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Monomeric Fe(lll)-Hydroxo and Fe(lll)-Aqua Complexes
Display Oxidative Asynchronous Hydrogen Atom

Abstraction Reactivity

Mofijul Molla,” Anannya Saha,” Suman K. Barman,” and Sukanta Mandal*®

This paper presents the synthesis and characterization of a
series of novel monomeric aqua-ligated iron(lll) complexes,
[Fe"(L®)(OH,)I*" (R=0Me, H, Cl, NO,), supported by an amide-
containing pentadentate Ns donor ligand, L°® [HL*®=2-(((1-
methyl-1H-imidazol-2-yl)methyl)(pyridin-2-yl-methyl)amino)-N-

(5-R-quinolin-8-yl)acetamide]. The complexes were character-
ized by various spectroscopic and analytical techniques, includ-
ing electrochemistry and magnetic measurements. The Fe(lll)-
hydroxo complexes, [Fe"(L*®)(OH)]'*, were generated in situ by
deprotonating the corresponding aqua complexes in a pH ~7
aqueous medium. In another way, adding one equivalent of a
base to a methanolic solution of the Fe(lll)-aqua complexes also
produced the Fe(lll)-hydroxo complexes. The study uses linoleic

Introduction

In recent years, transition-metal-catalyzed C—H bond activation
reactions have gained significant attention from researchers.
This chemical process holds great importance from both
biological and synthetic perspectives, as it represents a critical
step in functionalizing C—H substrates to convert them into
valuable chemical feedstock!”™ The C-H bond oxidation
reactions in biological systems generally feature high-valent
metal-(hydr)oxo species as common reactive intermediates.”'?
These intermediates facilitate the oxidation reaction by
abstracting a hydrogen atom from the substrate, leading to
various  transformations such as  hydroxylation,®'*'¥
halogenation,’®'>'® desaturation,®'"” etc.

Numerous model studies have been performed on hydro-
gen atom abstraction (HAA) reactions from X—H substrates (X=
C/0) mediated by the high-valent M =0
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fatty acid as a substrate to explore the hydrogen atom
abstraction (HAA) reactivity of both hydroxo and aqua com-
plexes. The investigation highlights the substitution effect of
the L*® ligand on reactivity, revealing a higher rate when an
electron-withdrawing group is present. Hammett analyses
and(or) determination of the asynchronicity factor () suggest
an oxidative asynchronous concerted proton-electron transfer
(CPET) pathway for the HAA reactions. Aqua complexes
exhibited a higher asynchronicity in CPET, resulting in higher
reaction rates than their hydroxo analogs. Overall, the work
provides insights into the beneficial role of a higher imbalance
in electron-transfer-proton-transfer (ET-PT) contributions in HAA
reactivity.

intermediates.**'"12'8-271 However, literature on HAA reactions
involving the M""-OH species, particularly the terminal one, is
limited. A few terminal high-valent M(IV)-OH species have been
characterized, exhibiting HAA reactions.”®>" For instance, Busch
and co-workers reported a structurally characterized Mn(IV)-
bis(hydroxo) complex of a bridged cyclam ligand, which can
abstract hydrogen atoms from C—H substrates.”® Goldberg
etal. structurally characterized a corrole-based Mn(IV)-OH
complex that acts as a powerful hydrogen atom abstractor from
phenolic O—H substrates.”” Cho and co-workers identified a
non-heme ligand-supported Mn(IV)-OH species that oxidizes
strong aromatic C—H bonds.”® Paria et al. described a high-
valent formal Fe(IV)-OH species supported with a redox-non-
innocent ligand, which exhibits high reactivity in H-atom
abstraction from phenol O—H substrates.®"

Besides the M(IV)-OH species, the mid-valent terminal M(lll)-
OH compounds have also been reported as potent oxidants for
the C—H and O-H substrates.®>*¥ Stack and co-workers
prepared terminal Fe(lll—OH®? and Mn(ll)—OH"* complexes
supported by the PY5 ligand {PY5=2,6-bis(bis(2-
pyridyl)methoxymethane)pyridine}, which are capable of oxidiz-
ing C—H substrates through H-atom abstraction. Groves et al.
reported a hydroxoferric porphyrazine complex that exhibits
fast H-atom abstraction from a panel of C—H substrates.*” The
[(L-N,'Bu,)(0,CPh)Fe"(OH)I'*  {L-N,Bu, =N,N'-di-tert-butyl-2,11-
diaza[3.3](2,6)-pyridinophane} complex®’ of Kriiger etal. and
the [(dpag)Mn"(OH)]' {(dpaq = 2-[bis(pyridin-2-
ylmethyl)lamino-N-quinolin-8-yl-acetamidate)} complex®® of
Jackson et al. were remarkable, as these hydroxo complexes
abstract hydrogen from various substrates, such as TEMPOH
{(TEMPOH = 2,2'-6,6"-tetramethylpiperidine-1-ol)}, phenols, and
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Scheme 1. Generally accepted mechanism of lipoxygenase reactivity.

hydrocarbons. Kovacs's [Mn"(SY*2N,(tren))(OH)]'" complex dis-
played the HAA reaction.®” However, the reactivity with this
complex was limited to only the activated O—H bond of
TEMPOH. Que et al. spectroscopically characterized a transient
ferric hydroxo complex, [Fe"(OH)(TMC-py)]**™ {TMC-py = 1-(pyr-
idyl-2"-methyl)-4,8,11-trimethyl-1,4,8,11-tetrazacyclotetrade-
cane}, formed by the reaction of [Fe"(O)(TMC-py)I*™ with 1,4-
cyclohexadiene at —40°C via H-atom abstraction.®® This [Fe"-
(OH)(TMC-py)I*" complex was found capable of oxidizing the
O—H bond of TEMPOH. Apart from the iron and manganese
complexes, Tolman etal. demonstrated C—H/O—H substrate
oxidations by Cu(lll)-OH complexes.®** A few M(lll)-alkoxido
complexes (M=Fe, Mn) were also reported, representing the
HAA reactions.*"™!

In recent studies, Fukuzumi, Nam, and co-workers revealed
that metal(lll)-aqua complexes can also effectively abstract
hydrogen atoms, as exemplified with [(dpag”™)Mn"(OH,)I*"
complexes in the oxidation of phenols.**

The interest in using the terminal metal(lll)-hydroxo species
as oxidants originates from their crucial involvement in the
catalytic event of metalloenzymes such as lipoxygenases
(LOs)."* The Fe and Mn LOs employ the Fe(lll)-OH and Mn(lll)-
OH at the active site to oxidize the allylic C—H bond of cis,cis-
1,4-pentadiene-containing fatty acids. During the enzymatic
reaction of Fe-LOs, the active Fe(lll)-OH species abstracts a
hydrogen atom from the unsaturated fatty acid, producing an
allylic radical and the reduced Fe(ll)-OH, species. The reaction
shows a considerable substrate kinetic isotope effect (~50),%**"
suggesting the rate-limiting cleavage of the C—H bond with a
significant tunneling contribution. In the follow-up steps, the
resulting allylic radical undergoes an isomerization reaction
before it reacts with dioxygen, forming a peroxyl radical. This
peroxyl radical further oxidizes Fe(ll)-OH, back to its active
Fe(ll)-OH state, completing the catalytic cycle and leading to
the dioxygenation of the substrate (Scheme 1). The manganese
lipoxygenase is believed to follow a similar pathway.®'*?
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The process of hydrogen-atom abstraction in lipoxygenase-
like reactivity is formally equivalent to transferring a proton and
an electron from the X—H substrate to the active M(Ill)-OH
center, in which the proton moves to the terminal OH while the
electron reduces the M(lll) center, forming the M(Il)-OH, species.
Therefore, whether the activation of the X—H bond by the M(lll)-
OH core is feasible depends on the bond strength of the metal-
coordinated water in M(Il)(HO—H). For an effective HAA reaction,
this O—H bond strength of water in M(Il)-OH, species should be
greater than or comparable to the X—H bond strength in
substrates.

The proton-electron transfer (Scheme 2) in the HAA process
can occur either in a coupled fashion synchronously (CPET,
concerted proton-electron transfer) or in a stepwise manner
(PT-ET, proton-transfer/electron-transfer or ET-PT, electron-
transfer/proton-transfer). Generally, concerted proton-electron
transfer is considered energetically favorable compared to
stepwise transfer in the hydrogen-atom transfer mechanism.”
However, recent reports suggest that H-atom transfer reactions
may proceed through asynchronous CPET pathways, where the
transition state may contain either a more PT character (referred

PT

X-H + [MIII_OH]n s N X®+ [M|||_0H2]n+1

ET ET

[X-H]"®+ [IVVI"-OH]“‘1. X'+ [I;A"-OHZ]"

PT

Scheme 2. Concerted vs stepwise proton-electron transfer (CPET vs PT-ET or
ET-PT) for X—H bond activation by a M"-OH species.
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to as basic asynchronous CPET) or a more ET character (termed
as oxidative asynchronous CPET).2°%4453-%¢ Exploring the H-
atom transfer mechanism and identifying factors influencing
the mode of electron-proton transfer remain intriguing subjects,
which prompt us to undertake further investigations.

