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uence of H-bonding and ligand
constraints on thiolate ligated non-heme iron
mediated dioxygen activation†

Maike N. Lundahl, a Maria B. Greiner,a Marc C. Piquette,b Paige M. Gannon,a

Werner Kaminsky‡a and Julie A. Kovacs *a

Converting triplet dioxygen into a powerful oxidant is fundamentally important to life. The study reported

herein quantitatively examines the formation of a well-characterized, reactive, O2-derived thiolate ligated

FeIII-superoxo using low-temperature stopped-flow kinetics. Comparison of the kinetic barriers to the

formation of this species via two routes, involving either the addition of (a) O2 to [FeII(S2
Me2N3(Pr,Pr))] (1)

or (b) superoxide to [FeIII(S2
Me2N3(Pr,Pr))]

+ (3) is shown to provide insight into the mechanism of O2

activation. Route (b) was shown to be significantly slower, and the kinetic barrier 14.9 kJ mol−1 higher

than route (a), implying that dioxygen activation involves inner-sphere, as opposed to outer sphere,

electron transfer from Fe(II). H-bond donors and ligand constraints are shown to dramatically influence

O2 binding kinetics and reversibility. Dioxygen binds irreversibly to [FeII(S2
Me2N3(Pr,Pr))] (1) in

tetrahydrofuran, but reversibly in methanol. Hydrogen bonding decreases the ability of the thiolate sulfur

to stabilize the transition state and the FeIII-superoxo, as shown by the 10 kJ mol−1 increase in the

kinetic barrier to O2 binding in methanol vs. tetrahydrofuran. Dioxygen release from [FeIII(S2
Me2N3(Pr,Pr))

O2] (2) is shown to be 24 kJ mol−1 higher relative to previously reported [FeIII(SMe2N4(tren))(O2)]
+ (5), the

latter of which contains a more flexible ligand. These kinetic results afford an experimentally determined

reaction coordinate that illustrates the influence of H-bonding and ligand constraints on the kinetic

barrier to dioxygen activation an essential step in biosynthetic pathways critical to life.
Introduction

Understanding dioxygen binding and activation by Fe centers in
metalloenzymes and synthetic complexes can provide insights
into how to perform challenging oxidative reactions with
abundant and environmentally friendly components.1–4 Foun-
dational studies evaluating nitric oxide and O2 binding to non-
heme Fe in enzymes found that the charge donation by the
thiolate (RS−), and a highly covalent Fe(III)–SR bond5 produces
an energetically favorable FeIII-superoxo species, thereby
driving the formation of an Fe(III)–O2c

−.6 These ndings strongly
suggest that the incorporation of a thiolate (RS−) in the coor-
dination sphere would likely lower the activation barrier to O2

binding. Understanding how thiolates provide favorable
conditions for O2 binding should provide important insight
hington, Campus Box 351700, Seattle, WA

ersity, 62 Talbot Avenue, Medford,

SI) available: Full derivation of the rate
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ttps://doi.org/10.1039/d4sc02787f

grapher

720
into enzyme reaction mechanisms and bio-inspired catalyst
design especially since thiolates have been experimentally
shown to increase the reactivity of iron-peroxo and -oxo
intermediates.7–10

Studying O2 binding is challenging given the complex nature
of the initial interaction between triplet O2 and the high-spin (S
= 2) FeII center as well as the transient nature of the electron-
ically ambiguous intermediate, which could either be described
as an FeII–O2 adduct or an FeIII-superoxo species. The mecha-
nism of its formation could involve either an outer or inner
sphere electron transfer and requires changes to the spin
multiplicity and geometry to accommodate the O2 molecule.
Direct kinetic evidence for this reaction in thiolate-ligated non-
heme iron metalloenzymes such as cysteine dioxygenase (CDO)
and isopenicillin N synthase (IPNS), is lacking. In part, this is
because the O2 binding event occurs too quickly for a precise
determination of the activation barrier.11,12 Very few model
systems have looked at the mechanistic details of O2 binding to
non-heme Fe.13–15 One example comes from Lacy and coworkers
who carried out the rst kinetic study evaluating the inner vs.
outer sphere reduction of O2 by a tunable model system lacking
a thiolate ligand, nding that the system preferred an outer-
sphere mechanism.13 We recently reported a ve-coordinate
thiolate-ligated ferrous complex, [FeII(SMe2N4(tren))]

+ (4,
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Pathways for the formation of [FeIII(S2
Me2N3(Pr,Pr))(O2)] (2)

(top), and reversible dioxygen binding to [FeII(SMe2N4(tren))]
+ (4) to

form a putative superoxo intermediate [FeIII(SMe2N4(tren))(O2)]
+ (5)

(bottom).

