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The N3O macrocycle of the 12-TMCO ligand stabilizes a high spin (S = 5/2) [Fe"(12-TMCO)(OO'Bu)CUI* (3-
Cl) species in the reaction of [Fe'(12-TMCO)(OT¥),] (1-(OTf),) with tert-butylhydroperoxide (‘BuOOH) in the
presence of tetraethylammonium chloride (NEt4Cl) in acetonitrile at —20 °C. In the absence of NEt,Cl the
oxo—iron(iv) complex 2 [Fe"V(12-TMCO)(O)(CHsCN)I?* is formed, which can be further converted to 3-Cl by
adding NEt,Cland ‘BuOOH. The role of the cis-chloride ligand in the stabilization of the Fe'-OO'Bu moiety
can be extended to other anions including the thiolate ligand relevant to the enzyme superoxide reductase
(SOR). The present study underlines the importance of subtle electronic changes and secondary
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Introduction

Iron(m)-hydroperoxo (Fe™-OOH) and iron(m)-alkylperoxo
(Fe"'-OOR) species have been identified as key intermediates in
heme and non-heme iron enzymes.'° In the non-heme enzyme
superoxide reductase (SOR), the [Fe'"(His),(Cys)OOH] interme-
diate undergoes a proton-mediated Fe-O bond cleavage to
release H,0,. In contrast, the [Fe'(protoporphyrin-IX)(Cys)
OOR(H)] intermediate in the heme protein cytochrome P450 (P-
450) undergoes O-O bond cleavage to generate a high-valent
iron-oxido species, which is then used in a number of
hydrogen atom transfer (HAT) and oxygen atom transfer (OAT)
reactions. The different fate of the Fe™~OOR(H) intermediates
in an otherwise similar N,S coordination frame has been
rationalized based on the different spin states of the Fe'"~OOR
intermediates in SOR and P-450. The electron donation from
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a thiolate ligand in SOR is proposed to increase the lifetime of
the high-spin (HS) iron(m)-hydroperoxo species to allow its
protonation and subsequent release of H,0,. In contrast, the
“push” of electron density from the trans-thiolate ligand is
believed to assist in the O-O bond cleavage step in the low-spin
(LS) iron(ur)-hydroperoxo species in P-450 leading to the
generation of the iron(iv)oxo porphyrin cation radical species.
The speculated role of the spin-state (S = 1/2 vs. 5/2) of the
iron(m)-hydroperoxo species in controlling the Fe-O vs. O-O
bond cleavage step is, however, challenged in biomimetic
studies, where both HS and LS Fe""-OOR(H) species are found
to be amenable to O-O bond lysis in the presence of Lewis bases
occupying the 6™ coordination site of the Fe(ur)-OOR species in
both cis- and trans- orientations."*™*® Furthermore, recent theo-
retical® and experimental®* studies have also raised the
possibility of the presence of a low-spin intermediate with
a weak Fe-O bond in the course of O, reduction by SOR. Thus,
the factors that account for the dramatically different outcomes
of the chemistry of SOR versus P-450 in similar N,S coordination
environment remain to be determined.

In our effort to understand nature's rationale for using
similar active sites for apparently opposite functions, we now
report the synthesis and characterization of § = 5/2 [Fe'(12-
TMCO)(OOR)L']" (R = -‘Bu, -Cumene; L' = MePhS~, F, Cl, Br_,
OTf; 12-TMCO = 4,7,10-trimethyl-1-oxa-4,7,10-
triazacyclododecane) and S = 1 [Fe"(12-TMCO)(0O)(CH;CN)J**
complexes supported by the macrocyclic 12-TMCO ligand
involving a N3O coordination. In particular, the ligand donation

© 2024 The Author(s). Published by the Royal Society of Chemistry
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from the cis-anionic ligands like chloride or aryl thiolates and
the H-bonding interaction mediated by 12-TMCO are shown to
be prerequisites for the stabilization of [Fe(12-TMCO)(OOR)
L]". The present study provides a rationale for the presence of
a cis- (rather than the speculated trans-) thiolate ligation in SOR
and highlights the importance of subtle electronic changes in
the stability and reactivity of the biologically relevant metal-
dioxygen intermediates.

