
INORGANIC  
CHEMISTRY
F R O N T I E R S

Volume 6 | Number 1 | January 2019

rsc.li/frontiers-inorganic

rsc.li/frontiers-inorganic

INORGANIC 
CHEMISTRY
F R O N T I E R S
Accepted Manuscript

This is an Accepted Manuscript, which has been through the  
Royal Society of Chemistry peer review process and has been accepted 
for publication.

Accepted Manuscripts are published online shortly after acceptance, 
before technical editing, formatting and proof reading. Using this free 
service, authors can make their results available to the community, in 
citable form, before we publish the edited article. We will replace this 
Accepted Manuscript with the edited and formatted Advance Article as 
soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes to the 
text and/or graphics, which may alter content. The journal’s standard 
Terms & Conditions and the Ethical guidelines still apply. In no event 
shall the Royal Society of Chemistry be held responsible for any errors 
or omissions in this Accepted Manuscript or any consequences arising 
from the use of any information it contains. 

View Article Online
View Journal

This article can be cited before page numbers have been issued, to do this please use:  D. K. Balaji, J. A.

Spernyak, M. R. Crawley and J. R. Morrow, Inorg. Chem. Front., 2026, DOI: 10.1039/D6QI00660D.

http://rsc.li/frontiers-inorganic
http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/
https://doi.org/10.1039/d6qi00660d
https://pubs.rsc.org/en/journals/journal/QI
http://crossmark.crossref.org/dialog/?doi=10.1039/D6QI00660D&domain=pdf&date_stamp=2026-05-05


ARTICLE

Please do not adjust margins

Please do not adjust margins

Received 00th January 20xx,

Accepted 00th January 20xx

DOI: 10.1039/x0xx00000x

Redox-responsive Fe(II)/Fe(III) MRI probes with pentadentate or 
hexadentate macrocyclic ligands
Deepak Krishnan Balaji,a Joseph A. Spernyak,b Matthew R. Crawleya and Janet R. Morrowa*

Fe(II) complexes of TACN (1,4,7-triazacyclononane) containing two 6-methyl-2-picolyl pendant groups are studied as redox-
responsive agents for monitoring peroxide produced in inflammation. One Fe(II) complex has a pentadentate ligand with a 
sixth coordination site for binding water as confirmed by x-ray crystallography ([FeII(MPB)(CF3SO3)](CF3SO3)) and by 17O NMR 
studies in solution.  The other complex is formed with a hexadentate ligand (FeII(MPH)) and also has an inner-sphere water 
ligand in solution as shown by variable temperature 17O NMR studies.  FeII(MPB) is inert towards oxidation under ambient 
levels of O2 in aqueous solution at pH 7.4 over 24 hours whereas FeII(MPH) is resistant to oxidation over 4 hours.  FeII(MPB) 
oxidizes rapidly (> 3 min) upon addition of one equivalent of peroxide or in the presence of 0.1 U/mL glucose oxidase (GOX).  
With one equivalent of peroxide in buffered solutions, the major product is FeIII(MPB), most likely as a buffer or hydroxide 
complex, but with a 10-fold excess of peroxide, a Fe(III) phenolate complex is produced as supported by electronic 
absorbance spectroscopy and analysis of products by high resolution mass spectrometry.  The r1 relaxivity for the FeIII(MPB) 
(r1 = 0.71 mM-1s-1) is increased by 14-fold over the FeII complex at 1.4 T, 34 °C and pH 7.4.   Oxidation of FeII(MPH) by addition 
of one equivalent of peroxide or by GOX is complete within a few minutes and produces a 7-fold increase in relaxivity.  
Changes in relaxivity are reversed by addition of ascorbate. FeII(MPB) is one of the first reported examples of a Fe(II) 
macrocyclic MRI probe that is unreactive to O2 but reacts rapidly with micromolar concentrations of peroxide for increased 
selectivity in monitoring inflammation. 

Introduction 
Contrast agents are essential tools in modern magnetic 

resonance imaging (MRI) diagnostic protocols.1  Clinically used 
gadolinium-based MRI contrast agents are administered 
intravenously and extravasate into tissue in a non-specific 
manner to produce a dynamically monitored signal for the 
visualization of pathophysiological states and anatomic details 
for tumor detection, angiography, blood-brain barrier 
evaluation and organ perfusion.2   In molecular MRI, contrast 
agents or probes provide further information towards diagnosis 
in the presence of biochemical markers or specific physiological 
environments.3  Such probes may either be attached to a 
targeting agent or contain a responsive element that leads to 
activation of the probe under aberrant physiological 
conditions.3  Such responsive probes would facilitate mapping 
tissue changes that are a result of molecular processes 
characteristic of disease states and would add to the 
information normally gained from a contrast agent.  Responsive 
or activatable MRI probes have been reported for wide-ranging 
reporting applications such as enzyme reactions,4, 5 pH 
changes,3, 4 redox status6-8 or metal ion concentrations.9, 10  

