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A B S T R A C T

Metal complexes containing ligands that can be cleaved using biological reductants are possible alternatives to
traditional photocaged metal ions. This strategy has been demonstrated in this proof-of-concept study with a
disulfide containing Fe3+ complex, FeL1Cl. The loss of tight Fe3+ complexation due to disulfide reduction is
observed through a decrease in a ligand to metal charge transfer band in its UV–vis spectrum. The mechanism of
this reaction was investigated using mass spectrometry and stopped flow kinetics. A coumarin fluorescence assay
was used to determine the ability of this complex to catalyze Fenton chemistry and produce hydroxyl radical.
Hydroxyl radical production by FeL1Cl was low but in the presence of the reductant glutathione, hydroxyl
radical production is increased, suggesting that reduction of the disulfide bond by glutathione uncages the
reactivity of the Fe center in this complex.

1. Introduction

Caged metal ions are useful tools for studying cellular metal ion
homeostasis and have been used to investigate a range of metals in-
cluding Ca2+, Zn2+, Fe2+/3+, and Cu2+ [1–7]. Complexes designed for
controlled intracellular release of metal ions have historically taken
advantage of photolabile ligands that attenuate metal ion binding af-
finity upon irradiation [4,5]. Two common strategies include photo-
induced decrease in ligand donor atom strength [1,3,6,8] and photo-
induced ligand cleavage resulting in a decrease in the chelate effect
[9–11]. Photocaged metals have been used successfully to probe the
role of Ca2+, including its role in neurotransmitter release [12], vas-
cular dilation and constriction by astrocytes [13], and glutamate re-
lease in astrocytes [14]. However, there are limitations to relying on
light as the needed stimulus for uncaging metal ions, including low
quantum yields [2,3,7], slow rate of release [2], small changes in metal
ion binding affinity [3,15], and often the need to use UV light, which
can damage and kill cells. In regard to Fe3+, a few photocaged com-
plexes have been reported. Naturally occurring photoactive Fe3+

siderophore complexes have been investigated [16,17] and have in-
spired the creation of a siderophore-based trinuclear Fe3+ complex,
which releases Fe2+ upon irradiation [18]. The photocage FerriCast has
also been used to successfully modulate ligand binding affinity for Fe3+

after UV irradiation [6].
An alternative strategy is the inclusion of a labile bond within the

ligand backbone that can be cleaved viamethods other than irradiation.
Disulfide bonds are an attractive option and have been used extensively
as redox controlled triggers for intracellular cargo release [19,20].
Disulfides are easily reduced to thiols, especially in a cellular environ-
ment due largely to the high concentrations of glutathione (GSH) which
is present at mM levels in the cell [20]. In concurrence with negligible
levels of GSH outside the cell, it is easy to envision a disulfide-con-
taining caged metal complex that will be selectively reduced inside a
cell and increase the lability of the metal ion due to the subsequent
decrease in binding affinity through the chelate effect.

Several disulfide containing metal complexes have been made over
the past 40 years [21]. Most transition metal containing disulfide
complexes have been characterized primarily using X-ray crystal-
lography [22–25] and have not been investigated for their reactivity
with biological reductants. Previously reported complexes have also
been synthesized as potential catalysts [26–29] while others have been
made to investigate the interactions between thiols, disulfides, and
biologically relevant metal ions due to their importance in cellular
environments [30,31]. However, the use of disulfide metal complexes
as caged metal ions for controlling metal ion reactivity and lability has
not been explored. To this end, we have investigated a disulfide con-
taining Fe3+ complex, FeL1Cl, for its reactivity and its possible use for
selective de-caging of Fe3+ in the presence of high concentrations of
GSH (Scheme 1).
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2. Results

