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me peroxo nucleophilicities with
axial ligands reveal key insights into the
mechanistic landscape of nitric oxide synthase†

Shanuk Rajapakse, a Yuri Lee, b Samith B. Jayawardana, a Joshua Helms,a

Pritam Mondal, ac Akhil Singh, a Brad S. Pierce, *a Hannah S. Shafaat *b

and Gayan B. Wijeratne *a

Mid-valent heme–oxygen intermediates are central to a medley of pivotal physiological transformations in

humans, and such systems are increasingly becoming more relevant therapeutic targets for challenging

disease conditions. Nonetheless, precise mechanistic details pertaining to mid-valent heme

intermediates as well as key structure–activity relationships remain enigmatic. To this end, this study

strives to describe the influence of heme proximal ligation on the nucleophilic reactivity patterns of

heme peroxo intermediates. A functional model system in which organic oxime substrates are used as

N-hydroxy-L-arginine mimics reproduces the second mechanistic step of nitric oxide synthase. Our

findings reveal that axial ligation of heme peroxo adducts escalates the rates of nucleophilic reactivity,

wherein the anionic ligands exhibited the most pronounced “push effect”. Coordination of these axial

ligands are accompanied by distinct geometric and electronic perturbations, which are supported by

complementary theoretical studies. Kinetic interrogations reveal that the axially ligated heme peroxo

adducts presumably mediate oxime oxidation via the same mechanism as the parent (i.e., with only

solvent ligation) heme peroxo adduct, where the initial nucleophilic attack from the peroxo moiety on

the oxime substrate is rate-limiting. All reaction products, including the final ketone as well as NO−, have

been characterized in detail.
Introduction

Heme enzymes are the cornerstones for a broad diversity of
biological functionalities, and, hence, are ubiquitous within
various aerobic and anaerobic organisms.1–3 One of the key
parameters that dictate the functional divergence of heme
enzymes is the choice of the proximally ligating amino acid
residue. Nature has meticulously designated these proximal
amino acids to tailor the electronic properties of heme centers
toward precise biological roles.4,5 In dioxygen-activating heme
enzymes, the proximal ligands are directly involved in orches-
trating the extent of dioxygen reduction, as well as in governing
the attributes of heme oxygen intermediates that modulate
their reactivities. For example, in heme enzymes where dioxy-
gen activation leads to O–O bond cleavage giving high-valent
, University of Alabama, Tuscaloosa, AL

, University of California, Los Angeles, CA

stitute of Science Education and Research,
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661
intermediates such as Compound-I (i.e., (Pc+)FeIV]O (Cmpd-
I); formed via heterolytic O–O bond scission (P = porphyrin
supporting ligand)) or Compound-II (i.e., (P)FeIV]O (Cmpd-II);
formed via homolytic O–O bond scission or reduction of Cmpd-
I), strongly donating anionic ligands typically occupy the heme
proximal site (e.g., cysteinate, tyrosinate, or histidinate/
imidazolate (Fig. 1A, C and D)).1,6,7 In contrast, in oxygen
carrier proteins (e.g., hemoglobin or myoglobin) or heme diox-
ygenase enzymes (e.g., indoleamine/tryptophan 2,3-dioxyge-
nases), where O–O bond cleavage is initially unwarranted,
a neutral ligand (e.g., histidine (Fig. 1B)) resides at the proximal
site.1–3,8–11 Moreover, non-covalent interactions with these
proximally ligated amino acids further modulate their elec-
tronic properties, which Nature has evolutionarily optimized to
ne-tune the chemistry carried out at a specic heme center (see
Fig. 1A–D dotted lines).12–16 Correspondingly, intrinsic dissimi-
larities in the kinetics and thermodynamics of formation as well
as fundamental structural, spectroscopic, and reactivity prop-
erties exist across various heme–oxygen intermediates, oen
paralleling the donor ability of the proximally ligating amino
acid side chain.17–23 In light of these trends, the inuence of
various axial ligands on the geometric and electronic properties
of high-valent heme intermediates, such as Cmpd-I or Cmpd-II,
has been well-established utilizing both enzymatic systems as
© 2025 The Author(s). Published by the Royal Society of Chemistry
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well as their synthetic models.24–34 Nonetheless, how those same
parameters inuence the reactivities of mid-valent heme oxygen
intermediates (i.e., Fe(III) containing adducts such as heme
superoxo, peroxo, hydroperoxo, or alkylperoxo) are far less
understood.35–41 This lack of systematic understanding of
structure–function relationships is notable, particularly in light
of the growing body of evidence on heme systems where heme
peroxo species are either active oxidants or key intermediates
being pivotal to challenging disease situations in humans (e.g.,
COVID-19, autoimmune and/or neurodegenerative conditions,
and cancer).42–46 These include nitric oxide synthase (NOS),47

aromatase (CYP19A1),48 sterol 14a-demethylase (CYP51),49

cytochrome P450 17a-hydroxylase-17,20-lyase (CYP17A1),50 and
non-canonical heme oxygenase (IsdG-type),51 which have
emerged as multifaceted therapeutic targets in recent years;
consequently, identifying potential inhibitory pathways of these
systems are of prime interest for rational drug design.

In particular, NOS has been implicated in a wide variety of
pathogenic situations, from neurodegenerative disorders (e.g.,
Alzheimer's,56 Parkinson's,57 Huntington's58,59 diseases, amyo-
trophic lateral sclerosis60) to a variety of cancers (e.g., breast,61,62

prostate,63 colorectal,64 cervical,65 lung,66 brain,67,68 colon,69
Fig. 1 Active site structures of (A) nitric oxide synthase (PDB: 1NSI52),
(B) deoxy-hemoglobin (PDB: 4HHB53), (C) catalase (PDB: 2IQF54), and
(D) peroxidase (PDB: 1ATJ55) which encompass cysteinate, histidine,
tyrosinate, and histidinate/imidazolate axially ligated amino acid resi-
dues, respectively. (E) Sequential reactions proposed to be catalyzed
by nitric oxide synthase, transforming L-arginine into L-citrulline and
cNO.

