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ABSTRACT

The thesis entitled “Mimicking Cytochrome P450 Compound Il: Spectroscopic
Characterization and Proton-Coupled Electron Transfer Reactivity Studies of High-Valent
Iron-Hydroxo Complexes ” deals with the synthesis, characterization, and reactivity study of
high-valent iron-hydroxo complexes. The activation of dioxygen at the Fe'' center can be
facilitated in the presence of electrons and protons, or using sacrificial substrates like a-keto
acid. This reaction results in the formation of transient high-valent Fe"*=0 species, which
serves as a common mechanism for various heme and nonheme Fe enzymes. Such reaction
intermediates have been identified in both enzymes and synthetic model complexes. It has been
implicated that Fe"*=0 (n = 4 or 5) species further abstract a hydrogen atom from the substrate
to form a high-valent Fe™)—OH complex (and a substrate radical), which performs versatile
reactions such as hydroxylation, halogenation, ring closure, desaturation, decarboxylation, etc.
Probing such reactions spectroscopically is a challenging task as the formation of Fe—OH type
species occurs in the rate-limiting step and the rebound of OH to the substrate radical happens
concomitantly. The development of such models is important to provide valuable insights into
the structures and function of the heme and non-heme enzymes, and their study could help to
deepen our understanding of the reactivity of these types of species. However, the artificial
analogue of such species is synthetically very challenging, as the mononuclear Fe"*=0
complex has an inherent tendency to form thermodynamically more stable Fe-O-Fe type
complexes. Thus, exploring the reactivity of biomimetic Fe(OH) species has attracted
considerable attention. The focus has been given to independently synthesizing Fe™(OH)
complexes and studying their reactivity to gain insight into the OH rebound, HAA reaction,

and OAT reaction mechanism.

Chapter 1. Introduction

This chapter describes a brief overview of the significance of high-valent iron-hydroxide
intermediates and their role in the mechanistic cycle of several heme and non-heme enzymes.
The chapter also focuses on the characterization of such intermediates, which were isolated
and characterized in the literature. Additionally, the chapter outlines the current synthetic
challenges faced by the researchers and the importance of the in-detail characterization and

reactivity study of these high-valent iron-hydroxide complexes.



Chapter 2. Characterization and Reactivity Study of Non-Heme High-Valent Iron-
Hydroxo Complexes

A terminal Fe'"OH complex, [Fe'"(L)(OH)]?> (1), has been synthesized and structurally
characterized (H4L = 1,2-bis(2-hydroxy-2-methylpropanamido)benzene). The oxidation
reaction of 1 with one equiv. of tris(4-bromophenyl)ammoniumyl hexachloroantimonate
(TBAH) or ceric ammonium nitrate (CAN) in acetonitrile at —45 °C results in the formation of
a Fe"""OH ligand radical complex, [Fe"'(L+)(OH)]™ (2), a formally Fe'V—OH species, which is
hereby characterized by UV-Visible, 1H Nuclear Magnetic Resonance, Electron Paramagnetic
Resonance, Mdossbauer, and X-ray absorption spectroscopic techniques. The reaction of the
formal Fe'V-OH complex with triphenylcarbon radical further gives PhsCOH and mimics the
so-called hydroxide rebound step of Cpd Il of cytochrome P450. Further, the reaction of 2 was
explored with different 4-substituted-2,6-di-tert-butylphenols. Based on kinetic analysis, a
hydrogen atom transfer (HAT) mechanism has been established. A pKa value of 19.3 and a

BDFE value of 78.2 Kcal /mol has been estimated for complex 2.

