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Abstract

The thesis entitled “Development of Molecular Cobalt and Copper Catalysts for
Spectrochemical and Electrochemical Oxygen Reduction Reaction” deals with the synthesis and
characterization of molecular catalysts based on 3d late transition metal complexes for the oxygen
oxidation reaction. In the ORR reaction, oxygen can be reduced to H>O by a 4¢ /4H" pathway or
to H>O2 by a 2¢ /2H" pathway. In biological systems. In biological system Cytochrome ¢ oxidases
(CcOs) inside mitochondria catalyse selective 4¢ /4H" reduction of Oz to H>O. During this process
Compound 4 i.e. Cytochrome c oxidases (CcOs) assist in the synthesis of ATP from ADP. This
enzyme is consists of a macrocycle iron-porphyrin system attached to a Cu-histidine moiety in the
secondary coordination sphere. Inspired by this enzyme, extensive efforts were made to synthesize
and study ORR by metalloporphyrin, metallocorrole, and metal phthalocyanine complexes.
However, till now very few reports regarding Co-nonmacrocyclic systems are reported and studied
previously. Hence, here we explored the effect of ORR by several molecular complexes. By
modulating the secondary coordination sphere, we can actually determine the scaling relationship

which is vital for the determination of better catalyst having lower overpotential.

Chapter 1. Introduction

The oxygen reduction reaction (ORR) is a pivotal biochemical transformation that sustains aerobic
life. It represents the terminal step of cellular respiration, in which molecular oxygen (O2) is
reduced to water (H20), coupled with the translocation of protons across membranes to generate a
proton gradient. This gradient powers ATP synthesis through chemiosmosis, making ORR central
to bioenergetics. Further, ORR is critical in fuel cell technology, which inspired chemists to
develop various molecular and heterogeneous catalysts for the reaction in the last decades.
Nevertheless, the four-electron-four-proton (4e~/4H") reduction of Oz is a sluggish process because
of the high O=0 bond dissociation energy (119 kcal/mol). The last two decades witnessed the
development of various coordination complexes supported by macrocyclic ligands, such as
porphyrin, corrole, and phthalocyanine ligands for the ORR studies. Some of the studies further
explore the impact of the secondary coordination sphere (SCS) on the mechanism of ORR.
However, ORR catalysts of non-heme ligands are relatively rare in the literature. This chapter
describes the reaction mechanism of ORR catalyzed by different metalloenzymes and the modeling

studies reported in the literature by various molecular 3d transition metal complexes of non-macro



cyclic ligands.

Publication from this Chapter:

Oxygen reduction reaction by metal complexes containing non-macrocyclic ligands
A. Das, M. Bera, L. Mallick, B. Chakraborty, and S. Paria

Elsevier, 2022, 125-172 (Oxygen Reduction Reaction: book chapter)

Chapter 2. Methodology

This chapter comprises of multistep organic synthesis of the ligand followed by metalation with
cobalt or copper salts. The synthesized ligand and complexes were thoroughly characterized by
several characterized techniques, e.g. NMR, UV-Vis, ESI-MS, EPR, ScXRD, and elemental
analysis. The electrochemical analysis and Oxygen Reduction reaction were performed in a three-
electrode setup cell consisting of working electrode (Glassy Carbon), counter electrode (Pt Wire)
and reference electrode (Ag/AgCl) in both aqueous and organic medium. The reference electrode
was later calibrated by an internal ferrocene standard. All cyclic voltammetry data were recorded
in both N> and O atmosphere to check the redox behavior as well as the catalytic property of the
complexes. The number of electron transfer and product selectivity determination were carried out
by rotating ring disk electrode Instrument in oxygen saturated condition. Next all spectrochemical
kinetic analysis was performed in an Agilent 8454 Diode array spectrophotometer fitted with a
UNISOKU cryostat (Japan), where the temperature of the reaction solution can be fixed between
—80 to 100 °C. Catalytic ORR reaction in the presence of Co complex was conducted at 25 °C in
a 1 cm pathlength cuvette in acetonitrile. Catalytic experiments were conducted in the presence of
the catalytic amount of Co complex and excess decamethylferrocene (Fc*), trifluoroacetic acid
(TFA), and dioxygen in acetonitrile. Progress of the reaction was monitored at 780 nm in the UV-
vis spectrum, where the formation of decamethylferrocenium cation (Fc*") occurs. The
dependence of the concentration of each substrate (complex, TFAH, O», and Fc*) towards the
catalytic rate law was determined by varying the concentration of one substrate while the
concentration of the other substrates was constant. Variations of the complex, TFAH, and Fc*
concentrations were performed in a Oz saturated acetonitrile solution. Pseudo-first-order rate
constant (kobs) value for each reaction was obtained from the slope of a plot of In(A.— A), and
second-order rate constant (k2) values were determined from the slope of a plot of kobs Vs.

