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Abstract

A low-molecular-weight analog of the 1-aminocyclopropane carboxylic acid oxidase (ACCO), [TpM*FeACC], 1, where
the (His2Asp)iron(IT) moiety is mimicked by a hydrotris(3-mesitylpyrazol-1-yl)borato iron(II) unit, to which the natural
substrate aminocyclopropane carboxylate is coordinated, has been accessed and structurally characterized. It was found to
react slowly with O, to yield the biological product ethylene. To create models of the intermediates proposed as part of the
catalytic cycle of the ACCO 1 was treated with tBuOOH and mCPBA at low temperatures, which generated the respective
Fe'"OOtBu and Fe'Y=0 intermediates as shown by spectroscopic analysis. Studies on their behavior upon annealing reveal

a non-biomimetic reactivity.
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Introduction
The enzyme 1-aminocyclopropane carboxylic acid oxi-

dase (ACCO) catalyzes the oxidation of 1- aminocyclopro-
pane carboxylic acid (ACCH) with molecular dioxygen to
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produce ethylene, hydrogen cyanide (HCN), carbon dioxide
(CO,), and water. For this reaction, two equivalents of elec-
trons and two equivalents of protons are required, which are
possibly provided by ascorbic acid (Asc) (Scheme 1) [1-4].

Ethylene is one of the most important plant hormones,
regulating processes such as root growth, fruit ripening,
and senescence. The highly toxic cyanide produced in
plants during ethylene biosynthesis is first converted into
B-cyanoalanine and then further metabolized into asparagine
for detoxification [1]. The active site of the enzyme consists
of an iron(Il) cofactor, which exhibits the facial His,Asp
coordination typical of non-heme oxidases. In the resting
state, without a bound substrate, the iron ion is coordinated
by two histidine residues, a carboxylate ligand from aspartic
acid, and a phosphate ligand. A carboxylate residue from
glutamic acid is also in close proximity but moves away
from the metal center when the substrate coordinates with
the iron [5]. This was confirmed by computational models
by Simaan and coworkers [6] as well as by an X-ray crys-
tallographic structure determination of a nickel-substituted
enzyme—substrate complex [7] (Fig. 1).

In this structure, the substrate binds to the metal in a x>
N, O coordination mode. The role of a bicarbonate cofac-
tor, which is essential for the activation of the enzyme, has
not yet been fully clarified. Currently, two possible reaction
mechanisms are under discussion (Scheme 2) [9, 10]. In
both mechanisms, the reaction begins with the binding of
dioxygen to the iron(Il) center in its resting state, resulting
in the formation of a superoxide species. This species is
then reduced by ascorbic acid and subsequently protonated

o)
o
ACCO-Fe(ll
O + o, + 2e + o BCCOFl) | fen + €O, + 2H,0
NH3 HCOy

Scheme 1 Biosynthesis of ethylene catalyzed by ACC oxidase
(ACCO)

Fig.1 Active site of ACCO: a)
a) without bound substrate

[5] (PDB: 1WA6) and b) the
nickel-substituted version with

bound substrate (PDB: 5STCV);

the graphics were created using

Mol* [8]

y
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to form iron(IIl) hydroperoxide. According to the mecha-
nism proposed by Lipscomb and colleagues, hydrogen atom
abstraction occurs at the amine of the bound amino acid by
the iron(IIT) hydroperoxide, followed by the homolytic cleav-
age of the O—O bond. The resulting iron(IV) oxo species,
with a bound aminyl radical, decomposes in a cascade reac-
tion to produce ethylene, hydrogen cyanide (HCN), carbon
dioxide (CO), and an iron(IIT) hydroxo complex. The latter
is then reduced and protonated by ascorbic acid. Finally, the
coordination of a substrate ligand releases water and restores
the enzyme to its resting state.

Alternatively, Klinman and colleagues propose that the
intermediate iron(IIl) hydroperoxide is reduced and proto-
nated a second time, leading to the release of water through
heterolytic cleavage of the O—O bond, which generates an
iron(IV) oxo species. This species then abstracts a hydrogen
atom from the amine of the bound substrate, initiating the
radical cascade that ultimately produces the products.

Hence, many mechanistic questions remain unanswered
regarding the interaction mode with the substrate, the role
of the different cofactors/co-substrates (ascorbic acid, diox-
ygen, and carbon dioxide) and the catalytic mechanism.
Bioinorganic model studies can provide valuable informa-
tion, both with regard to structural issues and requirements
for reactivity. However, there are hardly any compounds
known which may be regarded as models of ACCO, apply-
ing the minimum requirement that they contain ACC and
that they display substantial ACCO-like activities. The
following describes the chronological order of attempts to
model the ACCO.

A first functional model was published in 2009 by Hitomi,
Simaan, and coworkers. It is dinuclear; however, it contains
iron(III) ions and two bridging ACC ligands as well as a
p-oxo bridge. Although this dinuclear iron(III) complex, I,
is not a particularly good structural model for ACCO, it pro-
vides a moderate ethylene yield of 16% using hydrogen per-
oxide as the oxidant and two to three equivalents of sodium

b)
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Scheme 2 Proposed reac-

tion mechanism of the ACCO HQ‘* “H H
(L=His,Asp), green: according o) \N/
to Lipscomb and coworkers [9], H H \ |||/ e (Asc) H+(ASC)
blue: according to Klinman and (‘) ‘N’ (L)Fe\ ’
coworkers [10] \ III/ O @)
L)Fe
(L) \o
H,O
0, H,O
H H
H H O\\ N
”/N . H (L)Fe(
(L)Fe . Q I\{N:E o O
(@) (L)Fe
H,O AN
o © /
e” (Asc),
ACCH
+ ° ,H
H HO\ N
(L)Fe'=OH (L)Fe
CO,, HCN \O o)
H2C:CH2 ‘_/
H,O
ACCH
hydroxide. Reaction intermediates in these reactions were H
also not observed even at low temperatures [11]. B
Sometime later, Simaan, Mahy, and colleagues published J l?l r}j N\
the iron(II) complex [Fe(BPMEN)ACC]SbFes, II, based on —N N 0,/ Hy0; C.H
B ————

the N,N'-dimethyl-N.N"-bis(pyridylmethylethane-1,2-di- ! \Fe/ . 24
amine ligand (BPMEN). This compound demonstrated for / \
the first time the x*-N, O binding mode of the substrate ligand o} NH, 17 % 1 65 %
as it is assumed for the enzyme. However, II can hardly be
considered a functional replicate of the ACCO, as the iron o]

center is coordinated octahedrally and hence oxidants have
no access to the iron center. This complex could also react
with hydrogen peroxide, yielding ethylene amounts of up
to 23%, which is, however, only 7% higher compared to the
blank experiments. A reaction with dioxygen was not pos-
sible [12].

Shortly thereafter, Limberg, Simaan, and colleagues
published a model system based on the Tp™™™¢ ligand,
[TpMeFe ACC], III, which features a five-coordinate iron
center and thus provides a free coordination site for the bind-
ing of oxygen or hydrogen peroxide (Scheme 3) [13]. III
is not only an excellent structural model for ACC oxidase,
where the substrate ligand coordinates to the iron(II) atom
in a k°-N, O binding mode, but it also serves as a very good
functional model for ACCO. Using hydrogen peroxide, an

Scheme 3 Structural and functional ACCO model [Tp." hMege ACC],
III, by Limberg, Simaan, and coworkers [13]

ethylene yield of 65% is achieved, and a reaction with oxy-
gen produces up to 17% ethylene. Unfortunately, the molecu-
lar structure of the compound could not be determined via
single-crystal X-ray diffraction, as single crystals were only
available from the nickel analog, [Tp"MNiACC]. The iden-
tification of reaction intermediates or products other than
ethylene was also not possible.