© 2025 The Author(s). Published by the Royal Society of Chemistry
ovarian70), due to both its proposed direct involvement in
prognosis and/or the detrimental effects imparted by its main
reaction product, nitric oxide (cNO).71,72 Indeed, NOS is central
to the primary pathway that generates cNO in humans via
arginine degradation under aerobic conditions.73 cNO serves as
a crucial signaling agent within the physiological space, with
paramount roles in blood pressure regulation and cell
signaling, among others.74 Nonetheless, elevated cNO concen-
trations can impart a multitude of harmful effects via the
elevation of nitrative and nitrosative stress, leading to unde-
sirable protein nitration and disruption of key cell signaling
pathways, oen resulting in apoptosis.75 Accordingly, NOS
inhibitors have acquired signicant momentum in recent years
as highly potent therapeutic agents.76–78 However, their rational
design is impeded by the lack of a precise understanding into
the NOS mechanism.79 Some proposals exist wherein NOS has
been proposed to operate via a two-step mechanism; the rst
involves the monooxygenation of L-arginine to N-hydroxy-L-
arginine (NHA), followed by further oxidation of NHA to L-
citrulline in the second step, with the concomitant production
of cNO (Fig. 1E).47,74,80–83 Exact details pertaining to the latter step
have been under debate, where several mechanistic proposi-
tions have been put forward, implicating largely different heme-
based active oxidants. These involve both high-valent and mid-
valent oxidants, although heme ferric peroxo or heme superoxo
(i.e., mid-valent) based proposals have been heavily reproduced
in the literature, while also being corroborated by distinct
experimental observations.1,84–91 Interestingly, when heme per-
oxo is the active oxidant, the nal NOx product is nitroxide
(NO−). We have recently utilized synthetic model systems of
both heme peroxo (heme–PO) and superoxo intermediates to
shine light on the relevant mechanistic ambiguities, where we
demonstrated that heme–PO adducts can indeed oxidize oxime
substrates (i.e., as NHA mimics) in a bioinspired fashion,
producing the corresponding ketone and nitroxide anions
(NO−).92 Moreover, the rate-limiting step of this reaction land-
scape was found to be the initial nucleophilic attack mediated
by the heme–PO adduct on the oxime substrate. Nonetheless,
key unknowns still exist with respect to the exact structure–
activity relationships of both the NOS heme center as well as the
substrate that precisely choreograph the feasibility and effi-
ciency of this unique mechanistic step.

Synthetic model complexes can be powerful tools in
addressing such mechanistic uncertainties, mainly owing to
a medley of unique advantages (e.g., the feasibility of (i) precise
structural alterations and (ii) detailed mechanistic investiga-
tions under cryogenic conditions, etc.) inherent to such systems
compared to their biological/enzymatic counterparts.93 In this
study, we evaluate the effect of proximal ligands on the reac-
tivity patterns of heme–PO adducts, especially highlighting the
details that pertain to the second mechanistic step of NOS. In
that, we utilize a series of axially ligated (either neutral or
anionic ligands) synthetic heme–PO oxidants, wherein the
donor groups are biologically relevant. Therein, we utilize ace-
tophenone oxime as the NHA mimic substrate (Scheme 1).
Intriguingly, the nucleophilic reactivity between heme–PO
adducts and oxime substrate was observed to be tightly
Chem. Sci., 2025, 16, 9648–9661 | 9649

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc08701a


Scheme 1 Generalized oxime oxidation reaction scheme facilitated by
heme peroxo intermediates and the divergent exogenously added
axial ligands evaluated in this study.

Fig. 2 (A) UV-vis spectra (in 9 : 1 DCM : THF at −40 °C) for 50 mM
solutions of [(THF)2(TPP)Fe

II] (black), ½ðTHFÞðTPPÞFeIIIðO��

2 Þ� (red),
[(THF)(TPP)FeIII(O2

2−)]− (pink), and [(4-MeIm)(TPP)FeIII(O2
2−)]− (green).

Inset shows the expanded Q-band region. (B) Resonance Raman
spectra (lex = 457 nm) collected for a 2 mM 9 : 1 DCM : THF frozen
solution sample of [(4-MeIm)(TPP)FeIII(O2

2−)]− prepared with 16O2(g)

(light green) and 18O2(g) (dark green); the difference spectrum is shown
in black. (C) 2H NMR spectra (in 9 : 1 DCM : THF at −40 °C) for
[(THF)(TPP-d8)Fe

III(O2
2−)]− (pink), and [(4-MeIm)(TPP-d8)Fe

III(O2
2−)]−

(green); *peaks correspond to the solvent.
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regulated by the identity of the proximal ligand on heme, where
increased donor abilities (i.e., the “push effect”) led to faster
kinetic rates. Furthermore, we herein demonstrate for the rst
time how key thermodynamic and kinetic parameters of heme–
PO driven reactivities are affected by various axial ligands, in
turn resulting in measurable differences in substrate reaction
rates. Systematic studies that evaluate the effect of axial ligands
on bio-relevant reactivity landscapes of heme–PO intermediates
(in either heme or non-heme biomimetic platforms) are sorely
lacking in the contemporary literature, which underscores the
importance of this current study.