[substrate]. Further to confirm the intermediate species as well as mechanistic insight of ORR DFT



computational studies were performed. To ensure accuracy and reliability of the data, all the

experiments were validated by repeated trials.

Chapter 3. Catalytic Four-Electron Reduction of Oxygen to Water by a Molecular Cobalt
Complex Consisting of a Proton Exchanging Site at the Secondary Coordination Sphere

Controlling the selectivity of 4e/4H" reduction of oxygen over 2¢ /2H' reduction is a key
challenge in making efficient catalysts for the fuel cell cathode. A tyrosine residue poised over the
active site of cytochrome ¢ oxidase (CcO) has been demonstrated to control the hydrogen atom
transfer reactions and cleavage of O—O bond of a Fe—O—O—Cu moiety to yield water. In a couple
of small-molecule iron complexes supported by porphyrin derivatives, it was shown that the
presence of protonation sites at the secondary coordination sphere plays an important role in
directing the selectivity and rate of ORR. In this study, we designed and synthesized a mononuclear
Co™ complex (1) of a bis-pyridine-dioxime ligand where the oxime site can participate in
reversible proton exchange reactions. Electrocatalytic ORR of 1 was investigated in aqueous buffer
solutions. We observed that in a 0.1 M phosphate buffer solution (PBS), 1 is selective for 4e /4H"
reduction of O, at pH 4, and the selectivity decreases with increasing the buffer medium’s pH,
producing ca. 75 % H>O at pH 7. However, in a 0.1 M acetate buffer solution (ABS), 1 remained
highly selective for the cleavage of O—O bond to produce H>O at pH 4 and pH 7. The overpotential
(1) of H20 formation (ca. 0.8-0.65 V) decreased proportionally with increasing pH in PBS and
ABS. We conjecture that the oxime scaffold of the ligand works as a proton-exchanging site and
assists in the proton-coupled electron transfer (PCET) reactivity to cleave the O—O bond in the
acidic buffer solutions and acetonitrile, further corroborated by theoretical studies. DFT
calculation suggests that the acetate ion works as a mediator at pH 7.0 for transferring a proton
from the oxime scaffold to the distal oxygen of the Co'(OOH) intermediate, responsible for high

selectivity towards 4e/4H" reduction of O..

Publication from this Chapter:

Catalytic Four-Electron Reduction of Oxygen to Water by a Molecular Cobalt Complex Consisting
of a Proton Exchanging Site at the Secondary Coordination Sphere

A. Das, A. Ali, G. Gupta, A. Santra, P. Jain, P. P. Ingole, S. Paul, and S. Paria

ACS Catal. 2023, 13, 8, 5285-5297



Chapter 4. Comparing Spectrochemical and Electrochemical Reduction of Oxygen to Water
by a Molecular Cobalt(IIT) Complex in Acetonitrile

A mononuclear Co complex (1) ligated by a bis-pyridine-bis-oxime ligand was employed to
understand the reactivity behavior of ORR in acetonitrile solvent. In this context, Spectrochemical
ORR of'1 in acetonitrile was carried out. where decamethylferrocene (Fc*) was used as a chemical
reductant and trifluoroacetic acid (TFAH) as a proton source. A pseudo-first-order condition was
carried out to determine the kinetics of ORR by 1. From kinetic analysis, we found that the rate of
spectrochemical ORR depends on 1, TFAH, and O. Further product analysis data suggests the
reduced product generated from the reduction of O2 was selective towards H»>O at 25 °C. Further,
the formation of a peroxo dicobalt(IIl) intermediate species (1b-OQ0) was observed in acetonitrile
at —40 °C, which demonstrates the occurrence of a dinuclear reaction pathway at low temperature.
Further, Electrochemical ORR was also carried out to determine its efficiency and catalytic activity
in the same medium using TFAH as a proton source at an Ecay2 = —0.51V. 1 showed an effective
overpotential (77err) of 0.76 V and a turnover frequency (TOF) of 2.3 x 10 s ! in acetonitrile. We
hypothesize that, based on the evidence from theoretical calculations, the oxime scaffold of the
ligand serves as a reversible protonation site in the PCET reaction needed for the high selectivity
of ORR in the acetonitrile solution. The study highlights the effect of a planar, acyclic N4 ligand
system containing a reversible protonation site at the secondary coordination sphere on a Co-

catalyzed ORR study organic solvent.