Subsequently, Paine and coworkers successfully synthe-
sized another model based on a Tp ligand, [Tp""FeACC],
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IVa (Scheme 4), and structurally characterized it using X-ray
diffraction experiments. The colorless high-spin iron(II)
complex exhibits a distorted square pyramidal coordination
(1s=0.42). Additionally, the two complexes [TpptheACH],
IVb, and [TpthFeADP], IVe, were synthesized and thor-
oughly characterized using 1-aminocyclohexane carboxylic
acid (ACHH) and 2-amino-2,2-diphenylacetic acid (ADPH).
The reaction of I'Va with oxygen at 70 °C results in conver-
sions of up to 28%, with ethylene and carbon dioxide antici-
pated as the sole products. The substrate ligands of IVb and
IVc are converted at 70 °C into cyclohexanone (15%) and
acetophenone (45%), respectively. No intermediates could
be detected in these reactions, leaving the mechanistic path-
way of the reaction still unresolved [14].

In previous work concerning the modeling of the cysteine
dioxygenase with the aid of Tp-Fe complexes, we noted that
a seemingly minor change, namely, formally exchanging
phenyl residues at the pyrazolyl donors for mesityl residues
brought about major advantages: due to the increased steric
bulk the previously unstable product complex after oxygena-
tion could be isolated and structurally characterized and at
the same time the reaction went 200 times faster, as—coun-
terintuitively—the reaction pocket was more spacious [15].
Hence, we planned to test this “mesityl effect” also for III
and exchange phenyl for mesityl, hoping that this may lead
to a structural characterization of the ACC complex and the
investigation of reaction intermediates. Here we report the
results.

Results and discussion
Synthesis and characterization of the ACCO model
Starting from the precursor complex V and potassium 1-ami-

nocyclopropanecarboxylate (KACC), the target complex
[TpMeFeACC], 1, was synthesized in a metathesis reaction

s Ph E Ph

7 N
7 N NN 7 N NN

N N= =N N
\/ \/

Fe Ph Ph Fe Ph
/ \ /
(0] NH, (0] NH,
0’2 >(CH,), o PhPh
IVa:n=1 Ve
IVb:n=5

Scheme 4 Model compounds [TpP "2EeACC], IVa, [TpptheACH],
IVb, and [Tp.thFeADP], IVe, by Paine and coworkers [14]
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with a good yield of 74% and isolated as an almost color-
less compound (Scheme 5). The complex crystallizes with
non-coordinating benzene solvent molecules in the form of
1-0.5C6Hs (Fig. 2).

The result of the X-ray structural analysis confirms that
[TpM“FeACC], 1, is a mononuclear complex in which the
iron center is facially coordinated by three nitrogen atoms of
the Tp ligand, coordinating in a x*-binding mode, as well as
one oxygen atom and one nitrogen atom from the amino acid
in a k*-N,O-coordination, which is also postulated for the
enzyme [6]. The C—O bond lengths of the carboxylate func-
tion are significantly different, measuring 2.29 and 2.22 A,
indicating a localization of the negative partial charge on
the coordinating oxygen atom. The structural parameter s

E H
7N\ 7N
7N NN 7 N NN
_N N~/ + KO NH, Toluene _N N
\ / }—& —KCl \ 4
Mes F‘e Mes o Mes Fe\ Mes
Cl O NH,
¢)
v 1

Scheme 5 Synthesis of the model complex [TpM*FeACC], 1, start-
ing from the precursor V and KACC

Fig.2 Molecular structure of [Tp.MeSFeACC], 1-0.5C¢Hg, as deter-
mined by single crystal X-ray diffraction. Hydrogen atoms, except
for those at the boron and nitrogen atoms, as well as non-coordi-
nating solvent molecules, have been omitted for clarity. Selected
bond lengths (in A) and angles (in °): Fel-N1=2.1099(16), Fel-
N3=2.1887(16), Fel-N5=2.1146(16), Fel-N7=2.2211(17), Fel-
01=1.9499(14), N3-Fel-N7=173.26(7), O1-Fel-N1=148.43(6)
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of 0.41 compares well with that of the model I'Va (0.42)
and also with the value determined for the calculated struc-
ture of the ACCO (0.47) [6], while that of the abovemen-
tioned nickel-substituted enzyme—substrate complex[7] is
somewhat higher (0.77). It thus lies between that of a square
pyramid and a trigonal bipyramid, making the sixth free
coordination site readily accessible.

The compound exhibits well-resolved and paramagneti-
cally shifted signals in the "TH-NMR spectrum in the range
of — 15 to 55 ppm. ATR-IR spectra clearly show the charac-
teristic absorptions of the NH; group for Tp-based ACCO
models at 3353 and 3288 cm! (ITI: 3360, 3304; I'Va: 3445,
3366 cm™), the B-H vibration at 2474 cm™' (ITI: 2549, IVa:
2625 cm™'), and the antisymmetric carboxylate vibration at
a wavenumber of 1658 cm™! (IIT: 1657, I'Va: 1639 Cm’])
[13, 14]. High-resolution mass spectrometric investiga-
tions on 1 revealed a signal with a mass-to-charge ratio
of 724.341 m/z, corresponding to that of the singly proto-
nated molecular ion (MH"). The Mossbauer spectrum of 1,
recorded from the solid sample at 14 K, displays a doublet
with an isomer shift 6=1.08 mm/s and a quadrupole split-
ting of AEq=2.35 mm/s. These values are consistent with a
high-spin iron(II) species and are comparable to those deter-
mined for III (6=1.09 mm/s, AEq=2.7 mm/s) [13]. Addi-
tionally, 1 was electrochemically investigated using cyclic
voltammetry. Voltammograms of DMF, MeCN, and DCM
solutions were recorded (Fig. 3). The compound exhibits
reversible redox events in all three solvents used, which have
been attributed to the Fe**/Fe** redox couple. The position
of the half-wave potential is strongly dependent on the donor
properties of the solvent employed. In the most polar solvent,
DMF, E,is-0.125V (E,,=-0.080 V, E,,=-0.170 V). In
acetonitrile, it is at 0 V (Epa: +0.055V, EPC:— 0.055V),

a)

. ; . : . :
-1.0 -0.5 0.0 0.5 1.0 15
potential [V] vs. Fc/Fc*

and in dichloromethane, it is+0.185 V (Epa= +0.290 V,
E,.= +0.080 V), each measured against Fc/Fc* (Fig. 3).

The significant dependence of the redox potential on the
solvent used suggests coordination of the respective solvent,
DMF or MeCN, at the iron center, which results in a shift
of the redox potential compared to the potential without
additional coordination (in DCM). The higher the basic-
ity of the solvent, the greater the shift in potential. Thus, it
can be assumed that 1 exists in the coordinating solvents as
the adduct complexes [TpM**FeACC(DMF)], 1(DMF), and
[TpMFeACC(NCMe)], 1(MeCN).

The data presented above indicates that [TpM*FeACC], 1,
is more challenging to oxidize under comparable conditions
than the previously studied model complex [Tp™M°Fe ACC],
III, which was non-reversibly oxidized at 0.03 V in dichlo-
romethane [13]. Another distinction arises from the cup-like
arrangement of the mesityl substituents, which protects the
oxidized form of 1 from subsequent reactions, making it
possible to reliably determine E,;, of the (quasi)reversible
redox event. Assuming that the diffusion coefficients of the
oxidized and reduced species are identical, E,, corresponds
to the standard potential E°. In the case of an irreversible
redox event, a significant shift in the peak potentials is
often observed, as there is no thermodynamic equilibrium;
therefore, the Nernst equation is no longer applicable [16].
Therefore, a direct comparison of the redox potentials of 1
and III is only partially meaningful, and conclusions about
the reactivity of the compounds toward oxygen cannot be
drawn based on the redox potentials.