One sought-after type of activatable MRI probe responds to 
the oxidizing conditions found in inflammation7, 8, 11 as 
postulated to be important in many disease states.12-15  For 
example, the capability to image reactive oxygen species (ROS) 
may enable discrimination of inflammation versus tumor 
growth during cancer treatment as a biochemical signature.14, 

16, 17 Of the ROS, peroxide is the most likely biochemical marker 
to react with an MRI probe as it is present in micromolar 
concentrations in the extracellular environment18 and is 
generated by myeloid immune cells that are recruited to the site 
of inflammation.19  Other ROS such as hydroxyl or superoxide 
radicals are likely to be too reactive for registration by probes 
under physiological conditions.20  

Probes based on Gd(III) T1 agents were among the earliest 
examples of redox-responsive probes.  These Gd(III) complexes 
contained ligands that react under oxidizing conditions or with 
thiol-reactive ligands to give increased signal.21, 22  More 
recently, redox-activated MRI probes containing Gd(III) 
complexes tagged with groups to produce signal by 19F 
NMR/MRI have been reported.23  An alternative approach is to 
use a redox-active metal that switches oxidation states.  These 
are generally transition metal probes6, 8, 9, 24 or certain 
lanthanides  such as Eu((II)/Eu(III) complexes.25-27  The tunability 
of the redox potential of the metal center through coordination 
chemistry makes them ideal for development as responsive MRI 
probes.  The effect of the probe on water proton resonances6-8 
or on 19F NMR/MRI signal of fluorine-containing tags can be 
monitored.28, 29  Switchable paramagnetic chemical exchange 

a.Department of Chemistry, University at Buffalo, The State University of New York, 
Amherst, New York 14260, United States .

b.Department of Cell Stress Biology, Roswell Park Comprehensive Cancer Center, 
Buffalo, New York 14263, United States .

* Corresponding author. 

Page 1 of 13 Inorganic Chemistry Frontiers

In
or

ga
ni

c
C

he
m

is
tr

y
Fr

on
tie

rs
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 5

/5
/2

02
6 

11
:1

7:
11

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6QI00660D

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6qi00660d


ARTICLE Journal Name

2 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins

Please do not adjust margins

saturation transfer (paraCEST) probes have also been 
reported.30, 31  

Of the early transition metal ions, iron probes are of interest 
to capitalize on the abundance of iron in the body and the 
tunable redox range of the Fe(II)/Fe(III) couple in coordination 
complexes.8, 32 There are two common spin states for each 
member of the Fe(II)/Fe(III) redox pair.  High-spin Fe(II) is a shift 
agent for frequency-encoded methods such as paramagnetic 
shift or paraCEST agents and is not an effective relaxation 
agent,8, 33, 34 whereas low spin Fe(II) is diamagnetic and thus MRI 
silent.  High-spin Fe(III) is a T1 agent32, 35, 36  whereas low spin 
Fe(III) is a paramagnetic shift agent.37  The most commonly-
studied redox pair for MRI applications is Fe(II) (high-spin or low 
spin) to high-spin Fe(III) complexes.6, 8  For this responsive pair, 
the divalent Fe(II) is the form of probe that is injected and, upon 
oxidation, gives rise to increased signal in T1 weighted 
imaging.38  One of the major challenges in this endeavor is to 
obtain complexes that oxidize in the presence of peroxide and 
not O2, given that O2 is present in blood and organs. Thus, it is 
desirable that the redox potential for the Fe(II)/Fe(III) couple is 
positive versus NHE (> 200 mV) to favor the Fe(II) state under 
normal physiological conditions, but to produce Fe(III) under 
oxidizing conditions of inflammation. Of the handful of reported  
redox-activated iron agents, macrocyclic complexes are 
activated only at high concentrations of peroxide (10-100 mM) 
that are not biologically relevant39-41 and recent examples of 
closed coordination complexes with multiple metal centers also 
require excess millimolar concentrations of peroxide.42, 43  In 
contrast, iron probes containing polyaminocarboxylate 
pendants and an available coordination site react readily with 
enzymatically generated peroxide.38, 44 These linear 
polyaminocarboxylate-based probes have been studied in vivo 
to map inflammatory processes.44-47  However, the Fe(II) form 
of the probes oxidizes slowly in the presence of O2 over several 
hours.      