Herein, we report the synthesis and characterization of a set
of new monomeric aqua-ligated iron(lll) complexes [Fe"-
(L°F)(OH,)1*" {R=0Me (1"29), H (2"%), CI (3"*9), and NO, (4"%°);
Figure 1} supported by an amide-containing pentadentate N;
donor ligand L*® with a substituent at the 5-position {HL*®=2-
(((1-methyl-1H-imidazol-2-yl)methyl)(pyridin-2-yl-methyl)amino)-
N-(5-R-quinolin-8-yl)acetamide); R=0Me, H, Cl, NO,}. In a pH ~7
aqueous medium, each of the Fe"-OH, complexes undergoes
deprotonation, producing in situ the corresponding Fe"-OH
complex, [Fe"(L*F)(OH)I'" {R=0Me (1°%), H (2°%), CI (3°"), and
NO, (4°")} (Figure 1). Furthermore, adding one equivalent base
to each aqua complex’s methanol solution also produces the
respective hydroxo complex. In the present study, we have
examined the hydrogen-atom abstraction reactivity of Fe"-OH
(1°M-4°" and Fe"-OH, (1"2°-4"2°) complexes, employing linoleic
fatty acid as a substrate. We have observed the substitution
effect of the Lf ligand on reactivity for both hydroxo and aqua
complexes: a higher reactivity rate is achieved when an
electron-withdrawing group is present. Hammett plots and(or)
determination of the asynchronicity factor (n) indicate that the
HAA reactions proceed via an oxidative asynchronous CPET
pathway. The Fe"-OH, complex displays higher reactivity than
its corresponding Fe"-OH complex. This increased reactivity
arises from the higher redox potential of the aqua complex
relative to its hydroxo counterpart. The higher redox potential
contributes to an increased ET character in the transition state,
lowering the energy barrier.

Results and Discussion

Synthesis and characterization of Fe(lll)-aqua complexes. The
ligands HL*® (R=0Me, H, Cl, NO,) were synthesized following a
multistep procedure outlined in Scheme S1. The variation of R
substituents at the 5-position of the quinolinyl moiety from
electron-donating to electron-withdrawing provides precise
control over the electronic characteristics of the ligands. Addi-
tionally, these pentadentate ligands leave a coordination site

H_ _H 2+ _H 1+
O \ (o) \

N N
e ’*{ j i j
— | \Fem/N = T\Fe‘"/N
S /N/ |\N/ \ A /N/ ,\N/
- "y e
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= H {2H20 = H (20H
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=NQ, (442°) = NO, (4%

Figure 1. Aqua- and hydroxo-ligated iron(lll) complexes.
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vacant at the metal center, making it accessible for water
ligation.

The ligands were characterized by mass spectrometry (ESI-
MS) and spectroscopic techniques such as ATR-FTIR, 'H and *C
NMR, displayed in Figures S1-513. Monomeric Fe(lll)-aqua
complexes, [Fe"(L*F)(OH,)]** {R=0Me (1"%°), H (2", CI (3"°),
and NO, (4"%9)}, were prepared by reacting the corresponding
L*® ligands with Fe"(ClO,);:6H,0 in methanol. These aqua
complexes were isolated as perchlorate salts and thoroughly
characterized using analytical, spectroscopic, and electrochem-
ical techniques, including magnetic susceptibility measure-
ments. In addition, structural characterization for the 3"2°(Cl0,),
compound was performed by single-crystal X-ray crystallogra-
phy. The molecular formulas of the complexes were determined
through elemental analyses (see the Experimental Section in
the Supporting Information).

Mass spectrometry. ESI(+)-MS measurements of compounds
1"2°(C10,),-4"*°(Cl0,), in methanol showed ion peaks associ-
ated with formate-bound species at m/z 516.1926 [Fe"-
(L°°M¢)(HCO0)1'", 486.1700 [Fe"(L**)(HCOO)I'*, 520.1327 [Fe"-
(LY (HCOO)'", and 531.0950 [Fe"(L™N°%)(HCOO)]'", respectively
(Figures S14-S17). The source of formate was the ammonium
formate buffer used as a mobile-phase additive in the mass
spectrometer. These MS data confirm the monomeric nature of
these complexes in the solution. Moreover, under experimental
mass conditions, the complexes underwent reduction. They
transformed to the formal Fe" state, resulting in the emergence
of ion peaks at m/z values of 471.1911, 441.1693, 475.1325, and
486.1004 corresponding to [Fe"(L*°™¢)]'*, [Fe"(L°]'*, [Fe"(L*W)]'*
and [Fe"(L™N°)]'* species, respectively. The experimental m/z
values align well with calculated values, and the isotopic
distribution patterns closely match the simulated ones.

Infrared spectroscopy. ATR-IR spectra (Figure S18) for the
solid samples of compounds 1"2°(Cl0,),-2.5H,0, 2"%°(ClO,),,
3"29(C10,),-H,0 and 4"%°(Cl0,),-H,0 displayed strong bands for
the carbonyl stretching vibrations of the amide group,
Y(C=0),miqer between 1592cm™ and 1657 cm '.F"*8 The
V(C=0),miqe Vibrations in complexes 1"2°-4"2° exhibit an increas-
ing trend as the R group of ligands changes from electron-
donating to electron-withdrawing: 1592 cm™" ([Fe(L*°")(H,0)1*",
129 < 1607 cm™" ([Fe(L°")(H,0)1*", 2"%°) < 1626 cm™ ([Fe-
(L°NYH,0)* T, 3"2°) < 1657 cm™' ([Fe(L*"*%)(H,0)1**, 4"%°). A good
linear correlation between the v(C=0),,4 Values and the
Hammett constants (o,,,) has been observed, as shown in
Figure S19. This linear Hammett correlation suggests that R
groups at the 5-position of the quinolinyl moiety of ligands
influence the amide carbonyl bond strength. The v(ClO,) bands
appeared in all complexes at ~1075cm™' and ~620 cm™".*?
Complex 4"%°(Cl0O,),-H,0 showed additional bands at 1501 cm™'
and 1294 cm™, corresponding to the nitro group’s asymmetric
and symmetric stretching vibrations.®®*” The IR spectra of all
four complexes showed broad bands at approximately
3400 cm™!, attributed to the w(OH) stretching vibrations of
water molecules.™ These bands shifted to a lower wavenumber
of about 2400 cm™" in the D,0-exchanged samples. Notably, no
shift in the v(OH) stretching vibrations was observed when the
Fe"-aqua complexes were treated with CD;0D, implying that
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methanol is not a preferred ligand for the Fe(lll) center in the
present complexes. The IR spectroscopy studies of the
deuterated solvent exchange experiments performed with
complex 2"2°(ClO0,), are shown in Figure S20. These studies
confirm that the O—H vibrations originate from the water
molecules present in the complexes.

Magnetic property. Magnetic susceptibilities for powder
samples of four Fe"-OH, compounds were measured at room
temperature (300 K). The effective magnetic moment (u.¢) was
calculated to be 5.73us 5.61ug, 5.79us and 5.74uy for the
compounds 1%2°(Cl0O,),-2.5H,0, 2"*°(Cl0,),, 3"*°(Cl0,),-H,0 and
4"2°(C10,),-H,0, respectively. These u. values indicate that
compounds predominantly exist in the high-spin state at room
temperature. However, the slightly lower magnetic moments
compared to the estimated spin-only value of 5.92u; for a
purely high-spin ferric complex suggest that the complexes
might exhibit thermally induced spin equilibration phenomena.
To verify this further, magnetic susceptibility measurements on
the powder samples of the compounds were carried out over a
temperature range of 300-10 K. Figure S21 demonstrates that
the u. values of compounds 1"%°(ClO,),2.5H,0, 2"%°(ClO,),,
3129(C10,),-H,0, and 4"%°(Cl0,),-H,0 vary with temperature,
decreasing gradually from 5.73ug, 5.61ug, 5.79us, and 5.74u; at
300 K to 1.80ug, 2.83ug 2.04us and 2.03ug at 10 K, respectively.
These magnetic behaviors unequivocally indicate the presence
of a thermal equilibrium between high-spin and low-spin states
in all aqua compounds.”*?