Notably, only in DMF does another quasi-reversible redox
event appear in the cyclic voltammogram of compound
1, with a half-wave potential of 0.335 V (Epaz=0-380 V,
E,,=0.290 V). The ratio of the current of the first redox

b) /\//
5 pA
—
——50 mV/s
100 mV/s
200 mV/s
—— 300 mV/s
400 mV/s
T T T T T T T
-1.0 -0.5 0.0 0.5

potential [V] vs. Fc/Fc*

Fig.3 Cyclic voltammograms of [Tp.M®*FeACC], 1, a measured in DMF, MeCN and DCM with scan rates of 100 mV/s and b in DMF with

scan rates between 50 and 400 mV/s (RT, 100 mM TBAF, 1 mM complex)
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event to that of the second changes little with increasing
scan rate, which argues against a consecutive redox event.
Moreover, the second redox event does not appear in the
first scan, which also contradicts a classical ECE mechanism
(ECE =electrochemical, chemical, electrochemical). In such
a case, the second redox event would be coupled to the first
but independent of the number of measurement cycles [16,
17]. Additionally, it is noticeable that the reduction of the
second redox process can be observed already in the first
scan, without any preceding oxidation at a higher potential.
This implies a reaction of the previously oxidized species,
which forms a more easily reducible species. As the number
of scans increases, the current of the second event rises. This
effect is further amplified when a small amount of water is
added to the solution (Fig. 4a, b).

A plausible scenario to explain the observations is the
coordination of a weak aqua ligand instead of the DMF
ligand at the free coordination site of [TpM*®FeACC], 1. This
results in a classical square scheme that links two coupled
EC reactions (Scheme 6) [18]. If the potential had changed
due to the protonation of 1 by the weak acid water, the cyclic
voltammogram would exhibit a different characteristic
shape. Here, a typical CE wave would appear with a plateau
at the initially observed potential, followed by a subsequent
oxidation wave at a higher potential, where an equilibrium
reaction precedes the electron transfer [18, 19].

A prerequisite for the observations is the different equilib-
rium positions between 1(DMF) and 1(H,0) in the reduced
and oxidized states; in the oxidized state, coordination with
H,O appears to be favored. The slow rate of ligand exchange
is another condition for the observations made here. In
the case of very fast ligand exchange, there would not be
an accumulation of 1(H,0), and consequently, a second

a)

-1.0 -0.5 0.0 0.5 1.0
potential [V] vs. Fc/Fc*

——scan 1

——scan 9
——scan 10

oxidation wave would not occur. A possible reason why the
second redox event was observed exclusively in DMF is the
difficulty of completely drying this solvent. Although the
solvent used for CV experiments was stored over molecular
sieves, it may have still contained traces of water, which
could influence the results.

Exclusively in acetonitrile, alongside the reversible Fe!'/
Fe!' redox event, another irreversible anodic process appears
at around 1 V, which is not observed in DMF and DCM
solutions because it is already outside the stability range of
these solvents. This electron transfer can be attributed to the
oxidation of the coordinated ACC substrate ligand.

Dioxygen activation

At room temperature, 1 shows only a very slow reaction with
oxygen, and no reaction can be observed at low tempera-
tures. This sluggish reactivity can be attributed to its com-
paratively high oxidation potential, which is significantly
above — 0.1 V against Fc/Fc'. Studies were conducted on
the reactivity of 1 with oxygen, investigating the production
of ethylene. While ethylene was detected in these studies
(conversion of 4-5% of the bound ACC into ethylene), it
was not produced to a greater extent than that observed for
the preceding model [Tp"™M¢FeACC], IIL.

Since it had been previously shown that the Tp™®* ligand
provides more space for the coordination and reactivity of
oxygen than the Tp™™M° ligand, it can be assumed that the
moderate reactivity of both 1 and III is not due to a lack of
accessibility of the iron center but has electronic reasons.
Superoxide formation is often endergonic, and compara-
tively positive redox potentials are not helpful; superoxide
dissociation competes and thus also other side reactions.

b)

scan 2
scan 3
scan 4
scan 5
scan 6
scan7
scan 8

-1.0 -0.5 0.0 0.5 1.0
potential [V] vs. Fc/Fc*

Fig.4 Cyclic voltammograms of [Tp.M®FeACC], 1, a in dry DMF and b with 100 equivalents of water added (RT, 0.1 V/s, 100 mM TBAF,

1 mM complex)
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Scheme 6 Possible explana-

tion for the second redox event H
at 0.335 V versus Fc/Fc*in
the cyclic voltammogram of
[TpMeFeACC], 1, in DMF by
the exchange of a DMF ligand
for an aqua ligand \ /
Fe”\ Mes
/" \DMF
O NH,
O
1(DMF)
A
_H,0 L +H,0
H
§ \ / }
Mes Mes
\O H,
o NH,
O
1(H20)

Therefore, elucidating the reaction mechanism through stud-
ies with 1 and molecular oxygen did not appear promising,
and reduced oxygen species were employed instead (“shunt
routes”) to enter the turnover cycle at later stages and poten-
tially observe intermediates.

Reactivity towards ‘BuOOH

The use of reduced oxygen species, such as hydroperox-
ides, offers the advantage of bypassing the initial steps in
the enzymatic reaction. These steps typically involve the
binding of oxygen to the metal, leading to the formation of
an iron(III) superoxide species, which is then reduced and
protonated to yield an iron(III) hydroperoxide. By using
reduced oxygen species, an iron(III) peroxo species can

E

e

Mes

I

§

E1/2 = —0,125 \Y

~

\
F
/

o

Y
NH2

@)

1(DMF)*

—H20 +H20

E

VAN
7 N TNT
E1,2 = +0, 335v N N=

H

M
\OH2 es
o NH,
0]
1(H,0)"

be generated directly. The latter may then, as proposed by
Lipscomb and colleagues, react further via a radical cas-
cade that ultimately leads to the formation of the products
ethylene, HCN, CO,, and water [9]. Alternatively, an O-O
bond cleavage could be envisioned, which would generate
a high-valent iron(IV)-oxo species. This species, similar
to the mechanism proposed by Klinman and colleagues,
could initiate the radical cascade that ultimately produces
the reaction products [10]. H,0, is a possible source of
peroxide but has two OH units that may open up various
reaction routes. We therefore decided to investigate the
reactivity of 1 with '/BuOOH; potentially formed FeOO'Bu
units would model the FeOOH species in Fig. 2 and pro-
duce alcohol instead of water then.

@ Springer
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By analogy to previous investigations on the reactiv-
ity of [TpM®FeO,.,,0ue] complexes [20] the formation of
a temperature-sensitive, intensely violet-colored species
was observed as soon as the alkyl peroxide was added in
slight excess to the solution. The UV-Vis spectrum of this
species exhibits two absorption maxima at 315 and 560 nm
(Fig. 5). The band at 560 nm can be attributed, as previously
in the case of [TpM**Fe(O0'Bu)(0OBz")] compounds [20], to
a ¥ — d transition.

The identification of the colored species as a high-spin
iron(IIT) alkyl peroxide [TpM**Fe(OO'Bu)(ACC)], 2, as
shown in Scheme 7, was corroborated via resonance Raman
spectroscopy (Fig. 6).