The disulfide containing complex FeL1Cl was synthesized as re-
ported in literature [24]. The ligand was synthesized via condensation
of 2,2′-diaminodiphenyl disulfide with salicylaldehyde. The absorbance
spectrum of the complex is characterized by an intense phenolato to
Fe3+ ligand to metal charge transfer (LMCT) band around 546 nm
(ɛ=3900M−1 cm−1) in DMSO [27] and 562 nm
(ɛ=2860M−1 cm−1) in CH2Cl2 [32]. The magnetic moment was de-
termined to be 6.2 µB indicating a high spin Fe3+ complex. The ligand
has an irreversible reduction at −1.91 V corresponding to the imine
while the disulfide redox couple has an E1/2=−1.26 V (Fig. S1A)
which is typical of aromatic disulfides [33]. The complex has an Fe3+/
Fe2+ redox couple at −1.48 V. The reduction potential for the imine is
shifted to −0.721 V while the E1/2 for the disulfide is shifted to
−0.575 V (Fig. S1B). The positive shift in the reduction potential of
both the imine and disulfide are indicative of coordination of the ni-
trogen and sulfur, respectively, to the Fe3+. The resulting polarization
of the bonds makes both moieties easier to reduce as indicated by the
change in reduction potentials.

To determine the feasibility of GSH mediated Fe3+ release from the
initial FeL1Cl complex via disulfide reduction, absorbance of the LMCT
was monitored upon addition of GSH. As expected, a decrease in the
LMCT is seen with GSH addition, indicating decomplexation of Fe3+

(Fig. 1A, Fig. S2). A similar decrease in the LMCT is also seen upon
addition of other reductants, including DTT and sodium dithionite (Fig.
S3). These observed changes differ from those of the reaction of ligand
L1 with GSH (Fig. 1B), in which changes are only observed below
450 nm. This suggests that the decrease in LMCT is a result of a change
in the coordination of the metal center, likely due to loss of phenolate-
Fe3+ coordination bonds. The products of the reduction were evaluated
using high resolution mass spectrometry (HRMS) (Table S1). Two
species containing GSH adducts were detected indicating that loss of
Fe3+ coordination is due to cleavage of the ligand disulfide by GSH
(Figs. S11 and S12). Importantly, no FeL1Cl is detected by HRMS in the

presence of GSH, suggesting that Fe3+ is no longer bound to the parent
complex. We note that in the absence of GSH, FeL1Cl is readily de-
tected under the same HRMS conditions. The free ligand, L1, is detected
both before (Figs. S13 and S14) and after addition of GSH to FeL1Cl
(Figs. S15 and S16). Detection of L1 in the control solution containing
only FeL1Cl is likely due to loss of Fe3+ during the ionization process.
After addition of GSH, since no intact FeL1Cl is detected, detection of
L1 is assumed to be due to continued disulfide exchange leading to the
reformation of L1 without any Fe3+ bound. This is supported by the
observation that there is no reappearance of the LMCT and the corre-
sponding deep purple color, indicating that Fe3+ is no longer tightly
bound to the ligand.

The kinetics of the disulfide cleavage were also investigated. The
reaction was predicted to be first order in both reactants and second
order overall, as shown in Eq. (1). Under pseudo first order conditions
with excess GSH, the rate law was expected to become Eq. (2).

=r k GSH FeL Cl[ ][ 1 ] (1)

=r k FeL Cl[ 1 ]obs (2)

The data shows, however, that in the presence of excess GSH, the
reaction is second order in FeL1Cl (Fig. 2B). This can be explained
through the proposed mechanism in Eqs. (3) and (4) and Fig. 2D. Initial
disulfide cleavage by GSH results in the creation of a free thiol, LSH,
from the complex. This free thiol is available to reduce intact complexes
of FeL1Cl. Because of this, the observed rate law is second order in
FeL1Cl and first order in GSH (Eq. (5)). When carried out with excess
GSH, the rate law is simplified to Eq. (6).

