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ABSTRACT: We report the application of organoiridium complexes as
catalytic agents for the detoxification of biogenic reactive aldehyde species
(RASP), which are implicated in the pathogenesis of neurodegenerative
disorders. We show that Ir complexes functionalized with phosphonium
cations localize selectively in the mitochondria and have better cellular
retention compared to that of their parent Ir species. In a cell model for
Parkinsonism, the mitochondria-targeted iridium catalysts exhibited superior
cell protecting abilities and longer-lasting effects (up to 6 d) than
conventional RASP scavengers, which failed to be effective beyond 24 h.
Our biological assays indicate that treatment with the Ir compounds led to
reduction in reactive oxygen species and aldehyde levels while partially
preserving the native mitochondrial membrane potential and NAD+/NADH ratio in 1-methyl-4-phenylpyridinium-inhibited cells.
Our work is the first to demonstrate catalytic nonenzymatic detoxification of RASP in living systems.

■ INTRODUCTION
Parkinson’s disease (PD) is the second most prevalent
neurodegenerative disorders globally, affecting up to 1−4%
of the population over 65 years old.1−5 The clinical
presentation of PD often includes impaired motor (e.g.,
bradykinesia, rigidity, etc.) and nonmotor (e.g., depression,
anxiety, etc.) functions (Chart 1A). On the cellular level, PD is
characterized by abnormalities in the mitochondria, lysosome,
and endosome and gradual loss of dopaminergic neurons.5,6

Although the exact cause of PD is still unknown, its
pathogenesis has been linked to α-synuclein aggregation into
Lewy bodies and neurites that lead to toxic gain of
function.7−10 There are currently no cures for PD but
treatments can help with managing symptoms (Chart
1B).11−13 For example, the dopamine precursor levodopa (L-
Dopa) is used to alleviate many of the motor issues of PD in its
early stages. It is often prescribed in conjunction with
carbidopa (CD), a decarboxylase inhibitor that reduces
extracerebral metabolism of L-Dopa so that it can persist in
the body long enough to cross the blood−brain barrier (BBB).
However, long-term use of L-Dopa can cause significant side
effects,14−16 including drug-induced dyskinesia. Other PD
treatments that focus on controlling neurotransmitter levels
include dopamine agonists, monoamine oxidase B inhibitors,
N-methyl-D-aspartate glutamate receptor antagonists, and
others.

Mitochondrial dysfunction and oxidative stress are now
widely recognized as key contributors to PD.17,18 There is
increasing evidence showing that deficiency in the respiratory
Complex I (C−I)19,20 within the mitochondria of dopaminer-
gic neurons results in redox imbalance and elevated reactive

oxygen species (ROS) production.21,22 Such ROS-induced
oxidative stress contributes to neuronal degeneration by
damaging lipids, proteins, and nucleic acids. A wide range of
mitochondria-targeted organic compounds have been studied
in PD research.23−25 Among these, the antioxidant Coenzyme
Q10 (CoQ10) has undergone phase 3 clinical trials with mixed
results.26−28 Although CoQ10 was well tolerated in people, it
did not improve the motor symptoms of PD.26,29 Another
antioxidant that can penetrate the BBB is MitoQ, which is
composed of ubiquinone conjugated to a triphenylphospho-
nium moiety and is available commercially as a supplement to
enhance mitochondrial function and energy. Unfortunately, it
has failed to show efficacy in clinical trials.30

In search for more effective PD treatments, researchers have
focused on reactive aldehyde species (RASP) as possible
therapeutic targets.31−38 RASP, which include formaldehyde,
4-hydroxynon-2-enal (4-HNE or Ia), acrolein, malondialde-
hyde, and crotonaldehyde, can be acquired from the
environment, food/drink, and biological degradation of lipids
and carbohydrates. The accumulation of neurotoxic aldehydes,
such as 2,3-dihydroxyphenylacetaldehyde (DOPAL or IIa), is
due to altered monoamine metabolism.37,39−41 Because RASP
are potent electrophiles, they react readily with nucleophilic
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groups in biomolecules and can induce protein aggregation via
covalent cross-linking.35 RASP have been implicated in the
formation of α-synuclein oligomers that can damage lipid
membranes and be transmitted from unhealthy to healthy
neurons, which may lead to exacerbation of PD.10,35,41−43

Although there are natural defense systems against RASP,44

they are often deficient in sick patients.
As an intervention, the use of RASP detoxification (detox)

agents that assist in their biological clearance has shown
promise in some studies.45−49 These compounds typically
feature primary amine or hydrazine groups that react with
aldehydes to form nontoxic imine or hydrazone species,
respectively. A variety of drugs and natural compounds exhibit
aldehyde scavenging properties, including metformin, amino-
guanidine, pyridoxamine, thiamine, and carnosine (Car)
(Chart 1B). The drug candidate reproxalap (Rep) is currently
in phase 3 clinical trials as a RASP scavenger to treat eye
inflammation.50,51 All of these compounds are stoichiometric
reactants, which means that each RASP detox agent can react
with only a single aldehyde molecule. Because of their
stoichiometric nature, RASP scavengers likely need to be
administered on a frequent basis to achieve their therapeutic
effects.

Based on the current understanding of PD etiology, we
hypothesized that catalytic aldehyde detoxification in the
mitochondria could offer selective defense against toxicants
that contribute to PD pathogenesis. We showed in previous
work that untargeted [Cp*Ir(picolinamidate)Cl] complexes
(Cp* = pentamethylcyclopentadienyl anion, Chart 1B) are
capable of protecting mammalian cells from RASP damage by
converting them to unreactive alcohols via a transfer
hydrogenation mechanism.52,53 In the present study, we
designed Ir complexes that are capable of selectively
accumulating in the mitochondria and leveraged their
reductase-like properties to enhance mitochondrial integrity
and cell growth in cellular models of PD. We show that

mitochondria-targeted Ir catalysts exhibit greater biological
activity compared to that of their nontargeted counterparts and
demonstrate that catalytic Ir detox agents display longer-lasting
effects than conventional RASP scavengers over a multiple-
days time course. Most notably, the Ir detox agents reversed
key cellular biomarkers associated with Parkinsonism, suggest-
ing that they may be candidates for further development as
therapeutics.

■ RESULTS AND DISCUSSION
Catalyst Design, Synthesis, and Characterization. In

previous studies , we demonstrated that [Cp*Ir-
(picolinamidate)Cl] complexes are competent catalysts for
aldehyde reduction in the presence of a hydride source (e.g.,
sodium formate or reduced nicotinamide adenine dinucleotide,
NADH) under biologically relevant conditions54 and inside
living environments.52,53 Because mitochondria dysfunction is
a common hallmark of PD,6,20,55 we proposed that targeting
our Ir catalysts to this organelle could amplify their therapeutic
effects since it could potentially intercept RASP at the site of
generation (e.g., due to lipid peroxidation of the mitochondrial
membrane).21 The parent catalyst Ir1, which bears an N-
phenylpicolinamidate ligand, was prepared based on a
literature procedure.56 To create the mitochondria-targeted
catalysts,24,57 we attached phosphonium groups to our Ir
complex to form two different variants, the non-emissive
Ir2mito and the emissive Ir3mito due to the presence of a pyrene
moiety (Figure 1A).58 For comparison, we also prepared the
nontargeted derivatives Ir2 and Ir3, which lack the
phosphonium groups of Ir2mito and Ir3mito, respectively. Due
to the poor water solubility of Ir3, we also prepared Ir3′ that
contains a pyrene unit attached to the picolinamidate ligand via
a short amide linker.

To obtain the new picolinamide ligands, two different routes
were pursued. The first route involves amide coupling between
picolinic acid and a primary amine to furnish the
corresponding L2 (R = decyl), L2mito (R = decyl-
triphenylphosphonium bromide), L3 (R = undecyl-pyrene),
and L3′ (R = carbamoyl-pyrene) ligands with up to ∼70%
yield (Figure 1B). The second route involves preparing the
picolinamide 7 from picolinic acid and N-(10-bromodecyl)-
amine, followed by nucleophilic substitution with diphenylpyr-
enylphosphine to provide L3mito in 32% yield (Figure 1C).
Metalation of the final picolinamide ligands with [Cp*IrCl2]2
in the presence of triethylamine gave the Ir complexes Ir2,
Ir2mito, Ir3, Ir3′, and Ir3mito in moderate to good yields (∼70−
80%) after purification. The complexes were fully characterized
by a variety of spectroscopic techniques (NMR, IR, and UV−
vis absorption) and mass spectrometry.