The resonance Raman spectrum of compound 2 exhibits
two well-resolved, resonance-enhanced vibrational bands
at 576 and 752 cm™!. A similar band near 580 cm™! had
previously been detected for compounds [TpM**Fe(OO'Bu)
(OBz®)] [20], indicating a resonance-enhanced vibration in
the Tp ligand. The band at 752 cm™! was assigned to the

2.0 4

—0s
550 s
1100's
1650 s
= 7 —— 2200
S,
[0}
(&)
g 1.01
2
o
(2]
Q
©
051
0.0

T T T T T T T 1
300 400 500 600 700 800 900 1000

wavelength [nm]
Fig.5 UV-Vis spectrum of [TpM*Fe(OOBu)(ACC)], 2, generated

from 1 through treatment with four equiv. of ‘BuOOH at — 80 °C in
DCM (0.4 mM)

Scheme 7 Generation of H
the iron(Ill)alkylperoxide B
[TpMeFe(O0'Bu)(ACC)], / = \
2, through the reaction of 74 ’}l N \ '}l AN
[TpM**FeACC], 1, with an —N. N/ Nx
excess of BuOOH \ ?K
Mes Fe'l Ves Mes
N\
O NH,
O
1
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C-O stretching vibration of the OOtBu ligand. The Fe-O
stretching band was expected around 625 cm™!, likely
obscured by a solvent band. The O-O stretching band is
poorly resolved and can only be identified as a slight rise in
the spectrum at 881 cm™!. Nevertheless, the positions of the
C-0 and O-O vibrational bands confirm that the species is
a high-spin iron(IIl) alkylperoxide. The high-spin ground
state of 2 was confirmed by EPR spectroscopy of a frozen
toluene solution at 77 K, showing a characteristic signal at
a g-value of 4.3 (Fig. S1).

To avoid consecutive reactions with excessive hydroper-
oxide, subsequent reactivity studies were conducted exclu-
sively with two equivalents of ‘BuOOH. First, in a UV-Vis
experiment at — 80 °C, it was confirmed that the iron(III)
alkylperoxide 2 can be fully generated even with just two
equivalents of 'BuOOH (see SI and Fig. S3). Mechanisti-
cally, the first equivalent generates an iron(III) hydroxide
with concomitant formation of ‘BuQ-, while the second
equivalent leads to the formation of the FeOO'Bu unit and
water [20].

When compound 1 was reacted with ‘BuOOH at room
temperature, it did not form the high-spin iron(IIl) alkylp-
eroxide. Instead, a different species was obtained, character-
ized by an absorption maximum at 315 nm but lacking the
7* — d-CT band observed in the case of 2 (Fig. 7c). The
UV-Vis spectrum of this species was identical to that of the
decomposition product of 2. Furthermore, an EPR spectrum
confirmed that this species also has a high-spin ground state,
indicated by a signal with a g-value of 4.3 (Fig. 7d). Over
time, the absorbance at 315 nm decreased, and changes were
noted in the EPR spectrum (Figs. 7e, ), suggesting that this
species undergoes further decomposition in a consecutive
reaction.

To further investigate the reaction products, the reaction
of 1 with ‘BuOOH was carried out in deuterated chloro-
form (CDCl,), and IR spectra of the solutions were recorded
using a CaF, cell. For comparison, IR spectra of the starting
compound 1, ‘BuOOH in CDCl;, and the pure solvent were
taken. Changes in the vibrational bands during the reaction
were identified using difference spectra (Fig. 8a, b). Due to

5
N/lil\N
2 BUOOH 2 | N\N N
\ 7 e
-H,0,BuO-  Mes ;e'lge_solvles
O NH, By
o)
2
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—2
............ toluene

576

600 700 800 900

wavenumber [cm™]

Fig.6 Resonance Raman spectrum recorded of [TpM®Fe(OO'Bu)
(ACQ)], 2, dissolved in toluene using an excitation wavelength of
514 nm at — 60 °C (black, top) compared to the resonances of the sol-
vent (gray, bottom)

strong absorption by the CaF, crystal at low wavenumbers,
the IR spectra were only analyzed in the range between 4000
and 1500 cm™.

The difference between the pure solvent spectrum and
that of ‘BuOOH in CDCl, revealed the presence of a small
amount of water, indicated by a band at 3685 cm, along-
side another band in the O—H stretching region at 3538 cm™,
which was assigned to the O—O-H vibration (data not
shown). In the range between 2800 and 3000 cm!, the C-H
stretching bands of ‘BuOOH were identified.

Comparing the IR spectrum of the reaction solution of
1 with ‘BuOOH to that of ‘BuOOH in CDCl; showed the
complete disappearance of the O—O-H band at 3538 cm™,
while a new band appeared at 3605 cm™, corresponding to
the O-H stretching vibration of tert-butanol (Fig. 8a). This
indicates the complete conversion of the hydroperoxide. The
position and intensity of the C—H stretching bands of the ‘Bu
group remained unchanged.

The difference spectrum of the spectra of 1 in CDCl; and
pure solvent shows all the characteristic vibrational bands
that had already been observed in the ATR-IR spectrum
(data not shown). The C=0 vibration absorbs at 1629 cm™,
the B—H vibration at 2481 cm™!, the C—H vibrations between
2820 and 3050 cm™!, and the NH, vibrations at 3283 and
3347 cm™'. When comparing the spectrum of 1 in CDCl,
with that of the reaction solution, it is evident that the bands
of the carboxylate and amine have reduced intensity, while
the C-H and B-H vibrational bands remain unchanged.
This suggests that the Tp ligand remains intact, but the ACC

substrate ligand has partially degraded. A new band appears
at slightly higher wavenumbers as compared to the original
carboxylate band, the origin of which, however, is unclear.

The incomplete conversion of the amino acid may indi-
cate a degradation mechanism via a homolytic Fe—O bond
cleavage. This would initially not significantly affect the
amino acid ligand and would regenerate the starting complex
1. Subsequently, an uncontrolled and incomplete reaction of
the substrate ligand with the resulting peroxy radicals would
be possible (Scheme 8). Consistent with this, there are no
indications of degradation products such as ethylene, HCN,
CO,, or water, which would have been detected through their
characteristic vibrational bands.

In addition to the reaction solution, the gas phase above
the solution was analyzed using IR spectroscopy and gas
chromatography. No evidence of ethylene was found after
the reaction, and only trace amounts of CO, were detected.

The incomplete conversion of the substrate can be attrib-
uted to its reaction with released alkoxide and alkylperoxo
radicals. Such a radical reaction with the substrate can be
excluded for the enzyme, as it would be quickly deactivated
by free radicals [1].

Thus, although the reaction of complex 1 with tert-butyl
hydroperoxide can generate a high-spin iron(III) alkyl per-
oxide, this does not follow the biological decomposition
mechanism. Instead of proceeding through a radical cas-
cade leading to ethene, HCN, CO,, and water, it undergoes
an alternative, uncontrolled decomposition. In the preferred
decomposition mechanism for high-spin iron(III) alkyl per-
oxides a homolytic Fe—O bond cleavage occurs in the initial
step, and this is likely the case here as well. A homolytic
0O-0 bond cleavage, which would generate a high-valent
iron-oxo species as proposed in the mechanism by Klinman
and colleagues, is unlikely to occur for 1.[10]

Reactivity towards mCPBA

According to the catalytic cycle proposed by Klinman
and colleagues, another intermediate in the process is an
iron(IV)-oxo species. Iron(Il) complexes can be trans-
formed into these highly reactive species using suitable
oxygen transfer reagents such as iodosylbenzene (PhIO) or
meta-chloroperbenzoic acid (mCPBA) [21, 22]. In previ-
ous experiments with [Tp"™™M¢FeACC], III, 55% ethylene
were generated with an excess of PhIO and approximately
30% with mCPBA. It is noteworthy, though, that in control
experiments using tetrabutylammonium-1-aminocyclopro-
panecarboxylate (Bu,NACC) and the corresponding oxi-
dizing agents, larger amounts of ethylene were produced
than with III.[13] For reactivity studies with compound
1, mCPBA was chosen as the oxidizing agent because it
has significantly better solubility in nonpolar solvents than
PhIO, which provides advantages when applying a variety
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Scheme 8 Proposed decom-
position mechanism of the

H
B

iron(III) alkyl peroxide complex / \ / = \
[TpM*Fe(O0'Bu)(ACC)], 2, via 7N NN /N N> N
homolytic Fe—-O bond cleavage
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of spectroscopic methods. A possible reaction of 1 with
mCPBA is illustrated in Scheme 9.