Electron paramagnetic resonance (EPR) spectroscopy. The
X-band EPR spectra of the Fe(lll)-aqua complexes in powder
form were recorded at temperatures 300 K and 77 K. The EPR
analyses demonstrate the presence of three types of Fe(lll)
centers within the complex: two types of high-spin (HS) ions
(type l: D < hv ~03 cm™, E/D=0; type l: D > hv ~03cm™', E/
D ~ 0.33) and one of low-spin (LS). For high-spin ions, the
position of the EPR signals depends on the relationship
between the microwave photon energy (hv) and the zero-field
splitting parameters (D and E). Type | HS Fe*" ions show
generally broadened signals at g ~ 2, while type Il HS Fe*" ions
exhibit signals at g ~ 4.3 The LS Fe*" centers produce
sharp isotropic or anisotropic signals with g-tensor values close
to 2.[65,66]

At 300 K, the solid-state EPR spectra of the aqua complexes
displayed a broad isotropic signal around g=2 (Figure S22).
Given that all aqua complexes predominantly exist in the high-
spin state at room temperature, as confirmed by the magnetic
moment data mentioned earlier, the broad signals at g ~ 2 are
attributed to type | weakly distorted octahedral Fe(lll) com-
plexes (D < 0.33cm™, E=0) possessing the °A,, electronic
ground state®®®® The spectra of these complexes were
simulated using the EasySpin—-EPR spectrum simulation
program,®®®  demonstrating smaller D values (0.0041-
0.0062 cm™") with E/D=0 (Table S1). These EPR results are
consistent with other reported weakly distorted high-spin Fe(lll)
Comp|exes.[65'65'69'7”

All complexes experienced a modest spin transition at lower
temperatures, as indicated by the EPR spectra (Figure S23),
recorded at 77 K in the solid form. At this temperature, each
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complex’s spectrum displayed a distinct anisotropic EPR signal
in the high magnetic field region, centered at g ~ 2. A very
weak signal at g ~ 4.3 was also observed in the low-field region,
which is attributable to a small fraction of the type Il high-spin
Fe(lll) component with a strong D parameter (D > hv ~
03cm™) and a low-symmetry (E/D ~ 0.33) crystal field
environment.>*? The high-field region signal of each complex
was simulated using the EasySpin®*® program. An optimal
fitting was achieved by considering a two-component system
containing both low-spin (S=1/2)*%""73 and type | high-spin
(D < 033 cm™" and E/D=0)"*%" Fe3* jons within the ferric
complex (Table S2). Notably, the low-spin components contrib-
uted more (~80-87 %) to the overall spectral intensity than the
high-spin components (~13-20%), consistent with the observed
solid-state magnetic behavior of the complexes at lower
temperatures.

The Fe(lll)-aqua complexes in methanol showed distinct
differences in electronic structures compared to solid forms, as
revealed by their EPR spectra recorded in methanol. While no
EPR signals were detected at room temperature, under frozen
conditions at 10 K, all complexes displayed EPR signals in the
low-field (g ~ 8.8 and 4.3) and high-field regions (g ~ 2), as
shown in Figure S24. In the low magnetic field region, the sharp
isotropic-like signal at g ~ 4.3 is attributed to a transition
involving the middle Kramers doublet (M,= +3/2), commonly
observed for a mononuclear high-spin ferric complex in a highly
rhombic environment (type Il, D > hv ~ 03cm™', E/D ~
0.33).636673731 The weaker signal at g ~ 8.8 is tentatively
assigned to the ground Kramers doublet (M= + 1/2) transition
for an §=5/2 system."*””! Conversely, the sharp isotropic (for
2"2%) or anisotropic-type (1", 3"2° and 4"%°) signals in the high-
field region near g=2 are likely associated with the low-spin
(S='"/,) state of the ferric complexes.*"®%73 The EPR
spectrum of 2"°(Cl0,), was analyzed further by the
EasySpin®®’®® EPR simulation program. The g=4.26 EPR signal
was simulated considering an S=5/2 spin-state and rhombic g-
tensors (g,e=2.02, 1.99, 1.97), together with D=0.31 cm™' and
E/D=0.31. The simulated E/D value of 0.31 authenticates the
nearly complete rhombic environment of the Fe*™ complex ion
in methanol. The S=5/2 rhombogram,”® shown in Figure S25,
illustrates that at an £/D value of ~0.3, the g,, g,, and g, values
for the transition between M;= +3/2 doublet converge to an
effective g=4.3. This convergence results in an isotropic signal
at g.s=4.3, characteristic of a rhombically distorted high-spin
Fe(lll) complex. The measured g.4 value of 4.26 closely aligns
with the predicted g, value of 4.3, fully supporting the
assignment of the sharp signal at g.s=4.26 for the transition
involving M;= +3/2 doublet, as previously stated. On the other
hand, the high-field EPR signal of 2"2°(ClO,), was successfully
modeled considering a low-spin state S="/, and g=2.124. A
reasonable fit of the overall spectrum was achieved by
assigning approximately 90% weightage to the high-spin (type
I) and 10% to the low-spin components of the 2"2°(ClO,),
complex (Figure S26). Remarkably, in methanol, complex 2"°-
(ClO,), is predominantly in the high-spin state even at 10K, in
contrast to the phenomenon observed in the solid state. This
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observation indicates that the surrounding solvent molecules
could influence the electronic structure of Fe** complex ions.
UV-vis spectroscopy. The UV-vis spectra of complexes 1"2°-
(Cl0,),-4"*°(Cl0,), in methanol at room temperature showed
strong absorption bands in the 300-400 nm range along with
moderately intense broad bands spanning from 550 nm to
950 nm in the visible region (see Experimental Section and
Figure S27). The spectra of complexes 1"2°(Cl0,),-3"%°(CIO,),
featured additional shoulder-type bands within the 425-575 nm
range. Magnetic moment calculations have already established
that the Fe(lll) centers in the present aqua complexes primarily
exist in a high-spin state (§=5/2) at room temperature. As such,
in an octahedral ligand field environment, d-d transitions are
spin-forbidden for an $=5/2 spin system. Thus, the observed
absorption bands for the Fe(lll)-aqua complexes reported here
are attributed to charge-transfer transitions. The broad visible
absorption bands with A,,,,=798 nm for 1"%°, 687 nm for 2"2°,

725 nm for 3"2°, and 670 nm for 4" are tentatively assigned as Table 1. Selectgd bond Ieng.ths (A) and ar!gles. (°) of the two [Fe"-
a ligand to metal charge transfer (LMCT) involvir:lg qu?noline_ (LY)(OH,)I** cations (A and B) in the asymmetric unit.
amide to Fe(lll) charge-transfer.*® Notably, the LMCT band shifts | Fe('2-0(1a) 2021(6) Fe(1b)-0(1b) 1.997(6)
bathochromically upon substituting the hydrogen atom at the Fe(1a)-N(1a) 1.841(7) Fe(1b)-N(1b) 1.846(7)
5-position of the quinoline moiety with the electron-donating Fe(1a)-N(2a) 1.968(7) Fe(1b)-N(2b) 1.954(7)
methoxy group. In contrast, replacing quinoline 5H with the Fe(1a)-N(3a) 1.969(6) Fe(1b)-N(3b) 1.955(7)
electron-withdrawing nitro group results in a hypsochromic Fe(12)-N(4a) 2.012(7) Fe(1b)—N(4b) 2.004(7)
shift of the LMCT band. Usually, electron-donating groups Fe(1a)-N(53) 1.936(7) Fe(1b)-N(5b) 1.945(7)
destabilize the ligand-based orbitals, lowering the energy gap N(a}Fe(1a}-0(1a) 176.1(3) N(b-Fe(1b1-0(1b) 177.063)
for LMCT transitions, while the reverse is true for electron-
withdrawing groups.”® Nevertheless, the chloro-substitution N(2a}-Fe(1a}-N(4a) 17133) N(2b)-Fe(1b}-N(4b) 171.4(3)
shows an anomalous trend as the inductive and resonance N(5a)-Fe(12)-N(3a) 164.63) N(5b)-Fe(1b)-N(3b) 165.9G)
effects operate rever5e|y_ N(2a)—Fe(1a)—O(1a) 92.9(2) N(2b)—Fe(1b)—O(1b) 96.1(3)
In pH 4.8 aqueous medium, all complexes exhibited similar N(3a)—Fe(1a)-O(1a) 86.2(3) N(3b)-Fe(1b)-O(1b) 85.4(3)
spectral characteristics as observed in methanol (see Exper- N(4a)—Fe(1a)-O(1a) 95.8(3) N(4b)—Fe(1b)-O(1b) 92.4(3)
imental Section and Figure 528). These observations indicate N(5a)—Fe(1a)-O(1a) 86.1(2) N(5b)—Fe(1b)—0(1b) 88.0(3)
aqua complexes retain mononuclear structure in the acidic N(1a)—Fe(1a)-N(2a) 83.5(3) N(1b)—Fe(1b)—N(2b) 84.003)
aq_ueous medium (vide mfra). However, the band posmo‘ns are N(1a)_Fe(1a)-N(3a) 92.803) N(1b)_Fe(1b)-N(3b) 91503)
shifted to some extent in water due to the change in the N(12)-Fe(1a}_N(4a) 87.8(3) N(1b}Fe(1b}_N(4b) 875(3)
dielectric constant, which may influence the solvation of the
excitation transition dipoles. N(1a)—Fe(1a)-N(5a) 95.8(3) N(1b)—Fe(1b)-N(5b) 95.0(3)
Structural properties of [Fe"'(LSC')(OHZ)](CI04)2 (3H2°(C|O4)2). N(2a)—Fe(1a)-N(3a) 98.0(3) N(2b)—Fe(1b)-N(3b) 97.9(3)
X-ray diffraction-quality single crystals of compound 3"2°(ClO,), N(3a)-Fe(1a)-N(4a) 83.103) N(3b)—Fe(1b)-N(4b) 83.7(3)
were grown by layering n-hexane over an acetone solution of N(5a)-Fe(1a)-N(2a) 95.7(3) N(5b)—Fe(1b)-N(2b) 95.1(3)
the compound. The room temperature XRD analysis reveals N(5a)—Fe(1a)-N(4a) 84.4(3) N(5b)—Fe(1b)-N(4b) 84.2(3)