Here we report our efforts to prepare Fe(II)/Fe(III) redox 
activated probes that do not react readily with O2 in aerated 
solutions but react rapidly with micromolar amounts of 
peroxide.  The key probe is an Fe(II) complex with a high redox 
potential (680 mV versus NHE) and an available coordination 
site for reacting with peroxide in the first step of oxidation.  The 
iron complexes studied here (Scheme 1) are inspired by 
peroxide oxidation studies of Fe(II) complexes containing five 
nitrogen donor atoms, based mostly on linear48, 49 and some 
macrocyclic chelates.50

Scheme 1: Iron complexes studied as redox probes with general labels designating all 
species in solution.  X = OH2, OH, buffer, or peroxide.

Results and discussion

Synthesis and characterization of ligands and Fe(II) complexes 

Two complexes were prepared with the goal of examining the 
effect of macrocyclic ligands with different denticity on the oxidation 
and reduction of an activatable MRI probe. The MPB ligand is 
pentadentate and forms a Fe(II) complex with an available 
coordination site for a sixth ligand.  The MPH ligand is hexadentate 
and preserves two pendant 6-methyl-2-picolyl (methylpyridine) 
groups but has a third pendant with an oxygen donor to tune the 
redox potential to more negative values compared to Fe(II) 
complexes with all nitrogen donors.51 The methyl group on the 
pyridine pendant serves to maintain a high-spin state for Fe(II)51 and 
Fe(III).  Analogous iron complexes of TACN with 2-picolyl pendants 
that lack the methyl group adjacent to the nitrogen donor give low 
or intermediate spin-states for Fe(II) or Fe(III) complexes.52-54  Our 
goal is to produce increased signal from a low relaxivity probe 
containing high-spin Fe(II) to a higher relaxivity probe containing 
high-spin Fe(III).38 

The MPB ligand was prepared from benzyl TACN by addition of 
6-methyl-2-picolyl pendants by reductive amination methods.51, 55 To 
prepare MPH, the benzyl group of MPB was removed by catalytic 
hydrogenation followed by alkylation with S-propylene oxide.  The 
Fe(II) complexes were synthesized upon addition of Fe(CF3SO3)2 and 
isolated as the triflate salts.  Both complexes are water soluble up to 
5 mM at neutral pH and had effective magnetic moments (Figure S2, 
S3) of 5.3 and 5.1, respectively that are consistent with high-spin 
Fe(II) complexes.

X-ray crystallography studies showed a hexacoordinate 
[FeII(MPB)(CF3SO3)](CF3SO3) complex with three bound nitrogens of 
the TACN macrocycle, two 6-methyl-2-picolyl nitrogens and the sixth 
coordination site occupied by triflate counterion (Figure 1). The 
[FeII(MPB)(CF3SO3)](CF3SO3) complex crystallizes in the triclinic 
crystal system and the centrosymmetric space group P-1. The twist 
angle (θ) of the complex was determined as the dihedral angle 
formed between the centroids of two mean planes and two atoms, 
each selected from one of the planes. One plane was defined by the 
two coordinated pyridyl nitrogen atoms and the bound oxygen of the 
triflate, while the other was defined by the three coordinated 
nitrogen atoms of the macrocycle. 
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Figure 1: Molecular structure of [FeII(MPB)(CF3SO3)]+ cation - Δ (λλλ) as ORTEP diagram 
(hydrogen, counter anion and solvent molecule omitted for clarity).

Based on the twist angle (35.7°) and direction (clockwise) of 
rotation of mean planes, the overall chirality of the complex is 
determined as Δ and based on the helicity of the macrocyclic 
backbone the chirality is determined as λλλ. The asymmetric unit of 
[FeII(MPB)(CF3SO3)]+ contains one full isomer Δ(λλλ) of this complex 
(Figure 1).  Given that the space group is centrosymmetric, the crystal 
structure also contains the inversion isomer Λ(δδδ) (Figure S1). 
Additionally, the twist angle is consistent with a distorted octahedral 
geometry of the complex.

The 1H NMR spectrum (Figure 2B) of FeII(MPB) shows 26 distinct 
proton resonances, consistent with a single diastereomeric form in 
solution.  The chemical shifts of the proton resonances range from 
193 ppm to -67 ppm.

The narrow and intense resonance at -39 ppm is assigned as one of 
the methyl resonances of a pyridine pendant based on its integration 
and T2 value (1.2 ms). The second methyl resonance is likely at 29 
ppm as it has a similar integration value and T2 value (2.3 ms).  The 
1H NMR spectrum (Figure 2A) of FeII(MPH) shows 26 distinct proton 
resonances, consistent with a single diastereomeric form in solution.  
The proton chemical shifts span a slightly larger range from 230 ppm 
to -60 ppm.  The methyl groups are assigned by their  integration and 
T2 values (0.8 ms) and have chemical shifts (37 ppm and -38 ppm) 
similar to those of FeII(MPB).  