The emissive compounds were further characterized by
fluorescence spectroscopy (Figure 1D). In dichloromethane,
excitation of Ir3, Ir3′, and Ir3mito (30 μM) at 340 or 350 nm
produced emission spectra showing vibrational fine structure
between 360 and 520 nm that is characteristic of the pyrene
unit.59 Because Ir3mito was soluble in phosphate buffered saline
(PBS), its fluorescence spectrum was also measured in this
solvent, showing peaks at ∼390 and 400 nm that are similar to
those observed in CH2Cl2 but with lower intensity. To obtain
the fluorescence spectrum of Ir3′ in aqueous solution, a
mixture of PBS/DMSO (95:5) was used (Figure 1D, middle).
The emission spectrum clearly showed the presence of the
pyrene moiety with fluorescence bands at ∼390 and 400 nm.

Chart 1. (A) Typical Hallmarks of Parkinson’s Disease and
(B) Small Molecule Therapeutics Currently Used or under
Investigation for Its Treatment
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Unfortunately, the poor solubility of Ir3 in PBS/DMSO (95:5)
precluded its measurement in aqueous solution.
Transfer Hydrogenation Studies. To evaluate the

reductase-like activity of the Ir complexes,60 we subjected
them to transfer hydrogenation studies using biogenic
aldehydes that have been linked to PD pathogenesis.38 The
first substrate we tested was Ia,32,35,36,61 which is a toxic
byproduct of lipid peroxidation that has been shown to alkylate
biomolecules and cause protein aggregation. When Ia was
combined with an Ir complex (1 mol % relative to the
substrate) and excess HCOONa in PBS/DMSO (95:5) at 37
°C for 24 h, the products 4-hydroxynon-2-en-1-ol (Ib) and 4-
hydroxynonan-1-ol (Ic) were obtained in all cases (Figure 2A).
Because reduction likely proceeds from Ia → Ib → Ic,52 the
amount of Ic obtained is an indicator of the catalyst’s relative
reactivity. Our results suggest that the mitochondria-targeted
catalysts are more active than their nontargeted variants (e.g.,
Ir2mito > Ir2 and Ir3mito > Ir3′). Complex Ir3 was not tested
due to its poor aqueous solubility. Relative to the parent
catalyst Ir1, which gave 86% yield of Ic, Ir2mito was equally
active (85%) and Ir3mito was less active (21%). Based on our
previous studies, functionalization at the N-phenyl moiety of
the picolinamidate ligand should have minimum effects on the
iridium reactivity.60 However, the lower yield of Ir2, and
Ir3mito compared to that of Ir1 is likely due to their reduced

solubility in the PBS/DMSO reaction mixture. In fact, we
observed small but visually detectable amounts of yellow Ir2
precipitate in the reaction over the course of several hours.
Because Ir3′ has an additional pendant amide group, it can
potentially bind and coordinatively inhibit the iridium center.
Despite their differences in activity, all the Ir complexes tested
were active for transfer hydrogenation under biologically
relevant conditions.

The second biogenic substrate we used was IIa, which is
derived from cellular metabolism of the neurotransmitter
dopamine and is believed to trigger α-synuclein oligomeriza-
tion that can impair synaptic functions.37,39−41 In these
experiments, the same reaction conditions were employed as
described above by combining IIa with an Ir catalyst and
HCOONa in PBS/DMSO (95:5) (Figure 2B). After 15 h, Ir1,
Ir2, Ir2mito, and Ir3mito afforded 2-(3,4-dihydroxyphenyl)-
ethanol (IIb) in 92, 74, 90, and 81% yields, respectively.
Once again, Ir2mito exhibited similar activity as that of Ir1 but
Ir2 and Ir3mito were slightly lower. These solution studies
suggest that our Ir complexes are promising candidates for
therapeutic applications due to their ability to transform RASP
into unreactive products.
Biological Properties of the Ir Complexes. Before

conducting the PD cell model studies, we investigated the
biological properties of our Ir complexes. We have shown in
previous work that [Cp*Ir(picolinamidate)Cl] species are
chemically stable in aqueous solutions and biological media for
at least several days or longer.60 To assess the aqueous stability
of the mitochondria-targeted catalysts, we measured their
NMR spectra in D2O/DMSO-d6 (90:10). Our data showed
that the 1H NMR spectra of Ir2mito (Figure S3) and Ir3mito
(Figure S6) were unchanged over the course of 48 h, indicating
that no degradation had occurred.

Next, we determined the octanol/PBS partition coefficients
(Log P) of the Ir complexes,62 which provide an estimate of
the compounds’ lipophilicity (i.e., >0 = more lipophilic and <0
= more hydrophilic). The Ir compounds were dissolved in an
octanol/PBS mixture with different ratios and then the amount

Figure 1. (A) Structures of the iridium complexes used in this study;
(B,C) synthesis of the iridium complexes; and (D) emission spectra of
Ir3, Ir3′, and Ir3mito (30 μM, λex = 340 or 350 nm). Abbreviations:
Cp* = pentamethylcyclopentadienyl anion, Py = pyrene.

Figure 2. Transfer hydrogenation studies using 4-hydroxynon-2-enal
(A) and 3,4-dihydroxyphenylacetaldehyde (B) as substrates with the
iridium catalysts.
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distributed in each phase was measured by UV−vis absorption
spectroscopy. Our data revealed the following Log P trend: Ir3
(1.86 ± 0.19) > Ir2 (1.47 ± 0.20) > Ir3mito (1.21 ± 0.09) > Ir1
(1.15 ± 0.23) > Ir3′ (1.13 ± 0.10) > Ir2mito (0.94 ± 0.12)
(Figure S14). These results corroborate the poor water
solubility of Ir3 and the lipophilicity tracks somewhat with
catalyst activity (Figure 2), in which more water-soluble
catalysts (e.g., Ir2mito) tend to display higher transfer
hydrogenation rates than their less water-soluble counterparts
(e.g., Ir2).

To study cell uptake, we used inductively coupled plasma
mass spectrometry (ICP−MS) to quantify the amount of
iridium inside cells after treatment with the catalysts for various
lengths of time. We performed studies in human neuro-
blastoma SH-SY5Y cells because they are commonly used as in
vitro models for PD research.63−65 After exposing the cells to 5
μM of the Ir complexes for 3 h, analysis of the resulting cell
lysates showed that iridium was present in all samples, ranging
from 34 to 213 ng/106 cells (Table S1). The Ir cell
accumulation was observed in the following order: Ir2 > Ir1
> Ir3′ > Ir2mito > Ir3mito > Ir3. A plot of the Log P vs Ir uptake
concentration does not show a strong correlation between
these two parameters (Figure 3A, left). Because our Ir catalysts
have different overall charges, shapes, and sizes, these factors
could potentially impact their mode and efficiency of cellular
uptake.

To investigate the cell retention of our Ir complexes, we
measured the iridium content in cells after incubation post-
treatment in fresh cell culture media for various amounts of
time (Table S2). As shown in Figure 3A (right), the
intracellular Ir concentrations decreased after 24 and 48 h.

The mitochondria-targeted catalysts Ir2mito and Ir3mito were
retained better than the nontargeted catalysts Ir1 and Ir2,
presumably due to their subcellular localization and positive
charge slowing down cellular efflux.