In the stoichiometric reaction with mCPBA, a weakly
colored, metastable species, 3, is formed at low tempera-
tures. This species can be temporarily enriched and spec-
troscopically studied in a UV—Vis experiment at — 80 °C
(Fig. 9). The formation occurs within 15 s, evidenced
by an increase in absorbance between 280 and 450 nm
(£(350 nm) = 13,000 L-mol'-cm™") and a new band appear-
ing at 810 nm (g, (810 nm) = 1400 L-mol'-cm™"). Due
to its low stability and characteristic weak absorbance at
810 nm, the observed intermediate can be identified as an
iron(IV) oxo species corresponding to [TpMeSFe(ACC)(O)],
3, as depicted in Scheme 9.[21-23] The decomposition is
manifested by the decrease in absorbance in the UV region
of the spectrum and the complete disappearance of the band
at 810 nm. The process was monitored at temperatures
between 25 and — 90 °C, with the absorbance at 350 nm

plotted logarithmically over time (Fig. S4), and it becomes
obvious that the intermediate is only at temperatures below
— 80 °C sufficiently stable.

The decomposition product from the room temperature
reaction of compound 1 with one equivalent of mCPBA was
analyzed using EPR spectroscopy in the X-band, in frozen
toluene solution at 77 K. The spectrum obtained shortly after
the reaction revealed a weak signal with a g-value of 4.25,
which is characteristic of high-spin iron(IIl) complexes.
However, in a second spectrum recorded after 100 min,
this signal has disappeared entirely. This suggests that the
decomposition product could be a spin-integer species that
is EPR inactive in the X-band. It is clear that the species
generated in this reaction does not match the decomposition
product of 2 from the reaction with ‘BuOOH.

Additionally, the reaction solution of 1 with mCPBA in
CDCl, was investigated by IR spectroscopy using a liquid IR
cell (Figure S5). The transmission spectrum indicated that
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Fig.9 UV-Vis spectra a) and b) indicating the generation and c) and d) the decomposition of the metastable intermediate [Tp™*Fe(ACC)(0)],
3, generated from [Tp.M*FeACC], 1, and one equiv. of mCPBA in DCM at —80 °C (0.4 mM complex solution)

the Tp ligand had remained intact during the reaction, while
all ACC signals had disappeared. However, no characteristic
vibrational bands for expected decomposition products like
ethene, HCN, CO, or water were detected.
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Attempts to identify further reaction products using gas
chromatography, gas-phase IR, or NMR spectroscopy all
failed. To investigate a possible kinetic isotope effect in
the reaction, a complex deuterated at the amine function,
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Scheme 10 Synthesis of the doubly deuterated potassium salt of
1-aminocyclopropanecarboxylic acid, KACC-d,, and its subsequent
reaction with the precursor complex V to yield [Tp.M®FeACC-d,],
1-d,

[TpMeSFeACC—dZ], 1-d,, was synthesized (Scheme 10). In
the first step, 1-aminocyclopropanecarboxylic acid was
dissolved in an excess of D,0. After a few minutes, all vol-
atile components were completely removed under vacuum,
and the deuterated amino acid ACCD-d; was reacted with
potassium hexamethyldisilazide. The deuterated potassium
salt, KACC-d,, was then reacted with [TpMeFeCl], V, to
produce 1-d,.

The 'H-NMR spectrum of 1-d: is identical to that of
1, which demonstrates that the NH, group’s signal in the
spectrum of 1 is broadened into the baseline, likely due to
its proximity to the iron atom. The ATR-IR spectrum of
1-d: shows only minor changes in the vibrational frequen-
cies compared to 1. All characteristic vibrational bands
are present, confirming the successful synthesis and the
expected k>-N,0-binding mode of the amino acid. How-
ever, the vibrational bands of the amino group are signifi-
cantly shifted. Instead of the NH, group’s signals at 3288
and 3353 cm™!, the absorption of the ND; group appears
near the B—H stretching band at 2500 cm ™.

UV-Vis experiments with 1-dz under the same condi-
tions as those with 1 show that the metastable intermediate
3-d: can also be enriched in a reaction with mCPBA at low
temperatures. The decay rate of this species is identical to
that of the non-deuterated species. The decrease in absorb-
ance in the UV region and the band intensity at 810 nm
occurs simultaneously at — 90 °C (Fig. S6). This indicates
that there is no kinetic isotope effect, suggesting that an H
atom abstraction from the amino group is not involved in
the rate-determining step of the decomposition reaction
(though ET/PT would still be feasible). Notably, for ACCO
a rate-determining step involving either a proton-coupled
electron transfer (PCET) or hydrogen atom transfer (HAT)
has been suggested, which occurs during the formation of
the FelV=0 species and involves ascorbate [10].

A transmission infrared spectrum of the reaction solution
of 1-d: with one equivalent of mCPBA in a CaF liquid cell
confirms, as was the case for 1, the complete conversion of
the substrate ligand, evidenced by the disappearance of the
vibrational bands of the ND, and carboxylate groups (Fig.
S7).

Paine and colleagues previously demonstrated that O,
reactions of Tp-iron-based model compounds with the non-
native substrate ligands ACH and ADP proceed along an
alternative pathway distinct from that of ACCO. The sub-
strate ligands in [Tp™"2FeACH], VI-b, and [Tp'"?Fe ADP],
VI-c, were converted to cyclohexanone and diphenyl ketone,
respectively. However, experiments with '30-labeled diox-
ygen and water were only partially helpful in elucidating
the mechanism [14]. Without a clear characterization of
the products from the reactions of 1 or 1-d: with mCPBA,
discussing a mechanism here would be purely speculative.
However, a reaction pathway involving a homolytic N-H
bond cleavage, as suggested by Klinman for ACCO, can be
ruled out for 1 due to the absence of a kinetic isotope effect.

Cyclovoltammetry studies and in-situ O, activation

Molecular oxygen can undergo up to four-electron electro-
chemical reduction, leading to products such as superoxide,
hydrogen peroxide, hydroxyl radicals, and water (or exclu-
sively water). The specific reduction potential depends on
both the oxygen partial pressure and the solution’s pH [24].
For dry aprotic DMF, Oliveira et al. reported a reversible
one-electron reduction with a value of — 0.85 V, measured
against the standard calomel electrode [25]. The in-situ gen-
erated superoxide radical, O, °, can react with divalent tran-
sition metal complexes, which reduce it to peroxide, leading
to the formation of peroxo complexes [19, 26, 27]. If com-
plex 1 reacted with in-situ generated superoxide analogously
to the compounds described in the literature, this would also
result in a peroxo complex, or a hydroperoxo complex upon
protonation. The corresponding reaction scheme is shown
in Scheme 11.