Results and discussion
Formation of axially ligated heme peroxo adducts

In order to survey the effects of various axial ligands on heme–
PO driven nucleophilic reactivities, herein we utilize the ferric
peroxo complex, [(THF)(TPP)FeIII(O2

2−)]−, where TPP =

5,10,15,20-tetraphenylporphyrin.92 The preparation and spec-
troscopic characterization of the side-on ferric peroxo species,
[(THF)(TPP)FeIII(O2

2−)]− were carried out as previously
described,10,92 and the spectroscopic characterization details are
in excellent agreement with those reports. In particular, the
prominent electronic absorption features of the starting ferrous
complex, [(THF)2(TPP)Fe

II], centered at 426 (Soret; 3 = 3.4 ×

105 M−1 cm−1), 538 (3 = 1.08 × 104 M−1 cm−1) and 558 (3 = 1.1
× 104 M−1 cm−1) nm shied to 416 (Soret; 3 = 2.0 ×

105 M−1 cm−1) and 540 (3 = 1.58 × 104 M−1 cm−1) nm upon its
dioxygenation, converting into ½ðTHFÞðTPPÞFeIIIðO��

2 Þ� at −40 °C
in 9 : 1 DCM : THF solvent mixture (Fig. 2A). Its subsequent
9650 | Chem. Sci., 2025, 16, 9648–9661
reduction with 1 equiv. of cobaltocene led to the formation of
the corresponding side-on ferric peroxo species, [(THF)(TPP)
FeIII(O2

2−)]−, with electronic absorption features at 436 (Soret; 3
= 2.7 × 105 M−1 cm−1) and 564 (3 = 2.1 × 104 M−1 cm−1) nm.
The neutral or anionic axial ligands (e.g., 4-methylimidazole (4-
MeIm), 1,5-dicyclohexylimidazole (DCHIm), 4-dimethylamino-
pyridine (4-DMAP), thiophenolate (ArS−), and 3,5-dimethox-
yphenolate (ArO−); see Scheme 1) were then introduced into
[(THF)(TPP)FeIII(O2

2−)]− in order to prepare the axially ligated
heme–PO adducts.94 In that, the addition of 2 equiv. of 4-MeIm
into a solution of [(THF)(TPP)FeIII(O2

2−)]− in 9 : 1 DCM : THF at
© 2025 The Author(s). Published by the Royal Society of Chemistry
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−40 °C led to the formation of the corresponding axially ligated
ferric peroxo species, [(4-MeIm)(TPP)FeIII(O2

2−)]−, which was
accompanied by only minor electronic absorption perturba-
tions with main features observed at 436 (Soret; 3 = 2.5 ×

105 M−1 cm−1) and 565 (3 = 2.0 × 104 M−1 cm−1) nm. EPR
spectroscopic analysis of [(4-MeIm)(TPP)FeIII(O2

2−)]− resulted
in a prominent feature at g = 4.2, which again resembles that of
the parent heme–PO species, [(THF)(TPP)FeIII(O2

2−)]− (Fig. S2†);
this is indicative of a high-spin rhombic heme Fe(III) center in
[(4-MeIm)(TPP)FeIII(O2

2−)]−. Nonetheless, the isotope-sensitive
n(Fe–O) and n(O–O) resonance Raman features of [(THF)(TPP)
FeIII(O2

2−)]− shied from 472 (D18O2 = −21) cm−1 and 807
(D18O2 = −44) cm−1 (Fig. S3A†) to 479 (D18O2 = −23) cm−1 and
803 (D18O2 = −47) cm−1, respectively (Fig. 2B), upon the axial
ligation of 4-MeIm, implicating an effective strengthening of
the Fe–O bond of heme–PO, and a corresponding slight weak-
ening of the O–O bond. This change in bonding character
reects an inow of electron density into the p*O–O(peroxo)
manifold (i.e., backbonding from the heme Fe center) upon
axial ligation.95 We argue that despite these subtle electronic
perturbations, the heme–PO unit still remains side-on bound to
the heme center, particularly due to the lack of any isotope-
sensitive Fe–O stretching frequencies in the 550–600 cm−1

region,96–98 which would be indicative of an end-on congura-
tion. Our spectroscopic ndings align closely with the previous
heme–PO model complex, [(TMPIm)FeIII(O2

2−)]− (TMPIm = 3-
imidazole-1-ylmethyl-N-{2-[10,15,20-tris-(2,4,6-trimethyl-
phenyl)-porphyrin-5-yl]-phenyl}-benzamidel),95 which encom-
passed a covalently linked imidazole axial ligand, and was
described as a seven-coordinate side-on heme–PO species with
a high-spin (S = 5/2) ferric center (Table S1†).95

The high-spin nature of the axially ligated heme–PO adduct,
[(4-MeIm)(TPP)FeIII(O2

2−)]−, contrasts with heme/copper per-
oxo adducts of cytochrome c oxidase model compounds, where
the addition of axial ligands (e.g., DCHIm) ips the spin state of
the heme iron center from high-spin to low-spin, with the
concomitant interconversion of side-on bound peroxo moiety
(with respect to heme) to end-on.99 Nonetheless, these differ-
ences should be viewed within the caveat that the copper(II)
center in those model systems presumably imparts a signicant
“pull effect”, which is absent in heme-only systems. This
phenomenon has also been discussed by Naruta and co-
workers,98 where both heme (1) secondary sphere interactions
(i.e., “pull effect”), as well as (2) axial ligation/donation (“push
effect”) were deemed to play a key role in the formation of truly
end-on low-spin heme–PO adducts (Table S1†). This nding
nicely complements the analogous biological systems, where
the intricate interplay between the primary and secondary
coordination sphere ne-tunes the salient geometric and elec-
tronic parameters vital for their functionality.1 Moreover, in
previous heme–PO models with tethered axial ligands (i.e.,
TMPIm vs. F8TPPIm (or PIm)), the spin state of the iron center
was observed to be inuenced by the electronic properties of the
meso-substituents, wherein electron-donating groups gave rise
to high-spin peroxo complexes,95 while electron-decient meso-
substituents have predominantly led to low-spin systems (Table
S1†).97 Despite the lack of large perturbations in the peroxo
© 2025 The Author(s). Published by the Royal Society of Chemistry
binding mode of [(4-MeIm)(TPP)FeIII(O2
2−)]−, sizable electronic

modications within the heme peroxo moiety were clearly
evident in NMR spectroscopy. The pyrrole-position deuterated
TPP-d8 porphyrinate system was utilized to evaluate these
heme–PO systems by 2H NMR spectroscopy, where the parent
heme–PO adduct, [(THF)(TPP-d8)Fe