Given that Ir3′ and Ir3mito are emissive, we were able to
visualize their presence inside live SH-SY5Y cells using
fluorescence microscopy (Figure 3B). Cells were treated with
5 μM of an iridium complex for 2 or 24 h and then 10 nM of
MitoTracker Deep Red was added for 20 min to stain the
mitochondria before imaging. Excitation at 405 nm led to
fluorescence (426−450 nm) within the cell interior due to the
presence of the pyrene units in Ir3′ and Ir3mito. Similarly,
excitation at 640 nm resulted in red emission (659−701 nm),
showing the location of the mitochondria inside the cells.
When the fluorescence images from the 2 h Ir treatment were
merged, the Pearson correlation coefficients (PCC) obtained
were 0.57 for Ir3′ and 0.92 for Ir3mito, which clearly indicate
that having the phosphonium group in Ir3mito is highly effective
for targeting the mitochondria. Although Ir2mito is nonemissive
and cannot be tracked in live cells, we expect that it has the
same mitochondria-targeting ability based on extensive studies
of triphenylphosphonium containing compounds in cells.23,57

Detoxification of External Aldehydes. We established
in previous work that Ir1 is capable of detoxifying aldehydes in
mammalian cells.52 However, in the interest of achieving
greater substrate selectivity, we wondered whether a
mitochondria-targeted catalyst would be more efficient at
aldehyde detoxification given that mitochondrial respiration is
one of the main sources of free radicals responsible for
endogenous RASP formation.21,22,66

Prior to evaluating the aldehyde detoxification properties of
our new Ir complexes, we determined their half-maximal
inhibition concentrations (IC50) in SH-SY5Y cells after 24 h
treatment. Our data revealed that the iridium species have IC50
values in the order: Ir1 (35 μM) > Ir3′ (32 μM) > Ir3mito (27
μM)> Ir2mito (17 μM) > Ir2 (10 μM) (Figure 4A). For
comparison, the IC50 of several conventional detox agents were
also measured. We found that Car, sodium ascorbate (Asc),
and L-Dopa had low toxicity, with IC50 values >200 μM. The
drug candidate Rep was also well tolerated in SH-SY5Y cells
(IC50 = 101 μM). Additionally, we confirmed that the
aldehyde Ia was significantly more cytotoxic than its reduced
products Ib and Ic (IC50 = 11, 758, and >1000 μM for Ia, Ib,
and Ic, respectively). Likewise, the IC50 value of IIa (185 μM)
was lower than that of its corresponding alcohol IIb (602 μM).
It should be noted that the lipid-derived Ia is more cytotoxic
than the dopamine oxidation product IIa in SH-SY5Y cells.

In our in vitro aldehyde detoxification studies, we first
incubated SH-SY5Y cells with a detox agent for 3 h, washed
twice with fresh media, and then allowed the cells to grow in
the presence of 20 μM of Ia for 24 h. Relative to the positive
control, which contains cells exposed to only Ia without detox
agents, treatment with 5 μM of Ir1, Ir2, Ir2mito, and Ir3mito,
resulted in a 1.3-, 1.7-, 2.1, and 1.8-fold enhancement in cell
viability (Figure 4B). Increasing the Ir concentration to 10 μM
did not improve its cell protective effects, most likely due to
increased toxicity stemming from the Ir complex itself.
Lowering the Ir amount to 2.5 μM also did not lead to
greater cell survival (Figure S20), suggesting that 5 μM is the
optimal treatment concentration. The mitochondria-targeted
Ir2mito was more effective than the nontargeted Ir2. Cells that
were pretreated with the conventional detox agents Car (1
mM) and L-Dopa (100 μM) showed greater cell survival (1.3-

Figure 3. (A) Cellular uptake of the iridium complexes as a function
of their Log P values (left, 3 h incubation) and their cellular retention
over time (right). The SH-SY5Y cells were treated with 5 μM of the Ir
complexes and the Ir concentrations were quantified using ICP−MS.
Log P was measured using the shake-flask method. (B) Microscopy
images of SH-SY5Y cells treated with either Ir3′ or Ir3mito (5 μM) for
2 h and then MitoTracker Deep Red (10 nM) for 20 min. The Ir
complexes were excited at 405 nm and emission was recorded using a
438/24 nm filter, whereas MitoTracker Deep Red was excited at 640
nm and emission was recorded using a 680/42 nm filter.
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and 1.4-fold increase, respectively), whereas Rep (50 μM) and
sodium ascorbate (Asc, 1 mM) resulted in negligible change
relative to that in the positive control. These results indicate
that Ir2mito and Ir3mito were most effective at protecting cells
from the harmful effects of Ia. Because external aldehydes were
added in these experiments, the subcellular location of the Ir
catalysts is not likely important for their detoxification abilities.
Instead, we hypothesize that the greater biological activity of
Ir2mito and Ir3mito relative to that of Ir1 and Ir2 is due to their

better cellular retention. With regards to the conventional
detox agents (i.e., Car, Rep, Asc, and L-Dopa), determining
their intracellular concentrations is needed to compare
quantitatively their intrinsic detox activity. However, we did
not perform such studies because the Ir catalysts were equally
or more effective than the conventional detox agents.

Similar detoxification experiments were performed in SH-
SY5Y cells using of IIa (150 μM) instead of Ia as the substrate
(Figure 4C). Because IIa has been implicated in the
progression of PD, these studies test the feasibility of catalytic
reduction of neurotoxic metabolites. We observed that cells
treated with Ir2, Ir2mito, and Ir3mito improved cell viability by
1.3-, 1.5-, and 1.4-fold, respectively, relative to that in the
positive control. Complexes Ir1 and Ir3′ did not afford any
beneficial effects against IIa, possibly due to their low cell
retention after 24 h post-treatment (Figure 3A, right). To
confirm that IIa was converted to IIb in the Ir2 and Ir2mito-
treated samples, we analyzed the cell contents by high
performance liquid chromatography (HPLC). The cells were
first washed with fresh media, detached from the cell culture
plate using trypsin, centrifuged to obtain the cell pellet, and
then lysed. The HPLC traces in Figure 4D revealed that cells
exposed to IIa and either Ir2 or Ir2mito, contained the alcohol
IIb, as indicated by the presence of a peak at 2.6 min. By
dividing the concentration of IIb by the concentration of
iridium in cells determined from the ICP−MS studies above,
we obtained turnover numbers (TONs) of 8 for Ir2 and 73 for
Ir2mito (Table S3). These results indicate that the iridium
complexes are capable of catalytic turnover inside living cells.
As a control, treatment of cells with IIa (200 μM) without any
Ir complex did not yield detectable amounts of IIb (Figure
S25A). Finally, it should be noted that none of the
conventional detox agents (e.g., Car, Rep, Asc, and L-Dopa)
provided statistically significant protection against IIa (Figure
4C).
Protection of MPP+-Inhibited Cells. To explore the

possible effects of detox agents on PD, we performed
experiments on SH-SY5Y cells treated with 1-methyl-4-
phenylpyridinium iodide (MPP+), which interferes with
oxidative phosphorylation by inhibiting Complex I in the
mitochondria and induces Parkinsonism on the cellular
level.67−71 First, we evaluated the toxicity of MPP+ in SH-
SY5Y cells and observed a concentration-and time-dependent
reduction in cell viability (Figure S27). Next, cells were
incubated with a detox agent for 3 h, washed twice with fresh
media, and then exposed to 1 mM of MPP+ for 24 h (Figure
5A). Cells that were treated with only MPP+ without detox
agents showed decreased viability (54%) relative to that in the
untreated group (Figure S28). Preincubation with the Ir
complexes improved cell survival in nearly all cases. For
example, the presence of Ir2 and Ir2mito increased viability by
1.2- and 1.3-fold relative to that in the positive control,
respectively (Figure 5A). The addition of sodium formate (1
mM), as an external hydride source, did not enhance the
effects of the Ir complexes by an appreciable amount.

For comparison, similar studies were conducted using
conventional detox agents. Our results indicated that Car (1
mM), Rep (50 μM), Asc (1 mM), and L-Dopa (50 μM) had
mild to moderate effects, resulting in 1.2-, 1.3-, 1.1-, and 1.2-
fold increase in cell viability relative to that in the positive
control (Figure 5A). It is important to note that the amounts
of conventional detox agents used in these experiments were
5−200× higher than that of the Ir catalysts since their IC50

Figure 4. (A) The half maximal inhibition concentrations (IC50) of
various detox agents, aldehydes, and alcohols in SH-SY5Y cells
determined using SRB assays after 24 h treatment. (B) Effect of
various detox agents on protecting cells against 4-hydroxynon-2-enal
(Ia). (C) Effect of various detox agents on protecting cells against 3,4-
dihydroxyphenylacetaldehyde (IIa). The fold change in cell viability
was calculated as the ratio of the percentage of viable cells in treated
wells divided by the percentage of viable cells in control wells
containing only aldehydes. The data were analyzed using one-way
ANOVA. Data are presented as mean ± standard deviation (SD) (n =
6).The p-values are indicated as follows: ns = p > 0.05, * = p < 0.05,
** = p < 0.01; *** = p < 0.001, and **** = p < 0.0001. (D) HPLC
traces from IIa detoxification studies.
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values are greater (Figure 4A). Once again, our data indicate
that the Ir complexes were just as or more effective than the
conventional detox agents.