+ +FeL Cl GSH FeLSSGCl LSH1 (3)

+ + +FeL Cl LSH L LSH FeLSCl1 1 (4)

r k GSH FeL Cl[ ][ 1 ]2 (5)

r k FeL Cl[ 1 ]obs
2 (6)

As expected, the reaction between FeL1Cl and GSH was first order
in GSH over a wide range of GSH concentrations as shown by the plot of
kobs vs the initial GSH concentration (Fig. S5C). Unexpectedly, a plot of
kobs vs initial FeL1Cl concentration shows that kobs decreases with in-
creasing FeL1Cl concentration in a linear fashion as opposed to in-
creasing in a quadratic manner (Fig. 2C). This is most likely due to
interference in absorbance caused by complexes of weakly bound Fe3+

with the resulting products from the reaction. This includes an Fe3+

complex formed with a ligand-GSH adduct, FeLSSGCl (Fig. 2D), which
is observed by HRMS after the reaction of FeL1Cl with GSH (Fig. S19)
and another Fe3+ complex that forms with two intact L1 ligands, ob-
served in small amounts via HRMS both before and after reduction with
GSH (Table S1, Figs. S17 and S18). Mild interference in absorbance
between 500 and 600 nm can also be caused by complexation of Fe3+

with GSH itself [34]. When we modeled this proposed mechanism
(KinTek Explorer software [35]) including absorbance interference and
considering Eq. (3) as faster than Eq. (4), the same trend is seen in that
the kobs decreases linearly with increasing FeL1Cl concentration (Fig.
S6B).

In order to demonstrate that the intact FeL1Cl complex fully se-
questers Fe3+, the complex’s ability to catalyze Fenton chemistry was
investigated. Hydroxyl radicals react with coumarin to produce 7-hy-
droxycoumarin (7-HC), which fluoresces at 400 nm [36–38]. This re-
action with coumarin takes place readily in the presence of labile Fe3+

and H2O2. Comparison of the relative integrated fluorescence of 7-HC
formed under different reaction conditions can demonstrate the ability
of FeL1Cl to produce ROS only after reaction with GSH. The ability of
FeCl3 and FeL1Cl to catalyze hydroxyl radical formation in the pre-
sence and absence of GSH was compared (Fig. 3). FeCl3 alone leads to
high levels of 7-HC fluorescence, which are not significantly affected by
the presence of equimolar GSH or L1, as mixture of FeCl3 and L1 at
room temperature does not lead to the formation of FeL1Cl. When

Scheme 1. GSH activation of a disulfide containing Fe3+ complex.

Fig. 1. UV–vis spectra of (A) 100 µM FeL1Cl in DMSO after addition of 1 equiv.
of GSH and (B) 100 μM L1 in DMSO after addition of 10 equiv. of GSH. A
decrease in the LMCT band at 546 nm for FeL1Cl, which is not seen for L1,
indicates loss tightly bound Fe3+.
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FeL1Cl, H2O2, and coumarin were combined, similar levels of fluores-
cence were observed as in the control reaction between coumarin and
H2O2 in the absence of any Fe3+ source. These results indicate that the
complex is unable to catalyze hydroxyl radical formation due to its fully
occupied coordination sphere. Upon incubation of FeL1Cl with GSH,
the fluorescence levels increased, suggesting that cleavage of the

disulfide bond by GSH uncages the Fe3+ reactivity and restores its
ability to catalyze formation of ROS in the presence of H2O2. These
results demonstrate this proof of concept study that disulfide containing
ligands can be used to make caged metal complexes that effectively
mask a metal ion’s reactivity until exposure to a reducing environment
uncages the metal, thus restoring reactivity.

3. Conclusions

In conclusion, a disulfide-containing Fe3+ complex has been studied
as an alternative to photocaged metals for controlling Fe3+ reactivity
through ligand centered reduction. This proof-of-concept study de-
monstrates the feasibility of disulfide dependent caged metal complexes
that circumvents common problems associated with photolabile li-
gands. Current efforts are geared towards the development of aqueous-
compatible complexes for biological studies of the interplay of metal
ion homeostasis and oxidative stress.