Fig. 1 Time-resolved spectral changes obtained upon mixing THF
solutions of five – coordinate [FeII(S2

Me2N3(Pr,Pr))] (1, 0.25 mM) and O2

(3.95 mM) at −40 °C. Inset: kinetic trace (l = 523 nm) showing the
formation of the Fe–O2 intermediate 2. All reported concentrations
are after mixing in the stopped-flow cell.
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(Scheme 1)), that binds O2 at diffusion-controlled rates
(k(233.15 K) = 5.82(3) × 107 M−1 s−1) to afford a eeting
superoxo intermediate [FeIII(SMe2N4(tren))(O2)]

+ (5) only
observable (lmax = 490 nm) on the millisecond timescale with
limiting [O2] at −40 °C.14,16 It's eeting nature prevented
detailed characterization of superoxo 5 (Scheme 1) or a more
thorough analysis of the factors involved in the low barrier to its
formation.

Deciphering how the coordination environment, thiolate
ligand, solvent and even counterions inuence the reaction
mechanism of dioxygen binding is best carried out with systems
where the initial Fe(III)–O2c

− intermediate is well-characterized.
However, isolated Fe(III)–O2c

− model compounds are rare17–21

and only two well-characterized thiolate-ligated RS–Fe(III)–O2c
−

compounds have been reported.17,22 This includes our reported
ve-coordinate, alkyl thiolate-ligated Fe(II) complex, [FeII(S2-
Me2N3(Pr,Pr))] (1) that reacts with O2 (Scheme 1) to form an
observable metastable ferric superoxo species, [FeIII(S2

Me2N3(-
Pr,Pr))(O2)] (2).22 Vibrational (resonance Raman) data, compu-
tational studies, electron paramagnetic resonance, and 1H NMR
spectroscopic data established that the electronic structure of 2
consists of a low-spin (S = 1

2) Fe
III ion strongly coupled antifer-

romagnetically (Jcalc = −450 cm−1) to an S = 1
2 superoxo

radical,22 indicating that electron transfer takes place during its
formation (i.e., FeII (1) + O2 / FeIII–O2c

− (2)).22

The study herein explores the mechanism of formation of
our well-characterized iron-superoxo compound, [FeIII(S2-
Me2N3(Pr,Pr))(O2)] (2),22 via two distinct pathways, using low
temperature stopped-ow kinetics. We will experimentally
demonstrate that an inner-sphere, as opposed to outer-sphere,
electron transfer mechanism is involved. In addition,
hydrogen-bond donors are shown to modulate the thiolate
ligand's inuence,23–28 and ligand constraints are shown to
dramatically inuence the activation barrier to O2 binding.
Fig. 2 Temperature-dependent rate constants kobs for the formation
of superoxo 2 in the reaction between 1 (0.25 mM) and O2 in THF
plotted against [O2]. The intercept of approximately 0.0 would be
consistent with irreversible O2 binding.
Results and discussion

In order to quantitatively determine the barrier to, and revers-
ibility of, O2 binding to ve-coordinate [FeII(S2

Me2N3(Pr,Pr))] (1,
© 2024 The Author(s). Published by the Royal Society of Chemistry
Scheme 1) and the likely mechanism of formation of the cor-
responding superoxo compound, [FeIII(S2

Me2N3(Pr,Pr))(O2)]
(2),22 we investigate herein variable temperature stopped-ow
kinetics. Time-resolved electronic absorption spectroscopy
was used to monitor the reaction between 1 and O2 using a TgK
cryogenic stopped-ow instrument. The growth of spectral
features (Fig. 1) associated with 2 were monitored in two
different solvents, THF andMeOH. Kinetics were monitored at l
= 523 nm under pseudo rst order conditions with excess O2. As
illustrated in the time-resolved absorption spectrum and
kinetic trace of Fig. 1, superoxo 2 forms in less than 20 s at−40 °
Chem. Sci., 2024, 15, 12710–12720 | 12711
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Fig. 3 Temperature-dependent rate constants kobs for the formation
of superoxo 2 in the reaction between 1 (0.1 mM) and O2 in MeOH,
plotted against [O2]. The non-zero intercepts would be consistent with
reversible O2 binding in MeOH.
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C in THF. The kinetic trace (Fig. 1, insert) can be t to the single
exponential of eqn (1) with very small residuals (Fig. S1†).