that the compound crystallizes in a monoclinic crystal system
with the P2, space group. The asymmetric unit contains two
[Fe"(L*)(OH,)]** complex cations, four ClIO,” counter anions,
and one molecule each of water and acetone as the solvent of
crystallization. The two [Fe"(L*)(OH,)]** cations are designated
as cation A and cation B, and they are discriminated by labeling
the atoms with suffixes “a” and “b”, respectively. The molecular
structure of cation A is shown in Figure 2. Table 1 summarizes
important bond lengths and angles of cations A and B.
Although cations A and B have slight variations in bond lengths
and angles, their basic structural features remain consistent.
The Fe(lll) center is hexa-coordinated in both units, adopting an
octahedral geometry with five nitrogen donor atoms from the
L>“ ligand and a water molecule. The donor moieties, namely,
the aqua group (O1a/0O1b) and the amide nitrogen (N1a/N1b),

Chem. Eur. J. 2024, 30, €202401163 (5 of 14)

Figure 2. Thermal ellipsoid (40% probability) diagram depicting the molec-
ular structure of cation A in the asymmetric unit of the single-crystal
structure of 2{[Fe"(L*“)(OH,)](ClO,),}-H,0-(CH,),CO (CCDC: 2336880). The
diagram does not show perchlorate counter anions and lattice solvent
molecules. Carbon atoms are not labeled, and hydrogen atoms are omitted
for clarity.

the pyridyl nitrogen (N3a/N3b) and the imidazole nitrogen
(N5a/N5b), and the quinoline nitrogen (N2a/N2b) and the
tertiary amine (N4a/N4b) are arranged in a trans position to
each other in both [Fe"(L°“)(OH,)** units. For the two
structures, the angles between the donor atoms positioned at
cis and trans around the Fe(lll) center vary from ~83° to ~98°
and ~164° to ~177°, respectively, suggesting that the structure
of each cationic unit is somewhat distorted from ideal
octahedral geometry. The Fe—N,.q bond distance [Fe(1a)-
N(1a)/Fe(1b)-N(1b) = 1.841(7) A/1.846(7) Al is found to be short-
er compared to the other Fe—N, bond lengths (x=2a/2b, 3a/3b,
4a/4b, 5a/5b; see Table 1), indicating that the amide nitrogen
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forms a strong bond with the Fe(lll) center. This robust
Fe(lll)-N(amide) interaction affects the Fe"-OH, bond length in
the trans position, resulting in an elongated bond distance of
Fe(1a/1b)-O(1a/1b)=2.021(6) A/1.997(6) A. The Fe-L bond
lengths of the [Fe"(L*®)(OH,)]*" complex compare well with
those in the crystal structure of the analogous [Fe'"-
(dpaq)(OH,)I*" complex reported in the literature at 293 K.*”
Surprisingly, the Fe"-N bond distances in the crystal structure
of [Fe"(L*¥)(OH,)]*>" at 296 K are shorter than the usual values
(Fe—N,minespy~2.13-2.22 R)  reported for high-spin  Fe(lll)
centers.”*”77® Given the observed magnetic moment of ~5.8
for this complex at room temperature, indicating a predom-
inance of the high-spin state, we believe that the molecular
structure of the [Fe"(L°“)(OH,)** complex may represent an
exceptional case for a high-spin structure. However, the reason
behind this unusual observation remains unclear to us. The
substituents R at the 5-position of the quinolinyl group in the
ligand can control the donor property of the amide nitrogen,
which in turn can potentially influence the structural and
electronic properties of the [Fe"(L*®)(OH,)]** complexes. A
comparative structural analysis of the [Fe"(L°f)(OH,)]** deriva-
tives would have been enlightening. However, such studies
could not be completed because of the unavailability of the
crystal structure of other [Fe"(L°f)(OH,)1(CIO,), (R=0Me, H, NO,)
complexes.

Electrochemical study. The redox properties of complexes
1"2°(Cl0,),-4"°(C10,), were investigated by cyclic voltammo-
gram in a methanol solvent, depicted in Figure S29. Each of the
Fe(lll)-aqua complexes displayed a quasi-reversible Fe"/Fe"
redox event at the potential, E,,,=0.322V for 1%2°, 0.348 V for
2"2° 0396 V for 3"%°, and 0.494 V for 4"%°, referenced versus

0.45

0.40 | [Fem(LEDMG)(OHZHy :

0.35 - [Fe" ™™y O H)]"
0.30

0.25

E (V vs NHE)

0.20 i
[Fe"(HL™)(OH )™ | [Fe' (L) ioH 1"

0.15 4
-56

0.10

0.05 - | [Fe' (L™} OH)] —»
T T T T T T T

2 3 4 5 6 7 8 9 10

Figure 3. Pourbaix diagram of complex [Fe"(L**¥¢)(OH,)1** (1"2°) over a pH
range from 2 to 10.

NHE. The E,, values linearly correlate with the Hammett
constants (o,) of the substituents, shown in Figure S30. This
correlation indicates that the R group at the 5-position of the
quinolinyl moiety in the L*® ligands affects the reduction
potential of the Fe(lll) center in [Fe"(L**)(OH,)I*" complexes.

To explore the proton-coupled-electron-transfer (PCET)
redox processes associated with these Fe(lll)-OH, complexes,
electrochemical studies were conducted in an aqueous medium
over a pH range from 2 to 10. Figure 3 shows the Pourbaix
diagram of complex 1"%°. The diagrams for 2"2°-4"2° 3re
depicted in Figure S31. Figure S32 displays a few representative
CV and DPV diagrams for complex 1"?° at various pH levels.

Each complex’s Pourbaix diagram displays pH-dependent
and -independent Fe"/Fe" reduction potentials. The pH-inde-
pendent redox behavior is indicative of the transfer of electrons
only, attributable to the [Fe"(L®)(OH,)1**/[Fe"(L**)(OH,)]'* and
[Fe"(L*®)(OH)]" */[Fe'(L**)(OH)] redox couples depicted in the
diagrams. Conversely, the pH-dependent Fe"/Fe" reduction
potential, with a slope of approximately 59 mV/pH, indicates a
one-electron and one-proton PCET process ascribed to the
[Fe"(L*®)(OH,)1*/[Fe"(HL*(OH,)1*  and  [Fe"(L°F)(OH)I'/[Fe'-
(L°F)(OH)I'" redox couples in the diagrams. The redox
potentials of the [Fe"(L*®)(OH,)1**/[Fe"(L*)(OH,)]'" and [Fe"-
(L°R)(OH)1'*/[Fe"(L*®)(OH)] couples along with the pK, values of
[Fe"(HL*®)(OH,)1*", [Fe"(L**)(OH,)I*" and [Fe"(L*®)(OH,)]'* species
in water have been determined from the Pourbaix diagrams
and the data are summarized in Table 2. Notably, the acidity of
coordinated water decreases by approximately four orders of
magnitude when reduced from [Fe"(L°F)(OH,)** to [Fe'-
(L°®)(OH,)I'". This phenomenon concurs well with what one
would expect from the metal ion Lewis acidity at higher and
lower oxidation states. As can be found in Table 2, the redox
potential and the pK, values follow a substituent-dependent
order: the potential increases, whereas the pK, decreases as the
electron-withdrawing character of the substituent gradually
increases.