Chapter 3. A Functional Model of Compound Il of Cytochrome P450: Spectroscopic
Characterization and Reactivity Studies of a Fe!'V-OH Complex

The reaction of a mononuclear Fe'"'(OH) complex (1) with N-tosyliminobenzyliodinane
(PhINTS) results in the formation of a Fe'V(OH) species with a coordinated PhINTS trans to
the Fe-OH bond (3), instead of the formation of high-valent Fe=NTs compound. Species 3 has
been characterized by an array of spectroscopic techniques and represents a rare example of a
synthetic Fe'V(OH) complex. The reaction of 1 with the one-electron oxidizing agent was
reported to form a ligand-oxidized Fe'''(OH) complex (2). 3 revealed a one-electron reduction
potential of -0.22 V vs Fc*/Fc at -15 °C, which is 150 mV anodically shifted than 2 (Ered = -
0.37 V vs. Fc+/Fc at -15 °C), inferring 3 to be more oxidizing than 2. 3 reacted spontaneously
with (4-OMe-CgH4)3Ce to form (4-OMe-CeH4)3C(OH) through the rebound of the OH group
and displayed significantly faster reactivity than 2. Further, the activation of the C-H
hydrocarbon and phenolic O—H bond by 2 and 3 were compared and showed that 3 is a stronger
oxidant than 2. A detailed kinetic study has established the occurrence of CPET/HAT transfer
reaction of 3. Studying one-electron reduction of 2 and 3 using decamethylferrocene (Fc*)
revealed a higher ket of 3 than 2. We suggest the enhanced reactivity of 3 compared to 2

occurred due to the presence of a coordinated ligand trans to the Fe-OH bond in 3, which
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enhances the reactivity through the push effect. The study established that the primary
coordination sphere around Fe and the redox state of the metal center is very crucial in
controlling the reactivity of high-valent Fe-OH complexes.

Chapter 4. The Effect of Redox-Inactive Metal lons on the Proton-Coupled Electron
Transfer, Hydroxide Rebound, and Oxygen Atom Transfer Reactivity Study of a High-
Valent Iron-Hydroxo Complex

A cysteine thiolate ligand coordinated to Fe in Cytochrome P450 Compound Il is known to
play a key role in controlling the reactivity of the intermediate. In this chapter, we describe the
reaction of the Fe'V-OH complex (3) with different redox active metal ions, which resulted in
the formation of Mn+ ligated adducts (3-M""; M™ = Ca?*, Ba?*, Sr?*, Y3*, and Sc*"), were
thoroughly characterized by different spectroscopic techniques, including X-ray absorption
spectroscopy (XAS) studies. Spectroscopic evidence suggests the ligation of M"™ to the
alkoxide arms of the ligand rather than the hydroxide ion of 3. The coordination of the M™
ions to 3 caused an anodic shift of the one-electron reduction potential of the Fe'V/Fe'' redox
couple and a redshift of the absorbance maxima in the UV-vis spectra. The reactivity studies
of the 3-M"* species were explored towards 4-X-2,6-di-tert-butyl phenol substrates, which
revealed a decrease of the second-order rate constant values with increasing the Lewis acidity
of the M" ions. Kinetic studies established the involvement of a hydrogen atom transfer (HAT)
pathway in the phenol oxidation reactions. This reactivity study suggests that the pKa of the
OH group of 3 plays a vital role in the activation of the O—H bond of phenol substrates by 3-
M"* species: reactivity increases with increasing the pKa of the OH group of 3-M"™. Further,
the reaction of 3-M™ complexes was conducted with ArsP substrates, which resulted in the
formation of ArsP=0 as the reaction products. Detailed kinetic studies revealed an increase in
reaction rate with increasing the Lewis acidity of the M"" species towards oxygen atom transfer
(OAT) reactions, which is just opposite to the HAT reactions observed for the 3-M"" species
with phenolic substrates. Further, 3-M"* species were found to react spontaneously with the
hydroxide rebound reactions when reacted with (4-OMe-CgHa)3Ce substrate. The study, for the
first time, describes the effect of redox-inactive metal ions on the reactivity of a high-valent

iron-hydroxo complex.
Chapter 5. Spectroscopic Characterization and Reactivity Study of a High-Valent Iron-
Methoxide Complex