III(O2
2−)]−, exhibited

a single 2H NMR feature at dpyrrole = 38.5 ppm. This feature
completely shied upeld to dpyrrole = 9.1 ppm (Fig. 2C) upon
axial ligation of 4-MeIm. Similar changes in NMR were also
observed upon 4-DMAP and DCHIm ligation, where the nal 2H
NMR features were observed at dpyrrole = 12.5 ppm and 9.0 ppm,
respectively (Fig. S4†). Given the relevance of proximal thiolate
ligation in NOS, we also utilized strongly-donating thio-
phenolate as an axial ligand (Scheme 1), where the electronic
absorption features of [(ArS−)(TPP)FeIII(O2

2−)]2− were centered
at 436 nm (Soret; 3= 2.5× 105 M−1 cm−1) and 564 nm (3= 1.6×
104 M−1 cm−1; Fig. S5A†). Intriguingly, attributes of [(ArS−)(TPP)
FeIII(O2

2−)]2− was observed to be somewhat unique, exhibiting
EPR spectroscopic features consistent with a mixture of high-
and low-spin ferric sites. As shown in Fig. S5B,† two high spin
ferric sites (S = 5/2) can be identied at low eld. The sharp
feature at g∼6 (-) represents the gt -region of a near axial (E/D
= 0.005) heme site. This feature is most prominent at low
temperature as this resonance originates from the ground
doublet of a S= 5/2manifold. The second transition observed at
g ∼4.2 (,) is attributed to a highly rhombic (E/D = 0.27) high-
spin ferric site. This signal originates from a transition within
the middle doublet of the S = 5/2 spin system. Consequently,
the decrease in its signal intensity with increasing temperature
is much less pronounced relative to the axial site. The temper-
ature dependent signal intensity is diagnostic of the Boltzmann
population distribution for each doublet. Therefore, the
magnitude of the axial zero eld splitting parameter (D) was
determined for both species by matching the simulated and
experimental signal intensity observed across multiple
temperatures between 4 and 20 K (Fig. S5B†). Among the other
spectroscopic parameters provided in Table S2,† the D-values
for the axial (-) and rhombic (,) high-spin ferric sites were
determined to be 8.0 ± 1.0 and 0.9 ± 0.1 cm−1, respectively.
Notably, the high-spin axial EPR signature at g ∼6 (-) parallels
previous reports describing heme ferric hydroxide species, and
the rhombic g ∼4.2 (,) is the starting heme peroxo complex.
Taking this into consideration, we can state that the parent
heme peroxo complex accounts for over 30% of the observed
iron whereas the ferric hydroxide species accounts for less than
4%. The two rhombic signals near g ∼2 are consistent with low-
spin (S = 1/2) ferric sites (Fig. S5B†), which originate from the
low-spin heme peroxo complex (C; g = 2.28, 2.13, and 1.97;
Table S1† and vide infra) and its decay product (B; g = 2.46,
2.03, 1.91),95 where the former accounts for 40% of the observ-
able iron in the sample. This speciation observed in EPR of
[(ArS−)(TPP)FeIII(O2

2−)]2− reects the high reactivity of this
complex. Thus, we infer that the donor ability of axial ligands is
key, wherein the superior donor in the series, ArS−, results in
the strongest ligand-eld at the heme iron center, accordingly
resulting in an equilibrium mixture of high-spin and low-spin
heme–PO species.
Chem. Sci., 2025, 16, 9648–9661 | 9651
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Resonance Raman characterization of [(ArS−)(TPP)
FeIII(O2

2−)]2− is consistent this nding, where the isotope-
sensitive n(Fe–O) feature was observed at 484 cm−1 (D18O2 =

−21 cm−1) (Fig. S3B†), indicative of greater Fe–O interaction
when compared to the parent THF-bound species. In further
support of relative increases in Fe–O bond strength, the n(Fe–O)
features of [(ArO−)(TPP)FeIII(O2

2−)]2− and [(ArO−)(F20TPP)
FeIII(O2

2−)]2− were observed at 474 (D18O2 = −23) cm−1 and 492
(D18O2 = −18) cm−1, respectively. Unfortunately for spectro-
scopic characterization purposes, the addition of anionic axial
ligands destabilizes the peroxo adducts, preventing the precise
assignment of their isotope-sensitive n(O–O) bands (Fig. S3B–
D†). This trend in axial ligand donor abilities clearly dictates the
observed second-order reaction rates of corresponding heme–
PO adducts (vide-infra), where stronger axial donors lead to
more nucleophilic peroxo units, and thereby resulting in faster
reaction rates.
Fig. 3 (A) Electronic absorption spectral changes observed (in 9 : 1
DCM: THF at−40 °C) during the reaction of a 50 mM solution of (A) [(4-
MeIm)(TPP)FeIII(O2

2−)]− and (B) [(4-DMAP)(TPP)FeIII(O2
2−)]− with 200

equiv. of acetophenone oxime (green: initial six coordinate heme–PO
complex; blue: final ferric product). Insets show the expanded Q-band
regions, and arrows indicate the direction of peak transition.
Oxime oxidation reactivities of axially ligated heme peroxo
adducts

Our recent work has demonstrated that heme–PO intermediates
can oxidize oxime substrates leading to the corresponding
ketone with the simultaneous production of nitroxide anion
(i.e., NO−), which marks the only functional hememodel for the
second mechanistic step of NOS.92 In this work, we set out to
interrogate how this unique reactivity between heme–PO
adducts and the oxime is modulated by the ligation of afore-
mentioned axial ligands, and thereby dene how key reactivity
parameters are altered accordingly. Thus, we carried out
rigorous reactivity studies into the nucleophilic reactivities of
a series of [(B)(TPP)FeIII(O2