Because catalysts can turnover reactions continuously until
they deactivate, it has the potential to exhibit longer-lasting
effects than stoichiometric reactants. To explore this
possibility, we performed detoxification studies over the course
of multiple days. The SH-SY5Y cells were combined with a
detox agent for 3 h, washed twice with fresh media, and then
incubated with MPP+ for 21 h (day 1). Subsequently, cells
were treated with MPP+ each day (on days 2−5) whereas
additional detox agents were added every other day (on days 2
and 4). On day 6, the cell viability was measured (Figures 5B,
S30 and S31). We observed that while all the detox agents
showed some protective effects after day 1, only Ir2mito and
Ir3mito (see Figure S30 for Ir3mito results) were capable of
increasing cell viability up to day 6. We hypothesize that the
subcellular localization and better cell retention of the
mitochondria-targeted catalysts enable them to amplify their
catalytic mechanism of action over a longer period than
nontargeted or stochiometric detox agents.
Changes to Key Biomarkers. Given the promising results

above, we investigated the impact of various detox agents on
key biomarkers in the MPP+-inhibited cells. A fluorometric
assay based on 2,7-dichlorofluorescein diacetate was used to

quantify intracellular ROS (Figure S35). As expected, cells
treated with only MPP+ displayed significantly higher levels of
ROS (9.1×) relative to that in the untreated control (Figure
6A, upper left). Catalyst Ir2mito (3.4×) suppressed the ROS
concentration to a greater extent than Ir2 (6.0×), Car (7.5×),
and Rep (5.1×).

Given that MPP+ interferes with Complex I in the
mitochondria, which catalyzes the transfer of electrons from
NADH to coenzyme Q, the percentage of NAD+ (the oxidized
form of NADH) in cells is expected to decrease.68,71 To
measure the [NAD+]/[NADH] ratio, a commercial colori-
metric assay was used (Figure S37). We found that MPP+

inhibition lowered the intracellular NAD+ content to 27% from
68% in the negative control. Treatment with Ir2, Ir2mito, and
Rep gave NAD+ amounts of 36, 55, and 41%, respectively. In
contrast, Car had a negligible effect on the NAD+% (Figure 6A,
upper right).

To assess the impact of MPP+ on the mitochondria integrity,
the mitochondrial membrane potential (MMP) was quantified
using a commercial JC-10 assay (Figure S36). In these
experiments, a higher ratio of red/green fluorescence is

Figure 5. (A) Studies of detox agents on their ability to protect SH-
SY5Y cells against MPP+-induced cell death (24 h). (B) Comparison
of the effects of detox agents over the course of 6 days (see Figures
S30 and S31 for the full data set). The fold change in cell viability was
calculated as the ratio of the percentage of viable cells in treated wells
divided by the percentage of viable cells in control wells containing
only aldehydes. The data were analyzed using one-way ANOVA. Data
are presented as mean ± standard deviation (SD) (n = 6).The p-
values are indicated as follows: ns = p > 0.05, * = p < 0.05, ** = p <
0.01; *** = p < 0.001, and **** = p < 0.0001.

Figure 6. (A) Comparing the effects of various detox agents on key
biomarkers, including reactive oxygen species, redox balance,
mitochondrial membrane potential (MMP), and aldehyde concen-
tration. (B) A scheme showing the cell protective properties of Ir2mito
against MPP+-induced cytotoxicity. C−I = Complex I of the
mitochondrial respiration system.
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indicative of normal mitochondria health and vice versa. Our
measurements indicated that the red/green ratio in the positive
control is 0.2, which is consistent with the role of MPP+ as a
mitochondrial inhibitor.68 Among the detox agents tested, only
Ir2mito (red/green = 1.0) and Rep (red/green = 0.4) had
beneficial effects on the MMP (Figure 6A, bottom left).
Complex Ir2mito had a more pronounced effect than Ir2 on all
the cellular biomarkers above, suggesting that mitochondria-
targeting is a beneficial design feature.71

To explore the possibility of RASP detoxification in the PD
cell models, we also quantified the amounts of aldehydes
present in each treatment group (Figure S38). The commercial
assay used is nonspecific, so it can detect a variety of RASP,
such as Ia, acrolein, malondialdehyde, and others. We observed
that in the MPP+ treated cells, the aldehyde concentration was
89 nmol/106 cells, which was about 44× higher than that in
untreated cells (Figure 6A, bottom right). Although all the
detox agents decreased the amounts of aldehydes observed
compared to that in the positive control, the use of Ir2mito and
HCOONa was the most successful (i.e., lowered aldehyde
levels to 30 nmol/106 cells). To estimate the TON of the
iridium catalysts, we assumed that the quantity of aldehydes
generated is 89 nmol/106 cells in all MPP+-inhibited cells. The
actual amount is likely lower since less ROS should lead to
lower lipid peroxidation so our calculated numbers are upper
limits. By dividing the amount of aldehyde converted by the
amount of Ir catalysts in the cells, we obtained TONs of 59 for
Ir2 and 536 for Ir2mito (Figure S39). To the best of our
knowledge, this study is the first to demonstrate catalytical
turnover of endogenously produced RASP by nonenzymatic
catalysis.

The results from our study are summarized in Figure 6B. It
is well established that MPP+ induces Parkinsonism by
inhibiting mitochondrial respiration and lowering the cellular
redox balance, lipid stability, NAD+/NADH ratio, and
MMP.67−71 High concentrations of intracellular ROS can
promote lipid degradation into RASP, which can disrupt
biological systems by alkylating biomolecules or cross-linking
proteins.44 These processes ultimately lead to dopaminergic
cell death in PD. Based on our biochemical measurements,
treating cells with our mitochondria-targeted Ir catalysts
reversed many of the biomarkers associated with Parkinsonism.
Our studies suggest that the Ir detox agents do not intervene in
MPP+ inhibition but rather, they minimize the downstream
effects that cause further cellular damage. For example, the Ir
complexes could lower the RASP burden by converting them
into nontoxic alcohols, which presumably would lead to
decreased ROS and oxidative stress. Consistent with previous
reports,72 additional experiments demonstrated that treatment
of SH-SY5Y cells with Ia significantly increased ROS levels
(Figure S35), further supporting our hypothesis. It is possible
that the cationic forms of the Ir complexes could compete for
the same bindings sites as MPP+ at C−I of the mitochondria.
However, further studies are needed to interrogate such
interactions as well as explore other possible modes of action
(e.g., reduction of NAD+ and/or CoQ1073,74 by the Ir
complexes and HCOONa).

Because the root cause of PD is still unknown, having
diverse strategies to mitigate its progression may be the best
therapeutic approach. Although significant research in PD has
focused on controlling neurotransmitter levels in the brain, our
work suggests that targeting mitochondria dysfunction via
catalytic RASP detoxification could offer additional benefits.

To advance our research on catalytic detox agents, studies are
needed to investigate their BBB permeability and absorption,
distribution, metabolism, excretion, and toxicity in vivo.75,76 In
preliminary studies using a Parallel Artificial Membrane
Permeability Assay (PAMPA), we found that complexes Ir1,
Ir2mito, and Ir3′ have high cell membrane permeability (Table
S5).77 However, only Ir1 and Ir2mito were predicted to be
capable of crossing the BBB via passive diffusion, as indicated
by their permeability coefficient (Pe) of >4 × 10−6 cm/s.78,79

Finally, the Ir complexes must also be tested in various
models of neurodegeneration to assess their potential clinical
relevance. The use of metal complexes to interfere with toxic
protein aggregation has shown promise in solution, cellular,
and animal models.80−83

■ CONCLUSIONS
We have prepared a new series of organoiridium complexes as
catalytic detox agents against biogenic RASP. We demon-
strated that the Ir complexes bearing phosphonium groups
colocalize in the mitochondria of SH-SY5Y cells and have
greater cell retention compared to that of their parent Ir
complex. Studies in solution and inside living cells showed that
our catalysts can efficiently convert the neurotoxic metabolite
IIa into the corresponding nontoxic alcohol with catalytic
turnover. To simulate Parkinsonism on the cellular level, SH-
SY5Y cells were exposed to MPP+, which decreased oxidative
balance, lipid stability, NAD+/NADH ratio, and MMP relative
to that of normal cells. Although both Ir and organic detox
agents provided some degree of cellular protection, the
mitochondria-targeted Ir complexes exhibited the longest-
lasting effects of up to 6 d. Our data suggest that the Ir detox
agents had TONs as high as 536 for the conversion of
endogenously generated RASP. The results presented here
make a compelling case for considering Ir detox agents as
possible therapeutics for PD. However, as is the case for any
compounds to be considered for clinical applications, further
studies of their BBB permeability and biological effects in
various in vitro and in vivo models need to be evaluated.
Nevertheless, this research demonstrates that catalytic detox
agents have unique benefits over conventional stoichiometric
agents and offers a new therapeutic strategy to consider in
advanced drug discovery programs.