4. Experimental

4.1. Materials

All chemicals and solvents were purchased from Alfa Aesar and
Fisher Scientific and used as received. 1H and 13C NMR spectrum were
acquired on a 400MHz Agilent MR spectrometer. NMR samples were
prepared in DMSO‑d6 and chemical shifts are reported in ppm.
Electrospray Ionization Mass Spectrometry (ESI-MS) was performed by
the Mass Spectrometry Facility of the Department of Chemistry at UT
Austin. UV–vis spectroscopic studies were preformed using an Agilent
Cary 60 UV–vis Spectrophotometer. Kinetic measurements were made
using a Hi-Tech Scientific SFA-20 Rapid Kinetics Accessory in tandem
with an Agilent 8453 UV–vis Spectrophotometer. Cyclic voltammetry
was carried out using a CHI 660D electrochemical workstation from the
UT Austin Center for Electrochemistry. Fluorescence measurements
were made using an Agilent Cary Eclipse Fluorescence
Spectrophotometer.

Fig. 2. (A) The change in absorbance at 562 nm over time for the reaction of FeL1Cl (80–105 µM) with 1mM GSH in MeOH. (B) A plot of 1/A562nm vs time for the
initial 15 s of the reaction between constant GSH and varying FeL1Cl concentrations; the linear relationship demonstrates that the reaction is second order in FeL1Cl.
The slopes of the lines give the kobs values. (C) A decrease in kobs values with increasing [FeL1Cl] is observed, indicating interference at the observed wavelength
(562 nm) due to products from the reaction. As the concentration of FeL1Cl increases, the concentration of interfering products increases leading to the unexpected
relationship between kobs and [FeL1Cl]. (D) Proposed mechanism that explains the decreasing trend in kobs and the second order dependence on FeL1Cl. The first step
involves the reaction of FeL1Cl with GSH leading to the formation of FeLSSGCl, which is proposed to be one of the possible species absorbing weakly at 562 nm and
causing interference. In step two, the free thiol LSH, from step one, reacts rapidly with remaining FeL1Cl leading to an overall reaction mechanism that appears to be
second order in FeL1Cl.

Fig. 3. Normalized fluorescence of 7-hydroxycoumarin produced from the re-
action of coumarin with hydroxyl radical in the presence of H2O2. No difference
in fluorescence signal is observed between the control containing only cou-
marin and the sample with FeL1Cl, indicating that the Fe3+ is effectively caged.
In the presence of GSH, the fluorescence signal increases due to the uncaging of
the Fe3+ which is then free to catalyze hydroxyl radical production.
Fluorescence levels observed after addition of GSH to FeL1Cl are similar to
those produced by FeCl3. Data represents mean values (n= 3) ± the standard
deviation (***p < 0.0001).
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4.2. Synthesis of FeL1Cl [24,32]

2,2′-Diaminodiphenyl disulfide (500.4mg, 2.015mmol) was dis-
solved in 12mL MeOH. Salicylaldehyde (0.211mL, 2.015mmol) was
dissolved in 1.5mL MeOH and added to the first solution. Lithium
(14.0 mg, 2.017mmol) was dissolved in 5mL MeOH and added to the
ligand solution and stirred at room temperature. A 3mL MeOH solution
of FeCl3 (163.4mg, 1.007mmol) was added dropwise to the solution.
The solution was refluxed for 30min and allowed to cool to room
temperature. A dark solid precipitated out of solution. Filtering and
washing with hot MeOH gave pure product with a yield of 61%.
Product formation was confirmed through UV–vis spectroscopy and
HRMS. ε562nm in DCM: 2860M−1 cm−1 [32]. HR ESI-MS (ESI+,
MeOH): calculated for [M-Cl]+ 510.0154, found 510.0155.