2−)]− adducts (where B = axially
coordinated ligands shown in Scheme 1), with acetophenone
oxime as the NHA mimic substrate. When 200 equiv. of aceto-
phenone oxime was introduced into a 50 mM solution of [(4-
MeIm)(TPP)FeIII(O2

2−)]− in 9 : 1 DCM : THF at −40 °C, prom-
inent changes in electronic absorption were observed from 436
to 421 nm (Soret; 3 = 1.4 × 105 M−1 cm−1) and 565 to 550 nm (3
= 2.5 × 103 M−1 cm−1; Fig. 3A). The nal heme product of this
reaction was characterized to be the corresponding six-
coordinate heme ferric hydroxo adduct, [(4-MeIm)(TPP)
FeIII(OH)] (Fig. 3A). When other axial ligands were employed,
the nal heme species was observed to be the ve-coordinate
heme ferric hydroxo adduct, [(TPP)FeIII(OH)] (Fig. 3B & S6†).
Spectroscopic features of the ve-coordinate [(TPP)FeIII(OH)]
nal species are in close agreement with those of an authentic
standard reported previously (Fig. S7†).92 EPR spectroscopy
conrms the low-spin rhombic ferric center of [(4-MeIm)(TPP)
FeIII(OH)] with features centered at g = 2.38, 2.17 and 1.90
(Fig. S8A†). 2H NMR analysis of this [(4-MeIm)(TPP-d8)Fe

III(OH)]
nal product resulted in a single resonance at dpyrrole =

−18 ppm (Fig. S8B†). These characterization details are in
excellent agreement with those of an authentically prepared
standard of [(4-MeIm)(TPP-d8)Fe

III(OH)] (Fig. S9†), further
solidifying its identity. The nal organic product, acetophe-
none, was characterized via 1H NMR and GC-MS (Fig. S10 and
S11A†), revealing a yield of ∼34%. [(4-DMAP)(TPP)FeIII(O2

2−)]−
9652 | Chem. Sci., 2025, 16, 9648–9661
and [(ArO−)(TPP)FeIII(O2
2−)]2− resulted in similar acetophenone

yields of 34% and 37%, respectively (Fig. S11B†). Notably, these
yields of acetophenone are comparable to those observed for
the parent heme–PO complex under identical reaction condi-
tions.92 Finally, the formation of nitroxide (NO−) was deter-
mined by carrying out oxime oxidation in the presence of an
excess of PPh3,88,92 where LC-MS analysis conrmed the
formation of both triphenylphosphine oxide (O=PPh3; ∼20%
yield (Fig. S12B and C†)) and triphenylphosphine aza-ylide
(HN = PPh3; Fig. S12A†).

In light of our previous ndings describing an initial
nucleophilic attack mediated by the heme–PO adduct on oxime
substrate being rate-limiting, one would expect axially ligated
heme–PO adducts to mediate oxime oxidation reactions much
faster compared to their parent peroxo compound (i.e., with
only weak solvent ligation).35 To test this hypothesis, we carried
out kinetic analysis into acetophenone oxime oxidation reac-
tions facilitated by the series of [(B)(TPP)FeIII(O2

2−)]− adducts.
In that, the pseudo-rst-order kinetic rates were computed
upon the addition of 200–500 equiv. of the substrate in DCM :
THF 9 : 1 at −40 °C. In all cases, the reaction rates (kobs) were
observed to increase linearly as a function of substrate
concentration (Fig. S13†), indicating the rate-limiting nature of
initial heme–PO attack on the oxime substrate. Hence, the
reaction mechanism presumably remains unaltered as
compared with the parent heme–PO adduct. Accordingly, the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 A comparison of second-order rate constants (k2) for [(B)
[(TPP)FeIII(O2

2−)]]− at−40 °C and the pKa values of conjugate acids of B
ligands

Axial ligand
(B)

pKa of
conjugate acid

Second order rate
(k2 in M−1 s−1) Ref.

THF −2.05 0.26 � 0.01 100
4-MeIm 7.12 0.79 � 0.06 101
DCHIm 7.67 0.87 � 0.02 102
4-DMAP 9.7 1.11 � 0.08 103
ArO− 9.3 1.45 � 0.07 104
ArS− 6.5 1.53 � 0.04 105

Fig. 4 The correlation between log k2 values for [(B)(TPP)Fe
III(O2

2−)]−

mediated acetophenone oxime oxidation reactions (in 9 : 1 DCM : THF
at−40 °C) and the pKa values of conjugate acids of the axially ligating B
ligands, where B = THF (magenta), 4-MeIm (green), DCHIm (purple),
4-DMAP (orange), ArO− (blue) and ArS− (brick red).

Fig. 5 Eyring analysis data showing the dependence of ln(k/T) on 1/T
for the reaction between a 50 mM solution of [(ArO−)(TPP)FeIII(O2

2−)]2−

and acetophenone oxime at −40, −50,−60 and −70 °C. Solvent= 9 :
1 DCM : THF.
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second-order kinetic rates (k2) resulting from these studies
illustrated an unequivocal relationship with the axial ligand
donor abilities, wherein the stronger anionic donor ligands led
to faster oxime oxidation rates (Table 1). Particularly, the
neutral axial ligands, 4-MeIm, DCHIm, and 4-DMAP (Scheme 1),
wherein the donor abilities are known to increase in the same
order, exhibited second-order oxime oxidation reaction rates of
0.79 ± 0.06, 0.87 ± 0.02, and 1.11 ± 0.08 M−1 s−1, respectively
(Fig. S13†). Interestingly, all of these rates are faster than that of
the parent heme–PO adduct reported under identical condi-
tions (0.26 ± 0.01 M−1 s−1). When anionic axial ligands, ArO−

and ArS− (Scheme 1), were utilized, these rates escalated even
further, up to 1.45 ± 0.07 and 1.53 ± 0.04 M−1 s−1, respectively
(Fig. S13†). Thus, the strongest axial donor within the series,
ArS− (so base), most enhanced the nucleophilicity of the
heme–PO moiety, resulting in the fastest oxime oxidation
reaction within the series.