■ EXPERIMENTAL SECTION
General Procedures. All chemicals and reagents were purchased

from commercial sources and were used without further purification
unless otherwise noted. All air- and water-sensitive manipulations
were performed using standard Schlenk techniques or under a
nitrogen atmosphere using a glovebox. Anhydrous solvents were
obtained from an Innovative Technology solvent drying system
saturated with Argon. The purity of all compounds used was
determined by NMR spectroscopy to be >95% pure. Synthetic
procedures of compounds 2, 3, 5, 6, 7, 12, 13, 14, 15, and 16 are
provided in the Supporting Information. SH-SY5Y cell lines were
obtained commercially from the American Type Culture Collection
(ATCC). Procedures for the PAMPA are given in the Supporting
Information.
Physical Methods. NMR spectra were acquired using JEOL

spectrometers (ECA-400, 500, and 600) at room temperature and
referenced using residual solvent peaks. All 13C NMR spectra were
proton decoupled. High-resolution mass spectra were obtained at the
University of Texas-Austin Mass Spectrometry Facility using an
Agilent 6546 Q-TOF LC/MS. Gas chromatography−mass spectrom-
etry (GC−MS) was performed using an Agilent 7890 GC/5977A
MSD instrument equipped with an HP-5MS capillary column. For the
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temperature program used for GC−MS analysis, samples were held at
60 °C for 3 min, heated from 60 to 280 °C at 10 °C/min, and then
held at 280 °C for 3 min. The inlet temperature was set constant at
280 °C. The GC−MS spectra obtained were compared with those in
the NIST library. Infrared (IR) spectra were measured by using a
Thermo Nicolet Avatar FTIR spectrometer with a diamond ATR.
Ultraviolet−visible (UV−vis) absorption spectroscopic studies were
performed using an Agilent Cary 60 spectrophotometer. Electrolyte
composition was tested by solution-mode ICP−MS applying an
Agilent 7500ce with a collision reaction cell (He and H2 modes, The
University of Texas Jackson School of Geosciences). A Tecan Infinite
M200 Pro plate reader was used to measure the absorbance and
fluorescence intensity in cellar studies. All biological cell images were
obtained using an Olympus IX83 microscope equipped with a 100×
oil-immersion objective.
Synthesis and Characterization. Preparation of L2. In a 100

mL round-bottom flask, 2-picolinic acid (1.58 g, 10.0 mmol, 1.0
equiv) was dissolved in ∼30 mL of anhydrous dichloromethane and
cooled in an ice bath for ∼15 min. Triethylamine (4.18 mL, 30.0
mmol, 3.0 equiv) was added to the reaction mixture and stirred for 15
min. The mixture was then treated with ethyl chloroformate (1.24
mL, 13.0 mmol, 1.3 equiv) and stirred in an ice bath for another 30
min before combining with decylamine (0.94 g, 6.0 mmol, 0.6 equiv).
The reaction was stirred in an ice bath for 1 h, warmed to 25 °C, and
stirred for another 24 h. Once the reaction was complete, water was
added and the organic phase was separated, dried over sodium sulfate,
filtered to remove the drying agent, and evaporated to dryness. The
crude product was purified by silica gel column chromatography (20%
ethyl acetate in hexane) to obtain a colorless oil (695 mg, 44% yield).
1H NMR (CDCl3, 500 MHz): δ 8.54 (d, J = 4.3 Hz, 1H), 8.20 (d, J =
7.8 Hz, 1H), 8.05 (s, 1H), 7.84 (td, J = 7.7, 1.6 Hz, 1H), 7.42 (ddd, J
= 7.5, 4.8, 1.0 Hz, 1H), 3.46 (q, J = 7.0 Hz, 2H), 1.63 (q, J = 7.5 Hz,
2H), 1.45−1.19 (m, 14H), and 0.87 (t, J = 6.9 Hz, 3H) ppm. 13C
NMR (CDCl3, 151 MHz): δ 164.27, 150.18, 148.08, 137.43, 126.11,
122.28, 39.57, 31.99, 29.76, 29.64, 29.44, 29.41, 29.39, 27.12, 22.78,
and 14.22 ppm. HRMS ESI(+): calcd for C16H26N2ONa m/z =
285.1943 [M + Na]+, found m/z = 285.1953.

Preparation of Ir2. In a 50 mL Schlenk flask, 20 mL of
dichloromethane was purged with nitrogen for about 10 min.
[Cp*IrCl2]2 (189.5 mg, 0.237 mmol, 1.0 equiv) and ligand L2 (125
mg, 0.475 mmol, 2.0 equiv) were added and stirred for 5 min at 25
°C. The reaction mixture was then treated with NEt3 (66 μL, 0.933
mmol, 2.0 equiv) and stirred for another 24 h at 25 °C. Once the
reaction was complete, the reaction mixture was washed with water (3
× 20 mL). The organic phase was separated, dried over sodium
sulfate, filtered to remove the drying agent, and then evaporated to
dryness. The crude product was purified by silica gel column
chromatography (5% methanol in ethyl acetate) to obtain a yellow
solid (204 mg, 68% yield). 1H NMR (CDCl3, 400 MHz): δ 8.50 (d, J
= 5.2 Hz, 1H), 8.09−8.03 (m, 1H), 7.86 (td, J = 7.7, 1.2 Hz, 1H),
7.43−7.36 (m, 1H), 4.57 (ddd, J = 12.0, 10.1, 6.6 Hz, 1H), 3.20−2.97
(m, 1H), 1.66 (s, 15H), 1.34 (dd, J = 35.5, 6.2 Hz, 4H), 1.24 (s,
12H), and 0.86 (t, J = 6.9 Hz, 3H) ppm. 13C NMR (CDCl3, 126
MHz): δ 169.89, 156.03, 148.91, 138.42, 126.70, 125.98, 86.39, 50.48,
32.03, 29.92, 29.83, 29.75, 29.45, 29.32, 27.89, 22.78, 14.23, and 8.91
ppm. IR (ν ̃): 2921, 2852, 1619, 1591, 1563, 1466, 1381, 1288, 1029,
763, 685, and 504 cm−1. HRMS ESI(+): calcd for C26H41ClIrN2O m/
z = 625.2537 [M + H]+, found m/z = 625.2520.

Preparation of L2mito. In a 100 mL round-bottom flask, 2-picolinic
acid (198 mg, 1.61 mmol, 1.0 equiv) was dissolved in ∼25 mL of
anhydrous dichloromethane and cooled in an ice bath for ∼10 min.
Triethylamine (645 μL, 4.85 mmol, 3.0 equiv) was added to the
reaction solution and stirred for 15 min. The mixture was then treated
with ethyl chloroformate (200 μL, 2.09 mmol, 1.3 equiv) and stirred
in an ice bath for another 30 min before combining with compound 3
(482 mg, 0.97 mmol, 0.6 equiv.; see Supporting Information for
structure). The reaction was stirred in an ice bath for 1 h, warmed to
25 °C, and stirred for another 24 h. Once the reaction was complete,
water was added and the organic phase was separated, dried over
sodium sulfate, filtered to remove the drying agent, and evaporated to

dryness. The crude product was purified by silica gel column
chromatography (10% methanol in dichloromethane) to afford a
white solid (221.8 mg, 38% yield). 1H NMR (CDCl3, 400 MHz): δ
8.54 (d, J = 4.4 Hz, 1H), 8.17 (d, J = 7.8 Hz, 1H), 8.07 (s, 1H), 7.90−
7.66 (m, 16H), 7.41 (dd, J = 7.0, 4.9 Hz, 1H), 3.77 (s, 2H), 3.42 (q, J
= 6.8 Hz, 2H), 2.03 (m, 2H), 1.59 (m, J = 6.0 Hz, 6H), and 1.21 (m, J
= 20.1 Hz, 8H) ppm. 13C NMR (CDCl3, 151 MHz): δ 164.36,
150.09, 148.19, 137.47, 135.03, 133.92, 133.89, 130.61, 126.20,
122.24, 118.67, 39.53, 30.49, 29.73, 29.42, 29.25, 29.17, 27.00, and
22.76 ppm. 13P NMR (CDCl3, 162 MHz): δ 25.12 ppm.