A cyclic voltammogram of the first reversible reduction
of dioxygen in DMF referenced against Fc/Fc* is shown in
Fig. 10a. The half wave potential E,,, of —1,38 V is in good
agreement with the value reported in the literature [28]. In
the presence of complex 1 the dioxygen reduction becomes
irreversible (Fig. 10b), as the in-situ generated superoxide
radical reacts with compound 1. The absence of a distinct
plateau before oxygen reduction suggests that no interme-
diate oxygen adduct, 1-O;, is formed, which would other-
wise be expected to reduce at a higher potential than oxygen
itself [19, 29]. This is confirmed through cyclic voltammetry
measurements conducted exclusively in the oxidative region,
which demonstrate the reversible oxidation of complex 1.
The measurement in the presence of oxygen is identical to
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Scheme 11 Proposed reaction
of in-situ generated superoxide
with [TpM®FeACC], 1, to give 7\
the peroxo- and hydroperoxo
species 4 and 4-H
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Fig. 10 Cyclic voltammogram of a dioxygen in DMF and of b dioxygen in DMF in presence of [Tp.M®*FeACC], 1, with scan rates between 50

and 400 mV/s (room temperature, 100 mM TBAPF, 1 mM complex)

that without oxygen, and no color change occurs that would
indicate a reaction between 1 and O,. Therefore, the com-
plex does not react with oxygen but does react with the
superoxide radical.

When a cyclic voltammogram is measured over a broader
range that includes both the oxidation of 1 and the reduc-
tion of oxygen, the resulting voltammograms depend on the
measurement direction (Fig. 11). When starting with the
oxidative region, the oxidation and subsequent reduction of
1 in the first cycle show no anomalies. The oxygen reduction
remains irreversible, as before.

However, in the second cycle, the oxidation current of
1 is significantly decreased, indicating consumption of the
iron(Il) species. In its place, an additional irreversible oxi-
dation appears at 0.67 V. All further cycles are identical
to this one. When the measurement begins in the reductive
region followed by the oxidative, the first cycle of this vol-
tammogram already resembles the second cycle in oxidizing
direction. A pre-treatment by applying a negative voltage
for 10 s has an identical effect on the cyclic voltammogram
of 1. Based on the electrochemical measurements, it can be
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Fig. 11 Reductive activation of O, in the presence of [Tp.M*FeACC],
1, (room temperature, 0.1 V/s, 100 mM TBAPF, 1 mM complex)
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Scheme 12 Proposed reduction mechanism in the reaction of dioxy-
gen and [TpM*FeACC], 1

assumed that initial reductive activation of O, takes place,
followed by a reaction between the superoxide radical and
complex 1. The intermediate formation of an iron(IIl) perox-
ide, 4, is plausible. In the presence of a proton source—such
as residual moisture in the solvent—iron(III) peroxides exist
in equilibrium with iron(III) hydroperoxides, as depicted
for 4 and 4-H in Scheme 12 [21, 30-34]. The detection of
these (hydro)peroxide species via a consecutive reduction
event is not possible, as they are typically reduced at higher
potentials than oxygen [19]. The (hydro)peroxo complexes
generated directly at the electrode are immediately reduced
at a potential sufficient for oxygen reduction. Therefore, it
is likely that the reduction of the intermediates contributes
to the reduction current observed from —1.23 V onwards. As
a result, accumulation of intermediates for spectroelectro-
chemical experiments appears highly improbable.

Ségaud et al. proposed that during the electrochemical
reduction of [(TPEN)Fe(00)]*, or [(TPEN)Fe(OOH)]** the
initial complex [(TPEN)Fe]** with a divalent iron center is
regenerated. Also, in this system, an irreversible oxidation
emerged at a high potential following oxygen activation,
attributed to the formation of iron(IIl) peroxide (0.74 V vs.
SCE). The oxidation product might be an iron(IV) peroxo or
iron(III) superoxo species, though the authors did not delve
into this possibility further [19]. Bang et al. studied the side-
on iron(IIT) peroxo complex [(TMC)Fe(O;)]*, which exhib-
its an irreversible oxidation at 0.92 V and an irreversible
reduction at —0.43 V (measured against the SCE). Chemical
oxidation of this iron(III) peroxo complex releases oxygen,
regenerating the corresponding iron(II) complex, [(TMC)
Fe].* [35].

Based on the observations of Ségaud et al. and Bang
et al., the oxidation event observed at 0.67 V following the
electrochemical activation of oxygen in the presence of com-
plex 1 likely corresponds to the oxidation of the iron(III)

peroxo species formed. Further evidence for the presence
of an iron(Ill) peroxo species, 4, is provided by the disap-
pearance of the oxidation wave at 0.67 V upon the addi-
tion of a small amount of water (illustrated in Fig. 12). The
equilibrium is shifted by the presence of the weak acid H,O
toward the formation of the corresponding hydroperoxide,
4-H, and the oxidation of 4 is no longer observed. A similar
effect was noted for [(TPEN)Fe(O,)]*, whose oxidation wave
completely disappeared upon water addition.

It was not possible to assign a definitive origin to the new
irreversible cathodic wave at — 1.015 V that appears after
adding water. Notably, this wave is coupled to a preceding
oxidation event and occurs to the same extent even without
additional oxygen.

Cyclic voltammetry measurements at low temperatures
can help separate electrochemical processes from chemical
decomposition events. This separation allows for the iden-
tification of intermediates when used in conjunction with
other spectroscopic or spectrometric methods [36]. At low
temperatures, the internal resistance of the electrolyte solu-
tion increases, which leads to a noticeable broadening of
redox waves and greater separation of peak potentials. Addi-
tionally, the impact of the electrochemical double layer on
the voltammogram becomes more pronounced [36, 37]. The
comparison of the voltammograms at room temperature, 0,
and — 45 °C clearly shows such broadening (Fig. S8).

Regardless, it is noteworthy that even at 0 °C, the current
for the oxidation of 1 in the second cycle is barely smaller
than in the first. Thus, the consumption of 1 is lower than at
room temperature. Simultaneously, the current of the irre-
versible anodic event at 0.67 V, attributed to the oxidation

25 20 15 10 -05 00 05 10 15
potential [V] vs. Fc/Fc*

Fig. 12 Reductive activation of O, in the presence of [Tp.M*FeACC],
1, and 100 equivalents of water (room temperature, 0.1 V/s, 100 mM
TBAPF, 1 mM complex)
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of peroxide 4, decreases significantly. This effect is even
more pronounced at — 45 °C. At this temperature, complex
1 apparently is not consumed, and no oxidation occurs at
0.67 V anymore. Due to the slower diffusion of the inter-
mediate superoxide and the iron(IIl) peroxide 4 at low tem-
peratures, a consecutive reduction at the working electrode
is more likely, and the starting compound 1 is fully recov-
ered. A reaction scheme was developed based on the mecha-
nism proposed for the [(TPEN)Fe].2* system, as shown in
Scheme 12 [19].

The individual steps that lead from the reduction of the
(hydro-)peroxo complexes 4 and 4-H back to the starting
compound 1 are purely speculative at this point. It is pos-
sible that the release of hydrogen peroxide occurs through
a heterolytic Fe-O bond cleavage or that an iron(IV) oxo
species is formed through a heterolytic O—O bond breakage.
The latter should be readily reducible at the cathode in the
subsequent process. Both scenarios would be favored by the
presence of a proton source [27].

Conclusions

In summary, the introduction of bulky mesityl substituents
at the 3-position of the Tp ligand enabled the synthesis and
full characterization of a stable model complex for ACCO,
namely [TpM®*FeACC] (compound 1). After reaction with
tert-butyl hydroperoxide (tBuOOH) spectroscopic evidence
for an alkylperoxido species was gained that may serve as
a model for the reactive peroxo intermediate in ACCO’s
catalytic cycle. This high-spin iron(III) alkyl peroxide, com-
pound 2, surprisingly did not follow a reaction pathway sim-
ilar to that observed in ACCO and did not yield the expected
products (ethylene, HCN, CO, and water). Nevertheless,
valuable spectroscopic comparison data were obtained.

Additionally, the use of the oxygen-atom transfer reagent
mCPBA enabled the modeling of another potential ACCO
intermediate, an iron(IV) oxo species represented by com-
pound 3. This species, however, exhibited only a short lifes-
pan, and none of the characteristic ACCO products were
detected among its decomposition products, underscoring
the unique challenge of modeling ACCO.