4.3. Synthesis of L1 [28]

A modified literature procedure was used to synthesize L1 [28].
2,2′-diaminodiphenyl disulfide (439.6mg, 1.770mmol) and salicy-
laldehyde (0.463mL, 4.421mmol) were combined in 60mL EtOH. A
yellow solid immediately began precipitating. The mixture was stirred
for 15min at room temperature. The mixture was refrigerated for three
hours and then filtered and washed with cold EtOH to give a yield of
90%. 1H NMR (400MHz, DMSO‑d6) δ 12.56 (s, 1H), 9.02 (s, 1H), 7.71
(dd, J=7.7, 1.8 Hz, 1H), 7.56 (dd, J=7.9, 1.5 Hz, 1H), 7.50 (dd,
J=7.9, 1.4 Hz, 1H), 7.46 (ddd, J=8.1, 7.3, 1.7 Hz, 1H), 7.36 (td,
J=7.6, 1.5 Hz, 1H), 7.29 (td, J=7.6, 1.4 Hz, 1H), 7.04 – 6.97 (m, 2H).
13C NMR (DMSO‑d6, 400MHz): δ 164.1, 160.6, 146.5, 134.4, 133.2,
130.8, 128.6, 128.4, 126.6, 119.9, 119.0, 117.2. LR ESI-MS (ESI+,
MeOH): calculated for [M+H]+ 457.1, found 457.1.

4.4. UV–vis spectroscopy

To study the reaction of FeL1Cl with different reductants, the
change in the UV–vis spectrum of 100 μM FeL1Cl was monitored while
GSH, DTT, and sodium dithionite were titrated into the solution, re-
spectively. The studies were carried out in DMSO and MeOH. Data was
collected with an Agilent Technologies Cary 60 UV–vis spectrometer.
Stock solutions of FeL1Cl (1 mM) were prepared in DMSO or MeOH.
GSH stock solution (100mM) was made using 1:1 water:DMSO. Stock
solutions of DTT (100mM) were made in DMSO or MeOH. Stock so-
lutions of Na2S2O4 (100mM) were made in water. Control studies were
done with equivalent amounts of water containing no reductant to
demonstrate that changes in the UV–vis spectrum are due to the reac-
tion of FeL1Cl with the reductant and not hydrolysis of FeL1Cl due to
the presence of water.

4.5. Cyclic voltammetry

Electrochemical data was collected with a CHI 660D electro-
chemical workstation. Measurements of a 2mM solution of FeL1Cl and
L1 were recorded at 100mV/s in a glovebox. A three-electrode cell was
used, with a platinum electrode as the working electrode, an Ag/Ag+

non-aqueous electrode as a reference electrode (a 10mM solution of
AgNO3 in DMF was used as a Ag+ source), and a platinum wire aux-
iliary counter electrode. Bn4NBF4 (0.1M) was used as the electrolyte
and the spectra were calibrated versus ferrocene.

4.6. Mass spectrometry

High resolution ESI-FIA-MS and ESI-LC-MS data was collected on an
Agilent Q-TOF LC/MS. Reactions were carried out in methanol with an
initial FeL1Cl concentration of 100 µM and equimolar amounts of GSH.
Samples were analyzed within one hour of GSH addition. Control
samples contained only 100 µM FeL1Cl and no GSH.

4.7. Kinetics

Kinetic experiments were carried out in MeOH at 26 °C with an
excess amount of GSH. FeL1Cl has a strong LMCT at 562 nm, which
disappears upon disulfide reduction and concomitant Fe3+ release.
Thus the change in absorbance at 562 nm was monitored over time.
Second order dependence on FeL1Cl was determined by holding [GSH]
concentration constant (1.0 mM) and varying initial [FeL1Cl] con-
centration between 80 and 105 μM. The pseudo second-order kobs va-
lues were determined by plotting 1/A and obtaining the slopes of the
resulting linear plots. A graph of kobs values vs initial [FeL1Cl] gives a
line with a negative slope indicating formation of a product that has
weak interfering absorbance around 562 nm (see Kinetics Modeling
below.) First order dependence on GSH was determined by keeping
[FeL1Cl] constant (100 μM) and varying the initial [GSH] from 50 μM
to 1.4mM. The kobs values were obtained by plotting 1/A. A graph of
kobs vs initial [GSH] gives a straight line indicating first order depen-
dence on GSH. The slope of the line gives a third order rate constant of
2.0M−2 s−1.