The Fe(II) complexes exhibit electronic absorbance bands at 360 
nm that are assigned to MLCT bands which are lacking in the 
spectrum of the ligand alone (Figure S6).  Monitoring these bands 
upon incubation shows that both complexes are inert over several 
hours in the presence of 25 mM carbonate and 0.5 mM phosphate 
at pH 7.4 and 37 °C (Figure S7 & S9).  The complexes remained intact 
upon incubation with an equivalent of Zn(II) over several hours 
(Figure S8 & S10).  In addition, the oxidation of the two complexes 
was monitored by UV-vis spectroscopy at pH 7.4 in buffered aerated 
solutions.  FeII(MPB) showed a negligible change in absorbance at 
320 nm over 24 hours in the presence of ambient concentrations of 
oxygen in buffered solutions at neutral pH (Figure 3). In contrast, 
FeII(MPH) showed a gradual change in absorbance that was 
attributed to oxidation with up to 20 % oxidation by 24 hours.

Figure 2: 1H NMR spectra of (A) FeII(MPH) and (B) FeII(MPB) complexes in D2O.
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Figure 3: Inertness of Fe(II) complexes to oxidation by oxygen monitored by UV-Vis 
absorbance at 320 nm. Conditions: 0.20 mM complex, 20 mM HEPES pH 7.4.

Solution speciation of the Fe(II) complexes was studied by 
monitoring electronic absorbance spectra as a function of pH.  
A pH titration of FeII(MPB) showed the disappearance of the 
peak at 360 nm and an increase in a new absorbance peak at 
425 nm as the pH was increased from 4.5 to 11.  A plot of the 

peak intensity at 360 nm as a function of pH (Figure 4B &  Figure 
S11) gave a pKa value of 9.8 whereas a plot of the peak intensity 
at 400 nm as a function of pH gave a similar pKa value of 9.9. 
These data suggest that the FeII(MPB)(OH2) complex 
deprotonates, but only at high pH.  The group that deprotonates 
with this high pKa is most likely the Fe(II) bound water to form 
the FeII(MPB)(OH) complex. An analogous pH titration to 
determine the pKa of the hydroxyl of FeII(MPH) was not feasible 
as the complex oxidized to the Fe(III) form at basic pH values.  
However, the cyclic voltammetry of the complex in water as a 
function of pH as discussed below suggests that the pKa is ≈ 9 
for the  FeII(MPH) complex, most likely due to deprotonation of 
the hydroxyl group. A pH titration of the oxidized complex, 
FeIII(MPH), showed changes in the UV-vis bands that were 
consistent with a pKa of close to 6. This pKa value is similar to 
that of other Fe(III) complexes with hydroxyl groups,56 
suggesting deprotonation of this pendant. (Figure S12 & 13).

Variable‑temperature ¹⁷O NMR spectra recorded over the 
temperature range 25 to 75 °C are presented in (Figure 4C) and 
in SI (Figure S16). In this temperature range at pH 5 and 7.45 
mM, the FeII(MPB) complex produces broadening and a 
paramagnetically induced shift of the bulk water ¹⁷O resonance, 
consistent with behavior expected for complexes with an 
inner‑sphere bound water molecule. The resonance is broader 
at lower temperature and sharpens as the temperature 
increases. A plot of ln1/T2R versus temperature (Figure 4D) 
showed the upward curve indicating the temperature 

Figure 4: (A) Electronic spectra and (B) fit of absorbance changes at 360 nm for pH titration of FeII(MPB) to give a 
pKa of 9.8.  (C) Variable temperature 17O NMR  spectroscopy at pH 5 and (D) reduced transverse relaxation rates in 
solutions of FeII(MPB) fit to Swift Connick equations.
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dependence of the transverse relaxivity is dominated by the 
changes in the water exchange rate.57 A transition from the 
slow-exchange regime at low temperatures to the fast 
exchange regime at higher temperatures relative to the NMR 
timescale was observed. These data were fit to Swift Connick 
equations to determine the activation parameters (Table S4) 
including enthalpy, entropy and an exchange rate constant of 
2.4 x 106 s-1 at 25 °C. Plots of the reduced chemical shift as a 
function of temperature (Figure S14) gave kex values about 3-
fold larger and global fitting efforts (Figure S15) gave relatively 
poor fits. We attribute these discrepancies to relatively low 
concentrations of complex (7.45 mM) that were used due to 
solubility restrictions whereas these studies are typically carried 
out with 20-40 mM complex.58 Variable temperature 17O NMR 
studies with FeII(MPH) at pH 4.0 (Figure S16, S17) also were 
consistent with an inner-sphere water with a kex of 3.1 x 106 s-1.   
An inner-sphere water in this complex may result from the 
formation of a seven-coordinate complex or by displacement of 
the hydroxypropyl pendant as the temperature is raised in the 
17O NMR experiment. At 25 °C, we propose that the 
hydroxypropyl pendant is bound based on the 1H NMR 
spectrum and electrochemical properties (see below) which 
differ from those of FeII(MPB). If the hydroxypropyl pendant 
was not bound, the 1H NMR and the redox potential of 
FeII(MPH) would be expected to be very similar to that of 
FeII(MPB). The kex rate constants for FeII(MPB) and FeII(MPH) are 
similar to those reported for polyaminocarboxylate complexes 
of Fe(II) which range from 1.1 to 5.5 x 106 s-1.58-60 