This “push effect” of the axial ligand can be further claried
in terms of the orbital overlap between the donor and the
acceptor (i.e., axial ligand and Fe center, respectively).106 Metal–
ligand interactions can be either s, p, or a combination of both
in nature, and the pKa of the conjugate acid provides a reason-
able handle for surveying the extent of s-donation resulting
from a given ligand. The observed increase in oxime oxidation
rates in this case show a nice correlation with the corresponding
pKa values of the axially ligating neutral (i.e., only s-donor)
ligands (Fig. 4 and Table 1). Moreover, the anionic axial ligands
have p-donor properties as well, where the lone pairs on the
donor atom (i.e., O and S in ArO− and ArS−, respectively) can be
donated to the metal center via a px–dp type overlap (Fig. 4; S13†
and Table 1).107 Our theoretical analysis lends credence to such
a p-donation from the thiophenolate axial ligand, where it
employs an orientation (with respect to the heme ring) that
maximizes a px–dp type overlap, while minimizing steric inter-
actions with the meso-phenyl substituents on heme (Fig. 7; vide
infra). Variable temperature kinetic (Eyring) analysis for aceto-
phenone oxime oxidation by the parent heme–PO, [(THF)(TPP)
FeIII(O2

2−)]−, as well as the axially ligated heme–PO adducts, [(4-
MeIm)(TPP)FeIII(O2

2−)]− and [(ArO−)(TPP)FeIII(O2
2−)]2−, was

then conducted in a 9 : 1 DCM : THF solvent mixture (Fig. S14†).
Evidently, both enthalpy and entropy of activation (i.e., DHs

and DSs) increase upon axial ligation of 4-MeIm and ArO− to
[(TPP)FeIII(O2

2−)]− (Fig. 5 and S15†). A similar study was recently
conducted for a Cmpd-I analog, where axial ligation of an
© 2025 The Author(s). Published by the Royal Society of Chemistry
anionic cyanide ligand led to more positive DSs and lowered
DHs values, ultimately resulting in a diminished activation
barrier when compared to its ve-coordinate analog toward
oxygen atom transfer substrates.108
Electronic structure characterization of axially ligated heme–
PO adducts

Given the signicant reactivity perturbations observed in heme–
PO adducts upon axial ligation, we investigated whether such
modications could be utilized to ‘turn-on’ the nucleophilic
reactivity of an otherwise inert,35,92 electron-decient heme–PO
Chem. Sci., 2025, 16, 9648–9661 | 9653
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adduct, [(THF)(F20TPP)Fe
III(O2

2−)]− (where F20TPP= 5,10,15,20-
tetra(pentauorophenyl)porphyrin). To this end, we prepared
various axially ligated [(B)(F20TPP)Fe

III(O2
2−)]− complexes,

where B = 4-MeIm, DCHIm, 4-DMAP, ArS− (Fig. S16†). Inter-
estingly, EPR investigations into this series revealed that the [(4-
MeIm)(F20TPP)Fe

III(O2
2−)]− adduct maintains its rhombic high-

spin iron center even aer the axial ligation of 4-MeIm
(Fig. S17A†). In contrast, the neutral yet stronger donor ligands,
4-DMAP and DCHIm, as well as the anionic ArS− all led to
a mixture of two distinct high-spin and low-spin species as
observed by EPR (Fig. S17B, C,† and 6A). Both low eld transi-
tions observed in Fig. 6A (i.e., for [(ArS−)(F20TPP)Fe

III(O2
2−)]2−)

can be attributed to the high-spin side-on Fe(III)-h2-peroxo
species. Accordingly, the weak resonance observed at g∼9.2 and
the intense signal at 4.2 are assigned to transitions within the
ground and middle doublet of a S = 5/2 spin manifold,
respectively. In the absence of inter-doublet mixing, the
observed position of these g-values is consistent with a highly
rhombic zero-eld splitting (E/D∼0.24) term. As the side-on (h2)
coordination of the peroxo ligand is expected to have consid-
erable overlap with Fe(III) dp-orbitals (dxz and dyz), the high
rhombicity of [(ArS−)(F20TPP)Fe

III(O2
2−)]2− is not
Fig. 6 (A) 7 K CW EPR spectra of [(ArS−)(F20TPP)Fe
III(O2

2−)]2− (2 mM)
dissolved in 9 : 1 DCM : THF (light green), and quantitative EPR simu-
lations for high- and low-spin ferric sites (dashed blue). The isotropic
feature (*) at g ∼2 is from residual (<1 mM) cobaltacene. (B) 2H NMR
spectrum (in 9 : 1 DCM : THF at −40 °C) for [(ArS−)(F20TPP-d8)
FeIII(O2

2−)]2− indicating the presence of both high- and low-spin
heme–PO adducts (**peaks correspond to the solvent).