Preparation of Ir2mito. In a 50 mL Schlenk flask, 15 mL of
dichloromethane was purged with nitrogen for about 10 min.
[Cp*IrCl2]2 (36 mg, 0.045 mmol, 1.0 equiv) and ligand L2mito
(54.7 mg, 0.091 mmol, 2.0 equiv) were added and stirred for 5 min
at 25 °C. The reaction mixture was then treated with Et3N (13 μL,
0.091 mmol, 2.0 equiv) and stirred under reflux for another 24 h.
Once the reaction was complete, the reaction mixture was washed
with water (3 × 20 mL). The organic phase was separated, dried over
sodium sulfate, filtered to remove the drying agent, and then
evaporated to dryness. The crude product was purified by silica gel
column chromatography (10% methanol in dichloromethane) to
obtain a yellow solid (57 mg, 66% yield). 1H NMR (CDCl3, 400
MHz): δ 8.51 (d, J = 5.5 Hz, 1H), 7.99 (d, J = 7.8 Hz, 1H), 7.87−7.77
(m, 10H), 7.70 (td, J = 7.8, 3.4 Hz, 6H), 7.42 (t, J = 6.5 Hz, 1H),
4.65−4.41 (m, 1H), 3.79−3.55 (m, 2H), 3.05 (td, J = 11.6, 4.6 Hz,
1H), 1.90 (m, 4H), 1.65 (s, 15H), 1.60−1.52 (m, 4H), and 1.30−1.08
(m, 8H) ppm. 13C NMR (CDCl3, 101 MHz): δ 169.96, 155.97,
149.02, 138.46, 135.18, 133.72, 130.68, 126.38, 118.47, 86.50, 50.35,
30.28, 29.29, 28.87, 27.63, 22.52, and 8.99 ppm. 13P NMR (CDCl3,
202 MHz): δ 24.68 ppm. IR (ν̃): 2923, 2852, 1616, 1588, 1562, 1438,
1395, 1112, 1028, 752, 723, 687, 532, and 505 cm−1. HRMS ESI(+):
calcd for C44H54ClIrN2OP m/z = 885.3286 [M−Br]+, found m/z =
885.3262.

Preparation of L3mito. Compound 7 (173 mg, 0.508 mmol, 1.0
equiv) and diphenyl(1-pyrenyl)phosphine (216 mg, 0.559 mmol, 1.1
equiv) were dissolved in 20 mL of dry THF in a high-pressure glass
tube and the mixture was stirred at 130 °C for 72 h. After the reaction
was complete, the solvent was removed under vacuum and the crude
product was purified by silica column chromatography (8% methanol
in dichloromethane) to obtain an off-white solid (118 mg, 32% yield).
1H NMR (CDCl3, 400 MHz): δ 8.57 (m, 1H), 8.47−8.40 (m, 2H),
8.37 (dd, J = 8.3, 6.3 Hz, 2H), 8.32−8.16 (m, 6H), 7.95−7.79 (m,
8H), 7.73 (m, 4H), 7.48 (m, 1H), 3.71 (m, 2H), 3.42 (q, J = 6.7 Hz,
2H), 1.59−1.53 (m, 4H), 1.30−1.24 (m, 4H), and 1.23−1.11 (m,
8H) ppm. 13C NMR (CDCl3, 151 MHz): δ 164.31, 150.13, 148.15,
137.45, 136.65, 136.63, 134.90, 133.93, 133.63, 133.13, 132.03,
131.21, 131.07, 130.72, 129.90, 128.24, 127.66, 126.17, 125.67,
125.40, 123.84, 122.22, 119.91, 108.28, 107.99, 39.49, 30.50, 29.64,
29.24, 29.05, 26.92, 24.97, and 23.76 ppm. 13P NMR (CDCl3, 162
MHz): δ 24.67 ppm. HRMS ESI(+): calcd for C44H44N2OP m/z =
647.3186 [M−Br]+, found m/z = 647.3189.

Preparation of Ir3mito. In a 50 mL Schlenk flask, 15 mL of
dichloromethane was purged with nitrogen for about 10 min.
[Cp*IrCl2]2 (39 mg, 0.048 mmol, 0.7 equiv) and ligand L3mito (50
mg, 0.069 mmol, 1.0 equiv) were added and stirred for 5 min at 25
°C. The reaction mixture was then treated with NEt3 (10 μL, 0.091
mmol, 1.0 equiv) and stirred under reflux for another 24 h. Once the
reaction was complete, the reaction mixture was washed with water (3
× 20 mL). The organic phase was separated, dried over sodium
sulfate, and then evaporated to dryness. The crude product was
purified by silica gel column chromatography (10% methanol in
dichloromethane) to obtain a yellow solid (51 mg, 68% yield). 1H
NMR (CDCl3, 600 MHz): δ 8.50 (d, J = 4.7 Hz, 1H), 8.47−8.38 (m,
2H), 8.38−8.33 (m, 2H), 8.29 (dd, J = 14.4, 8.1 Hz, 1H), 8.22 (d, J =
8.9 Hz, 1H), 8.16 (dd, J = 8.3, 7.2 Hz, 2H), 7.99 (d, J = 7.6 Hz, 1H),
7.94−7.76 (m, 8H), 7.41 (ddd, J = 7.3, 5.5, 1.6 Hz, 1H), 4.51 (m,
1H), 3.82 (m, 2H), 3.03 (m, 1H), 1.79 (m, 6H), 1.64 (s, 15H), 1.53
(d, J = 8.4 Hz, 2H), 1.25 (m, 2H), and 1.17−1.01 (m, 8H) ppm. 13C
NMR (CDCl3, 126 MHz): δ 169.97, 156.04, 149.03, 138.42, 135.06,
135.03, 133.54, 133.46, 133.00, 132.91, 132.10, 131.27, 130.85,
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130.75, 129.92, 128.35, 128.27, 127.70, 127.31, 126.82, 125.91,
125.77, 125.66, 123.61, 123.55, 86.50, 50.35, 30.41, 29.83, 29.37,
28.84, 27.59, 25.02, 24.62, 23.62, and 8.99 ppm. 13P NMR (CDCl3,
162 MHz): δ 24.63 ppm. IR (ν̃): 2923, 2852, 1616, 1589, 1563, 1438,
1381, 1260, 1209, 1106, 1029, 858, 800, 751, 716, 686, 633, 596, and
582 cm−1. HRMS ESI(+): calcd for C54H58ClIrN2OP m/z =
1009.3599 [M-Br]+, found m/z = 1009.3580.

Preparation of tert-Butyl (4-Oxo-4-((pyren-1-ylmethyl)amino)-
butyl)carbamate (9). In a 100 mL round-bottom flask, Boc-GABA−
OH (8) (364 mg, 1.8 mmol) was dissolved in a mixture of CH2Cl2/
DMF (1:1) (40 mL). Then, N,N-diisopropylethylamine (DIPEA, 0.8
mL, 4.5 mmol) was introduced into the solution, and the resulting
mixture was stirred at room temperature for 30 min. After 30 min,
EDC·HCl (430 mg, 2.24 mmol) and 1-pyrenemethylamine hydro-
chloride (400 mg, 1.5 mmol) were added to the reaction flask and
then heated at 50 °C for an additional 24 h. Upon completion of the
reaction, the reaction mixture was slowly poured into water (25 mL)
and the resulting solution was extracted with CH2Cl2 (30 mL). The
organic phase was washed with water (3×) and then evaporated to
dryness. The crude product was purified by silica gel column
chromatography (80% ethyl acetate in hexane) to obtain a light-
yellow solid (425 mg, 69%). 1H NMR (CDCl3, 400 MHz): δ 8.11−
8.08 (m, 3H), 8.02 (d, J = 8.1 Hz, 2H), 7.98−7.90 (m, 3H), 7.83 (d, J
= 7.8 Hz, 1H), 6.70 (s, 1H), 4.97 (d, J = 5.3 Hz, 2H), 4.87 (m, 1H),
3.06 (q, J = 6.2 Hz, 2H), 2.15 (t, J = 7.0 Hz, 2H), 1.75 (p, J = 6.8 Hz,
2H), and 1.37 (s, 9H) ppm. 13C NMR (CDCl3, 126 MHz): δ 172.36,
156.56, 131.34, 131.27, 130.86, 129.09, 128.27, 127.59, 127.47,
127.32, 126.18, 125.47, 125.42, 125.11, 124.89, 124.82, 123.02, 79.47,
42.05, 39.85, 33.76, 28.46, and 26.53 ppm.