A terminal Fe'"'-OMe complex of a tetra anionic N202 donor ligand (L), [Fe'"'(L)(OMe)]? (4),
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has been synthesized and structurally characterized (H4L = 1,2-bis(2-hydroxy-2-
methylpropanamido)benzene). The Fe—O(CHz) distance found in 4 is shorter than the Fe—O(H)
bond observed in its Fe'"-OH analog. The reaction of 4 with N-tosyliminobenzyliodinane
(PhINTS) results in the formation of a Fe'V(OMe) species with a coordinated PhINTS trans to
the Fe-OMe bond (5). 5 has been characterized by an array of spectroscopic techniques and
represents the first example of a synthetic Fe'V(OMe) complex. The >’Fe Mossbauer spectrum
of 5 in frozen acetonitrile revealed an isomer shift of -0.11 mm/s, which is typical for a Fe'V
complex. Additionally, PCET reactivity of 5 has been explored towards the activation of
phenolic O—H and hydrocarbon C—H bond, and its reactivity has been compared with its Fe'V-
OH analog.
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3t
AR ST e 3 Mt agere dias0 HUSS 11 WRRSINS HaeZoH

U8 UicH-HuUcs Sadg- ¢iamR Rufdefdd! T 3ifh glR-daic RA-glggiad]
PHIRT" IeF-daic MRA-STZSI] PIAQITY P JLATUT, F&I0T qui 3R Ufafsrariad
T § YSfId § | Fe!! g IR SIS SHRATS & Tfchgul &l A=l 3R WieH &1 Iurfa
T O Tl TRIS S afd Isiee BT IUANT Hb AU ST off Tl gl 39
gfaferar & uRumTHRaET &fiid I=-daie Fe™ =0 Ui T a0 gl 5, o fafid g1
3R Y Fe USTSHI & AW Ueh HIRI o & 0 & &1 ol ¢ | T Ufaforar degadi
togH! 3R Ridfew Aied uReRl aiF! & UgaM U & | I8 SIIHMH T 11 § b Fe™ =0
(n = 4 71 5) TSIl YsTee | T BISg IS URHIY] I 3@ dRab Udh Jad-daie Fe™D_OH
PR (IR TH I¥ce Jodd) SN 8, off Jgg! ulafehand a=ar g1 o b
SIS SITRICIRH, BaIoHRM, T afioR, SRR, SiahmaiaraRH, sfe | T ufafearsi
Pl WIHRBIG | W BT TP AN B § T Fe-OH THR 1 TofIiarl T Fafor
R-Hiftrd =R H BiaT § 3R gedece AIdhd | OH &1 Ress Tgadf U T gl . T
Aredl &1 faer g1 3R IR-BH TSEH! &t IRa-1sil 3R Sl & Jeadd Sfae® Uem
H & o Teaqul ], SiR IAHT 3ieqg 39 UHR Bt Uotiad! Bt ufdferareiiads & aR
o U THS DI TR IR H HaG HR Ghdl ¢ | gralier, U Yolfad! &1 T TAam
HEA Y W Igd YUl g, T AHReaaR B = 3 SIecay 8 USRS U
¥ 3% fRR Fe-0-Fe UHR & SR g1 P fdHied UgRl 8l g1 39 UPR,
IARARS Fe(OH) Tonfadt ot ufdfpasicad o WS 3 St @ s ia faar 81
3ieg Rerde, Taue ufafshar $ik siud ufaforar a1 & Siae® urd o34 & fog e (3iiea)
IRERT ! Wad T F ARANT A 3R D! WihATRAT BT g B IR &M
Figd fear T gl

Y 1 IR=Tg

g 3 I-daic ARA-gRSIRIZS AL & HEd MR F3 g 3R TR-g1H TergHl
& TifA® Tk | ID! YfHHT H1 U I Saais- aardl ¢ | I8 e T A &
RF-feaor R ot e Sfed Hrat 5, fore wifge & srerT-yerT SR fafa foram man o)
AP HTANG, T MeHd13T & A 3 aTelt gad= Ridfesw FHifaar $ik 39 3=-
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ddic TORA-ERSIaES URIRT & favgd e auiH SR ufafrarfiadr sieaad & Aed
®I XGifdhd PR G|