At = AN − (AN − A0)e
−kobst (1)

Low temperature kinetics for the reaction between O2 and 1

Under pseudo rst-order conditions with excess O2, kobs values
obtained from ts to eqn (1) (Tables S1 and S2†) were found to
be independent of the concentration of 1 in both THF (Fig. S2†)
and MeOH (Fig. S3†), conrming that the reaction is rst-order
overall with respect to 1. This would be consistent with the
formation of a 1 : 1 dioxygen adduct. Observed rate constants,
kobs, were found to increase linearly with increasing O2

concentration in both THF (Fig. 2) andMeOH (Fig. 3) consistent
with rst-order dependence on O2 (kobs = kon[O2] + koff, eqn
Table 1 Temperature-dependent rate constants for irreversible O2 bindin
and KO2 binding to [FeIII(S2

Me2N3(Pr,Pr))]
+ (3) under constant ionic streng

Temperature (°C) kon (M−1 s−1) in THF kon (M−1 s−1)

0 2.66(28) × 102 4.4(5)
−5 2.31(19) × 102 3.4(2)
−10 1.86(3) × 102 2.3(1)
−15 1.59(16) × 102 1.7(1)
−20 1.23(13) × 102 1.2(1)
−25 1.17(6) × 102 1.0(1)
−30 8.2(8) × 101 0.79(6)
−35 7.28(4) × 101 N/A
−40 5.02(5) × 101 N/A
−45 N/A N/A
−50 N/A N/A
−55 N/A N/A
−60 N/A N/A
DH‡ (kJ mol−1) 19.3(8) 30(2)
DS‡ (J mol−1 K−1) −127(4) −123(7)
Ea (kJ mol−1) 21.4(8) 32(2)
DG‡ (243 K, kJ mol−1) 50(1) 60(3)

12712 | Chem. Sci., 2024, 15, 12710–12720
(S10)†). Second order rate constants (Table 1), kon, were ob-
tained from the slope of the kobs versus [O2] plot (Fig. 2 and 3)
over the temperature range −40 °C to 0 °C in THF, and −30 °C
to 0 °C in MeOH, in 5 °C increments. In MeOH, O2 binds to 1,
and is released from 2, too slowly to collect data at temperatures
below −30 °C using a stopped-ow instrument. In THF, the
intercept of these plots was found to be approximately zero over
the entire temperature range examined (Fig. 2), indicating that
O2 binds irreversibly to 1 (eqn (S10)†) in this solvent. This is
supported by the fact that no trend in koff vs. temperature is
observed in THF (Fig. S4†). In MeOH, the non-zero intercept
(Fig. 3) was found to increase with increasing temperature
(Fig. S5†) consistent with reversible O2 binding in this solvent.
Dioxygen dissociation rate constants in MeOH, koff, obtained
from the intercept of the kobs versus [O2] plot of Fig. 3, are
assembled in Table 1.
Kinetic barrier to O2 binding

Comparison of the second order rate constants, kon, in THF
versus MeOH (Table 1) indicates that O2 binds roughly two
orders of magnitude more slowly to 1 in MeOH. Activation
parameters for O2 binding were obtained from Eyring (Fig. 4)
and Arrhenius plots (Fig. S6 and S7†) and are assembled in
Table 1. The negative entropy of activation (DS‡ = −127(4) J
mol−1 K−1 in THF; DS‡ = −123(7) J mol−1 K−1 in MeOH) is
consistent with an associative mechanism, as opposed to one
that involves initial solvent dissociation, consistent with a ve-
coordinate structure in both solvents. If, however, the entropy
change associated with solvent release is less than that of O2

binding, then it would be possible that solvent release is
involved. However, we have no evidence for the formation of six-
coordinate ferrous derivatives 1-solv (solv= coordinated solvent
molecule) in any solvent, despite crystallization from coordi-
nating solvents MeCN or MeOH, which reproducibly affords
a ve-coordinate complex.
g to [FeII(S2
Me2N3(Pr,Pr))] (1) in THF, reversible O2 binding to 1 in MeOH

th (0.01 M) maintained via the addition of Bu4NPF6

in MeOH koff (s−1) in MeOH ksuperoxide (M
−1 s−1) in THF

4(2) × 10−3 N/A
3.4(8) × 10−3 N/A
2.5 (4) × 10−3 N/A
2.4(3) × 10−3 N/A
1.9(4) × 10−3 2.98(11) × 102

1.0(4) × 10−3 2.35(24) × 102

6(2) × 10−4 1.42(17) × 102

N/A 9.5(1.2) × 101

N/A 5.8(3) × 101

N/A 4.6(7) × 101

N/A 2.9(2) × 101

N/A 2.0(2) × 101

N/A 1.16(5) × 101

32(4) 34.3(9)
−170(20) −60(4)
34(4) 36.3(9)
73(4) N/A

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Eyring plots fromwhich the activation parameters reportedwere obtained for the following reactions. (A) O2 binding to 1 in THF and (B) O2

binding to 1 in MeOH, which use the second order rate constants, kon, obtained from the slope of kobs vs. [O2] plots (Fig. 2 and 3) with [FeII] =
0.25 mM and 0.1 mM respectively. (C) The reaction of 3 and KO2 (solubilized with KryptoFix) in THF plotted with second order rate constants, kon,
obtained from the slope of kobs vs. [KO2] plots. [Fe

III] = 0.1 mM, after mixing. (D) The release of O2 from 2 in MeOH which uses first order rate
constants, koff, obtained from the intercept of kobs versus [O2] plots (Fig. 3).
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Low temperature kinetics for the reaction between KO2 and 3

As shown in Scheme 1, superoxo intermediate 2 forms both via
the addition of O2 to Fe(II)-1 as well as via the addition of KO2 to
[FeIII(S2

Me2N3(Pr,Pr))]PF6 (3).22 Evidence for this was described
Fig. 5 Time-resolved spectral changes observed in the reaction
between 3 (0.1 mM) and KO2 (5.0 mM; solubilized with 222-Kryptofix)
in THF at −40 °C. Inset: kinetic trace (l = 523 nm) showing the
formation of 2. All reported concentrations are after mixing in the
stopped-flow cell.