Preparation of 4-Amino-N-(pyren-1-ylmethyl)butanamide (10).
In a 50 mL round-bottom flask, compound 9 (425 mg, 1.02 mmol)
was dissolved in a 15% (v/v) solution of CF3CO2H in CH2Cl2 (20
mL) at 0 °C. The reaction mixture was stirred for 10 min at 0 °C. The
resulting solution was allowed to warm up to 25 °C and stirred for an
additional 4 h. Once the reaction was complete, the solvent was
evaporated to dryness, and the crude product was purified by silica gel
column chromatography (10−15% of CH3OH in CH2Cl2) to obtain
the desired product as a yellow solid (310 mg, 96%).1H NMR
(CD3OD, 600 MHz): δ 6.63 (d, J = 9.2 Hz, 1H), 6.56 (dd, J = 7.5, 3.5
Hz, 2H), 6.50 (t, J = 9.3 Hz, 2H), 6.43−6.32 (m, 4H), 3.44 (s, 2H),
1.70 (s, 1H), 1.34 (t, J = 7.5 Hz, 2H), 0.79 (t, J = 7.1 Hz, 2H), and
0.35 (p, J = 7.2 Hz, 2H) ppm. 13C NMR (CD3OD, 151 MHz): δ
174.08, 132.71, 132.25, 130.02, 128.90, 128.38, 128.10, 127.17,
126.37, 126.33, 126.05, 125.79, 123.91, 42.46, 40.37, 33.70, and 24.56
ppm.

Preparation of L3′. In a 100 mL round-bottom flask, 2-picolinic
acid (156 mg, 1.27 mmol) was dissolved in a mixture of CH2Cl2/
DMF (1:1) (40 mL). N,N-Diisopropylethylamine (DIPEA, 0.51 mL,
2.94 mmol) was added into the solution, and the resulting reaction
mixture was then stirred at room temperature for 30 min. After 30
min, EDC·HCl (319 mg, 1.67 mmol) and compound 10 (310 mg,
0.98 mmol; see Supporting Information for structure) were
introduced into the reaction flask and heated at 50 °C for an
additional 24 h. Once the reaction was complete, the reaction mixture
was slowly poured into water (25 mL), and the resulting solution was
extracted with CH2Cl2 (30 mL). The organic phase was washed with
water (3×) and then evaporated to dryness. The crude product was
purified by silica gel column chromatography (5% methanol in ethyl
acetate) to obtain a light-yellow solid (100 mg, 24%).1H NMR
(CDCl3, 600 MHz): δ 8.42 (dd, J = 4.8, 1.5 Hz, 1H), 8.20 (d, J = 9.1
Hz, 1H), 8.16 (t, J = 6.4 Hz, 1H), 8.13 (dd, J = 7.9, 2.8 Hz, 2H),
8.08−8.03 (m, 2H), 8.02−7.94 (m, 4H), 7.90 (d, J = 7.5 Hz, 1H),
7.66 (td, J = 7.7, 1.9 Hz, 1H), 7.29 (m, 1H), 6.82 (t, J = 5.6 Hz, 1H),
5.07 (d, J = 5.3 Hz, 2H), 3.44 (q, J = 6.7 Hz, 2H), 2.27 (t, J = 7.1 Hz,
2H), and 1.96 (p, J = 6.9 Hz, 2H) ppm. 13C NMR (CDCl3, 151
MHz): δ 172.25, 164.83, 149.52, 148.02, 137.21, 131.39, 131.21,
131.05, 130.73, 128.94, 128.05, 127.37, 127.17, 126.12, 126.03,
125.28, 124.93, 124.76, 124.68, 122.97, 122.04, 77.34, 77.13, 76.92,
41.88, 38.72, 33.79, and 26.13 ppm. HRMS ESI(+): calculated for
C27H23N3O2Na m/z = 444.1688 [M + Na]+, found m/z = 444.1674.

Preparation of Ir3′. In a 50 mL Schlenk flask, 15 mL of
dichloromethane was purged with nitrogen for about 10 min.
[Cp*IrCl2]2 (58 mg, 0.072 mmol, 0.6 equiv) and ligand L3′ (50
mg, 0.12 mmol, 1.0 equiv) were added and stirred for 5 min at 25 °C.
The reaction mixture was then treated with NEt3 (25 μL, 0.18 mmol,
1.5 equiv) and stirred for another 24 h at 25 °C. Once the reaction
was complete, the reaction mixture was washed with water (3 × 15
mL). The organic phase was separated, dried over sodium sulfate,
filtered to remove the drying agent, and then evaporated to dryness.
The crude product was purified by silica gel column chromatography
(10% methanol in dichloromethane) to obtain a yellowish-brown
solid (68 mg, 72% yield). 1H NMR (CDCl3, 600 MHz): δ 8.37−8.30
(m, 2H), 8.17−8.11 (m, 2H), 8.12−8.06 (m, 3H), 8.05−7.90 (m,
5H), 7.77 (t, J = 7.6 Hz, 1H), 7.32 (t, J = 6.5 Hz, 1H), 5.37 (dd, J =
14.7, 6.8 Hz, 1H), 4.91 (dd, J = 14.7, 4.2 Hz, 1H), 4.70−4.59 (m,
1H), 3.11−2.97 (m, 1H), 2.30−2.35 (m, 1H), 2.26−2.19 (m, 1H),
1.99−1.84 (m, 2H), and 1.28 (s, 15H) ppm. 13C NMR (CDCl3, 151
MHz): δ 174.36, 170.98, 155.51, 148.89, 138.57, 132.91, 131.33,
130.90, 128.96, 127.61, 127.19, 127.00, 126.00, 125.04, 124.93,
123.86, 86.31, 47.36, 41.54, 34.77, 27.27, and 8.47 ppm. IR (ν)̃: 2921,
1647, 1617, 1587, 1562, 1439, 1377, 1260, 1183, 1095, 1026, 848,
761, 707, 684, and 504 cm−1. HRMS ESI(+): calcd for
C37H38ClIrN3O2 m/z = 784.2282 [M + H]+, found m/z = 784.2267.

Preparation of L3. In a 100 mL round-bottom flask, 2-picolinic
acid (0.270 g, 2.2 mmol, 1.0 equiv) was dissolved in ∼20 mL of
anhydrous dichloromethane and cooled in an ice bath for ∼15 min.
Triethylamine (0.92 mL, 6.6 mmol, 3.0 equiv) was added to the
reaction mixture and stirred for 15 min. The resulting solution was
then treated with ethyl chloroformate (0.27 mL, 2.86 mmol, 1.3
equiv) and stirred in an ice bath for another 30 min before combining
with 16 (0.490 g, 1.32 mmol, 0.6 equiv). The reaction was stirred in
an ice bath for 1 h, warmed up to 25 °C, and stirred for another 24 h.
Once the reaction was complete, water was added and the organic
phase was separated, dried over sodium sulfate, filtered to remove the
drying agent, and evaporated to dryness. The crude product was
purified by silica gel column chromatography (20% ethyl acetate in
hexane) to obtain a colorless oil (446 mg, 71% yield). 1H NMR
(CDCl3, 500 MHz): δ 8.53 (dd, J = 5.0, 1.7 Hz, 1H), 8.28 (d, J = 9.2
Hz, 1H), 8.23−8.08 (m, 5H), 8.07−7.95 (m, 4H), 7.89−7.78 (m,
2H), 7.43−7.35 (m, 1H), 3.46 (q, J = 6.9 Hz, 2H), 3.39−3.27 (m,
2H), 1.92−1.76 (m, 2H), 1.63 (t, J = 7.3 Hz, 2H), 1.51−1.44 (m,
2H), and 1.43−1.22 (m, 12H) ppm. 13C NMR (126 MHz, CDCl3): δ
164.32, 150.20, 148.10, 137.49, 137.44, 131.56, 131.06, 129.78,
128.71, 127.66, 127.38, 127.19, 126.58, 126.13, 125.86, 125.19,
124.89, 124.87, 124.72, 123.67, 122.30, 39.59, 33.75, 32.09, 29.94,
29.78, 29.71, 29.70, 29.64, 29.44, and 27.13 ppm. HRMS-ESI(+):
calcd for C33H36N2ONa m/z = 499.2707 [M + Na]+, found m/z =
499.2725.