Publication from this Chapter:

Catalytic Four-Electron Reduction of Oxygen to Water by a Molecular Cobalt Complex Consisting
of a Proton Exchanging Site at the Secondary Coordination Sphere

A. Das, A. Ali, G. Gupta, A. Santra, P. Jain, P. P. Ingole, S. Paul, and S. Paria

ACS Catal. 2023, 13, 8, 5285-5297

Chapter 5. Breaking the Scaling Relationship for Oxygen Reduction Reaction Using
Molecular Cobalt Complexes

Developing catalysts that achieve a higher turnover frequency (TOF) with a lower effective
overpotential (7ef) in electrocatalytic reactions is an emerging focus of research. A promising
approach to this end is modifying the secondary coordination sphere (SCS) that can facilitate

hydrogen bonding interactions or electrostatic effects, thereby lowering the activation energy



barrier in the rate-determining step (rds). Herein, we designed and synthesized a series of Co'!

complexes (1-8) featuring a bis-pyridine-dioxime framework, each with a distinct SCS (—C¢Hs
(1), o-NHMe>"—CsHs— (2), 0-OMe—CsHs— (3), 0-OH—CsHs—(4), p-NHMe, —~Ce¢Ha— (5), p-
OMe—CsHs— (6), pyridine (7), and pyrimidine (8)). We investigated their electrocatalytic oxygen
reduction reaction (ORR) in acetonitrile, both with CF3COOH and in a 1:1 CFzCOOH/CF3;COO™
buffer solution. All complexes demonstrated selective 4e /4H' reduction of Oz. A linear free
energy relationship (LFER) analysis revealed a trend of increasing TOF with e, aligning with
molecular scaling expectations. However, 2 and 3 with the o-NHMe> ' —CsH4— and 0-OMe—CsHs—
substituents diverged from this trend, exhibiting TOF values over 1000 and 250 times higher than
predicted based on their positions in the log(TOF)/5er correlation within the buffer solution.
Kinetic investigations indicate that protonation of the Co™(0") adduct is the rds for all catalysts,
suggesting that the functional groups in the SCS of 2 and 3 facilitate proton transfer, acting as
proton relay sites. We propose that this effect reduces the energy activation barrier in the rds,
accounting for the observed deviation from the LFER. This study underscores the critical role of

designing an appropriate SCS to enhance catalyst efficiency beyond LFER expectations.

Publication from this Chapter:

Breaking the Scaling Relationship for Oxygen Reduction Reaction Using Molecular Cobalt
Complexes

A. Das, A. Santra, A. Kumari, D. Ghosh, and S. Paria

J. Am. Chem. Soc. 2025, 147, 8, 6549—6560

Chapter 6. Pendent Amine Group at the Quter Coordination Sphere of a Copper(Il)
Complex Enhances the Rate of Oxygen Reduction Reaction

Enhancing the rate of an electrocatalytic reaction through the strategic incorporation of SCS
interactions—such as hydrogen bonding, proton relays, and electrostatic effects—is a critical
factor in influencing both TOF and overpotential. In this study, the ORR is investigated using two
Copper complexes (10 and 11) supported by a bis-pyridine-dioxime ligand framework. Complex
11 features an o—-NMe>—CsHs—substituent in the SCS. Both Cu(Il) complexes were characterized
thoroughly by various spectroscopic techniques. Comparative electrocatalytic ORR studies of 10
and 11 in phosphate buffer revealed that 11 exhibited ~3 times higher TOF than 10. Similarly,

ORR studies in acetonitrile in the presence of TFAH and Fc* showed that 11 is about twice as



active as 10. Based on the kinetic investigations, it is suggested that reduction of a Cu'(O2")
intermediate occurs during the rate-determining step (rds) for complex 10 in acetonitrile, whereas
a different rds is noted for complex 11, which is the protonation of the Cu'’(O2"). Overall, this study
underscores the pivotal role of SCS interactions in accelerating ORR and represents one of the few
reports detailing the influence of the outer coordination sphere on ORR catalyzed by molecular Cu

complexes.