© 2024 The Author(s). Published by the Royal Society of Chemistry
in a recent publication,22 where we showed that an electronic
absorption spectrum identical to that of Fig. 1 is observed in the
reaction between 3 and KO2 (Fig. 5). Here we examine the
variable temperature kinetics for the reaction between KO2 and
Fe(III)-3, in order to determine whether the activation barrier is
lower or higher than that for Fe(II) + O2, and thus whether an
inner- or outer-sphere electron transfer mechanism is involved.
Observed pseudo rst order rate constants (kobs), obtained from
ts to eqn (1) (Fig. S8†), assembled in Table S3,† increase
linearly as [KO2] is increased (Fig. 6) under pseudo rst-order
conditions with excess KO2, and are independent of the
concentration of 3 (Fig. S9†). The latter indicates a 1st-order
dependence on Fe(III) overall. The reaction order with respect
to superoxide (O2c

−) was determined by varying the concentra-
tion of KO2 (Fig. 6) over the range 1.0 mM to 5.0 mM. Second-
order rate constants, ksuperoxide, were obtained from the slope
of the kobs vs. [KO2] plot of Fig. 6 and are assembled in Table 1.
Activation parameters for O2c

− binding to 3 in THF (Ea =

36.3(9) kJ mol−1; Table 1) under constant ionic strength
conditions (0.01 M; maintained with Bu4NPF6) were obtained
from Eyring (Fig. 4) and Arrhenius (Fig. S10†) plots. The
Arrhenius parameter, Ea, for KO2 binding to 3 (Table 1) is
14.9 kJ mol−1 greater than the barrier (Ea = 21.4(8) kJ mol−1) to
O2 binding to 1 (Scheme 1 and Table 1) in the same solvent. This
has implications about the mechanism of the reaction between
1 and O2 (vide infra). The negative entropy of activation, DS‡,
(Table 1) is consistent with an associative process involving KO2
Chem. Sci., 2024, 15, 12710–12720 | 12713

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc02787f


Fig. 6 Temperature-dependent rate constants, kobs, for the formation
of superoxo 2 in the reaction between 3 and KO2 (solubilized with
KryptoFix) in THF, plotted against [KO2]. The ∼ zero intercepts would
be consistent with irreversible O2c

− binding. [Fe(III)] = 0.1 mM.
Concentrations listed correspond to after mixing in the stopped-flow
cell.
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binding to 3. The smaller magnitude of DS‡ for the KO2 reaction
relative to the O2 reaction (Table 1) likely reects the smaller
ligand reorganization required to convert Fe(III)-3 to 2 relative to
that required to convert Fe(II)-1 to 2 (vide infra).

Possible mechanisms (Fig. 7) for the formation of 2 include
(a) outer-sphere electron transfer (ET) from Fe(II) to O2 to afford
oxidized Fe(III)-3 and superoxide (O2c

−), followed by O2c
−

binding to 3 to afford superoxo 2, (b) dioxygen binding to 1 to
afford an Fe(II)–O2 dioxygen intermediate followed by inner-
sphere electron transfer (ET) to afford superoxo 2, or, (c)
a concerted mechanism across the diagonal. The latter two are
indistinguishable. The fact that the activation barrier (Ea) to
O2c

− binding to 3 was experimentally determined to be
14.9 kJ mol−1 higher than Ea for dioxygen binding to 1 (Table 1)
implies that mechanism (b) or (c), involving inner sphere ET,
are the most likely mechanisms. The unfavorable
Fig. 7 Possible mechanisms for the reaction between 1 and O2

involving either outer-sphere electron transfer (ET) followed by
superoxide (O2c

−) binding to oxidized 3, O2 binding followed by inner-
sphere ET, or a concerted mechanism (diagonal).