The in-situ electrochemical activation of oxygen pro-
vided conclusive evidence of the reactivity of the generated
superoxide radical with compound 1. Further, evidence was
obtained for the presence of iron(IIl) (hydro)peroxo com-
pounds 4 and 4-H, considered possible key intermediates in
the ACCO mechanism.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00775-025-02125-w.

Author contributions L. M. performed all experimental work, includ-
ing spectroscopic and CV analysis, and wrote the original draft; C.H.

@ Springer

added CV and NMR investigations, S. H. measurement and solution
of the single crystal XRD structures; C. L. conceptualization, super-
vision, project administration, writing (review and editing); A. J. S.
performed the activity measurements with O,. All authors reviewed
the manuscript.

Funding Open Access funding enabled and organized by Projekt
DEAL. The work has been supported by the Deutsche Forschungsge-
meinschaft (DFG) in the framework of the Research Unit 5215 (FOR
5215 “Bioinspired Oxidation Catalysis with Iron Complexes”.

Data availability No datasets were generated or analyzed during the
current study.

Declarations

Conflict of interest The authors declare that there are no competing
interests.

Consent to publish Not applicable.
Consent to participate Not applicable.

Ethics approval Not applicable.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Pirrung MC (1999) Ethylene Biosynthesis from 1-Aminocyclo-
propanecarboxylic Acid. Acc Chem Res 32:711-718; Réglier M,
Simaan AJ (2015) 1-amino-1carboxylic acid oxidase. RSC Metal-
lobiology Series No. 3 "2-Oxoglutarate-Dependent Oxygenases.
In: Hausinger RP, Schofield CJ (eds). The Royal Society of Chem-
istry. https://doi.org/10.1039/9781782621959-00425

2. Costas M, Mehn MP, Jensen MP, Que L Jr (2004) Dioxygen acti-
vation at mononuclear nonheme iron: enzymes, intermediates, and
models. Chem Rev 104:939-986. https://doi.org/10.1021/cr020
628n

3. Abu-Omar MM, Loaiza A, Hontzeas N (2005) Reaction mecha-
nisms of mononuclear non-heme iron oxygenases. Chem Rev
105:2227-2252

4. Bruijnincx PCA, van Koten G, Klein Gebbink RIM (2008) Mon-
onuclear non-heme iron enzymes with the 2-His-1-carboxylate
facial triad: recent developments in enzymology and modeling
studies. Coord Chem Rev 37:2716-2744. https://doi.org/10.1039/
b707179p

5. Zhang Z, Ren J-S, Clifton 1J, Schofield CJ (2004) Crystal Struc-
ture and Mechanistic Implications of 1-Aminocyclopropane-
1-Carboxylic Acid Oxidase — The Ethylene-Forming Enzyme.
Chem Biol 11:1383-1394. https://doi.org/10.1016/j.chembiol.
2004.08.012


https://doi.org/10.1007/s00775-025-02125-w
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1039/9781782621959-00425
https://doi.org/10.1021/cr020628n
https://doi.org/10.1021/cr020628n
https://doi.org/10.1039/b707179p
https://doi.org/10.1039/b707179p
https://doi.org/10.1016/j.chembiol.2004.08.012
https://doi.org/10.1016/j.chembiol.2004.08.012

JBIC Journal of Biological Inorganic Chemistry

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Brisson L, El Bakkali-Taheri N, Giorgi M et al (2012) 1-ami-
nocyclopropane-1-carboxylic acid oxidase: insight into cofactor
binding from experimental and theoretical studies. J Biol Inorg
Chem 17:939-949. https://doi.org/10.1007/s00775-012-0910-3
Gunawardana DM, Arabshahi J, Yosaatmadja Y et al (2016)
RCSB PDB—S5TCV: ACC oxidase complex with substrate
1-aminocyclopropane-1-carboxylic acid. https://www.rcsb.org/
structure/STCV. Accessed 22 Apr 2021

Sehnal D, Rose AS, Koca J et al (2018) Mol*: towards a com-
mon library and tools for web molecular graphics. In: Proceedings
of the workshop on molecular graphics and visual analysis of
molecular data. Eurographics Association, Goslar, DEU, pp 29-33
Rocklin AM, Kato K, Liu HW et al (2004) Mechanistic studies of
1-aminocyclopropane-1-carboxylic acid oxidase: single turnover
reaction. J Biol Inorg Chem 9:171-182. https://doi.org/10.1007/
s00775-003-0510-3

Thrower J, Mirica LM, McCusker KP, Klinman JP, Mirica LM,
Klinman JP (2006) Mechanistic investigations of 1-aminocyclo-
propane 1-carboxylic acid oxidase with alternate cyclic and acy-
clic substrates. Biochemistry 45(43):13108-13117. https://doi.
org/10.1021/bi061097q

Ghattas W, Serhan Z, Bakkali-Taheri NE et al (2009) Synthesis
and characterization of a binuclear iron(IIT) complex bridged by
1-aminocyclopropane-1-carboxylic acid. Ethylene production in
the presence of hydrogen peroxide. Inorg Chem 48:3910-3912.
https://doi.org/10.1021/ic9001626

Roux Y, Ghattas W, Avenier F et al (2015) Synthesis and charac-
terization of [Fe(BPMEN)ACC]SbF6: a structural and functional
mimic of ACC-oxidase. Dalton Trans 44:5966-5968. https://doi.
org/10.1039/c5dt00347d

Sallmann M, Oldenburg F, Braun B et al (2015) A structural and
functional model for the 1-aminocyclopropane-1-carboxylic acid
oxidase. Angew Chem Int Ed 54:12325-12328. https://doi.org/
10.1002/anie.201502529

Rahaman R, Munshi S, Paine TK (2018) Bio-inspired oxidation of
1-aminocarboxylic acids by a nonheme iron(II) complex: mimick-
ing the activity of 1-aminocyclopropane-1-carboxylic acid oxi-
dase. Z Anorg Allg Chem 644:745-751. https://doi.org/10.1002/
zaac.201800121

Miiller L, Hoof S, Keck M et al (2020) Enhancing tris(pyrazolyl)
borate-based models of cysteine/cysteamine dioxygenases via the
sterics—increased reactivities, full product characterization and
hints to initial superoxide formation. Chem - Eur J 26:11851—
11861. https://doi.org/10.1002/chem.202001818

Heinze J (1984) Cyclic voltammetry—"‘electrochemical spectros-
copy.” Angew Chem Int Ed 23:831-847. https://doi.org/10.1002/
anie.198408313

Elgrishi N, Rountree KJ, McCarthy BD et al (2018) A practical
beginner’s guide to cyclic voltammetry. ] Chem Educ 95:197-206.
https://doi.org/10.1021/acs.jchemed.7b00361

Savéant J-M, Costentin C (2019) Elements of molecular and bio-
molecular electrochemistry: an electrochemical approach to elec-
tron transfer chemistry, 2nd ed. John Wiley 6 Sons, Inc., Hoboken,
NJ, USA

Ségaud N, Anxolabéhere-Mallart E, Sénéchal-David K et al
(2015) Electrochemical study of a nonheme Fe(II) complex in
the presence of dioxygen. Insights into the reductive activation
of O, at Fe(Il) centers. Chem Sci 6:639—647. https://doi.org/10.
1039/C4SCO1891E

Miiller L, Baturin K, Hoof S et al (2021) The properties of hydro-
tris (3-mesitylpyrazol-1-yl) borate iron(II) complexes with aryl
carboxylate co-ligands—stabilization of an iron(IIl) alkylperox-
ide. Z Anorg Allg Chem 647:385-395. https://doi.org/10.1002/
zaac.202000437

Thibon A, Bartoli J-F, Bourcier S, Banse F (2009) Mononuclear
iron complexes relevant to nonheme iron oxygenases. Synthesis,