9654 | Chem. Sci., 2025, 16, 9648–9661
unexpected.109–112 Indeed, similar rhombicity and high-spin
electronic conguration appears to be a shared characteristic
among crystallographically and spectroscopically characterized
Fe(III)- h2-peroxo complexes.95,113 Similar to the aforementioned
EPR characterization of [(ArS−)(TPP)FeIII(O2

2−)]2−, the axial
zero-eld splitting term for the high-spin fraction of
[(ArS−)(F20TPP)Fe

III(O2
2−)]2− (D = 0.6 ± 0.1 cm−1) was obtained

by simultaneous simulation of EPR spectra collected at
temperatures ranging from 4 to 20 K (Fig. S18†). Within this
temperature regime, EPR simulations faithfully reproduce the
relative intensity of transitions within the ground and rst
excited state. The quantitative simulations (Fig. 6A, Sim) indi-
cate that the high-spin ferric site accounts for 82% of the
observable spin concentration (i.e., ∼1.6 mM). The low-spin (S
= 1/2) [(ArS−)(F20TPP)Fe

III(O2
2−)]2− complex has nearly axial

symmetry, with observed g-values of 2.31, 2.29, and 1.92.
Analytical simulations of the low-spin Fe(III)-site account for
∼18% of the observed spin concentration (0.4 mM). Relative to
the rhombic g-values observed for the low-spin side-on peroxo
complexes produced with TPP (2.28, 2.13, and 1.97), the axial g-
values observed for [(ArS−)(F20TPP)Fe

III(O2
2−)]2− suggest

a change in the F20TPP ligand eld strength, thereby altering
the relative energies of Fe(III) t2g d-orbitals.114–116 This is
consistent with the differing D-values measured for the high-
spin Fe(III)-h2-peroxo species for TPP and F20-TPP. The 2H
NMR spectrum of [(THF)(F20TPP-d8)Fe

III(O2
2−)]− in DCM : THF

9 : 1 at −40 °C exhibited a single feature at dpyrrole = 38.7 ppm,
which shied upeld to dpyrrole = 8.8 ppm upon ligation of 4-
MeIm (Fig. S19†). On the contrary, [(ArS−)(F20TPP-d8)
FeIII(O2

2−)]2− indicated a mixture of 2H NMR features at dpyrrole
= 38.7 and −2.1 ppm (Fig. 6B), which closely parallels our EPR
characterization. Furthermore, such dpyrrole

2H NMR features
below 0 ppm are indicative of low-spin heme ferric systems, as
described in our previous work.10 These ndings, therefore,
suggest clear ‘activation’ of the electron-decient heme–PO
adduct upon the ligation of strong axial donor ligands. Oxime
oxidation reactivity studies of this series of [(B)(F20TPP)
FeIII(O2

2−)]− adducts nicely echo our spectroscopy-based inter-
pretation, where [(4-MeIm)(F20TPP)Fe

III(O2
2−)]− was found to be

inert toward acetophenone oxime, while both [(DCHIm)(F20-
TPP)FeIII(O2

2−)]− and [(ArS−)(F20TPP)Fe
III(O2

2−)]2− reacted
(Fig. S20†), with the latter leading to a reaction rate of 0.03 s−1 at
−40 °C with 500 equiv. of substrate (Fig. S20B†). Similar ‘turn-
on’ of reactivity of [(F20TPP)Fe

III(O2
2−)]− has previously been

reported by Valentine and co-workers with regard to alkene
epoxidation reactivity, where axial ligation of DMSO solvent was
postulated.35
Computational studies

To further clarify the precise geometric and electronic modi-
cations imposed on heme–PO adducts upon axial ligand coor-
dination, we carried out theoretical investigations using Density
Functional Theory (DFT). Therein, optimized ground state
geometries of [(THF)(TPP)FeIII(O2

2−)]−, and a series of axially
ligated [(B)(TPP)FeIII(O2

2−)]− complexes (where B = THF, 4-
MeIm, ArO− or ArS−; see Fig. 7 and S21†) over three spin
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Optimized geometries of (A) [(THF)(TPP)FeIII(O2
2−)]−, and (B)

[(ArS−)(TPP)FeIII(O2
2−)]2− with calculated bond lengths shown in Å.
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surfaces (S = 5/2, 3/2, 1/2) were probed. Fig. S22† illustrates all
spin state energies organized with respect to the energy of the S
= 5/2 spin state in each case. For the parent peroxo species,
[(THF)(TPP)FeIII(O2

2−)]−, the high-spin complex (i.e., S = 5/2)
was found to be the clear ground state.117 Importantly, the
calculated ground states for the axially ligated heme–PO
complexes varied depending on the extent of s- and/or p-
donation from the axial ligand. In that, the neutral axial ligands
(THF, 4-MeIm) were found to only weakly interact with the
heme center (Fe/OTHF and Fe/NIm distances of 4.4 and 3.2 Å,
respectively). Regardless, the energy disparity between the high-
spin (i.e., S = 5/2) and low-spin (i.e., S = 1/2) states decreased
dramatically upon the ligation of those axial ligands. For
example, in the case of 4-MeIm, the high-spin state remains the
Table 2 Experimentally and Theoretically Determined Properties of
FeIII(O2

2−)]2−

UV-visa 436, 565
EPRb 4.2
2H NMRc 38.5
rRamand n(Fe–O) 472 (D18O = −21)

n(O–O) 807 (D18O = −44)
Fe–O lengthe 1.978
rRaman (DFT)d n(Fe–O) 407 (D18O = −14)

n(O–O) 899 (D18O = −52)
k2

f 0.26 � 0.01
DHs g 7.6 � 0.7
DSs h −27.7 � 3.0
DGs i 14.0 � 0.8

a lmax values in nm. b gapp-values measured at 7 K. c dpyrrole chemical shi
with DFT shown in Å. f In M−1 s−1 at −40 °C. g In kcal mol−1. h In cal K−

© 2025 The Author(s). Published by the Royal Society of Chemistry
ground state, however, the difference in energy for the high- and
low-spin states shrinks to ∼2.9 kcal mol−1 (i.e., from
∼16.3 kcal mol−1 for [(THF)(TPP)FeIII(O2

2−)]−). With anionic
ligands, the low-spin state becomes slightly more favored, and
for [(ArS−)(TPP)FeIII(O2

2−)]2− the gap is only −1.8 kcal mol−1,
supporting its experimentally observed equilibrium mixture of
high- and low-spin states.