12714 | Chem. Sci., 2024, 15, 12710–12720
thermodynamics of electron transfer from 1 to O2 (Keq = 4.66 ×

10−12 M−1 calculated using E1/2(Fe(III)-3/Fe(II)-1) = −0.40 V and
E1/2(O2/O2c

−) = −1.07 V vs. SCE in THF),29 provides additional
support for this conclusion.
Kinetic barrier for O2 release from 2

In MeOH, O2 binds reversibly to [FeII(S2
Me2N3(Pr,Pr))] (1), in

contrast to the irreversible binding in THF. Activation param-
eters for O2 release from [FeIII(S2

Me2N3(Pr,Pr))(O2)] (2) in MeOH
(DH‡ = 32(4) kJ mol−1, DS‡ = −170(20) J mol−1 K−1, Ea =

34(4) kJ mol−1) were obtained from Eyring (Fig. 4) and Arrhe-
nius plots (Fig. S11†) and are assembled in Table 1. The negative
entropy of activation for O2 release is unexpected given its
dissociative nature. A negative entropy has also been observed
for O2 release from thiolate-ligated [FeIII(SMe2N4(tren))(O2)]

+ (4)
in MeOH as well as [MnIII(LQuino)(O2)]

+.14,30 These complexes
both contain exible ligands for which bond rearrangement
during the oxidation state change (vide infra) is proposed to
contribute to a negative entropy of activation large enough to
offset O2 release.14,30 To understand the negative entropy of
activation for O2 release from 2, we evaluated the requisite spin-
state and oxidation state changes that require changes to the
Fe–L bond lengths. Because 1 is high-spin S= 2 (meff= 4.69 BM),
whereas 2 contains a low-spin S = 1

2 Fe(III) ion, a spin-state
change must take place during O2 release. To prepare for this
electron transfer step a more ordered state involving adjusted
Fe–L bond lengths is therefore required. In addition to the spin-
state change, oxidation state-dependent H-bonding between
MeOH and the thiolate sulfurs of 1 relative to 2 (vide infra)
inuences the entropy changes involved in O2 release. Both
factors are examined in greater detail in the context of crystal-
lographically determined structures, electronic absorption
spectra and DFT calculations, below.
Inuence of H-bonds on kinetic barriers

An observed blue-shi (by 2160 cm−1) of the dominant feature
in the electronic absorption spectrum from 420 nm (23
Fig. 8 H-bonding to MeOH causes the RS / Fe band of reduced 1
(0.238 mM) to blue-shift relative to its energy in THF.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 ORTEP diagram of 1 crystallized from MeOH showing the
MeOH that is H-bonded to one of the thiolate sulfurs, S(1). Shown with
50% probability ellipsoids and numbering scheme. All hydrogen atoms
excluding H(2) and H(1) have been deleted for clarity.

Fig. 10 Comparison of the experimentally determined barrier to O2

binding to 1 in THF (green) and MeOH (red) and 4 in MeOH (black), as
well as the release of O2 from 2 and 5 in MeOH.
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800 cm−1) in THF to 385 nm (26 000 cm−1) in MeOH provides
experimental evidence for the inuence of either the dielectric
constant ((THF) = 7 vs. 3(MeOH) = 33), or H-bonding on the
orbitals involved in the transition (Fig. 8). The crystallographi-
cally determined structure of 1 (Fig. 9 and Tables S5–S9†),
contains a MeOH nestled in the O2 binding pocket and the
MeOH proton H(1), points towards S(1) with an H(1)/S(1)
distance of 2.318 Å, providing evidence for H-bonding inMeOH.
The O2 binding site was deduced from previous structures that
show exogenous ligands such as N3

− and NO bind to Fe in the
pocket that lies opposite to the secondary amine proton,31,32

H(2), in the more open N(2)–Fe–S(1) angle. Therefore at
a minimum there would be release of the MeOH that is in
proximity to the binding site upon O2 binding which would
contribute a favorable positive DS‡(solvent release) term that
slightly offsets the unfavorable negative DS‡(O2 binding) term.
Conversely, O2 release from 2 would involve the addition of at
least one H-bonded MeOH to 1 (Fig. 9) offsetting the favorable
entropy of activation associated with O2 release.

To evaluate the properties likely to affect H-bonding in 1
relative to 2 we pursued density functional theory (DFT) calcu-
lations. The DFT calculated structure of 1 (Fig. S12†), shows that
the thiolate sulfurs of reduced 1-Fe(II) have an average Mulliken
charge of −0.670 (Table S4†), whereas the thiolate sulfurs of
oxidized superoxo 2 have Mulliken charges of −0.519 and
−0.482, for the trans RS− and cis RS−, respectively (Table S4†).
Hydrogen-bonding to the thiolates would therefore be less
likely, and/or involve fewer MeOH molecules, with oxidized 2,
relative to 1. The electronic absorption spectra of 2 in THF vs.
MeOH shows a distinct, but less amplied blue-shi relative to
1 (DE = 721 cm−1 for 2 (Fig. S13†) vs. DE = 2114 cm−1 for 1).