Publication from this Chapter:

Pendent Amine Group at the Outer Coordination Sphere of a Copper(Il) Complex Enhances the
Rate of Oxygen Reduction Reaction

A. Das, A. Ali, A. K. Bera, M. Chaudhary, and S. Paria

Small, 2025, 21, 2505606

Chapter 7. Conclusion and Future Perspectives

The synopsis report entitled “Development of Molecular Cobalt and Copper Catalysts for
Spectrochemical and Electrochemical Oxygen Reduction Reaction” focuses on the development
of molecular cobalt and copper complexes supported by a series of tetradentate ligands featuring
a bis-pyridine-dioxime donor group at the primary coordination sphere and different secondary
coordination spheres (SCS). These complexes were well efficient catalyst for ORR. Through
combined synthesis, characterization and electrochemical and spectrochemical analysis, the report
has highlighted the importance of secondary coordination sphere towards the rate and selectivity
of ORR. Mechanistic insight, including the detection of peroxo-bridged dimer complexes was
carried out and the role PCET was also thoroughly discussed in the cobalt catalyzed oxygen
reduction reaction. These findings advance understanding of how secondary interactions, such as
hydrogen bonding and local proton availability, govern efficiency and selectivity in molecular
ORR catalysis. This establishes a platform for systematic development of bio-inspired catalysts.
Looking ahead, future efforts will be to obtain concrete evidence of the transition state and
intermediates, that plays a crucial role in RDS of ORR. Apart from DFT optimized structure,
reactive oxygen species generated during ORR should have experimental background evidence,
to support the catalytic cycle and the role of secondary coordination sphere. In that we only can

enlighten the precise role of the functional groups embedded at the SCS of the Co and Cu complex.



3 IKALL]

BB 3R SAT DG Ao ReaRH RuaeH & Ay sufds Fieme iR
HIR IRP BT [abr" e aret Ry sfiqfior sifadieRor ufafear & forg 3 S de
CIfOTRM Fed HIa TR YR 3MUIfdd ISRE & IAWT 3R T&/07 9ui I Hefed g
SMTSRSR fdfehar 8, STRISH BT de /4H" AR H H,0 T AT 2¢ /20 AN H,0, § HH foha
ST gl 8 | Sifde Jumelt § AIgele ~aal & 3R Argerh ™ It SRS (CcOs) 02 ¥ H,0
o TATAD e /4H" HH BT AN B ¢ | $H UlhaT & SR TP 4 T WIgcipid Al
ARSI (CcOs) ADP ¥ ATP & TLAWU H TEHIAT Hd ¢! 39 TosH F IRd g,
ATANHERA, FeTaeRId 3R Hed IAMRAT HIRAH gRTORR & YAV 3R 3(eqg
& foIe oaTU® yar fhu Y| BTalfeh, 31§ a® Co-TR-Heh INIRfaad YUMferd! & R & 9gd
HY RUIE TR 3R 3199 &1 715 6 | IHCY, Tg1 gH s SATUIAP PHIART GRT ORR
P UHTT BT e fbar g | fgdiae a9 &7 &) AT BRPp, BH dRad § WpielT ey
fuffed wR Terd 8 S HH sifafayd arel 9gaR I3RS & FuRur & oy Agagui 31

3T 1. gR=g

STRfTSA Srgage Hfifehar (INIRIIR) TH Heaqul SRS URad= € Sl aradig
g T §9I¢ 39T 21 I8 SIRH 49 & 3ifaq =R &1 ufaffda oar g, Sorad
3MUIfae TS (0,) 1 (H,0) H =l gt oirdl §, 3R 91y g1 f¥ifedal & 3R-uRr
el o1 RYFIARU Th Wel- Jauidl 339 BT § | T8 YaUrdT IUTa RIRR0T gIRT T
TR P! Wfad TeT Hal 7, oI SNSRSIR SaSsll (a5 BT bafeg § SIrdl & | 3D
3T, 38 I Wit 7 SRR Teayyf 3, o s gxe! & a-s & 39
aifiifepan & for fafdrer snuifaes iR fawwift ISR faesfRid e & forw IR fpan 81 ke
ft, 3= 0=0 §Y faaISH FHoll (119 keal/mol) T HRUT 0, BT IR-IA-AR-HIC(
(4 /4H") ST U it ufehan 31 fUal &l gxreh! H SRR 3reqaHi & fore Ryeaswa
AP g 8| B T SRR B! feharfafy iR fgditas w-ag &= (o) & uuqa
BT 3R AV B ¢ | gl TR fofigy & SMAIRIR IIRG Wified H 3rdegpd




