) Fe3-N4 2.106(3) Fe2-N4 2.141(3)
Fe3-N15 2.098(2) Fe3-N7 2.100(4) Fe3-N7 2.089(3)
Fe3-N16 2.1009(19) Fe3-N8 2.116(4) Fe3-N8 2.118(3)
Fe4-N7 2.1035(19) Fe3-N11 2.127(3)
Fe4-N8 2.1199(19) Fe3-N12 2.106(3)
core-N
Fe4-N19 2.1014(19)
Fe4-N20 2.1198(18)
Fe5-N11 2.1106(18)
Fe5-N12 2.1059(19)
FeS-N3 2.1101(18)
FeS-N24 2.117(2)
average 2.1071(19) 2.110(4) 2.111(3)
[Fes-Me]** [Fes-Br]** [Fes-H]*
Fe3-01 1.8551(15) Fe3-O1 1.8734(6) Fe2-0O1 1.983(4)
core-O Fe4-01 1.8812(15) Fe3-O1 1.9183(19)
Fes-0O1 1.8708(15)
average 1.8690(15) 1.8734(6) 1.961(3)
Core  Fe3-Ol-Fe4 119.09(8) Fe3-O1-Fe3'  119.985(7)  Fe2-O1-Fe3 120.69(9)
angle  Fe3-Ol-FeS 119.67(8) Fe3-O1-Fe3'  118.63(18)
Fe4-O1-Fes 121.23(8)
average 120.00(8) 119.985(7) 120.0(1)
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Figure S2. Comparison of core structures of (a) [Fes-Me](PF¢)s, (b) [Fes-Br|(BF4);, and
(c) [Fes-H](BF4)33! and (d) an overlaid image of the core structures of the three complexes.
[Fes-Me](TfO)s3, [Fes-Br](BF4)3, and [Fes-H](BF4); are drawn in red, blue and grey colour,
respectively.

S14



UV-vis Absorption Spectroscopy
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Figure S3. UV-vis absorption spectra of [Fes-Me]3*, [Fes-Br|** and [Fes-H]3* in MeCN
under Ar at 293 K.
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Controlled Potential Electrolysis
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Figure S4. The result of the first electrolysis using fresh ITO electrode in 0.2 mM of [Fes-
Me|** (red line) and that of second round of electrolysis using ITO electrode after first
electrolysis in electrolyte solution without [Fes-Me]3* (black line). Condition: MeCN
containing 0.1 M TBAP with added H>O (5 M) at a potential of 1.42 V vs. Fc/Fc*.

S16



5.0

— [Fes-Br]3*

4.0 - =— blank with rinsed electrode
8 30
(0]
o
©
S 20

1.0

00 1 1 1 1

0 20 40 60 80 100 120
time / min

Figure S5. The result of the first electrolysis using fresh ITO electrode in 0.2 mM of [Fes-
Br]*" (red line) and that of second round of electrolysis using ITO electrode after first
electrolysis in electrolyte solution without [Fes-Br]3* (black line). Condition: MeCN
containing 0.1 M TBAP with added H>O (5 M) at a potential of 1.42 V vs. Fc/Fc*.
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Figure S6. CVs obtained before (blue lines) and after (red lines) the controlled potential
electrolysis of (a) [Fes-Me]*" and (b) [Fes-Br]**. The CV measurements were performed
in acetonitrile/water (10 : 1) mixed solution with 0.1 M TBAP as the supporting electrolyte
at a scan rate of 10 mV s''. The controlled potential electrolysis were performed at 1.24 V
vs. Fe/Fc' with 0.2 mM solutions of [Fes-Me]>* or [Fes-Br]3* for 1 h at pH = 5.0. After the
electrode was polished with alumina paste, the CVs were recorded (red lines). Both the
wave shapes of the Fe(II/III) processes and the catalytic current for water oxidation were
maintained after the controlled potential electrolysis in both the cases. Electrodes: working,
GC; auxiliary, Pt; reference, Ag/Ag™; reported vs. Fe/Fc'.
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Figure S7. UV-vis absorption spectra of the ITO electrode before (black line) and after
(red dotted line) the electrolysis of [Fes-Me]**.
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Figure S8. UV-vis absorption spectra of the ITO electrode before (black line) and after
(red dotted line) the electrolysis of [Fes-Br]3*.
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Figure S9. Autocorrelation functions obtained by DLS measurements of electrolyte
solutions after the CPE experiments of (a) [Fes-Me]3* and (b) [Fes-Br]3*, and the blank

solution.
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Detection Test for H>O»