In the absence of amore polar H-bonding solvent, the barrier
to O2 binding was experimentally determined to be lower
(Fig. 10). The blue-shi in the electronic absorption spectrum
(Fig. 8) and insights from DFT calculations indicate this is in
part caused by a stabilization of the Fe(II)–SR molecular orbitals
involved in the RS / Fe charge transfer transition in protic
MeOH solvent (Fig. S14 and S15†).33 This has a noticeable effect
on the kinetic barrier, DG‡, to O2 binding and release. If solvent
polarity alone were responsible, then one would expect the
© 2024 The Author(s). Published by the Royal Society of Chemistry
kinetic barrier to be lower in MeOH, as opposed to higher as is
experimentally observed. This is because charge separation
increases as neutral 1 and O2 convert to 2-O2c

−.
An explanation as to why H-bonding to thiolate sulfurs

would inuence the barrier to O2 binding is that it would tie up
lone pairs that would otherwise be involved in p-bonding to the
metal ion. Thiolates have been shown by our group to form
highly covalent Fe(III)–SR bonds5with partial Fe]S double bond
character. This stabilizes oxidized products such as 2,14,22 and
any transition states with developing Fe(III)–SR character. If, on
the other hand, a lone pair on the thiolate sulfur is tied up in H-
bonding to a protic solvent (e.g., MeOH),33 then the incipient
Fe(III)–SR bond of the transition-state would have less double
bond character, and would thus be less stable. This, in addition,
to the stabilization of the Fe(II) precursor provided by H-
bonding would result in slower O2 binding to 1 in MeOH, as
is experimentally observed (Table 1). The experimentally
measured free energy of activation, DG‡, for dioxygen binding to
1 in MeOH (60(3) kJ mol−1) is 10 kJ mol−1 higher than in THF
(50(1) kJ mol−1) at 243.15 K (Fig. 10 and Table 1), consistent
with this.
Inuence of ligand constraints on kinetic barriers

Comparison of the free energy of activation, DG‡ (243.15 K), for
O2 release from 2 (73(4) kJ mol−1) in MeOH at 243.15 K (Table 1)
relative to that for previously reported [FeIII(SMe2N4(tren))(O2)]

+

(5, Scheme 1, 49(7) kJ mol−1)14 under the same conditions,
shows that the barrier to O2 release is 24 kJ mol−1 higher for 2.
This likely reects ligand constraints31,34,35 and the ligand rear-
rangement required to form the transition-state necessary for
O2 release. The multidentate ligand of 1 and 2 consists of
Chem. Sci., 2024, 15, 12710–12720 | 12715
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Fig. 11 Space-filling models generated from the crystallographically-
determined structure of 1 (left) and 3 (left), and the DFT-optimized
geometry of 2calc (middle) displaying differences in the helical wrap-
ping angle, F, and the larger amount of structural rearrangement
required for O2c

− binding to 3 than O2 binding to 1. The least squared
planes of N(1)FeN(2)N(3) and C(6)N(2)C(7)Fe shown in orange and
purple respectively.
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a single chain that wraps around the metal ion in a helical
fashion (Fig. 11).35 Evenminor angle changes at the metal ion in
preparation for O2 release translate into signicant movement
of the thiolate containing arms that terminate the single chain
ligand backbone (Fig. 11). An experimental demonstration of
this can been seen when comparing the crystallographically
determined structures of Fe(II) structures 4 versus 1, relative to
the corresponding Fe(III)–N3 structures (Fig. 12).22,31,36,37 The
geometry of each 5-coordinate Fe(II) structure, 4 and 1 (Scheme
1) is best described as distorted trigonal-bipyramidal s = 0.63
and 0.79, respectively. Structure 4 (Scheme 1) is closer to square
pyramidal, and thus requires less geometric rearrangement
upon N3

− binding (Fig. 12, le). In contrast, as the entire S(R)
arm of 1 swings away from the binding site (Fig. 12, right), the
thiolate is pushed 1.8 Å opening the binding site by 46°. This
reorganizational barrier would be mostly entropic in nature.
The entropy of activation (Table 1) for O2 binding to 1 in MeOH
(DS‡ = −123(7) J mol−1 K−1), is less favorable (by 178 J mol−1

K−1) than for O2 binding to 4 (+55(68) J mol−1 K−1).14 This factor
dominates and is partially responsible for the large differences
in DG‡ (Fig. 10). The lower barrier for O2 release from 5 relative
to 2 (Scheme 1), likely reects its less constraining tripodal
Fig. 12 Visualization of experimentally obtained structural changes
that occur upon oxidation and binding of a sixth ligand, azide. Left:
[FeII(SMe2N4(tren))]

+ (4, cyan)36 to [FeIII(SMe2N4(tren))N3] (magenta).37

Right: [FeII(S2
Me2N3(Pr,Pr))] (1, cyan)22 and [FeIII(S2

Me2N3(Pr,Pr))(N3)]
(magenta).31 Depiction utilized previously reported crystallographically
determined structures.