Results and discussion

Combining the tetradentate 12-TMCO ligand with Fe(OTf),(-
CH;CN), yielded the iron(un) precursor complex [Fe"(12-
TMCO)(OTf),] (1-(OTf),). The X-ray structure of 1-(OTf),
(Scheme 1, inset) displays a distorted octahedral geometry with
two cis-positions occupied by anionic triflate (-OTf") ligands.
Notably, the smaller ring size of the 12-TMCO ligand forces the
iron(u) center out of the equatorial plane involving the three
nitrogen atoms of 12-TMCO and an oxygen atom of one of the
-OTf" ligands. The etheral oxygen atom of 12-TMCO and the
second -OTf ligand occupy the axial binding sites. The macro-
cyclic ring adopts a conformation in which all of the methyl
groups are arranged cis to the axial -OTf " ligand, with iron-
ligand bond lengths (Table S1a; for crystallographic informa-
tion see Table S1b; ESIT) typical of a high-spin (HS) iron(u)
complex. The zero-field Mossbauer spectrum of 1-(OTf),
(Fig. S1t) revealed a single doublet with an isomer shift (6) of
1.17 mm s~ ' and a large quadrupole splitting (AEg) of 3.38 mm
s~ ', which is also consistent with the presence of HS S = 2 Fe()
center in 1-(OTf),. In CH;CN solution, the two -OTf ™ ligands are
replaced by CH;CN to form 1-(CH;CN),, as evident from '°F-
NMR (Fig. S2t) and extended X-ray absorption fine structure
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|Fe"|.S=2
1-L,, L = OTf, CH5CN
NCCH L’
(b) | (o) N
N7 l_/ N _/ o—-
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; 3-LL'= F,CI, Br,
MePhS", OTf

Scheme 1 Representative chemical structures of the species (a) 1-L,,
(b) 2, and (c) 3-L". Inset shows the XRD-determined molecular struc-
ture of 1-(OTf),. Hydrogen atoms are removed for clarity. The selected
bond distances: Fe—N(1) = 2.215(3) A, Fe-N(2) = 2.223(3) A, Fe-N(3) =
2.196(3) A, Fe—0(008) = 2.167(2) A, Fe-0O(3) = 2.131(2) A, Fe-O(4) =
2.045(2) A. See Table Slat for detailed bond lengths and bond angles.
Color code: C: gray; N: blue; O: red; Fe: orange.
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(EXAFS) measurements performed on a solution of 1-(OTf), in
CH;CN (Fig. S3b and c, Table S21). A chloride-bound complex,
1-Cl was also synthesized combining FeCIBF, with 12-TMCO
(Experimental section, ESI).t The formation of 1-Cl was struc-
turally confirmed by X-ray absorption studies (XAS) (Fig. S37).
EXAFS analysis of a solution of 1-Cl in CH;3CN, (Fig. S3b, ¢ and
Table S21) revealed close to one Cl scatterer at 2.32 A and
a further shell of three N and one O scatterers at 2.14 and 2.04 A,
respectively (corresponding to the N/O donors of 12-TMCO).
The reaction of 1-(CH;CN), with excess ‘BuOOH in CH;CN
at —20 °C affords a light green chromophore (2; ¢;, = 1.5 h
at —20 °C) with absorption maxima (i) centered at 770 nm
(e =142 M " em ™) and 935 nm (¢ = 170 M~ ' ecm™'). The
conversion of 1-(CH;CN), to 2 takes place via the intermediate
formation of a transient species 3-CH3CN with A, = 517 nm
(Fig. 1a). Further characterizations of 2 were carried out by
a variety of spectroscopic methods. The zero-field Mdossbauer
spectrum of 2 (Fig. 1b; AEo =1.37 mm s ', 6 = 0.0l mm s ') is
consistent with the presence of an Fe' center in the S = 1 ground-
state. Analysis of the EXAFS data of 2 in CH;CN solution (Fig. S3b
and c, Table S2) yields about one oxygen ligand at 1.64 A
(assigned to the Fe=0 unit) aside from the 4 further N/O ligands
(at ~2.05 A and ~1.90 A) of the 12-TMCO group. The Fe K-edge
spectrum of 2 (Fig. 2a) reveals a pronounced pre-edge ampli-
tude at ca. 7114.3 eV and a K-edge energy of 7124.3 eV, which are
typical for Fe"'=0 complexes.’>* The resonance Raman (rR)
spectrum obtained with 406 nm excitation exhibits a band at
861 cm !, assigned to the Fe=O stretching mode [¥(Fe=0)]
(Fig. S41 and 2c¢). This band disappears upon decay of 2 (data not
shown).?® Thus, in the absence of any anionic ligation, the HS Fe''
center in 1-(CH3CN), performs O-O bond homolysis to yield an
[Fe™(TMCO)(O)(CH;CN)J** complex 2, presumably via the tran-
sient formation of [Fe™(TMCO)(OOBu)(CH;CN)]** (3-CH,;CN).
The homolytic O-O bond cleavage mechanism is further
confirmed in the reaction of 1-(CH;CN), in CH;CN at —20 °C with
cumenehydroperoxide (CumOOH), which is often used as
a mechanistic probe.”*?** Complex 2 is obtained in near-
stoichiometric yield in the reaction (Fig. S51) and the gas chro-
matographic analysis revealed the formation of acetophenone
(Fig. S61) confirming the homolytic O-O bond cleavage
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Fig. 1 (a) UV-visible spectral changes observed in the formation of 2
(green line) after the oxidation of 1-(CHsCN), (0.50 mM, black line) by
‘BUOOH (20 equiv.) in CHsCN at 253 K. The intermediate spectra are
shown in pink. Inset shows the time profiles monitored at 935 nm due
to the formation of 2 and at 517 nm for the concomitant formation and
decay of the preequilibrium species 3-CHzCN. (b) The zero-field
Méssbauer spectrum of 2 with isomer shift, 6 = 0.01 mm s~* and
quadrupole splitting, AEq = 1.37 mm s~ * recorded at 4.2 K in CHsCN.
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Fig. 2 (a) X-ray absorption near edge structure (XANES) spectra of