g4 €1 8 31 fafie Aeraitome gRT SR SRR &t sififtrar fharfafd efik
R-RYeaw i ferigyd & fafid s 381 ForHur urg dgpal gRT A1t H Udd Ars e
31egTl BT Ui HRaAT |

ST 2. HTAYUITA

39 3 H forife & 9g-TRUig HleHe AW 3R 3P 916 PIdlec A1 HIR AUl &
1Y TR T 9 B | IR feris SR dgpal &1 o [ARIY ddb-1d], S NMR, UV-
Vis, ESI-MS, EPR, ScXRD, 3R difcde fazdvur gRT 8= U T 3ifiaeor fear ma|
faqga-Imafe fazawr sk sfidiio e sififorar, dH-Saacie des Ia &,
e PprdeiieT sdacrs (@RI BIe), U Feaeis (Pt dR) SR Hanf sdacls (Ag/AgC)
M &, STeid 3R ST g1 A1 # & 5| Y 3aacis & a1g § U 3idRk®
BRI UM gRT 3ixIifdd fordm 7| TPl & VeI deR 3R IORS 0T Hi Sl &
forg @it apig Aieedct 32T N, 3R 0, T ardTaRun § Revls Y MU SadeH RIMIAR
&1 AT 3R IATE FATHB T HUROT SHiaRfiom e srawn # Aefem i fexw e
SUBHRT GRT o] T 38 ARG, SARD B DI (U 1 Sifd & forg, Fior
fqua faggd-smac wanT feg o) Tt Rl farg U Ser 9, fast Rifter o o o
3R Wi, SaRuRRId fAed MU 3R dR-aR BeH & gAedied ST U & &1
T fohar Tl SATe Wl Wagidh e el [dRAWUl U TRfde 8545 SIS WY
WacIhIcHeR | T g HrRee (SUM) & A1y fthe forar mar o1, srgt ufdafean
T T ATIHH ~80 ¥ 100 &3 Ve & & o fasan ST 9adl 61 Co BITIRT B
JufRfa & ISR® ORR Uffehar THici-egd # 1 TH Tydars #gde | 25 &t iy
R ST & T8 R Co BITR PI IORSG AET 3R THeerRa § sifafkad
SHURTAHRIA (Fe'), TRUARNRITRE TRIS (TFA), 3R SRl &t IJuffa #
I3RS YINT T U & YAF FeHce (HIAIH, TFAH, O,, 3R Fc*) P Tgdl Bt SAR®
R 1w R FRdr &) to I=ice & Aigal B dead) HUiRd foar T o7 Sefd 3
geee o1 il FRR | IR, TFAH, 3R Fe* igdl & Sead 02 g TRIEHRRd
o | fhU U 91 gde ufaferar & ot S91-94H-56H &R fRRI® (kobs) BT A In(Ax— A)




& Wie & eaF I U fosar mar o1, 3R fgdiu-H R RRIF (k2) & A kobs T
[Fetce] & Wiie & eaH 4 Huid fhu 78 9| 39 3farar Hegad! voniadl &1 g &1 &
HTY-H1 ORR DFT &1 FifAes Sfde® & [y HIgeRAd g foht Y |

3Ty 3. fgitus vy &= A ver Wl R vy Wi ard siuifae Siaree Tod gRT
ST BT 9 H SARDII IR-FAGS I Uaad