12716 | Chem. Sci., 2024, 15, 12710–12720
ligand with its three independent arms (Fig. 12). The less con-
straining ligand of 4 also results in a lower free energy of acti-
vation for dioxygen binding to 4 (DG‡ (243.15 K) =

21(2) kJ mol−1) relative to 1 (DG‡ (243.15 K) = 60(3) kJ mol−1) in
the same solvent (MeOH).14

Understanding why the kinetic barrier to O2c
− binding is

higher than the kinetic barrier to O2 binding

Given that oxidized [FeIII(S2
Me2N3(Pr,Pr))]

+ (3) is cationic, one
might expect electrostatic attraction to lower the barrier to O2c

−

binding to 3, relative to O2 binding to neutral 1. This likely
would be the case, if it weren't for the oxidation state-dependent
ligand constraints imposed by the single chain helical
ligand.31,35 With ve-coordinate 3, the helical twist is “tighter”
relative to ve-coordinate 1 (Fig. 11) due to the shorter Fe(III)–L
bond lengths. The bond lengths of 3 expand upon binding
a sixth ligand, e.g. O2c

−.31 This difference can be quantied by
comparing the helical twist angle, F, of crystalographically
characterized 1, 3 and the DFT geometry optimized structure of
2 (Fig. 11).35 The angle F is dened as the angle separating the
least squared plane containing the Fe center, the two carbons
anking the equatorial nitrogen, N(2), and the equatorial
nitrogen (C(6)N(2)C(7)Fe) from the mean plane containing N(1)
FeN(2)N(3). One can see in Fig. 11 that the twist angle decreases
(from 30.74° to 26.57°) when O2 binds to Fe(II)-1 to form to
Fe(III)–O2c

− 2, whereas a larger decrease (from 38.61° to 26.57°)
is required when O2c

− binds to Fe(III)-3. This helps to explain the
larger barrier to superoxide binding to 3, relative to O2 binding
to 1.

Relevance to metalloenzymes and transition-metal O2

chemistry

The contribution of ligand constraints and H-bond donors on
the reactivity reported herein is reminiscent of the inuence of
protein constraints and H-bond donors on metalloenzymes.
Protein constraints have been shown to have a dramatic effect
on electronic structure and reactivity.38–42 For example, the
redox potential and electron transfer kinetics blue copper
proteins is controlled by protein constraints.43 Hydrogen-bond
donors can also inuence the stability of metastable enzyme
intermediates and inuence reaction pathways.44–47

If we compare the activation barriers and rate constants
associated with O2 binding to the Fe(II) complex, 1, reported
herein, with those reported in the literature for Fe(II), both heme
and non-heme, Co(II), Mn(II), and Cu(I) complexes,30,48–58 (Table
2), we see that rates are faster for porphyrin-ligated systems,59,60

both synthetic and biological.61–65 This can be attributed to the
smaller rearrangement required for ligands to bind to the more
readily accessible open face of a porphyrin-ligated metal ion—
a property that would be important to facilitate O2 release in O2

transport proteins.
Irreversible O2 binding, such as that observed with 1 in THF,

is important if the enzyme function involves the metal-superoxo
species, as is the case with isopenicillin N-synthase (IPNS)11 and
cysteine dioxygenase (CDO).12 With thiolate-ligated systems like
1, and IPNS, one can see from this study (Table 2) that the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Comparison of kinetic parameters for dioxygen binding to mononuclear Fe(II), Mn(II), Co(II), and Cu(I) model complexesg and biological
active sites

Solvent (T) kon (M−1 s−1) DH‡ (kJ mol−1) DS‡ (J mol−1 K−1) Ref.

3-, 4-, and 5-Coordinate complexes
[FeII(S2

Me2N3(Pr,Pr))] (1) THF (−40 °C) 5.02(5) × 101 19.3(8) −127(4) This work
THF (0 °C) 2.66(28) × 102 This work
MeOH (−30 °C) 0.79(6) 30(2) −123(7) This work
MeOH (0 °C) 4.4(5) This work

[FeII(SMe2N4(tren))]
+ (4) MeOH (−40 °C) 5.82(3) × 107 34(15) 55(68) 14

[MnII(SMe2(6-MeDPEN)]+ MeCN (−40 °C) 7.17(45) × 102 26(2) −76(7) 30 and 48
[CuI(TPA)(THF)]+ THF (25 °C) 1.3 × 109 7.62 −45.1 49
[NMe2LCuI]a THF (−80 °C) 6.90(2) × 107 32.1 80.1 50
ImLCuI(MeCN)b THF (−80 °C) 1.80(3) × 108 23.4 35.1 50
L1CuI(MeCN)c THF (−50 °C)d 1.56(2) × 103 18(2) −100(10) 51
(Me6tren)Cu