Cyclic voltammetry measurements of the two Fe(II) 
complexes in water were studied at neutral pH (Figure 5) and 
then at several different pH values (Figure 5 & S19).  At pH 7.6, 
both FeII(MPB) and FeII(MPH) have quasi-reversible cyclic 
voltammetry waves with E1/2 of 680 mV and 490 mV, 
respectively. For Fe(MPB), the wave was consistent with an 
electrochemically-reversible and chemically-irreversible (ErCi) 
mechanism, in which a quasi-reversible electron transfer step is 
followed by an irreversible homogeneous chemical reaction of 

the electrochemically generated product.61 The FeII(MPB)(H2O) 
complex undergoes one-electron oxidation to give the 
FeIII(MPB)(H2O) product. The peak currents associated with this 
process increase linearly with the square root of the scan rate 
(Figure S20), indicating that mass transport is governed by 
diffusion control as shown by fitting to the Randles-Sevcik 
equation. The wave with a redox potential of 675 ± 25 mV 
versus NHE and the peak separation between oxidation and 
reduction waves is substantially larger than the 59 mV expected 
for a Nernstian one-electron couple and increases 
systematically with scan rate, consistent with a quasi-reversible 
redox event. 

The pH dependence of the cyclic voltammograms were 
studied to gain insight into speciation of the two complexes.  For 
Fe(MPB), the wave remained virtually unchanged from pH 6 to 
7.6, except for the new reduction peak that appears after the 
initially observed reduction peak. The 1st reduction (cathodic) 
peak current is consistently smaller in magnitude than the 
corresponding oxidation (anodic) peak current with current 
ratio Ipc/Ipa of 0.53. This current ratio increases at higher scan 
rates, which is characteristic of an ErCi mechanism. The first 
oxidation product FeIII(MPB)(H2O), undergoes deprotonation of 
bound water to give a hydroxide complex, FeIII(MPB)(OH), which 
is reduced to form FeII(MPB)(OH), alongside the major 
reduction product FeII(MPB)(H2O).  FeII(MPH) also shows an ErCi 
type mechanism (Figure 5B & S21) with quasi-reversible wave 
at E1/2   = 542 mV versus NHE at pH 4.7 which shifts slightly to 
490 mV at neutral pH.   A new wave at lower potential appears 
by pH 9.3 and continues to grow in at pH 10.3. This quasi-
reversible wave is assigned to the deprotonated hydroxypropyl 
species (Fe(MPH-H+). The lowered value is consistent with 
stabilization of the Fe(III) oxidation state by the anionic alkoxide 
pendant.56  

Figure 5: Cyclic voltammograms of complexes in water at neutral pH (A) and variable pH cyclic voltammogram (B) of FeII(MPH) complex in water. 
Conditions: 2mM complex, 1 M KCl as electrolyte, 100 mV/s scan speed, (A) pH 7.6 for FeII(MPB) and pH 7.3 for FeII(MPH).
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Studies at low concentrations of peroxide

Reports of redox-responsive iron probes focus on the effect 
of oxidants or reductants on the MRI signal and kinetics of 
oxidation or reduction38, 39, 44 yet further characterization of 
products would be beneficial.40, 41  Here we study the oxidation 
process and refer to the rich literature on reactions of Fe(II) with 
peroxide.48, 49, 62, 63  Many studies of the species formed upon 
addition of peroxide to Fe(II) complexes are done in methanol 
or acetonitrile, but there are limited studies in aqueous 
solution.

The oxidation of FeII(MPB) and FeII(MPH) by peroxide was 
initially studied by electronic absorption spectroscopy.  For both 
complexes, the rate of oxidation with one equivalent of 
peroxide at neutral pH in buffered solutions was too rapid to be 
measured by conventional methods (< 3 minutes).  Under these 
conditions, the change in absorbance signifying oxidation to 
Fe(III) was a new absorbance band at 320 nm for FeIII(MPB) 
(Figure S24 & S25) and at 300 nm for FeIII(MPH).  Complete 
oxidation of the complexes was observed with one equivalent 
of peroxide in solutions containing 200 µM complex, 
concentrations that are relevant for contrast agents1 and 
peroxide in the blood stream.64         