2e/2H" UG DI a1 T SRS &b de/4H" HTTI B FIATHD A Dl AT BT
YT I HUIS & T A SRS §- H Th THE AT &1 Ageind It sieRftedt
(CcO) P TehT RId TR YT Uh TRRIRA A=Y B! §Tg S ol URHTY] VIR0 ifHfeharsii
3R Fe-0-0O-Cu 3R % 0-0 §Y & faga &I HaHd B 3R 5Ta U & & fore ya i
fepa man g1 UIfthR sgaelt gRT qHiid Po wy-3f7] <ilg depenl H, Te faman o fo
fgciad Tr-ag &F § TieHIaul RIA! &1 SURYTT ORR $T Tl 3R & &I R
A T Aeaqul YffeT AUt 81 59 sieqae B, g0 - Ui H- s siiagH farie &
TH AFRGRTER Co! BT (1) P Sz iR Ixafda forar, S|t siiearsy uige
gfdadt dierd fafg gfafsaret & w4 @ bl g1 Sellg 9% qHeE § 1 &
gda e fdfcd ORR &1 Siid &I 718 | §HA < fh 0.1 M HIehe SR AU (PBS) T, 1
pH 4 R 0, BT de/4H" HH & N ITTHS 8, 3R IWBR AIEOH &7 pH d¢ & I
JTHG AT HH 81 St 8, S pH 7 TR TTHT 75% H,0 991 8 | 8Taifep, 0.1 M THiee
TR FHIYM (ABS) H, 1 pH 4 3R pH 7 R H,0 §91 & T 0-0 dfs & fausH & fag
TP TS 8T §HART 3THM ¢ b feriie & siffoqw Thhics U Mei-fafma _id
& FY T B B § 3R AT THR faerd=1 3R THieHRsesd § 0-0 §Y &I fagfed
TR & o Wiel-gfid gaaei RIMIARN (PCET) fifoham=fiadr § Jemadr &Rl e,
et Sgifaes sremami gRT 3R g Bt 8 | DFT UM § UdT =eid ¢ fob Tiiee 3imaH pH
7.0 TR SR WhHITS T Co(OOH) HATH & TR RIS H U WeT- IR B
P foTU U HeOR & =0 H B HRAT B, S 0, B de /4H* STTTT & Ufd I TIATHB ]
& foe SRed g




3T 4. THICFTSCISA H TP ATUIfA® HidTee (1) IR GIRT STRIe & o d |
Wb Hbd AR FaAGE b AP TFIT PI g1

THIeNTE R d faarad # ORR & 3iffshuTeTs agR &) JHeM & oY T fog-ugddh-
forg-afffi feris gRT feries Teh HRIfaeR Co HIQIaRT (1) HT IUNT 35T 71T o1 | 39
e 7, Tl zeed # | &1 WagihHed ORR fordT T, STET SHTHRIAHRIRA (Fo*)
DI IAAS TAES & U H 3R TRFARITNIICH 3 (TFAH) HI Uleld |id & =4 #
JUINT {1 11 1 GRT ORR Bt AT FHUiRd a1 & T te Se1-uum-%a R &1
gTe o | i faweyor 9, g9 urar f Waeihiehd ORR &t X 1, TFAH 3R 0,
IR 1R SRt g1 S & IdTe fa=ewor Se1 ¥ Udl 9adl § [ 0, & HUaa I I
TR TG 25 °C W H,0 & Ui TITHD YT Id 3fcrdl, Wi Sbidlee (1)
LI TS (1b-00) BT T3 THIREEA H 40 °C TR ST 74T T, S HH dIIHH TR
U fg-urAm] ufafsrar anf &1 ge o velRia FRal 81 $9& 3@l Ecat/2 = —0.51V IR
Qe Wid & ¥4 § TFAH BT SUTNT B It A1e0H H SUPB! Gardl 3R SRS Tafafer
&I iR #xA & T Soiagibfed ORR H foodT T 71 1 A THiEHERA | 0.76 V &I
TH JHTE SMaRUICRIE (neff) 3R 2.3 x 10% s~ BT 3R Wil (TOF) feaman| g7 g8
UG B § fob, gl TSN A UTtd H1eh & 3MYR W, forils &1 3ifaqH Wb hics
PCET Ufafshar # tes ufdadf Tiei-ieul ®id & =0 # B HRdl ¢ I8 30 Uh JHA,
a1 N4 ferle gomett, fo e fgcfias aaag &3 T Teh IchHulig Uiei-IdR0 ®Id gidl 3,
% UB-INT ORR AL FHEe fAade TR YHTG TR YHTRT ST & |