Formation of hydroxo-ligated [Fe"(L*f)(OH)]'* complexes
(1°"-4°") and their properties. The addition of 1,8-
diazabicyclo[5.4.0]Jundec-7-ene (DBU) to a methanol solution of
the [Fe"(L*®)(OH)I*" (1"2°-4"2%) complexes afforded the forma-
tion of ferric hydroxo complexes [Fe"(L*®)(OH)I'" (1°%-4°%),
Figure S33 presents the UV-vis spectral changes during the
conversion from “Fe"—OH,” to “Fe"—OH" in methanol. The broad
absorption bands of the aqua complexes in the visible range
(600-1000 nm) gradually diminished with the progressive
addition of DBU, showing isosbestic points. Titration experi-
ments demonstrated that one equivalent of DBU is needed to

Table 2. Redox potentials and pK,s of iron complexes in an aqueous medium determined from the Pourbaix diagrams.

R E (V vs NHE) E (V vs NHE) pK, pK, pK,
[Fe"(L*F)(OH,)1** /[Fe"(L*F)(OH)1'* [Fe"(L*")(OH)]'* /[Fe"(L**)(OH)] [Fe"(HL*)(OH)1** [Fe"(L*F)(OH,)1** [Fe"(L*R)(OH)1'*

OMe 0.283 0.070 464 5.65 9.47

H 0.303 0.101 452 548 930

al 0342 0.138 427 5.40 9.19

NO, 0373 0.182 403 534 8.98
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fully form the Fe(ll)-OH complexes (Figure S33, inset). Mass
spectrometry analysis was conducted to identify the [Fe'"-
(L®(OH)I'* species in methanol. Triethylamine was used as a
base instead of DBU to generate the hydroxo species for mass
analysis to avoid potential damage to the mass spectrometer
by DBU. Figures S34-S37 display the ESI(+) mass spectra of
complexes 1"2°(Cl0,),-4"?°(ClO,), dissolved in methanol con-
taining one equivalent of triethylamine. Intense signals were
observed at m/z 488.1304, 458.1178, 492.0807, and 503.1039
corresponding to the monomeric [1°%]'F, [2°M'*, [3°]"* and
[4°"]'* species, respectively. In addition to the hydroxo species
signals, the mass spectra of the iron compounds in the basic
medium showed prominent peaks at m/z about one mass unit
less than those of [Fe"(L*)(OH)'" viz 487.1241, 457.1111,
491.0741, and 502.0976, which are attributed to the mono-
cationic formal Fe(IV)-oxido species [Fe“(L*°M)(0)]'", [Fe"-
HoN', FeIPNON', and [FeV(L™N°)(0)'F, respectively.
Since these mass spectrometry experiments were conducted
using analytically and spectroscopically pure Fe(lll)-aqua com-
plexes, probably, the [Fe¥(L*F)(0)]'" species were generated
from the [Fe"(L*)(OH)]'" complexes via one-electron-one-
proton PCET oxidation under the experimental mass conditions.
Notably, no signals corresponding to Fe"-OMe complexes or p-
oxo bridged dimeric complexes were detected, thus excluding
their formation in a methanolic medium. The EPR spectra
(Figure S38) of all four hydroxo compounds under frozen
conditions in methanol at 10 K exhibited an intense signal at
ges=4.26, representing a rhombically distorted high-spin Fe(lll)
state, as discussed previously.[63-667373]

The ferric hydroxo complexes could also be generated in
water by adjusting the pH appropriately. The Pourbaix diagram
of [Fe"(L*®)(OH,)I*™ (1"2°-4"2%) complexes estimated the stability
region of the hydroxo-ligated [Fe"(L*®)(OH)]'™ (1°"-4°") species
within the pH range of ~5.5 to 10. The conversions from “Fe"-
OH," to “Fe"-OH" species were monitored by UV-vis spectro-
scopy as a function of pH in an aqueous medium. The aqua
complexes’ visible-region (600-1000 nm) characteristic broad
absorption band disappeared as the pH increased gradually
from 4 to 7.5. These spectral changes, depicted in Figure 4,
exhibit isosbestic points, indicating a clean transformation from
the “Fe"-OH,” complex to the “Fe"—OH" species in water.
Interestingly, the transformations between “Fe"-OH,” and
“Fe"-OH" are reversible. As demonstrated in Figure S39, the
aqua complexes could be regenerated from the hydroxo
complexes by adjusting the pH from neutral to acidic
conditions. The mass-spectrometry analysis confirmed the
formation of hydroxo species in neutral pH. ESI(4)-MS measure-
ment of 172°(Cl0,),-4"*°(Cl0,), complexes in a pH 7 aqueous
medium showed prominent peaks at m/z 488.1222 [1°%]'F,
4581116 [2°"]'", 492.0730 [3°"]'%, and 503.0986 [4°%]'",
respectively, affirming the formation of monomeric [Fe"-
(L®(OH)I'* species in the solution (Figures S40-S43). Never-
theless, the ESI(+)-MS data for the Fe"-hydroxo complexes in
pH 7 aqueous medium contain many peaks, including the peak
attributed to [Fe“(L*®)(0)]'* species, which could suggest a
complex speciation. Thus, to quantify the amount of Fe'-
hydroxo species produced from the Fe"-aqua complexes under

Chem. Eur. J. 2024, 30, €202401163 (7 of 14)
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Figure 4. UV-vis spectral changes for the conversion of “Fe"-OH," to “Fe"-
OH”, varying pH from 4 to 7.5: (a) 1"2° —1%; (b) 2"2° -2 (c) 3"2° —3%; (d)
4H20 *}4OH.

neutral pH conditions, we performed EPR spin concentration
measurement of the high-spin S=5/2 rhombic Fe(lll) signals
(gesr ~ 4.3) of the Fe"-hydroxo species, considering the g« ~ 4.3
signal of the high-spin Na[Fe"(EDTA)] (H,EDTA = ethylenediami-
netetraacetic acid) complex as a standard.”® Figure S44 depicts
the EPR spectrum of a frozen solution of 3"2° (1 mM) in pH 7.15
at 10K, alongside the spectrum of the standard Fe’'"-EDTA
under the same conditions. The absolute area of the g ~ 4.26
signal for Fe(lll) of 3°" closely matched that of the area obtained
for the Fe*"-EDTA, attesting to the quantitative formation of
the Fe"-hydroxo species at neutral pH conditions. Similar EPR
spin quantification studies conducted with other Fe(lll)-aqua
complexes at pH 7.15 confirmed the complete formation of
respective Fe(lll)-hydroxo complexes.

Monomeric Fe(lll)-hydroxo complexes are rare as they
usually form oxo-bridged dimers. These dimers are generally
EPR silent at low temperatures due to strong antiferromagnetic
exchange coupling between two Fe(lll) centers.**®? Although
we did not isolate the hydroxo complexes (1°#-4°"), their EPR
active status supports their existence in monomeric forms,
particularly in protic solvents like MeOH or H,O. In methanol or
water, solvent molecules participating in hydrogen-bonding
interactions likely surround the hydroxo of Fe(ll)-OH, prevent-
ing the Fe(ll)—OH unit from forming dimers. Alternatively, the
hydroxo group of [Fe"(L*®)(OH)I'* might engage in a hydrogen-
bonding interaction with the amide oxygen of another [Fe"-
(L*®(OH)I'* molecule. This intermolecular H-bonding interaction
could stabilize the monomeric Fe(lll)—OH structure, as found in
the crystal structure of the [Mn"(dpaq)(OH)I'* complex re-
ported by Jackson et al.*®

Computed structures of the Fe"-hydroxo complexes.
Density functional theory (DFT) calculations were employed to
elucidate the structural features of the in situ generated Fe(lll)-
hydroxo complexes, considering a methanol solvation model.
We focus on high-spin states (S=5/2) since the Fe(lll)-hydroxo
complexes primarily adopt high-spin structures in methanol as
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determined by EPR studies (vide supra). Figure 5 displays the
DFT-optimized structure of the [Fe"(L°®)(OH)]'* complex ion in
the sextet state, while the remaining structures can be found in
Figure S45 of the Supporting Information. The computed
structures of [Fe"(L*®)(OH)]'* complexes reveal a distorted
octahedral geometry of the Fe(lll) centers, featuring short
Fe(lll-O(H) distances of 1.878 A for 1°", 1.876 A for 2°%, 1.873 A
for 3%, and 1.866 A for 4°". These calculated distances closely
align with those reported for other high-spin octahedral Fe(lll)-
OH complexes with known structures.®*®3*% Although the
differences in the Fe(ll)-O(H) distances among the hydroxo
complexes in this series are quite small, we observed a trend of
decreasing Fe(ll)-O(H) bond distances with increasing electron-
withdrawing ability of the 5-R substituents. This observation is
consistent with a previously reported computational prediction
in the literature, which noted a similar trend in the variation of
Mn(lIl—O(H) bond lengths for [Mn"(dpaq®®)(OH)]'* complexes
(R=0OMe, H, Cl, NO,).®

Furthermore, structures for 3°" in the low-spin (S='/,) and
intermediate-spin (S=3/2) states were calculated as representa-
tives to examine any structural variances across different spin
states. Table S3 presents DFT-predicted Fe"—L distances for 3°"
in different spin states. Notably, the low-spin state exhibits
shorter bond lengths and less distortion, while the high-spin
state shows longer bond distances and more distortion.