The kinetics of oxidation of FeII(MPB) and FeII(MPH) by the 
enzyme glucose oxidase (GOX) was studied next.  GOX produces 
a steady stream of peroxide in the presence of oxygen and 
glucose, making it feasible to measure the rate constant for 
oxidation. As shown in Figure 6A & S26, both complexes 
oxidized rapidly in the presence of 0.1 units/mL of enzyme and 
the reaction rate constant was proportional to the amount of 
GOX added to solutions (Figure 6). The initial rates for FeII(MPB) 
and FeII(MPH) with 0.1 units/mL of GOX were 1.5 x 10-4 mM s-1 
and 2.6 x 10-4 mM s-1, respectively, suggesting slightly higher 
reactivity for FeII(MPH), consistent with its lower redox 
potential.  Interestingly, oxidation of the complexes by GOX 
could be monitored until completion and the data could be fit 

to an exponential decay curve for a pseudo-first order process 
due to the large amount of peroxide in excess of complex 
generated by GOX (Figure S27, S33). Notably, only the new 
peaks at 320 and 300 nm were observed upon oxidation of 
FeII(MPB) and FeII(MPH) by GOX, respectively.  However, 
samples of FeII(MPB) left to stand for a day in the GOX solution 
showed a new band at 500 nm, consistent with a buildup of 
peroxide and the formation of a new species produced by 
hydroxylation of the benzyl group which is  discussed in the next 
section.   

To test the reversibility of the probe towards redox 
processes, FeIII(MPB) and FeIII(MPH) were generated by 
treatment of the Fe(II) complexes with half an equivalent of 
peroxide. Subsequently, two equivalents of ascorbate were 
added to fully regenerate the Fe(II) complexes as shown by UV-
vis spectroscopy (Figure S39 & S40). Notably, the original 
electronic absorbance spectra of both FeII complexes were 
regenerated nearly instantaneously upon addition of 
ascorbate.65

The solution chemistry of the Fe(III) complexes was further 
studied to probe water interactions and resistance to 
dissociation.  Variable temperature 17O NMR of FeIII(MPB) in 
aqueous solutions showed very little line broadening of the 17O 
water resonance (Figure S41).  A plot of line broadening (r2O) as 
a function of temperature (Figure S42) in comparison to 
FeIII(CDTA) and FeIII(DTPA) reveals that the FeIII(MPB) complex 
resembles Fe(DTPA), which does not possess inner-sphere 
water, except for a slight increase in line broadening at higher 
temperatures.  The minimal effect of FeIII(MPB) on the water 17O 
resonance suggests that the complex does not have an inner-
sphere water ligand that exchanges on the NMR time scale. This 
is attributed to the FeIII(MPB)(X) species with X as a tightly 
bound water or hydroxide ligand.  This result is consistent with 
other six-coordinate Fe(III) complexes of TACN that exchange 
inner-sphere water slowly on the NMR time scale.56, 66, 67 

Figure 6: Electronic spectra to monitor oxidation of FeII(MPH) with 0.1 U/mL of glucose oxidase over 48 minutes (A) and oxidation to FeIII(MPH) by 
different glucose oxidase activity levels monitored via absorbance at 300 nm to determine initial rates of reaction (B). Conditions: 0.20 mM complex, 
0.1 M NaCl, 100 mM HEPES pH 7.4, 10 mM glucose.
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Transferrin transchelation of iron was studied for both 
complexes by monitoring the increase in the absorbance at 465 
nm which corresponds to the Fe-transferrin band, with an 
extinction coefficient of 4950 M-1 cm-1. These studies (Figure 
S43) revealed that FeIII(MPB) undergoes 30% transchelation to 
apo-transferrin over five hours with a first order rate constant 
of 2.2 X 10-3 min-1 and half-life of 315 minutes, whereas 
FeIII(MPH) undergoes less than 10% transchelation to apo-
transferrin over five hours. Thus, FeIII(MPH) is highly inert to loss 
of iron to transferrin, consistent with it being more robust as it 
contains a hexadentate ligand whereas FeIII(MPB) is inert, but 
less so.  Further aspects of solution chemistry were captured by 
relaxivity changes over time as discussed below.    

Studies with excess peroxide

Upon addition of an excess of peroxide to FeII(MPB) in 
buffered solution at neutral pH, a second band at 500 nm 
appeared (Figure 7). By contrast, FeII(MPH) showed no 
absorbance band in that region of the spectrum, regardless of 
peroxide concentration (Figure S25). Based on the following 
studies, we assign the species that forms upon treatment of 
FeII(MPB) under conditions of excess peroxide as FeIII(MPP) 
(Scheme 2) and the band at 500 nm as a LMCT band for a 
phenolate complex.  At 2 equivalents of peroxide in buffered 
solution, approximately 15% of the species is FeIII(MPP), 
indicating that it is a minor component .  However, the complex 
forms more readily in the absence of buffer, so further studies 
to identify this species were carried out in the absence of buffer.  