4.8. Kinetics modeling with KinTek explorer

The simulations for the possible mechanism for FeL1Cl reduction by
GSH were done using KinTek Explorer software [35]. The model used
was:

+ = +FeL1Cl GSH FeLSSGCl LSH (7)

+ =LSH FeL1Cl L1 (8)

The forward rate for each equation were set so that k1 > k2 and the
backward rates were set to small values as both reactions are irrever-
sible. The output was set to:

+a FeL1Cl b FeLSSGCl

where a and b are the extinction coefficients for the absorbance of
FeL1Cl and FeLSSGCl. They were set in such a way that a was higher
than b. The concentrations of GSH and FeL1Cl were kept similar to the
experimental conditions. The data generated for total absorbance versus
time under the set conditions was fitted to the following exponential
equation:

= +Y Ae B( kt)

where A is the amplitude, k is the rate constant, and B is a constant. The
rate was plotted with respect to concentration of variable species. It
should be noted that simulations were run to confirm the proposed
mechanism based on the experimental data and not used to calculate
the simulated kobs values, for several reasons. The absolute values of k1
and k2 are unknown as are the extinction coefficients of the interfering
species. In addition to this, the kinetics model in the simulations are
fixed throughout the time period, while under experimental conditions,
it might change with time as the relative concentration of each species
varies. For this reason, simulated kobs values do not necessarily match
those obtained experimentally.

4.9. Coumarin hydroxylation fluorescence assay

In order to determine that ability of FeL1Cl to catalyze hydrogen
peroxide induced ROS production in the presence and absence of GSH,
a coumarin hydroxylation assay was used [38]. Coumarin reacts with
hydroxyl radical to yield 7-hydroxycoumarin, which fluoresces around
400 nm in MeOH. Comparison of the integrated fluorescence of reaction
solutions containing coumarin, H2O2, and Fe3+ indicates the relative
amount of hydroxyl radicals produced. Reactions containing FeL1Cl in
the absence and presence of GSH were compared to reactions con-
taining FeCl3 with and without GSH. Control reactions containing L1
and FeCl3 (both with and without GSH) were also carried out to de-
monstrate the necessity of the intact FeL1Cl complex to mitigate
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hydroxy radical production. Reactions were carried out in degassed
MeOH in an anaerobic chamber to prevent quenching of the hydroxyl
radical by oxygen. All stock solutions were made in an anaerobic
chamber using degassed solvents. Stock solutions of coumarin (5mM),
FeCl3 (5mM), FeL1Cl (1mM), and H2O2 (50mM) were made MeOH. A
100mM solution of GSH was made in water. This solution was used to
make a 5mM stock solution of GSH in MeOH. A solution of L1
(12.584mM) was made in EtOAc. This solution was used to make the
final stock solution of L1 (135.14 μM) in MeOH. The final concentra-
tions of coumarin and H2O2 in all the samples were 1mM each. The
final concentrations of either FeCl3 or FeL1Cl was 100 μM. The final
concentration of GSH, when present, was 100 μM. The final con-
centration of L1, when present, was 100 μM. Fluorescence measure-
ments of the reaction solutions were taken after 16 h of incubation. The
excitation wavelength was 344 nm (slit width 20.) Total fluorescence
was measured by integrating the fluorescence spectra from 375 nm to
640 nm. All samples were performed in triplicate.
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