solutions of 1-(CH3CN),, 2 and 3-Cl in CH3CN. (b) UV-visible spectral
changes observed due to the formation of 3-Cl after the reaction of 1-
(CH3CN), (0.50 mM) with ‘BUOOH (20 equiv.) in the presence of
NEt4Cl (5 equiv.) in CH3CN at 253 K. Inset shows the time profile
monitored at 517 nm due to the formation of 3-CL. (c) rRaman spectra
of 3-Cl synthesized with ‘BUOOH (red) and 3-Cl synthesized with
CumOOH (blue) upon laser irradiation at 514 nm in CH3zCN at —40 °C.
The rRaman spectra of 2 synthesized with ‘BUOOH (green) using
a 406 nm laser excitation in CH3zCN at —40 °C is shown for compar-
ison. Inset shows the disappearance of rRaman band at 861 cm™ for 2
(green) upon generation of 3-Cl (red). (d) The zero-field M&ssbauer
spectrum of 3-Cl with isomer shift, 6 = 0.45 mm s~* and quadrupole
splitting, AEq = 1.37 mm s~ * recorded at 4.2 K.

mechanism.*** No generation of cumylalcohol expected from
0O-O bond heterolysis was observed. DFT calculations on 2
(Fig. 3a, Table S3at) predict an S = 1 ground-state with calculated
Fe=0 bond distance (1.60 A), and stretching mode frequency
(867 cm™%), in good agreement with experiments (Table S4t).
Interestingly, the transient 3-CH;CN intermediate involved
during the conversion of 1-(CH3;CN), to 2 can be stabilized in
the presence of externally added anionic ligands. For example,

Fig. 3 DFT Optimized Structures of (a) 2, (b) 3-Cl and (c) 5. The
hydrogens are removed for clarity. See Tables S3a—ct for further
information.
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the reaction of 1-(CH;CN), with excess ‘BuOOH in CH;CN at
—20 °C in the presence of NEt,Cl results in the generation of
a burgundy-colored species (3-Cl) with Aj.c at 517 nm (e =
880 M~' em ™) (Fig. 2b). 3-Cl is also generated in the direct
reaction of 1-Cl with ‘BuOOH at —20 °C in CH;CN (Fig. S77).
Species 3-Cl exhibits an EPR spectrum with signals at g = 9.52,
and 4.3 that corresponds to a high-spin iron(u) (S = 5/2) center
(Fig. S81) and a rRaman spectrum with four resonance-
enhanced vibrational modes at 536, 620, 830, and 873 cm "
that arise from coordinated alkylperoxide** (Fig. 2c and Table
S57). Notably, these bands are significantly shifted in 3-Cl,
involving a bound cumyl peroxide (-OOCum) ligand; 3-Cl’ is
generated in the reaction of 1-(CH3;CN), with excess CumOOH
in CH3CN at —20 °C in the presence of NEt,Cl (Fig. 2c). This
pattern of rRaman bands has been observed for high-spin
alkylperoxoiron(imn) intermediates and is distinct from that
associated with their low-spin counterparts (Table S5%).*>7¢151°
Further characterization of the Fe-center by zero-field Mdssba-
uer analysis revealed a single doublet with an isomer shift (¢) of
0.45 mm s ' and a quadrupole splitting AEq = 1.37 mm s~ ',
consistent with the HS Fe(mn) assignment of 3-Cl (Fig. 2d). XAS
revealed an Fe K-edge energy of 3-Cl in between the energies of
1-(CH3CN), and 2 (Fig. 2a), supporting the Fe(ur) assignment of
3-Cl. The EXAFS analysis of 3-Cl in a frozen CH3;CN solution
(Fig. S3b and c, Table S21) reveals a Fe-Cl scatterer at 2.26 A,
and three N (at 2.19 A) and one O (at 2.04 A) scatterers assign-
able to the 12-TMCO ligand. Furthermore, two distinct Fe-O
shells, at 1.82 A and 3.15 A, respectively, confirm the end-on
binding mode of ~O0’Bu in 3-Cl. Thus 3-Cl can be character-
ized as a high-spin [Fe'(12-TMCO)(OO*Bu)(CI)]" ion. DFT
calculations on 3-Cl (Fig. 3b; Table S3b+) predict the presence of
a distorted octahedral (Oy) Fe(m) center in an S = 5/2 ground-
state. The three nitrogen donors of the 12-TMCO ligand and
the ~OO‘Bu moiety occupy the equatorial positions of the Oy,
whereas the etheral oxygen atom and the chloride anion
constitute the axial ligands. The calculated metrical parameters
are in reasonable agreement with the experimental data (Table
S61). 3-Cl did not exhibit any electrophilic hydrogen atom
transfer (HAT) abilities even in the presence of substrates con-
taining weak C-H bonds (for example xanthene and 1,4-cyclo-
hexadiene). Similarly, it was found to be incapable of
performing oxygen atom transfer (OAT) to triphenylphosphine.
3-Cl also didn't show any nucleophilic reactivity with substrates
like 2-phenylpropionaldehyde.