To probe solution speciation under conditions of excess 
peroxide addition to FeII(MPB), high resolution mass 
spectrometry was performed on the product solutions at pH 7.4 
(Figures S44 to S47).  These data show that with two equivalents 
of peroxide in solutions lacking buffer the phenolate complex 
FeIII(MPP) is formed as a minor component (13% relative 
abundance). However, with ten equivalents of peroxide the 
FeIII(MPP) complex is one of the most abundant species in 
solution.  Complexes assigned as end-on (FeIII(MPB)(OOH)) and 
side-on (FeIII(MPB)(OO)) peroxo are identified as minor species 
(38 % and 13 % relative abundance) with respect to FeIII(MPP).  
Notably, end-on and side on peroxide complexes of analogous 
Fe(III) complexes with five nitrogen donor groups form upon 
treatment with peroxide and with base.49, 62, 68  The Fe(III) 
peroxo complex then may undergo heterolytic O-O cleavage to 
produce a high valent Fe(IV) oxo complex.48, 63  Such high valent 
oxoiron(IV) complexes have been shown to oxidize non-
coordinating benzyl groups to phenolate ligands.69     

Further solution studies were carried out with FeII(MPB) and 
peroxide in solutions lacking buffer, conditions where FeIII(MPP) 
more readily forms. UV-vis spectra are shown for FeII(MPB) 
treated with two equivalents of peroxide and titrated as a 
function of pH (Figure S48).  Under these conditions, the phenol 
complex FeIII(MPP) is present as a major species as shown by the 
absorbance band at 500 nm at neutral to basic pH.  As the pH 

Figure 7: Electronic spectra tracking the oxidation of FeII(MPB) with various equivalents 
of peroxide. Conditions: 0.20 mM complex, 0.10 to 10 mM H2O2, 0.1 M NaCl and 20 mM 
HEPES pH 7.4.

becomes more acidic, a new band appears at 600 nm which is 
assigned to the LMCT band of the protonated FeIII(MPP) 
complex. The intensity of this peak increases upon titration 
from pH 6.5 to pH 4.0 (Figure S49).  Plots of these data give an 
apparent pKa value of 5.7 for the deprotonation of the phenol.  
In a second set of experiments, cyclic voltammetry studies of 
aqueous solutions of FeII(MPB) with KCl, no buffer and one 
equivalent of peroxide were studied (Figure S50).  A new quasi-
reversible wave was observed at more negative values than the 
original complex with an E1/2 of 375 mV.  This species is assigned 
as a protonated phenol complex and is observed at acidic pH 
values (pH 4) in unbuffered solutions.

Probe characteristics 

The water proton relaxivity of the Fe(II) complexes and their 
corresponding Fe(III) analogs were measured (Table S12) at 1.4 
T and 34 °C on an NMR spectrometer and at 7.0 T and 37 °C on 
an MRI scanner.  As anticipated, the Fe(II) complexes showed 
low relaxivities of 0.05 and 0.09 mM-1s-1 respectively at 1.4 T. 
This low relaxivity is consistent with Fe(II) complexes being 
paramagnetic shift agents rather than relaxivity agents as 
highlighted by the NMR spectra in Figure 2. The relaxivity 
increased by 14-fold and 7-fold respectively for FeIII(MPB) and 
FeIII(MPH) upon treatment with two equivalents of peroxide.  
Plots of R1 as a function of iron complex (Figure S52) gave 
relaxivities of 0.71 mM-1s-1 for FeIII(MPB) and 0.58 mM-1s-1for 
FeIII(MPH), respectively. Addition of serum albumin did not alter 
the relaxivity of FeIII(MPB) but increased the relaxivity of 
FeIII(MPH) slightly to 0.73 mM-1s-1.  The relaxivity values for both 
complexes are characteristic of closed-coordinate Fe(III) high-
spin complexes which function through second-sphere water 
interactions.  This suggests that FeIII(MPB) either has a slowly 
exchanging water ligand, or a hydroxide ligand.  Relaxivity 

Page 7 of 13 Inorganic Chemistry Frontiers

In
or

ga
ni

c
C

he
m

is
tr

y
Fr

on
tie

rs
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 5

/5
/2

02
6 

11
:1

7:
11

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6QI00660D

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6qi00660d


ARTICLE Journal Name

8 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins

Please do not adjust margins

values tracked as a function of equivalents of peroxide added to 
FeII(MPB) showed a decrease at high peroxide conditions (> 
100), with nearly constant values from one equivalent to 50 
equivalents of peroxide (Table S13).  This is consistent with the 
initial formation of FeIII(MPB) complex at low peroxide followed 
by the formation of the phenol complex at high concentrations 
of peroxide.