Determination of bond strength of metal coordinated
water in the reduced [Fe"(L*F)(OH,)]'* species. The capacity of

Figure 5. DFT-optimized structure of [Fe"(L*®)(OH)]'* (3°") complex ion in
the sextet state. Selected bond lengths: Fe—0(1)=1.873 A, Fe—N(1)=2.091 A,
Fe-N(2)=2.144 A, Fe-N(3)=2.211 A, Fe-N(4)=2.288 A, Fe-N(5)=2.156 A.
Color code: Fe, magenta; C, gray; N, blue; O, red; Cl, green; H, white.

pK, )

5RE Al 1w tHY
[LRFe-OH] =

[LSRFEIII-0H2]2+

-e||te E;

[L%RFe-OH]

[L3RFe'-OH,]™

Scheme 3. Thermodynamic square scheme for calculating the BDFE of the
0O-H bond in the coordinated water of [L**Fe"-OH,]'*.
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Fe(lll)-hydroxo complexes, [Fe"(L**)(OH)]'*, abstracting a hydro-
gen atom from X—H substrates, depends on the strength of the
O-H bond being formed in [Fe"(L*®)(HO—H)]'" product and the
X—H bond being broken. From a thermodynamic perspective,
the Fe'"-(HO-H) bond strength should be greater than or
equivalent to the bond strength of the X—H substrates for an
effective hydrogen atom abstraction reaction. The bond dissoci-
ation free energy (BDFE) of the O—H bond in the coordinated
water of [Fe'(L*®)(OH,)]'" complexes can be calculated using the
square diagram shown in Scheme 3 and the Bordwell®®*”
equation: BDFE(Fe")(HO—H) = 23.06E, ,(Fe**/Fe*") + 1.37(pK,) +
Cosor Where the constant Cg, represents the formation and
solvation energies of H* in a specific solvent (Cgy,0=>52.8 kcal/
mol).®” In Scheme 3, the diagonal line represents the concerted
proton-electron transfer (CPET), which can be decomposed into
the stepwise transfer of electrons (vertical lines) and protons
(horizontal lines).

For our system, we experimentally determined the redox
potential of the [Fe"(L°®)(OH,)]**/[Fe"(L°)(OH,)]'t and [Fe"-
(L°F)(OH)1'*/[Fe"(L*®)(OH)] couples, as well as the pK, value of
the [Fe"(L*®)(OH,)]*" and [Fe"(L**)(OH,)]'" species in an aqueous
medium from the Pourbaix diagrams (see Table 2). So, the
BDFEs can be calculated by considering both thermodynamic
cycles (two triangles in Scheme 3), which account for (i) the
one-electron reduction of Fe"-OH, to Fe'-OH, and the
deprotonation of Fe"—OH, to produce Fe"-OH, and (i) the one-
electron reduction of Fe"—OH to Fe'-OH and the deprotonation
of Fe'-OH, to form Fe'-OH. Using both approaches, the
average BDFEs(O—H) for [Fe'(L**"¢)(HO—H)]'*, [Fe"(L*")(HO—H)I' T,
[Fe"(L*“)YHO—H)I'", and [Fe"(L°N°%)(HO—H)]'* in a water solvent
are determined to be 67.2340.15 kcal/mol, 67.5940.28 kcal/
mol, 68.33+0.24 kcal/mol, and 69.0140.29 kcal/mol, respec-
tively. These O—H BDFE values of the present systems are higher
than that of the Kovacs's [Fe"(®“*N,(tren))(OH,)]'" complex®®
determined in a water medium (63.8 kcal/mol; modified value
considering Cg 0= 52.8 kcal/mol).*”

Two crucial factors, Fe**/Fe’* redox potential and pK,,
regulate the strength of the O—H bond in the Fe"-(HO—H)
product. However, these factors exhibit a reverse relationship,
where an increase in Fe’'/Fe’™ redox potential leads to a
simultaneous decrease in the pK, of coordinated water and vice
versa. Figure S46 illustrates the contributions from the E;,, and
pK, values to the overall BDFE as a function of the Hammett
constant (0,,,,) of the 5-substituent of the L** ligand. The slopes
of the lines in Figure S46 indicate that variations in E,, have a
more pronounced effect on the BDFE as a function of o,,
compared to pK, variations, resulting in an overall increase in
BDFE values for more electron-withdrawing groups. However,
the net difference in Fe'-H(O-H) BDFE between the lowest
[Fe"(L*°")(OH)I'" and the highest [Fe"(L*N°%)(OH,)]'* in this
series is only 1.78 kcal/mol. This slight difference in BDFE values
is due to the contrasting effect of changes in E;,, and pK..

Kinetic studies of peroxidation of linoleic acid catalyzed
by the Fe"-hydroxo complexes. The study utilized natural
linoleic fatty acid as a model substrate to explore the
lipoxygenase-like reactivity of Fe"-hydroxo (1°"-4°") complexes.
The calculated BDFE value for the C(11)—H bond in linoleic acid

© 2024 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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was found to be 65.98+0.06 kcal/mol, which is lower than the
Fe"-H(O—H) BDFE values in the present series of complexes
(vide supra). So, the hydrogen atom abstraction from the
C(11)-H bond by the [Fe"(L*®)(OH)]'* (R=0OMe, H, Cl, NO,)
complexes is thermodynamically feasible. The reactions were
carried out in a pH7.15 aqueous buffer-methanol mixture,
which ensured nearly quantitative generation of the hydroxo
species from the corresponding aqua complex. Kinetic experi-
ments were performed under pseudo-first-order conditions by
adding an excess of substrate (20-80 equivalents) to the
[Fe"(L®)(OH)]'" complexes at room temperature in the pres-
ence of dioxygen. The peroxidation of the linoleic acid was
assessed by adding thiobarbituric acid (TBA), which produced
pink colorations with absorbance bands at 455nm and
532 nm.*##% |n the proposed mechanism, illustrated in
Scheme 1, the [Fe"(L°)(OH)]'* complexes abstract a hydrogen
atom from the C(11)-H bond of linoleic acid, producing a
radical that reacts with dioxygen to form a peroxyl radical. This
peroxyl radical then oxidizes the [Fe'(L*)(OH,)]'" complexes,
transforming into the hydroperoxide species. The hydroper-
oxide undergoes oxidative cleavage into alkanals and alkenals,
which react with TBA to produce the pink chromophores with
maximum absorbance at 455 nm and 532 nm.®** Notably, no
significant spectral changes were observed for the reaction
between Fe"(Cl0,),-6H,0 and linoleic acid treated with TBA over
approximately 5 hours. In contrast, [Fe"(L)(OH)I'" complexes
displayed time-dependent changes. This observation under-
scores the notion that the mere presence of Fe’" ions is
inadequate to induce the peroxidation of fatty acids; instead, a
well-structured Fe"—OH species meeting the necessary thermo-
dynamic criteria is essential for exhibiting lipoxygenase-like
reactivity. In all kinetic runs, the growth of the 532 nm band
was monitored, displaying good first-order behavior. Figure 6a
shows a representative spectral growth and the corresponding
kinetic time trace for the peroxidation of linoleic acid catalyzed
by 4" in the presence of TBA. The pseudo-first-order rate
constant (k) for each kinetic run was determined from the
graphs shown in Figure S47. Plotting these pseudo-first-order
rate constants (k.,) against linoleic acid concentrations pro-
duced good linear fittings passing through the origin (Fig-

ure 6b). The slopes of these lines gave the second-order rate
constant (k,) values. The observed k, values demonstrated a
substituent-dependent order: [Fe"(L™N°})(OH)]'* (15.02 X
103M's7") > [Fe"(L*)OH)I'" (9.68 x 103*M's™") > [Fe'-
(L"YOH)T'" (6.67 x 10°M7's™") > [Fe"(L™)(OH)'" (5.55 x
1072 M~'s™"). This reactivity trend is consistent with the BDFE
order (vide supra). However, the range of k, values in this series
shows only a roughly 3-fold variation, which tallies with the
narrow range observed in BDFE values.