Parallel reactions using either F~, Br~ or aryl thiolate
(MePhS™) anionic ligands yield intermediates 3-F, 3-Br, or 3-
SPhMe, respectively, with varying absorbance maxima (Fig. 4,
Table S71) depending on the anions used. In particular, the
significant blue shift of the absorption band observed from 3-Cl
(Amax = 517 nm) to 3-SPhMe (Anax = 460 nm) can be rational-
ized by the substitution of the axial chloride ligand in 3-Cl with
a more Lewis basic thiolate ligand in 3-SPhMe and is consistent
with the assignment of the chromophore as an alkylperoxo-to-
iron(m) charge-transfer transition.* Notably, the reaction of 1-
(OTf), with excess ‘BuOOH in a non-coordinating solvent like
acetone, where the -OTf ligands stay bound to the Fe(u) center,
also affords a deep purple chromophore with Ay.x = 510 nm

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 UV-visible spectral changes observed due to the formation of
3-L' from the reaction of 1-(CH3CN), (0.5 mM, black line) with ‘BuOOH
(20 equiv.) in the presence of 5 equiv. sodium toluene-p-thiolate
(NaSPhMe, green), tetramethylammonium fluoride (NMeyF, red), tet-
rabutylammonium bromide (NBu4Br, blue) and tetraethylammonium
chloride (NEt4Cl, pink), in CHzCN at —20 °C.

corresponding to 3-OTf (Fig. S91). This is in contrast to the
reaction in a coordinating solvent like CH;CN whereby the Fe"'-
OO'Bu species is transient and undergoes spontaneous O-O
bond homolysis to yield the oxo-iron(v) species. Thus, a cis-
anionic ligand donation appears to stabilize the HS Fe'"~O0'Bu
unit by retarding the O-O bond lysis step. The decay of 3-Cl and
3-SPhMe have been monitored at temperatures between —20 °C
to +25 °C (Fig. S101); no generation of the oxoiron(iv) species 2
by O-O bond homolysis has been observed.

The oxoiron(iv) complex 2 can, however, be converted to the
Fe'"-O0’Bu species in the presence of excess ‘BuOOH and
anionic ligands (Fig. S117). For example, the addition of NEt,Cl
to a CH;CN solution of 2 in the presence of excess ‘BuOOH at

NCCHs
\ |_ N

‘BuOOH
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—20 °C leads to the immediate decay of the characteristic
absorption bands of 2 at 770 nm and 935 nm, and the
concomitant appearance of the band at 517 nm corresponding
to 3-Cl. Notably, the time trace of the decay of the 770 nm band
showed a pseudo first-order dependence on the concentration
of NEt,Cl. In contrast, the rate of generation of 3-Cl was found
to be independent of the NEt,Cl concentration. We therefore
propose a mechanism where the conversion of 2 to 3-Cl takes
place via the intermediate formation of an Fe"-OH species (4),
which is generated by the decay of 2 in the presence of NEt,Cl
(Scheme S17). The Fe™-OH moiety, as suggested previously,'*3
then reacts with “BuOOH to yield Fe"™-0O0'Bu, which is stabi-
lized by binding a cis-anionic chloride ligand. In contrast to
chloride ligand, which led to a stoichiometric conversion of 2 to
3-Cl, other anions like F~ or Br did not lead to a clean
conversion, presumably because of the lower stabilities of 3-Br
and 3-F compared to 3-Cl (Fig. S127).