MRI phantoms (Figure 8, S54 & S56) show that the R1 and R2 

of the FeII complexes increase as a function of concentration and 
upon oxidation by peroxide.  (Note that R1 and R2 are the rate 
constants associated with T1 and T2 processes). The left side of 
the array corresponds to the Fe(II) complex and the right side of 
the array corresponds to the Fe(III) complex. The most highly 
concentrated Fe(III) sample shows the brightest contrast in both 
the maps. This is consistent with the enhancement of R1 
relaxation rate constant upon oxidation of the Fe(II) complexes 
to give rise to higher relaxivity Fe(III) species.   A turn-on ratio of 
11 and 7 for r1 relaxivity of FeIII to FeII is observed at 7 T for 
FeII(MPB) and FeII(MPH) respectively.

The reversibility of the response of the MRI probes towards 
oxidation and reduction was studied (Figure 9). One equivalent 
of peroxide was added followed by addition of one equivalent 
of ascorbate to solutions containing 500 µM probe.  After the 
first cycle, the relaxivity values were similar to the original Fe(II) 
values. However, the second oxidation produced slightly lower 
relaxivity values than the first oxidation. The lack of complete 
reversibility is attributed, in part, to the characteristics of probe 
solution chemistry over time. Notably, the relaxivity of 
FeIII(MPB) and FeIII(MPH) decreases slightly when monitored 
over several hours in the presence and absence of human 
serum albumin (Table S15 & S16, Figure S57 &58). In the 
absence of human serum albumin, the relaxivities of both the 
complexes decreased by 25 percent over four hours. In the 
presence of human serum albumin, FeIII(MPB) decreased by 
33% and FeIII(MPH) decreased by 11%. Addition of an equivalent 
of peroxide partially restored the relaxivity of FeIII(MPB), but not 
FeIII(MPH) in solutions containing 500 µM complex at neutral pH 
(Figure S59). UV-vis spectroscopy experiments (Figure S60, S61) 
at lower concentrations (200 µM) showed full restoration of 
electronic absorbance bands of FeIII(MPB) and FeIII(MPH), upon 
addition of half an equivalent of peroxide at 4 hours, suggesting 
that the complexes are slowly reduced in solution over several 
hours.

Conclusions
Consideration of the coordination chemistry of peroxide 

with Fe(II) complexes is instrumental in the design of a redox-
responsive MRI probe that is selective for peroxide over O2. 
Although the relatively high oxidation potential of the iron 
center (680 mV) indicates that outer-sphere oxidation by 
peroxide (H2O2/OH●-, E°’ = 390 mV) should be unfavorable, 
exposure to one equivalent of peroxide nonetheless yields the 
FeIII(MPB) complex, most likely through an inner-sphere redox 
processes. Oxidation is rapid, similar to other Fe(II) probes that 
contain available sites for inner-sphere oxidation with 
peroxide.38 The rapid reaction of the FeII(MPH) complex with 
peroxide is consistent with the availability of a  coordination site 
for binding an incoming ligand either through formation of a 
seven-coordinate complex or by displacement of the 
hydroxypropyl pendant as well as the lower redox potential of 
the probe.  Moreover, the interaction of the hydroxypropyl 
group with peroxide has been proposed to increase the rate of 
oxidation, as shown for analogous Co(II) complexes.70  

The selectivity of the FeII(MPB) probe for oxidation by 
peroxide over oxygen is promising and the turn-on ratio is 
similar to that of other iron-based probes.38, 40  However, 
improved overall relaxivity of the Fe(III) complex is desirable 
and may be accomplished by optimizing relaxivity parameters 
such as correlation times through larger assemblies and by 
modulation of water exchange71 as well efforts towards 
improving water solubility. 

Figure 8: R1 (s-1) map of FeII(MPB) (left) and FeII(MPH) (right) before and after oxidation. 
Conditions: 0 to 0.75 mM complex, 2 eq H2O2, 20 mM HEPES pH 7.4, 0.1 M NaCl, 310 K, 
7 T.

Scheme 2: Oxidation products  
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Figure 9: Relaxivity of FeII(MPB) and FeII(MPH) complexes following cycles of oxidation 
and reduction with peroxide and ascorbate. Conditions: 20 mM HEPES pH 7.4, 0.1 M 
NaCl, 307 K, 0.50 mM complex, 0.50 mM H2O2, followed by 0.50 mM ascorbate.

Finally, the oxidation of the aromatic ring to a phenolate 
group might be prevented by addition of ortho-substituents72 
or the non-coordinating pendent may be changed to a less 
easily oxidized group. These modifications are underway 
towards rapid-response, high selectivity peroxide-responsive 
iron-based MRI probes.
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