3T 5. ATUIAP DlaTee APl BT SUANT XD ST uaa Afufepar & forg
BT HaY BT ArST

faggd SoR® sififthare § &H THTET SAIfAHT (neff) & 1Y I THIMGR 3MGRI (TOF)
T R aTd SARD! B fABHT ST BT U SHRAT g3l & fag ¢l 39 foun & uw
TS BB fgdiad THag &5 (SCS) &I MU HAT § o gIgsior e
3fct-fopansit a1 fRRdegd THTaT &1 I o1 Gohd 7, ORI a=-AeiRor =Rur (rds) & Tfehaor
Foll SfaRIY HH B ST 81 TG, BHA Colll YFHA! (1-8) B! Th YTaT Bl feomzgd 3R




Tafdd frar g ford te M- uiEh-seeiagd e 8, o8 3 ude | U ARy
SCS (~CeHs (1), o-NHMer'~CeHs— (2), 0-OMe-CeHs— (3), o0-OH-Celi—(4), p-
NHMe2+—CeHi— (5), p-OMe—CsHa— (6), URISH (7), 3R uRdfdq (8) ?1 g9
THRIEEd # CF;COOH 3R 1:1 CFsCOOH/CFCO0™ IR faa@H, aFl & 1Y 3!
fIggd-3aRS® SfiaiaH AUl kAT (ORR) Pt Sid &1 Jff JHal 4 02 &
TIATHD de—/4H+ 309 URId foraT| Te IR Yad SHoll Wael (LFER) fa=aiwor A neff
& 1Y TOF H IfG 1 Ughi Uabe &1, ST 30T ATI Sdemsff & 3=y ot | grailiep, o-
NHMe,—CeHa— 3R 0-OMe—CsHy— TR & 1Y 2 3R 3 5T UGRI I 3T Y, 3R TH
faera & IR log(TOF) e TE8aY B 3AD! fRUFA & SMYR TR SIIATT TOF A 1000
3R 250 7T 31 TOF A e fRid fu | et Sitd & Tabd ferdr 8 7 Coltr(0?) Sifiad=
BT Urer-iHRor T+ SARD! & AT rds &, O aial § [ 2 3R 3 & scs H fharars g
Oie RIFIARU 1 G 41 &, 3R Wiei- Rd W1gel & 0 H &1 $d ¢ | §ARI IAd §
% T8 THTG rds T So1l ihaUT 3aR1Y Pl HH Bl §, Sl LFER I <9 T faerad &I &
T YTdT |1 I8 T IARE &l BT LFER fUemsfi ¥ 31 g & fow uer Iugad
SCs fETTga T3 & Hegdqu! YfHeT &1 XQifdd Bl g |

ST 6. BTUR (I1) PIART &b FT83! AT &5 A UsSe THISH

g SHiaiTo e fNfhar &1 e &I 9gIdT § SCS 3 fhars—o grggior s,
e R 3R SAdeRefed THIG— & J0HIad JHARH & A1 § Ud Sadcideidied
3ifiiferar @t &R B FT, TOF 3R 3ifafaya Gt &t wHIfdd 3 aTell U gyl dRE
g1 39 3wg H, . ursdSi-sseifearsy forils e g1 9affd & cuin) Sieaed (10
3R 11) BT IUTYRT HXPB ORR DI S1F I 718 g1 IR 11 H SCS H TH o-NMer-CeHy—
gfoeTdt TS 81 aFT Cu(ll) Hrcaq &1 fAfid WaeRe U ddh-id! gRT T8+ 0
qui AT T 8 | HIRthe IR B 10 3R 11 & JaTHD Fadeidbe e SRR eqg-i
T Uar 9 fb 117 10 B ga1 | ~3 AT 3% Sefiuw yelRid foran| 33t e, duwuea
3R T B JufRfd & TRISHTRCRd & SNSRIIR ferd foamar fb 11, 10 § TIH
QR "ok B 1 TSl Silell & STUR W, g aird faan 7 § fob TidHrsersd o pirciad




10 % 1T cull(0?) Heaadf &1 3roaa aR-RERU TR (rds) P SR BIaT 8, S HIrcia™
11 & TG U 3@ rds T 41§, ST Cull(0%) BT MEHIHRUT 8| T HedhR, T8 T
ORR &1 @Rd & B SCS 3ia:feharsft & Agayul Yfte i x@ifard HRdm § 3R HTUdd
Cu HIIH GRT IHRT ORR TR I TH-GY &7 & YHTd B [davur ¢ arell oo Ruie! §
TP HI YA PRAT G |