JA™ 2. R-FH IH-Idc AMRA-THSIH Hidey @ faQwar SR
ufaferariierar sreaa=

TH <HAA Fe''OH HITa, [Fe'(L)(OH)J2 (1), DI AT 3R TRaHS w0 ¥ fafd
a1 AT ] (H4L = 1,2-bis(2-BTSSIau-2-PrRgamoTisasiv) | T 3fed & a1 1 &
SffedtepRur ufafeban -45 feht Sfgy W wfidiFeRd & ¢y @-SMifh-rga)
MfEEd FReRIEc e @ dure) a1 ARe smiftn Agee @iue) &
IRUTMRGETY FelllOH forie Ye®wa diaiad, [Fe''(L+)(OH)] (2) T 81 ), T U=
w0 ¥ FeV-OH UuIIfd, fo% gadt-fafsrad, 1H TR de@ig SrAle, SadeH IREfe®
3ITTG, ANETSR 3R TRI-X ARV WaeRDIUS adb-id! gRI [ad fear m g1
TS MAdIad ASHA & AT TR FeV-OH BT B! Widiehal ST PhsCOH &l
2 3R TIZCIHI P450 B Cpd || F TUTHIAT BRSIHIZS RATGS TR BI THd B! 8
2D AT, SAT-3HAT 4-URATUT-2,6-81-T¢ - TR AWBIR & 1Y 2 BT Ufdfehdr &1
TdT T 77| TS fO=eiur o YR WR, U gIgsio IRHTY] RIMIARUN (TIUC) o
RIS faa T § | SIda 2 & fIE pKa A 19.3 3R BDFE A 78.2 Keal/mol SIIATHA
forar T g |

3T 3. ATSCIHIH P450 &b TSP 1l BT TP HHATHD AISH: FelV-OH HIFARTH BT
WD ITIP A&I01 gui iR ufafpariiear sreaa

Tﬁ:hw Fen(OH) HITY @) Pl N-tosyliminobenzyliodinene (PhINTSs) & iy
yfaferar & URUMRGR=T Fe(OH) TelTa &7 fAT0r 8iar 8, oI e & soiig gaf<d
PhINTs Fe-OH a1 (3) H RIMIARd 8l 9ITd & | ST-U4SId Fe=NTs AAEH HT| TSIl 3
D W RBIUS dh-1h! Bt T S gRT [afAd fowar a1 g 3R gg Ridfess Few (OH)
DT BT Th GaH IaTeRU UK Bl 8| Th-Iaae aIHR0 Toic & Y 1 P
yfaforar & T oS- sifaiiepd Fen(OH) BRI (2) S @ a1 fieft 2t 39 -15 oC
TR -0.22 V §M Fc/Fc Bt Uh-SaaeH dHeldl & BT G fbar, i fas 2 & gamn o
150 mV TATS® =0 F RIMARA & (Ered = -0.37 V &M Fc /Fc -15 °C TR), R 3/gHM
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ST T o5 3 BT 2 9 S31f¥eh SHIRARUT| 3 7 (4-OMe-CoHa)3Ce b 1Y ST Ulctfohar
HP OH THE o UaeTd o HIEHH ¥ (4-OMe-CoHa)3C(OH) TN 3R 2 Bt ga-T H 1!
1 ufaferareierar wefia @t s5& areral, Fihau H-Td grEgibre 3R hrid -
T §7€ P12 3R 3 I a1 1 T8 3R Tl Ial [ 3, 2 B ga1 H 31feres Horgd SHiRfiee
8| U faxqd 7ot S1eqg= 3 3 &1 Wiiscl/Taue! RIFTARUT Ufdfohar &1 ge-1 Rifud &
2| Uh-3Aa B e fEHARTHIT () BT IuTNT B 2 3R 3 B HH 4
2 Pt O H 3 B I dHe &1 Udl IdTl TART Y19 ¢ b 2 B ga1 & 3 3T 961 §3
gfafrareiadt 3 # Fe-OH S18 & THd ferig i &1 JufUfd & HRUI§s, S G-I THE
& "I A ufafhariierdt ol 9grar g1 3rerg= 3 WIftd foran S Fe & IRT 3R Urufies
JI9g &7 3R U1 Hg B Y8 UM I=-ddic Fe-OH TRIRT Bt Uffhariadr &I
fafid B & 9gd Heaquf 21