The electrolyzed solutions of [Fes-Me]>* and [Fes-Br]** were treated with the
water-soluble titanium(IV)porphyrin complex, 0x0[5,10,15,20-tetra(4-
pyridyl)porphyrinato]titanium (I'V), as a chemical probe, in order to detect any H>O» (2¢
oxidized product of H>O) formation. The procedure was followed according to the
literature method by Inoue et al. (ChemSusChem, 2017, 10, 1909). An aqueous standard
solution of 0x0[5,10,15,20-tetra(4-pyridyl)porphyrinato]titatium (IV) (3 x 10-> M) was first
prepared in 1 M H>SOs. The reaction mixtures after the controlled potential electrolysis
experiments of [Fes-Me]** and [Fes-Br]** were passed through a short silica gel column
in order to remove the iron complexes from the solutions. [Fes-Me]** and [Fes-Br]3* were
effectively adsorbed on the silica gel and were removed from the solutions. The
decolorized solutions (2 mL from each of the solution) were then mixed with 1 mL of the
standard solution and stirred in the dark for 30 min. The UV-Vis absorption spectrum of
the probe was measured before and after its treatment with the electrolyzed solutions. The
presence of H>O, can be determined quantitatively from the absorption spectral changes (a
decrease of the absorption band at A = 432 nm, accompanied by an increase in the
absorption of a new band at A = 445 nm). However, after the treatment of the electrolyzed
solutions of [Fes-Me]*" and [Fes-Br|** with the titanium(IV)porphyrin complex showed
no such spectral changes (Figures S10 and S11). This indicates no H,O» formation in the

[Fes-Me]** and [Fes-Br]**-catalysed reactions.

S22



25 } —Before

--- After

Absorbance
o

AN AN A

0 1
350 400 450 500 550 600 650 700 750 800

Wavelegth (nm)

Figure S10. UV-Vis absorption spectra of  0x0[5,10,15,20-tetra(4-
pyridyl)porphyrinato]titanium (IV), before (black line) and after (red line) treatment with
the electrolyzed solution of [Fes-Me]3*.
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Figure S11. UV-Vis absorption spectra of  0x0[5,10,15,20-tetra(4-
pyridyl)porphyrinatoJtitanium (IV) before (black line) and after (red line) treatment with
the electrolyzed solution of [Fes-Br]3*.
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Estimation of TOF and TON from Controlled Potential Electrolysis

The TOF and TON values from the CPE data were determined based on the
previously reported analysis (Equations 1-4) by Costentin and Savéant (J. Am. Chem. Soc.
2012, 734, 11235-11242).

i JEkcat D [cat]

= Eq. 1
F A 1+exp[— % (Eapplied_Egat)] (ba- 1
_ i2(1+exp[— % (Eapplied_E((:)at)])2
Kcar = F2 A2 D [cat]? (Eq-2)
TOF = eat (Ea.3)
1+eXp[— R—I;. (Eapplied_Egat)] .
TON = TOF X time (Eq. 4)

The equations were adapted and used in the water oxidation reaction previously by Lin et
al. (J. Am. Chem. Soc. 2014, 136, 273-281). In these above equations, i represents the
current transferred during CPE, F is Faraday’s constant (96 485 C/mol), A is the surface
area of the ITO electrode (3 cm?), kea is the overall rate constant of the catalytic water
oxidation reaction, D is the diffusion coefficient, which is assumed to be ~5 x 10" cm?/s,
[cat] is the initial concentration of the catalysts (0.2 mM = 2 x 1077 mol/cm?, R is the
universal gas constant (8.31 J K! mol™"), T'is temperature (298.15 K), Eapplicd is the applied
potential during CPE (1.42 V vs. Fc/Fc*), E’., is the standard potential of the catalyst (Eca2
values were used: 1.19 V vs. Fc/Fc* for [Fes-Me]** and 1.26 V vs. Fc/Fc* for [Fes-Br]*"),
and TOF is the turnover frequency. This leads to a calculated value of TOF =3 x 102 s°!
and TON = 2 x 10° for [Fes-Me]** and TOF =20 s”! and TON = 1 x 10° for [Fes-Br]** We
also determined the TOF and TON values of [Fes-H]** using the equation described above
(Egs 1-4), and values were determined to be 1 x 103 s”! (TOF) and 7.5 x 10° (TON). These
values were comparable to those we reported in the previous study!S!, although the method

to obtain the values were slightly different.
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Electrochemical Measurements
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Figure S12. (a) Cyclic voltammograms of [Fes-Br]3* at various concentrations in the
presence of 5 M H,O (pH = 5) in MeCN with TBAP (0.1 M) at a scan rate of 10 mV s/,

under Ar. (b) A plot of catalytic peak current (icat) vs. concentrations of [Fes-Br|3* at 1.3V
vs. Fe/Fc™.
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Figure S13. (a) Cyclic voltammograms of [Fes-Br]3* (0.2 mM) in the presence of 5 M
H>O (pH = 5) under varying scan rates with the applied switching potential of the reverse
scan at 1.04 V. (b) A plot of anodic (/s) and cathodic (/) peak currents of the 3 redox

couple versus square root of the scan rates. CVs were measured in acetonitrile solutions
with TBAP (0.1 M).
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Figure S14. Cyclic voltammograms of [Fes-Br]** (0.2 mM) in acetonitrile solutions with
TBAP (0.1 M) at a scan rate of 10 mV s7!, in the presence of 5 M of H,O at various pH

conditions. The CVs at various pH showed no change of the onset potential of water
oxidation.