Discussion on HAA reactions and possible pathways.
Complexes 1°"-4°" catalyze the lipid peroxidation reactions
through the initial generation of an allylic radical. To support
this hypothesis, we investigated the peroxidation process of
linoleic acid with complex 2°", introducing a stable free radical
(2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO®) under the pre-
viously mentioned conditions. As demonstrated in Figure S48,
adding TEMPO"® almost entirely suppressed the peroxidation of
linoleic acid. This finding substantiates our claim of allylic
radical formation. The TEMPO® radical captured the allylic
radical, obstructing the further progression of the peroxidation
reaction. In this reaction, the rate-determining step likely
involves the H-atom abstraction from the allylic C—H bond by
the Fe(lll)-hydroxo complexes. Unfortunately, we could not
verify this claim since di-deuterated linoleic acid was not readily
accessible. Instead, we examined the hydrogen atom abstrac-
tion reactions for substrates 9H-xanthene and its deuterated
analog with complex 2°" in CH,0OH and CD,0D to evaluate the
kinetic isotopic effect (KIE). The observed KIE value of 2.1
confirmed that the 2°" complex undergoes rate-determining
hydrogen atom abstraction from C—H substrates. The ferric
complexes are anticipated to reduce to ferrous states during
HAA reactions. The conversion of ferric to ferrous was
monitored using EPR spectroscopy during the reaction between
complex 2°" and linoleic acid in methanol under inert
conditions. Figure S49 illustrates that the reaction sample
became EPR silent while treating the ferric complex with linoleic
acid, indicating the conversion to the Fe(ll) state. However, the
EPR signal for the allylic radical species was not detected due to
rapid quenching.
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Figure 6. (a) Representative spectral changes and kinetic time-trace of the peroxidation process of linoleic acid (LA, 15 mM) in the presence of TBA (15 mM),
catalyzed by [Fe"(L*"})(OH)I'* (4°") (0.25 mM) at 30°C in a pH 7.15 water/methanol (48:52, v/v) medium. Plots of (b) pseudo-first-order rate constants (k.
s7') vs linoleic acid concentrations and (c) log(k,®/k,") vs the Hammett substituent constants (s,) for HAA reactivities with [Fe"(L**)(OH)I'* complexes
(R=0OMe, H, Cl and NO,).
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The allylic radical formation involves the transfer of a
hydrogen atom (H'=H* + e”) from the allylic C—H bond to
[Fe"(L*®)(OH)I'". Figure 7 depicts three different pathways for
proton-electron transfer: (i) ET-PT, (ii) PT-ET, and (iii) CPET. The
redox potentials of [Fe"(L*®)(OH)]'*/[Fe"(L**)(OH)] couples were
experimentally determined to be 0.070V, 0.101V, 0.138 V, and
0.182V vs NHE for R=0OMe, H, CI and NO,, respectively
(Table 2). The redox potential for allylic C(11)—H of linoleic acid
was computed to be Ec ., /cny=169V vs NHE. Thus, the
electron transfer (ET1) from the allylic C(11)—H of linoleic acid to
[Fe"(L*®)(OH)]'" is predicted to be non-spontaneous (AGg, > 0).
Similarly, the proton transfer (PT1) from the allylic C(11)—H
(computed pK,“"=39.54) to [Fe"(L)(OH)]'* is also expected
to be non-spontaneous (AGpr, > 0). Consequently, the stepwise
ET-PT or PT-ET should become energetically unfeasible due to
the apparent highly endergonic initial ET1 or PT1 step.
However, the concerted electron-proton transfer (CPET) may
offer energetic advantages over individual electron and proton
transfer. The calculated pK, of the allylic C(11)-H cation radical
((C—H)") is —18.78, signifying the highly acidic nature of the
(C—H)'" bond. Therefore, PT2 from the linoleic acid C(11)-H
cation radical to [Fe"(L*")(OH)] will be highly exergonic (AGpp, <
0). In another scenario, ET2 from the allylic carbanion
(computed E./c;=—1.78 V vs NHE) to [Fe"(L**)(OH,)]** will also
be highly exergonic (AGg,<<0). Thus, the CPET would be
energetically favorable, as the follow-up PT2 and ET2 steps are
highly spontaneous. So, in the present case, the thermodynamic
argument precludes initial electron or proton transfer, providing

R'= C7H14COZH O/ |
R™ = CsHyq

H-bonded precursor
complex

strong evidence for a concerted process. Following Hess's law,
the driving force for the hydrogen atom transfer can be
expressed as AGE=AGg + AGr=AGp + AGer < 0
(Table S4).

The CPET may occur either synchronously or asynchro-
nously. Synchronous proton-electron transfer happens when
AGgr; = AGpr, or AGpr = AGer,. In such cases, it suggests that the
electronic effects of substituents on reaction rates are negli-
gible, as the electronic influences on ET and PT cancel out each
other (i.e. AAGg,=—AAGp, of AAGur =—AAGe,)* Conse-
quently, the Hammett slope (o) would be nearly zero for an
ideal synchronous CPET reaction. However, for the present
[Fe"(L*®)(OH)]'* complexes, HAA rates vary with the 5-R group
of the L*® ligands. The plot of log(k,®/k,") vs the Hammett
substituent constants (c,,,) exhibits a good linear correlation
(R*=0.97) with a slope of p= +0.41+0.04 (Figure 6¢), indicat-
ing that the HAA reaction is responsive to the electronic effects
of the 5-R substituents of the L*® ligands.

The ET reactions from decamethylferrocene (Me,(Fc; E,,,=
0.14V vs NHE) to [Fe"(L°F)(OH)]'* were studied in a pH7.15
aqueous pipes buffer/MeOH solvent mixture (96:4, v/v) at 303 K
under anaerobic conditions. These studies evaluated the
electronic influences of the 5-R groups on ET rates. The kinetics
of ET reactions were monitored by tracking the increase in
absorbance at the 780 nm band ascribed to Me,(Fc* over time
using a UV-vis spectrophotometer. All ET reactions exhibited
first-order kinetics. Figure S50 shows the representative spectral
changes and the kinetic time trace for ET from Me,,Fc to the

ID\H 1
o’ ,{|—|+

e R’ R N/l%NJ
R ;Fe""-/—. 2
PT \ /N>’| il
N
O
R
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AN o ,L—l“
' o/
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R

Figure 7. Plausible electron-proton transfer pathways for HAA from linoleic acid C(11) —H bond to [Fe"(L**)(OH)]'* (R=0OMe, H, Cl and NO,).
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[Fe"(L*")(OH)I'™ complex. The second-order electron transfer
rates (k) were determined from the slopes of the plots of
pseudo-first-order rate constants (k°*) vs [Me,,Fc], as depicted
in Figure S51. The Hammett plot of log(k,"/k.") vs o,
demonstrates a reasonably linear correlation (R*=0.96) with a
slope of p=+0.86+0.10 (Figure S52). Notably, the p value for
ET from Me,,Fc to [Fe"(L*®)(OH)I'" is much larger than the p
value (+0.41) for HAA reactions, indicating that a pure ET is
more sensitive to substituents’ electronic effects. For the
present HAA reactions, the observed decrease in the p value
suggests that the electronic influences of substituents on
changing redox potentials are partially offset by concurrent
changes in pK, values in the opposite direction. This lowering of
the p value thus accounts for the simultaneous occurrence of
electron and proton transfers in the rate-determining step.
However, the positive p value suggests emerging an electron-
deficient catalyst surface in the transition state with more ET
character than PT. In such cases, HAA occurs via an oxidative
asynchronous CPET pathway, as reported in the literature for
the HAA from 4-Me0-2,6-Bu,C¢H,OH to [(dpag™)Mn"(OH)I'*
(R=OMe, Me, H, Cl, NO,).* On the contrary, Borovik etal.
found a negative Hammett correlation for the hydrogen atom
transfer reaction from 9,10-dihydroanthracene (DHA) to
[Mn"H;bpuea-R(0)]*~ (R=0OMe, H, F, Cl, CF;). In that case, a
mechanistic scenario favoring an asynchronous transition state
dominated by PT was suggested.®"

Srnec etal. introduced a thermodynamic factor, 7, to
quantify the degree of asynchronicity in proton-electron trans-
fers during concerted HAA reactions.®™ A positive 7 value
specifies an oxidative asynchronous CPET, while a negative 7
represents a basic asynchronous CPET process. In the case of
synchronous CPET, # tends to zero. We determined the 7 values
for HAA reactions between [Fe"(L**)(OH)]'™ complexes and the
substrate linoleic acid using Srnec’s method outlined in the
Supporting Information. Interestingly, we found positive #
values for all Fe"-hydroxo complexes, ranging from 276 mV to
365 mV (Table 3), which further supports oxidative asynchro-
nous CPET for all HAA reactions. The logarithm of k, shows a
good linear correlation with the asynchronicity factors  (R*=
0.98), indicating that reactivity increases proportionally with
asynchronicity, as depicted in Figure S53. This finding aligns
with Srnec’s proposition that increased asynchronicity lowers
the energy barrier, resulting in greater reactivity.

Furthermore, the activation parameters for hydrogen atom
transfer from linoleic acid to [Fe"(L*®)(OH)]'" were determined

Table 3. Asynchronicity factors () and thermodynamic parameters for
hydrogen atom transfer reactions from linoleic acid C(11)-H bond to
[Fe"(L°F)(OH)I'* (R=0OMe, H, CI, NO,).