ST 4. TIeTH-GfAId sAT T RV, FISSIaITSS RATSs 3R Sifaiier uRHT]
TRl ufafpariias w Yeiea-fAfera urg smueil &1 guT te I=-dde
STIR-BTS S IRl PIARIRT BT AT

TRCIHT P450 HUSS Il B Fe ¥ WA RH fsice fofis & Awadt &
yfafrareiad &I Fafa s & Agayul Y Rum & e ST ST g | 39 s
& fafir YSia Tfeha U1 Sl & AT FelV-OH HIARiad (3) P1 Ufdehadl &1 9uid &rd
g, o IRUIMRa®EY Mn feFfics Tsaed (3-M"; M+ = Ca2* Ba2*, Sr2*, Y3+, 3R Sc34)
&1 OGS | ), TIE-Y SfaRIUT W Reh U1 (THIUTH) ST fgd (i Wae R iU
ad-to gRT G31 dve 9 i fasar mam o1 WaegR I A1ed 3 & BRSiIgs 3 &
o il &1 Teml3fiaTg s Yoal & foIu THEA & sUTd &1 gaima &d & | THEA gl
¥ 3 P JHGT P HRU FelV/Felll ISIFT SIS B TH-adeH PHerdl &Hdl H TfSH
JEAId g3 3R T gal-faet WaeT & Sa=ivur Bfer &1 YSRIve | 3-THTA YTl &t
giafarRiierdT 31era # 4-TRI-2,6-81-cc-HeTed fh-Id Tetc ey P @il &I 1Ts, ForaH
THEA T 3 I AT H 3 & 1Y AR HH B & (R Jodi & HHT BT Il Ial|
Prgfcd ATl A - sfiadiexur ufdfsharsi § gregior TRYTY] RIMHIGRUT (TIUC)
ARt &t YRR &t R 3t | 39 wfafsar=iiedr srere 3 uar 9adl § f 3 % OH 98
1 pKa 3-Mn TSl gRT fhId Ie¥ice & O-H S8 ®I Tithd HR- § Agaqul YHb!
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fAUTT 8: 3-M™* & OH THE & pKa &I 96 & 1Y Ufafshariiaidr 9¢ St g1 39b
3T, 3-Mn HIFRF B! UfAThaT ArsP TaRecd & IqY HI 718, e IRUmRa=Y
gfcforar SdTel & ¥4 & Ar3P=0 &1 FHT01 g3 | fawgd TTicst Sieaa=i 4 SHiaRiior tRHT]
R (31T Ufforarsft o Ul THEA Tonfdl &1 ge9 Siwar H gia & a1 gfafehan
R A 3G &1 9a1 I g, ot fob Biare Tiecd o A1 3-THEA Feliadl & e ¢& T8
wgud! ufafparst & 3l fAukid 81 s9& Si@m@l, 3-TATH Ueliadl (4-3NTHs-
HleUd4)3dt. Istice & 1Y Uldfehdl dHR1 W gIesinse Rase ufafemarstt & Ay
Walfed U ¥ Ufafshar &l s T | &, Ugal aR, J@-dae HaR-g1ggiadl
P B UfafharRiad R YSa-RSpg u1g 3! & YHTd &1 9uH BT 5|