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

characterizations and reactivity of Fe-Oxo and Fe-Peroxo interme-
diates. Dalton Trans: 9587-9594. https://doi.org/10.1039/b9134
70k

Martinho M, Banse FB, Bartoli J-F et al (2005) New example of
a non-heme mononuclear iron(IV) oxo complex. Spectroscopic
data and oxidation activity. Inorg Chem 44:4178-4179. https://
doi.org/10.1021/ic051213y

Sastri CV, Oh K, Lee YJ et al (2006) Oxygen-atom transfer
between mononuclear nonheme iron(IV)-oxo and iron(Il) com-
plexes. Angew Chem Int Ed 45:3992-3995. https://doi.org/10.
1002/anie.200504422

Wood PM (1988) The potential diagram for oxygen at pH 7. Bio-
chem J 253:287-289. https://doi.org/10.1042/bj2530287
Graziani O, Toupet L, Tilset M, Hamon JR (2007) Synthesis, crys-
tal structure, and reactivity of a four-coordinate iron(II) chloride
complex bearing the sterically demanding tert-butyl-tris(3-iso-
propylpyrazolyl)borato ligand. Inorg Chim Acta 360:3083-3090.
https://doi.org/10.1016/j.ica.2007.03.011

Ching HYV, Anxolabéhére-Mallart E, Colmer HE et al (2014)
Electrochemical formation and reactivity of a manganese peroxo
complex: acid driven H,0, generation vs. O-O bond cleavage.
Chem Sci 5:2304-2310. https://doi.org/10.1039/c3sc53469¢
Kostopoulos N, Achaibou C, Noél J-M et al (2020) Electrocata-
lytic O, activation by Fe tetrakis(pentafluorophenyl) porphyrin
in acidic organic media. Evidence of high-valent Fe oxo species.
Inorg Chem 59:11577-11583

Pavlishchuk VV, Addison AW (2000) Conversion constants for
redox potentials measured versus different reference electrodes
in acetonitrile solutions at 25 °C. Inorg Chim Acta 298:97-102.
https://doi.org/10.1016/S0020-1693(99)00407-7

Oliveira R, Zouari W, Herrero C et al (2016) Characterization
and subsequent reactivity of an Fe-peroxo porphyrin generated by
electrochemical reductive activation of O,. Inorg Chem 55:12204—
12210. https://doi.org/10.1021/acs.inorgchem.6b01804

Simaan AJ, Dopner S, Banse F et al (2000) Fe III-hydroperoxo and
peroxo complexes with aminopyridyl ligands and the resonance
raman spectroscopic identification of the Fe-O and O-O stretching
modes. Eur J Inorg Chem: 1627-1633. https://doi.org/10.1002/
1099-0682%28200007%292000%3A7%3C1627%3A%3AAID-
EJIC1627%3E3.0.CO%3B2-9

Roelfes G, Vrajmasu V, Chen K et al (2003) End-on and side-on
peroxo derivatives of non-heme iron complexes with pentaden-
tate ligands: models for putative intermediates in biological iron
/ dioxygen chemistry. Inorg Chem 42:2639-2653. https://doi.org/
10.1021/ic034065p

Ho RYN, Roelfes G, Hermant R et al (1999) Resonance Raman
evidence for the interconversion between an [Felll-n1-OOH] 2+
and [Felll-n2-O2]+ species and mechanistic implications thereof.
Chem Commun: 2161-2162. https://doi.org/10.1039/A905535E
Cho J, Jeon S, Wilson SA et al (2011) Structure and reactivity
of a mononuclear non-haem iron(IIl)-peroxo complex. Nature
478:502-505. https://doi.org/10.1038/nature 10535

Bukowski MR, Comba P, Limberg C et al (2004) Bispidine ligand
effects on iron/hydrogen peroxide chemistry. Angew Chem Int Ed
43:1283-1287. https://doi.org/10.1002/anie.200352523

Bang S, Lee Y-M, Hong S et al (2014) Redox-inactive metal ions
modulate the reactivity and oxygen release of mononuclear non-
haem iron(IIT)-peroxo complexes. Nat Chem 6:934-939. https://
doi.org/10.1038/nchem.2055

Van Duyne RP, Reilley CN (1972) Low-temperature electrochem-
istry chemical kinetics. Anal Chem 44:142-152. https://doi.org/
10.1021/ac603092026

Baron R, Kershaw NM, Donohoe TJ, Compton RG (2009) Elec-
trochemistry in tetrahydrofuran and at low temperature: protocol,
procedures and methods. J Phys Org Chem 22:1136-1141. https://
doi.org/10.1002/poc.1574

@ Springer


https://doi.org/10.1007/s00775-012-0910-3
https://www.rcsb.org/structure/5TCV
https://www.rcsb.org/structure/5TCV
https://doi.org/10.1007/s00775-003-0510-3
https://doi.org/10.1007/s00775-003-0510-3
https://doi.org/10.1021/bi061097q
https://doi.org/10.1021/bi061097q
https://doi.org/10.1021/ic9001626
https://doi.org/10.1039/c5dt00347d
https://doi.org/10.1039/c5dt00347d
https://doi.org/10.1002/anie.201502529
https://doi.org/10.1002/anie.201502529
https://doi.org/10.1002/zaac.201800121
https://doi.org/10.1002/zaac.201800121
https://doi.org/10.1002/chem.202001818
https://doi.org/10.1002/anie.198408313
https://doi.org/10.1002/anie.198408313
https://doi.org/10.1021/acs.jchemed.7b00361
https://doi.org/10.1039/C4SC01891E
https://doi.org/10.1039/C4SC01891E
https://doi.org/10.1002/zaac.202000437
https://doi.org/10.1002/zaac.202000437
https://doi.org/10.1039/b913470k
https://doi.org/10.1039/b913470k
https://doi.org/10.1021/ic051213y
https://doi.org/10.1021/ic051213y
https://doi.org/10.1002/anie.200504422
https://doi.org/10.1002/anie.200504422
https://doi.org/10.1042/bj2530287
https://doi.org/10.1016/j.ica.2007.03.011
https://doi.org/10.1039/c3sc53469c
https://doi.org/10.1016/S0020-1693(99)00407-7
https://doi.org/10.1021/acs.inorgchem.6b01804
https://doi.org/10.1002/1099-0682%28200007%292000%3A7%3C1627%3A%3AAID-EJIC1627%3E3.0.CO%3B2-9
https://doi.org/10.1002/1099-0682%28200007%292000%3A7%3C1627%3A%3AAID-EJIC1627%3E3.0.CO%3B2-9
https://doi.org/10.1002/1099-0682%28200007%292000%3A7%3C1627%3A%3AAID-EJIC1627%3E3.0.CO%3B2-9
https://doi.org/10.1021/ic034065p
https://doi.org/10.1021/ic034065p
https://doi.org/10.1039/A905535E
https://doi.org/10.1038/nature10535
https://doi.org/10.1002/anie.200352523
https://doi.org/10.1038/nchem.2055
https://doi.org/10.1038/nchem.2055
https://doi.org/10.1021/ac60309a026
https://doi.org/10.1021/ac60309a026
https://doi.org/10.1002/poc.1574
https://doi.org/10.1002/poc.1574

JBIC Journal of Biological Inorganic Chemistry

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer



	A tris(pyrazolyl)-based model for the aminocyclopropane carboxylic acid oxidase and its behavior towards oxidants
	Abstract
	Graphical Abstract

	Introduction
	Results and discussion
	Synthesis and characterization of the ACCO model
	Dioxygen activation
	Reactivity towards tBuOOH
	Reactivity towards mCPBA
	Cyclovoltammetry studies and in-situ O₂ activation

	Conclusions
	References