Jeary 7. frspd ok wfasy & uivtiea

I IH DA 3R SUICID DA HIRIo ST HfhaT & T UIfas HidTee 3R
HIR IR BT e MG areh IR KA, wrufie wo-aa & ok fafte fgdae
-GG &1 (SCS) TR TH (G9-UTeIS H- 318 SIS H STdl Tg Jod cclace forigd &1 Ud
ST GRT FHAT TUIH DT (111) 3R BIWR (1) IHal & b R Hiad 81 T IHd
ORR & iU 3d $UA IAR® U1 e TN, T&0T quH 3R faggd-Ima-ed wd
WacIpHed Ay & Aregd §, RUIE 4 ORR BT &R 3R Fg-TDaT & forg fecdias
qH-aY &3 & Hgd IR UHT STl ¢ | WRIF1-fos fETR S incia’t &1 udl a1 Ifed i
S{TRID B T3 3R PlaTee IAN HTRITOH FHr HfHar & PCET &1 YfHehT IR ot
Te Id! @t 5| A Fpy 39 91 &1 Y0 S W 9¢Id § & fgdias sia:fean, S
TIIS IO S8 3R W UleT SUAIT, 3UIfdd ORR e ey H gardT 3R ga-TeTdhdl
&I By (AR Fe § | I8 S19-0Rd SERD| & afedd fae & forg ueh Ha R SR
g1 3 S §U, HiT™ & TR TAHHUT SR 3R AeATd! o 319 THTT U HRA & §il,
S ORR & RDS H Hgdqu! YfHerT FHTd § | DFT 3 (eid TRaHT & 3fddl, ORR & GRIM
I ufafsrarsiia sifafier yenfadl & o ISR a% SR fedias wi-ag &9 &1 yftre
B T T & AW TaTes g8yl gHm g 91feu|
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Abbreviations

Technical terms

CT: charge transfer
deg.: degree (°)
e electron
E: total energy
m/z: mass per charge
[M]": molecular ion peak
Q: charge
RT: room temperature (298K)
S: electron spin
T: tesla
TON: turnover number
TOF: turnover frequency
V: voltage
Techniques
CV: cyclic voltammetry
DFT: density functional theory
EPR: electron paramagnetic resonance
ESI: electrospray ionisation
GC: gas chromatography
IR: infrared spectroscopy
MS: mass spectroscopy
NMR: nuclear magnetic resonance
UV-Vis: ultraviolet-visible spectroscopy
XRD: x-ray diffraction
Units
A: ampere
A" angstrom (107!°m)
C coulomb
cal calorie
C: degree celsius
cm.: centimeter
eV: electron volt
F: faraday
G: gauss
h: hour
K Kelvin




LA micro ampere
m: meter

M: molar

mA: milliampere
min.: minute

mm: millimeter
mT: millitesla
mV millivolt

nm: nanometer (10° m)
S: second

T tesla

\% volts

Latin expressions

etal: and coworker

e.g.: for example,

ie.: namely

Vs: versus, against
Symbols

A wavelength (nm)

E: electrode potential

£ extinction coefficient (M 'cm™)

i: current

k: rate constant

T: temperature

n: overpotential

\2 scan rate

Solvents and reagents

Et,0: diethylether

CH.Cl, dichloromethane
KBr: potassium bromide
MeCN: acetonitrile

MeOH: methanol

CH3;COCH3 acetone

PhCHj; toluene

"BuLi n-butyllithium

EtOH ethanol

p-TSA p-toluenesulfonic acid




OHCH2CH2OH | ethylene glycol

Pd(dba)s tris(dibenzylideneacetone)dipalladium(0)
dppf 1,1'-bis(diphenylphosphino)ferrocene
NaO'Bu sodium tert-butoxide

HCl hydrogen chloride

NH>OH.HCI hydroxylamine hydrochloride
NaOAc sodium acetate

Co(ClO4)2 cobalt perchlorate

Cu(OTHf) copper triflate

Fc* decamethyl ferrocene

TFAH trifluoroacetic acid

TFAD trifluoroacetic acid-d

Urea*H>O» urea hydrogen peroxide

Ti(0)SO4 titanium oxysulfate

"BusNPFg tetrabutylammonium perchlorate