AT 5. IH-ddc MMRA-AYTRITES PIRRT BT W RBIUD AT qui 3R
gfafear=iterdar sreaa=

22T UFAEIA® N202 R S (L), [Fe''(L)(OMe)]> (4) & T efiFd Fe'l-OMe Hiriad
Dl YNNG 3R Werds FU I RIfFa far T 8 (HAL = 1,2-bis(2-STSgTa) -2-
RIS SST) | 4 H UTS T8 Fe—O(CH3) GRI 39 Fe''-OH TATANT H ¢ 7T Fe—
O(H) g T HH %I N-tosyliminobenzyliodinene (PhINTS) & gy 4 B glafhar &
URUIMRAGEY Fe-OMe &1 (5) H THIA PhINTs T & FTY FeV (OMe) TSI &1 fAHT0T
BT 81 5 B! WaRBIUS ddb-1d! & U @ gRI fafd fovar a1 § ok g8 Ridfes
Fe'V (OMe) HITIRT & UGQ IaTeRUl HI W@ HRell & | oF g¢ TRIeiHeRa H 5 &
57Fe TSR WagH F -0.11 fHi/Ade o1 ter AR Rive o1 gar faa, 5 fas
FelV Sy & forg fafRy 81 39 sifafkad, 5 @) Uizl ufafsmaritad o taifas
3-TF 3R ERSIPBTe T §18 & Withaul & forg WIS T 8, 3R 39! ufafshariaarn
! I 3P FelV-OH TATANT I BT 718 & |
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Technical terms

CT: charge transfer
deg.: degree (%)
e electron
E: total energy
J: coupling constant
m/z: mass per charge
[M]*: molecular ion peak
Q: charge
RT: Room temperature (293K)
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
EXAFS: extended x-ray absorption fine structure
GC: gas chromatography
IR: infrared spectroscopy
MS: mass spectroscopy
NMR: nuclear magnetic resonance
PPMS: physical property measurement
UV-Vis: ultraviolet-visible spectroscopy
XANES: x-ray absorption near edge structure
XPS: x-ray photoelectron spectroscopy
XRD: x-ray diffraction
Units
A: ampere
AL angstrom (10°m)
C coulomb
cal calorie
oC: degree celsius
cm.: centimetre
eVv: electron volt
F: faraday
G: gauss
h: hour
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K Kelvin

Kcal: kilocalorie

HA: micro ampere
m: meter

M: molar

mA: milliampere
min.: minute

mm: millimeter
mT: millitesla

mV millivolt

nm: nanometer (10° m)
S: second

T tesla

\Y/ volts

MB: Bohr magneton

Latin expressions

etal: and coworker

e.g.. for example

Ie.. namely

tert-: tertiary

VS: versus, against
Symbols

% Wavelength (nm)

E: electrode potential

£: extinction coefficient (M-cm™)

K current

AG: Gibbs free energy

AHj: activation enthalpy

k: rate constant

ASE: activation entropy

T: temperature

peff: magnetic moment

n: overpotential

\Z scan rate

Solvents and reagents

"BuLi: n-butyllithium
CHCl2: dichloromethane
Et.0: diethylether

EtaN: triethylamine

HCI: Hydrogen chloride
KBr: Potassium bromide
MeCN: acetonitrile
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MeOH: methanol

NMesOH: tetramethylammonium hydroxide

THF: tetrahydrofuran

TEMPOH: 1-hydroxy-2,2,6,6-tetramethyl-piperidine
BNAH: 1-benzyl-1,4-dihydronicotinamide
4-OMe-2,6- 4-methoxy-2,6-ditertbutylphenol

DTBP:

2,6-DTBP: 2,6-ditertbutylphenol

0-PDA: ortho-phenylenediamine

SOClz: thionyl chloride
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Ligands and Complexes Used

Ligand

Complexes
[Fe"™(L)(OH)]* (1)
[Fe™(Le)(OH)I (2)
[FeM(L)OH)]~ (3)
[Fe™(L)(OMe)* (4)
[FeM(L)(OMe) (5)

XXI



XXIii