S27



Current (uA)

0.2 04 0.6 0.8 1.0 1.2 1.4
Potential (V vs Fc/Fc®)

Figure S15. Cyclic voltammograms of [Fes-Br]** (0.2 mM) in the presence of (a) 1.5, (b)
2.0, (c) 3.0, (d) 4.0, (e) 5.0 M of H20 (pH =5, red lines) and in the absence of H>O (black
lines). (f) Overlaid cyclic voltammograms of [Fes-Br]** at various concentrations of H>O.

Cyclic voltammograms are measured in acetonitrile solutions with TBAP (0.1 M) on a GC
electrode at a scan rate of 10 mV s7\.
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Figure S16. Cyclic voltammograms of [Fes-H]3* (0.2 mM) in the presence of (a) 1.5, (b)
2.0, (c) 3.0, (d) 4.0, (e) 5.0 M of H20O (pH =5, red lines) and in the absence of H>O (black
lines). (f) Overlaid cyclic voltammograms of [Fes-H]3" at various concentrations of H>O.
Cyclic voltammograms are measured in acetonitrile solutions with TBAP (0.1 M) on a GC
electrode at a scan rate of 10 mV s,
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Figure S17. UV-Vis spectral changes of [Fes-H]3" (0.05 mM) in MeCN upon addition of
tris(4-bromophenyl)ammoniumyl hexachloroantimonate (Magic blue (MB), Eox = 0.67 V
vs. Fc/Fc'52l) and tris(2,4-dibromophenyl) ammoniumyl hexachloroantimonate (Magic
green (MG), Eox = 1.14 V vs. Fc/Fc'182]) as chemical oxidants at 293 K. (a) 0—1.0 eq of
MB, (b) 1.0—-1.6 eq. of MB and (c) 0—1.0 eq of MG after the addition of 2.0 eq. of MB.
Reproduced with permission from Ref. S1. © 2016 Springer Nature.
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Figure S18. UV-Vis absorption spectra of [Fes-H|** (0.05 mM) at various applied
potentials ((a) 0.00-0.24, (b) 0.24-0.54 and (c) 0.54-0.89 V(vs. Fc¢/Fc*)) in 0.1 M
TBAP/MeCN under Ar. Solutions were purged with Ar for 15 min prior to measurements.
Weak Ar flow was maintained throughout the measurement.. Reproduced with permission
from Ref. S1. © 2016 Springer Nature.
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Reaction Mechanism

1. Reaction mechanism of [Fes-H]** and [Fes-Me]**

So far, two different reaction pathways have been reported for water oxidation reaction
catalysed by [Fes-H]?" : the original mechanism in our first report (Nature, 2016, 530, 465.,
Path I, shown as Figure 5 in the main text) and the recently reported new mechanism based
on computational study (ACS Catal. 2018, 8, 12, 11671. Path II). The difference between
these two reaction mechanisms is the potentials required to drive the reaction. In Path I,
four electron oxidized species (the S4 state) reacts with water, and the latter processes
proceed without further electron transfer reactions. In contrast, in Path II, the S4 state reacts
with water and the formed species is further oxidized at higher potential region. Both
pathways are expected to proceed when substantially high potential is applied to the system.
However, a profile of the CV of [Fes-H]** in the presence of H,O indicates that Path I is a
dominant reaction pathway. Emergence of a catalytic current coupled with the formation
of the S4 state suggests that further oxidation of Sy state is not necessarily required to drive
the reaction. Therefore, at this stage, we believe that at lower potential region as we
investigated in the present study, the reaction via Path I mainly proceeds and the reaction
via Path II can be regarded as a minor pathway. From these reasons, we proposed the
reaction pathway shown in Figure 5 to explain the reaction mechanism of the [Fes-H|3*

and [Fes-Me]>".
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2. Reaction mechanism of [Fes-Br]**
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Figure S19. Plausible reaction mechanism for water oxidation catalysed by [Fes-Br]>*.

Fe'l, blue; Fe', red; and Fe'Y, purple.
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