The trend in theoretically estimated Fe–Operoxo bond lengths
aligns well with the experimentally predicted (i.e., by resonance
Raman data; Table 2), where ligation of 4-MeIm was observed to
result in a shorter Fe–Operoxo bond compared to the parent
complex (1.968 Å vs. 1.978 Å, respectively; see Table S4†).118 This
change in bond length is accompanied by a minor decrease in
the natural atomic charge at the iron center from 0.937 to 0.929
upon 4-MeIm coordination. Moreover, the trend in theoretically
predicted n(Fe–O) and n(O–O) Raman stretching frequencies for
the parent peroxo complex, [(THF)(TPP)FeIII(O2

2−)]−, and [(4-
MeIm)(TPP)FeIII(O2

2−)]− are in agreement with the experi-
mental observations (i.e., increased and decreased n(Fe–O) and
n(O–O) frequencies, respectively; Table 2 and S5†). Furthermore,
the calculated 18O isotope shis, for (Fe–O) and n(O–O),
respectively, are in line with experimental observations
(Table 2).

Our experimental (vide supra) and theoretical ndings
therefore in concert illustrate that upon ligating of anionic axial
ligands, the accessibility of the low-spin heme–PO adducts
increases. The calculated Fe–Operoxo bond lengths for
[(ArO−)(TPP)FeIII(O2

2−)]2− and [(ArS−)(TPP)FeIII(O2
2−)]2− were

shorter compared to other complexes, measuring up to 1.875 Å
and 1.898 Å, respectively (Table S4†). This shortening of the Fe–
Operoxo bond is further corroborated by the higher Fe–Operoxo
[(THF)(TPP)FeIII(O2
2−)]−, [(4-MeIm)(TPP)FeIII(O2

2−)]−, and [(ArS−)(TPP)

436, 565 436, 564
4.2 4.2 & 2.28, 2.13, 1.97
9.1 —
n(Fe–O) 479 (D18O = −23) n(Fe–O) 484 (D18O = −21)
n(O–O) 803 (D18O = −47)
1.968 1.898
n(Fe–O) 414 (D18O = −15) n(Fe–O) 465 (D18O = −14)
n(O–O) 896 (D18O = −51) n(O–O) 1015 (D18O = −63)
0.79 � 0.06 1.53 � 0.04
9.0 � 0.9 —
−20.2 � 3.8 —
13.7 � 1.2 —

s (in ppm) in 9 : 1 DCM : THF at −40 °C. d In cm−1 at 77 K. e Computed
1 mol−1. i In kcal mol−1 at −40 °C.

Chem. Sci., 2025, 16, 9648–9661 | 9655
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Raman stretching frequencies observed/computed for
[(ArO−)(TPP)FeIII(O2

2−)]2− and [(ArS−)(TPP)FeIII(O2
2−)]2−

(Fig. S3; † Tables 2 and S5†). However, albeit our theoretical
predictions suggest the formation of end-on heme–PO adducts
upon anionic axial ligation, we see no experimental evidence to
support that notion. For example, we see no evidence for an
isotope-sensitive Fe–O feature within the 550–600 cm−1 region
in resonance Raman that would be indicative of an end-on
peroxo species. Nonetheless, we do observe increased decom-
position products upon the addition of anionic ligands to the
peroxo adducts (vide supra), and whether those result from
a highly reactive but destabilized end-on peroxo adduct is
unclear. Moreover, the enhanced electron-donation by these
anionic ligands is evident by the dramatic decrease in the
natural atomic charge of the iron center upon their ligation
(0.214 and 0.047 for phenolate and thiophenolate, respectively,
compared to 0.937 in the parent complex; see Table S4†). To this
end, this work unequivocally demonstrates the fundamental
reasonings behind Nature evolutionarily favoring a thiolate
proximal ligand for NOS oxygenase domain, which effectively
enhances the feasibility of rate-limiting events of its second
mechanistic step.

Conclusions

Herein, we conduct a detailed discussion into how the primary
coordination sphere, especially the proximal heme ligation,
modulates the nucleophilic reactivity patterns of heme–PO
species, with relevance to their proposed reactivity landscape in
the second mechanistic step of NOS. We utilized acetophenone
oxime as an NHA substrate mimic, and surveyed its reactivity
toward a series of electronically divergent heme–PO adducts
with and without the axial ligation of bioinspired neutral and
anionic ligands. Spectroscopic and theoretical characterization
reveal that axial ligation leads to the formation of high-spin/low-
spin mixtures, while the heme–PO structure remains side-on
bound. In support, DFT interrogations reveal a trend in the
energy gap between the high-spin (S = 5/2) and low-spin (S = 1/
2) heme–PO species decreasing with increased axial ligand
donor ability (i.e., the “push” effect). The lack of transition into
a low-spin, end-on heme–POmerely upon axial ligation (i.e., the
“push” effect) can be attributed to the absence of a non-
covalently interacting (e.g., hydrogen bonding) secondary
sphere in these systems (i.e., the “pull” effect). The nucleophilic
reactivities of these heme–PO systems vary as expected with
respect to their axial ligand donor abilities; that is, in the order
of anionic axial ligands > neutral axial ligands > parent complex
(Table 1), which supports the claim that heme–PO nucleophilic
attack on the oxime substrate is rate-limiting. Moreover, the
nucleophilically inert, electron-decient heme–PO adduct,
[(THF)(F20TPP)Fe

III(O2
2−)]−, could be competently activated

toward oxime substrate oxidation upon the axial ligation of
bioinspired anionic ligands. Variable temperature kinetic (Eyr-
ing) analyses of these systems illustrate that upon axial ligation
both DHs and DSs increase for the oxime oxidation reaction
(Table 2). This study, therefore, marks the rst instance where
modulation of kinetic and thermodynamic parameters of
9656 | Chem. Sci., 2025, 16, 9648–9661
heme–PO mediated nucleophilic reactivities with respect to
proximal ligation has been clearly demonstrated, wherein
pivotal structure–activity relationships can be elucidated. The
distinct structure–activity relations described in this work will
not only aid in comprehending relevant biological implications,
but will also unveil new knowledge to be integrated into the
rational design of novel (e.g., mechanism-based) drug targets.
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