The N;0 macrocycle in 12-TMCO is found to be a prerequi-
site for the stabilization of Fe™'=0 or Fe"™'-O0'Bu cores in
reactions of the (12-TMCO)Fe" compounds with ‘BuOOH.
Notably, the corresponding iron(n) compound based on the N,
macrocycle [Fe"(12-TMC)(CH;CN),** (8) (12-TMC = 1,4,7,10-
tetramethyl-1,4,7,10-tetraazacyclododecane)® yields an Fe,O3
precipitate and free ligand in its reaction with excess ‘BuOOH.
Although, both 1-(CH;CN), and [Fe"(12-TMC)(CH;CN),**
contain cis-labile binding sites, the different products formed in
their reactions with ‘BuOOH is presumably attributed to the
different reactivities of their iron(m)hydroxide complexes,
which are plausible intermediates necessary for the generation
of the Fe"-O0'Bu core.’** DFT calculations reveal that the
transition state leading to the formation of 2 is preceded by an
intermediate [Fe™(12-TMCO)(OH)(HOO‘Bu)]** (5; Scheme 2 and
Fig. 3c), where the axial hydroxide donor is involved in

Fe\ nay
(/CIJNCCH3<7—(/N/T_/NCCH3

2 ‘Bu0’
4, [Fe’] CH;CN
'BuOOH
CH;CN

(CHzCN)z [Fe"]

Ao o4 NN
Fe\ L SSFe—<o
C — V\NC 1)

NCCH3 *

1 v 1%
L'= MePhS", OTf, CI,
6, [Fe“] Br.F 3L, [Fe']
CH‘CNA/i\{/ NCHCH,
0-0 Bond ,
Homolysis, \N _N
/O IB O 71 .
Fe — 2 e A iFe§‘ o
N CH;CN NT |
L0
7, [Fe»“] 2, [Fe*]

Scheme 2 Schematic representation of the proposed reaction mechanism.
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hydrogen-bonding interaction with ‘BuOOH (Fig. S13af),
thereby making ‘BuOOH binding and the subsequent release of
water to form 3-L’ (in the presence of anionic ligands), highly
exergonic. Notably, our efforts to optimize the corresponding
Fe'(12-TMC)(OH)(HOO'Bu)]** complex involving the N, mac-
rocycle resulted in the loss of the ‘BuOOH fragment in the
calculation (Fig. S13b, Table S3d+t); so no H-bonding mediated
binding of ‘BuOOH to [Fe'"'(12-TMC)(OH)]" is possible, and the
latter decays to form Fe,O; and free ligand.

Conclusion

In summary, in the present study, we have demonstrated the
importance of cis-anionic ligand donations (including the thi-
olate relevant to SOR) for the stabilization of HS iron(ir)-peroxo
complexes. These results contrast the previously reported
“push” effect'*** that promotes O-O bond cleavage in HS and LS
iron(m) peroxo complexes. The current study provides a basis to
discuss the function of the high-spin {Fe"(His),(Cys)} active site
of SOR. Although the putative O,-binding site is considered
trans- to the axial thiolate ligand,*®® the redox induced struc-
tural changes at the level of the peptide bond(s), as previously
demonstrated by one of us and others,**®* may lead to the
formation of a HS cis-[Fe""(OOH)(Cys)]" moiety. The O-O bond
cleavage to produce the undesired high-valent oxo-iron species
is presumably prevented by the high-spin iron(u) center and the
presence of the equatorial thiolate ligand. Furthermore, the
importance of secondary interactions in the stabilization of
[Fe"™-00'Bu] moiety, may also attribute to increasing the life-
time of the peroxo-iron(ur) species in SOR to allow its proton-
ation by a second-sphere residue and subsequent release of
H,0,. The demonstrated contrasting effects of cis- and trans-
anionic ligands on the fate of the HS Fe"™-O0’Bu moiety may,
therefore, provide a rationale for nature's use of axial- and
equatorial-thiolate ligations in P-450 and SOR, respectively, for
two apparently distinct roles.
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