I(EtCN) EtCN (−50 °C) 8.7(4) × 105 17.1(6) −52(3) 52
(TMPA)CuI(EtCN) EtCN (−50 °C) 5.0(3) × 105 31.6(5) 10(3) 53
CoII(acacMeDPT) Acetone (−50 °C) 1.0(1) × 106 5.0 −109 54
CoII(SalMeDPT) Acetone (−50 °C) 2.10(4) × 105 12.6 −80 54 and 56
CoII(pXyacacMeDPT) Acetone (−50 °C) 1.74(5) × 106 28 −13 54
V(N[tBu]Ar)3 Toluene (−53 °C) 40(3) × 103 13.8(8) −92(4) 55
[Pd(IPr)2]

e Toluene (−80 °C) 6.1(1) × 103 18(3) −54(4) 57
[Pd(IPr)(P(p-tolyl)3)]

e THF (−80 °C) 1.2 × 103 9.2 −117 58

Five coordinate porphyrin complexes
[Fe(Piv35CIm)] Toluene (25 °C) 4.3 × 108 0.75(33) −117(3) 59
[FeII(Piv2C9)(RS)]

1− Toluene (20 °C) 3.5 × 106 60

Biological systems
Cyt bo3 ubiquinol oxidase H2O (25 °C) 3.8 × 107 62
H-NOXf H2O (25 °C) 2.5(3) × 107 63
Hemoglobin (a-human) H2O (25 °C) 2.8 × 107 64
Fe-Mb (horse) H2O (22 °C) 9.8 × 107 23 −30 65

a NMe2L=DMAE of Fig. S16. b ImL= impy1 of Fig. S16. c L1= b-diketiminate (R=Me). d These values were obtained using ash photolysis methods.
e IPr = 1,3-bis(diisopropyl)phenylimidazol-2-ylidene which is an N-heterocyclic carbene. f H-NOX = Heme nitric oxide/oxygen binding. g See ESI,
Fig. S16 for drawings of the ligands.
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reversibility of O2 binding can be controlled via the removal of
H-bond donors in the vicinity of the thiolate sulfur. The inu-
ence of steric effects on activation enthalpy, DH‡, has been
previously observed for O2 binding to a series of ve-coordinate
CoII complexes containing pentadentate ligands, in which the
bulkiest ligand was shown to have a considerably larger (by
28 kJ mol−1) DH‡ value.54 Complexes containing more exible
ligands with independent arms (such as TPA, TMPA, tren, Tp;
Fig. S16†), or those that favor a planar geometry (such as salen,
porphyrins,59 or acac; Fig. S16†) bind O2 more readily than 1
(Table 2).
Conclusions

Low-temperature stopped-ow kinetics have been used to
determine the most likely mechanism, and reversibility of O2

binding to [FeII(S2
Me2N3(Pr,Pr))] (1) to afford a well-

characterized, reactive, thiolate-ligated ferric superoxo
compound, [FeIII(S2

Me2N3(Pr,Pr))(O2)] (2).22 Comparison of the
kinetics of formation of 2 via the addition of KO2 to oxidized
[FeIII(S2

Me2N3(Pr,Pr))]
+ (3) versus the addition of O2 to 1 provided

evidence for a mechanism involving inner-sphere electron
transfer from Fe(II) to O2 upon binding, as opposed to an outer-
© 2024 The Author(s). Published by the Royal Society of Chemistry
sphere electron transfer process to afford O2c
− and Fe(III) fol-

lowed by O2c
− binding to the oxidized metal ion.

H-bonding and structural constraints were shown to have
a noticeable effect on the O2 binding and release. The kinetic
barrier to O2 binding was shown to be 10 kJ mol−1 higher in
MeOH relative to THF, indicating that the transition-state is
destabilized in the presence of H-bond donors. Thiolates have
been shown by our group to form highly covalent Fe(III)–SR
bonds with partial Fe]S double bond character. An explanation
as to why H-bonding would inuence the barrier to O2 binding
is that any transition states with developing Fe(III)–SR character
would have less Fe]S double bond character if the thiolate
sulfur lone pairs were engaged in RS/H–OMe H-bonding.
Hydrogen bonding would also, for the same reasons, destabi-
lize the Fe(III)–superoxo intermediate in MeOH relative to THF
thereby decreasing the barrier to O2 release in MeOH. We
cannot experimentally verify this, since irreversible binding in
THF prevents us from determining the barrier to O2 release in
THF from an Fe(III)–superoxo that is presumably more stable.

In addition, the constraints of the single chain ligand system
of 1 was shown to signicantly increase the barrier to O2

binding and release relative to the less constraining tripodal
ligand system of 4. From this study, H-bonding as well as ligand
Chem. Sci., 2024, 15, 12710–12720 | 12717
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exibility are shown to have substantial impact on not only O2

binding but also its release.
The experimentally determined kinetic parameters provided

herein for O2 binding to 1 and O2 release from 2, both of which
require spin-state changes and electron transfer steps, will
provide a point of reference for future in-depth computational
studies of transition states for thiolate containing compounds.
Further knowledge of this critical rst step of O2 activation has
relevance to understanding enzymes important for our health
as well as for the design of new environmentally friendly bio-
inspired catalysts.
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