R 7 (mV) AH* AS*
(kcalmol™) (calmol™'K™")

OMe 276 11.86 —38.34

H 301 11.75 —38.20

Cl 332 11.68 —37.80

NO, 365 11.56 —37.38

Chem. Eur. J. 2024, 30, €202401163 (11 of 14)

from the Eyring plots, as shown in Figure 8. Table 3 presents
the data for activation enthalpies (AH) and entropies (AS™). For
all complexes, the AH™ values are nearly the same within the
experimental error. Similarly, the AS™ values align closely with
one another. This consistency implies that all complexes adhere
to a similar reaction pathway, irrespective of the 5-R substitu-
ents. The large negative AS™ values indicate a bimolecular
transition state, where two reactants must come together for
the reaction to proceed. Such an ordered transition state is
consistent with the CPET path reported in the literature.***"

HAA reactivity of Fe(ll)—OH, complexes. The HAA reac-
tivity of [Fe"(L°®)(OH,)I*" complexes towards the linoleic acid
substrate was examined under similar conditions that were
used for the [Fe"(L*®)(OH)]'" complexes. The experiments were
carried out at a pH of 3.5 to ensure the presence of the
“Fe(lll—OH," complexes in solution, as indicated by Pourbaix
diagrams. All [Fe"(L**)(OH,)]>" complexes demonstrated effec-
tive catalysis of the HAA reactions. Proton transfer in these
reactions might have occurred to the ligand instead of the
coordinated water since ligand L*® contains multiple potential
proton acceptor sites, such as pyridine, imidazole, and anionic
amide groups. A thermodynamic cycle, taking into account the
redox potentials of [Fe"(L**)(OH,)]*"/[Fe"(L**)(OH,)I'" couples
and the pK, values of [Fe"(HL*®)(OH,)]*" in an aqueous medium,
was employed to determine the BDFEs of H-L** bonds in the
product [Fe"(H-L*%)(OH,)1*" (Scheme 4). The estimated BDFEs(H-
L% for [Fe"(H-L°°M)(OHy1*", [Fe"(H-L")(OH,)1*t, [Fe'(H-
L’NOH,)?*, and [Fe"(H-L*N°%)(OH,)]** are 65.70 kcal/mol,
65.98 kcal/mol, 66.54 kcal/mol, and 66.92 kcal/mol, respectively.
These BDFEs(H-L*) closely match the bond strength of the
allylic C(11)-H bond in linoleic acid, enabling [Fe"(L*®)(OH,)]**
complexes to abstract hydrogen from linoleic acid. The
evaluations showed that the BDFEs(H-L°®) remained almost
consistent despite changing the 5-R group from electron-
donating to electron-withdrawing.

Akin to the Fe(lll)-hydroxo complexes, the second-order
rates of hydrogen transfer reactions from linoleic acid to
[Fe"(L**)(OH,)I*" complexes followed a substituent dependent
order: [Fe"(L™N)(OH,)I*™ (9213 x 10°M7's7) > [Fe"-

132
. [Felll(Limoz)(OH)]h
' [FeIII(LBE\)(OH)r!
13.6 o [Fe"(L*yoH)"
. [FeIII(LSOMe)(OH)]'H
E -14.04
3
x
£ 4.4 -
14.8
-15.2

T T T T
3.15 3.20 L 325 3.30
AT (10°, K™)

Figure 8. Eyring plots for HAA reactions from linoleic acid to [Fe"(L*)(OH)]'*
in pH 7.15 water/methanol (48:52, v/v) at the temperature range of 303-
318 K.
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Scheme 4. Thermodynamic square scheme for determining the BDFEs of H-
L** bonds in [HL**Fe"-OH,]**.

(LCNYOH)PPT (5164 x 102 M's7") > [Fe"(L™M)(OH,)1*" (35.13 x
103 M's™) > [Fe"(LO¥)(OH,)** (25.18 x 10>M's™") (Fig-
ure 9a). Remarkably, [Fe"(L°®)(OH,)I*" complexes showed ~5
times faster HAA reactions compared to their corresponding
[Fe"(L*®)(OH)]'™ complexes. Fukuzumi and Nam etal. also
observed significantly higher HAA reactivity with Mn"-aqua
complexes, [(dpag®™)Mn"(OH,)1**, compared to the correspond-
ing Mn"-hydroxo complexes, [(dpag®™)Mn"(OH)]'**49 The
Hammett plot of hydrogen atom transfer from linoleic acid to
[Fe"(L*®)(OH,)1*" complexes displays a good linear correlation
(R*=0.98) with a slope of p= +0.5240.03 (Figure 9b), higher
than the p value (40.41) obtained for [Fe"(L*®)(OH)]'* com-
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Figure 9. Plots of (a) pseudo-first-order rate constants (k. s') vs linoleic
acid (LA) concentrations and (b) log(k,®/k,*") vs the Hammett substituent
constants (c,,) for hydrogen atom transfer from linoleic acid C(11)-H bond to
[Fe"(L**)(OH)1** (R=0OMe, H, Cl and NO,) in a pH 3.5 water/methanol
(48:52, v/v) medium at 30°C.
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plexes. The positive p value indicates that HAA occurs via the
oxidative asynchronous CPET pathway for the [Fe"(L*")(OH,)1**
complexes as well. The negative entropy of activation (AS™) is
consistent with a bimolecular transition state required for the
CPET pathway (Figure 554, Table S5).*Y However, the transition
state in aqua complexes may have a more dominant ET
character than hydroxo complexes. This proposition may be
realized by considering the higher potential for the “Fe"—OH,"/
"Fe"-OH,” couple in comparison to the “Fe"-OH"/“Fe'-OH"
couple. The increased ET character in the transition state could
reduce the energy barrier, which accounts for the faster rate
observed for Fe(lll)-aqua complexes relative to Fe(lll)-hydroxo
complexes.

Summary and Conclusions
A series of mononuclear Fe"-aqua complexes, [Fe"(L*")(OH,)]**
(112°-4"29), were prepared by varying the substituents at the 5-
position of the quinoline moiety of the L*® ligand with electron-
donating and -withdrawing groups (R=0Me, H, Cl, NO,). These
complexes were characterized using spectroscopic and analyt-
ical methods. The Fe"-hydroxo complexes, [Fe"(L*®)(OH)]' ™ (1°"-
4%, were generated insitu from their corresponding aqua
complexes in an aqueous medium at pH ~7. Alternatively,
treating the ferric aqua complexes with one equivalent of a
base in methanol produced the Fe(lll)-hydroxo complexes. All
[Fe"(L*®(OH)]I'™ complexes exhibited lipoxygenase-like reactiv-
ity, effectively catalyzing the linoleic acid peroxidation under
aerobic conditions. The reaction occurred through an initial
hydrogen atom transfer from linoleic acid C(11)-H bond to
[Fe"(L"®(OH)I'™ in a rate-determining step. The electronic
effects of the 5-R groups influence the reaction rates, which
increase as the electron-withdrawing character of the substitu-
ent increases. The BDFE analysis of the Fe"(HO—H) bond in the
product [Fe'(L*®)(HO—H)]'" revealed that the redox potential
increase was insufficiently compensated by the pK, decrease,
giving an overall rise in BDFEs with changing 5-R groups from
electron-donating to -withdrawing. The Hammett plot of
log(k,®/k,*") vs o, shows a linear correlation with a slope of p=
+0.41. This p value is significantly lower than the slope (0.86)
obtained for outer-sphere ET from Me,Fc to [Fe"(L*®)(OH)]'".
Also, the asynchronicity factor (1) was positive for all these HAA
reactions. Based on these observations, an oxidative asynchro-
nous CPET was proposed for the HAA reaction from linoleic acid
to [Fe"(L*®)(OH)]I'*. The large negative AS™ values indicate a
bimolecular ordered transition state consistent with the CPET
mechanism. The HAA reactivity with aqua complexes [Fe"-
(LH(OH,)I** also revealed a similar oxidative asynchronous
CPET mechanism. However, a higher p value (+0.52) was
observed for the aqua complexes, suggesting a greater
dominance of the ET character in the transition state compared
to the hydroxo complexes. This higher asynchronicity in CPET
can potentially lower the energy barrier, resulting in a higher
reaction rate for aqua complexes to their hydroxo analogs.
Thus, this study provides valuable insights into the asynchro-
nous CPET mechanism, indicating that a higher imbalance in
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ET-PT contributions may be advantageous in hydrogen atom
abstraction reactions.

Supporting Information Summary

This segment includes the experimental section, synthetic
procedures, characterization data, instrumentation, structure
determination, kinetic measurements, computational details,
figures, tables, and coordinates of the optimized structures.

Deposition Number 2336880 (for 3"2°(Cl0O,),) contains the
supplementary crystallographic data for this paper. These data
are provided free of charge by the joint Cambridge Crystallo-
graphic Data Center and Fachinformationszentrum Karlsruhe
Access Structures service.
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