Preparation of Ir3. In a 50 mL Schlenk flask, 15 mL of
dichloromethane was purged with nitrogen for about 10 min.
[Cp*IrCl2]2 (208 mg, 0.260 mmol, 0.5 equiv) and ligand L3 (298
mg, 0.625 mmol, 1.2 equiv) were added and stirred for 5 min at 25
°C. The reaction mixture was then treated with Et3N (80 μL, 0.18
mmol, 1.1 equiv) and stirred at room temperature for another 24 h.
Once the reaction was complete, the reaction mixture was washed
with water (3 × 20 mL). The organic phase was separated, dried over
sodium sulfate, filtered to remove the drying agent, and then
evaporated to dryness. The crude product was purified by silica gel
column chromatography (10% methanol in dichloromethane) to
obtain a yellow solid (357 mg, 82% yield). 1H NMR (CDCl3, 500
MHz): δ 8.49 (d, J = 5.5 Hz, 1H), 8.29 (d, J = 9.3 Hz, 1H), 8.17−8.08
(m, 4H), 8.08−7.95 (m, 4H), 7.90−7.82 (m, 2H), 7.38 (ddd, J = 7.3,
5.6, 1.6 Hz, 1H), 4.55 (ddd, J = 12.1, 9.9, 6.6 Hz, 1H), 3.33 (t, J = 7.9
Hz, 2H), 3.05 (ddd, J = 12.1, 10.0, 4.9 Hz, 1H), 1.88−1.80 (m, 2H),
1.73−1.67 (s, 4H), 1.61 (s, 15H), 1.50−1.43 (m, 2H), and 1.39−1.26
(m, 10H) ppm. 13C NMR (126 MHz, CDCl3): δ 169.92, 156.09,
148.90, 138.44, 137.66, 131.55, 131.08, 129.73, 128.71, 127.69,
127.45, 127.19, 126.70, 126.51, 126.05, 125.83, 125.16, 124.93,
124.80, 124.71, 123.76, 86.34, 50.49, 33.78, 32.14, 30.00, 29.86, 29.78,
29.76, 29.74, 29.72, 29.32, 27.87, and 8.90 ppm. IR (ν)̃: 2922, 2850,
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1619, 1592, 1563, 1461, 1377, 1288, 1028, 845, 760, 720, 683, 617,
and 506 cm−1. HRMS-ESI(+): calcd for C43H51ClIrN2O m/z =
839.3312 [M + H]+, found m/z = 839.3319. UV−vis in H2O (λmax):
330 nm (29,076 M−1 cm−1), and 350 nm (34,100 M−1 cm−1).
Emission in H2O (λem): 395 nm (λex = 350 nm).

Cell Culture. Human neuroblastoma (SH-SY5Y) cells were
purchased from the American Type Culture Collection (ATCC,
Manassas, VA, USA). The cells were cultured in DMEM/F12 (1:1)
supplemented with 10% heat-inactivated fetal bovine serum (FBS),
1% penicillin−streptomycin, and 2 mM GlutaMAX in 100 cm2 tissue
culture flasks. The culture was maintained under a humidified
atmosphere of 5% CO2 at 37 °C. When ∼80% confluence was
reached, cells were trypsinized (0.05% trypsin−EDTA) for subculture,
and the media was replaced in every 3 day intervals. The cells were
treated with 1.0 mM MPP+ iodide to develop a PD cell model.

ICP−MS Analysis. Cells were grown in 100 mm tissue culture
plates at 37 °C under a 5% CO2 atmosphere. When ∼70% confluence
was reached, the DMEM solution was removed by aspiration and
replaced with a new DMEM solution containing the desired amount
of Ir complex. At the end of the treatment period, the cells were
washed twice with phosphate-buffered saline (PBS), detached by
treatment with trypsin, and 10 μL of the cell suspension was taken for
cell counting. The trypsinized samples were then centrifuged and the
supernatant was discarded. The cell pellet was washed with fresh
DMEM and PBS through vortexing, centrifuging, and removing the
supernatant. The cell pellets were digested using 0.2 mL of 65−70%
metal-free distilled HNO3 at room temperature overnight. To each
sample, 5.8 mL of HPLC-grade water was added to obtain a 2%
HNO3 solution. The resulting cloudy solutions were centrifuged to
obtain clear samples for ICP−MS analysis. A standard iridium
solution (10 μg/mL) was diluted in 2% HNO3 solution to make a
series of concentrations from 0 to 20 ppb. The iridium content of
each sample was measured to establish a calibration curve. By using
this calibration curve, the iridium concentrations in the lysate samples
were determined. The final concentration of iridium was calculated
using the following equation: [Ir] (ng/106 cells) = (total Ir)/(total
cells), and total Ir (ng) = [Ir] (in ppb) × 6.0 mL.

Cytotoxicity Sulforhodamine B Assays. Cells were seeded in a 96-
well plate (Corning 3595) and incubated at 37 °C in a humidified
atmosphere with 5% CO2 to allow them to adhere to the bottom of
the wells (∼48 h). Stock solutions of the test compounds were
prepared in either DMSO or DMEM, then diluted in cell culture
media (DMEM: F12 (1:1) supplemented with 10% fetal bovine
serum (FBS)), 1% penicillin−streptomycin 100× solution, and 2 mM
GlutaMax to make the desired concentrations. The cell culture
medium was replaced with fresh cell culture media containing the test
compounds at different concentrations. The cells were then incubated
for a desired amount of time. The solutions were removed by
aspiration, and the cells were washed with fresh DMEM before 100
μL of fresh cell culture medium (with no FBS) was added to each
well, followed by 50 μL of a fixative reagent (Cytoscan SRB
Cytotoxicity Assay, G-Biosciences, catalog # 786-213). The 96-well
plate was kept at 4 °C for 1 h and then the cells were washed 3 times
with distilled water before drying for 2−3 h at 37 °C. A 100 μL
solution containing sulforhodamine B (SRB) was then added to each
well and the 96-well plate was kept in the dark at RT for 30 min. The
cells were then rinsed 4 times with a 1× dye wash solution before
drying for 2−3 h at 37 °C. A 200 μL of SRB solubilization buffer was
added to each well and mixed by pipetting the mixture up and down
to dissolve the dye completely. The absorbance of the 96-well plate
was then measured at 510 and 565 nm on a Tecan Infinite M200 Pro
microplate reader. The cell viability was considered proportional to
the absorbance measured. The average absorbance value of wells
containing only solubilization buffer (background) was subtracted
from that of wells containing treated and untreated cells. The percent
cell viability was calculated using the following equation: (Aconc/
Acontrol) × 100%, where Aconc is the absorbance of wells containing
cells treated with specific concentrations of the test compound and
Acontrol is the absorbance of wells containing untreated cells. The IC50

values were determined by fitting the data to a sigmoidal curve to
obtain the concentrations at 50% cell viability.

Detoxification Studies. Cells were seeded in a 96-well plate
(Corning 3595) and incubated at 37 °C with 5% CO2 for ∼48 h. The
cell culture medium was removed by aspiration, and fresh medium
containing the iridium complex or small organic compound was
added. At the end of the treatment period, the solution was removed,
and cells were washed twice with fresh medium. A solution containing
the toxic aldehyde or MPP+ iodide in cell culture medium was then
added, and the cells were incubated at 37 °C with 5% CO2 for the
desired time. The cell viability was then measured using an SRB assay
as described above. The detoxification efficiency of the iridium
complexes or organic compounds was determined based on the
number of cells alive relative to that of the control. The fold-change in
cell viability was calculated as a ratio of the percentage of viable cells
in treated wells divided by the percentage of viable cells in negative
control wells (i.e., groups containing only toxic aldehyde or MPP+

iodide). The number of cells in the negative control wells with no
treatment was considered as 100% cell viability.

Reactive Oxygen Species Assays. Cells were seeded in a clear
bottom, black 96-well plate (Corning 3603) and incubated in a 5%
CO2 humidified incubator for ∼48 h. The cells were then incubated
with the iridium complex or organic compound for 3 h. Next, the
medium was removed, and the cells were washed with fresh DMEM.
The cell culture medium containing MPP+ iodide (1.0 mM) and
HCOONa (1.0 mM) was added, and the cells were incubated at 37
°C with 5% CO2 for 24 h. At the end of the treatment period, the
medium was removed, and the cells were washed with DMEM.
Additional PBS (with 10% FBS) containing 2,7-dichlorofluorescein
diacetate (DCFDA, Sigma S10 Aldrich, 10 μM) was then added, and
the cells were incubated for 45 min at 37 °C in the dark. The ROS in
each well was determined by exciting the sample at 485 nm and
measuring the fluorescence intensity at 535 nm using a Tecan Infinite
M200 Pro microplate reader. Cells treated with a 20 μM tert-butyl
hydrogen peroxide (TBHP) solution were used as a positive control
for ROS. The fluorescence unit (FU) was determined by dividing the
integrated fluorescence intensity obtained from each well by the
number of viable cells in that well. The relative fluorescence unit
(RFU) was calculated by dividing the fluorescence unit in each
treated well by the fluorescence unit in the negative control well (no
treatment). The fluorescence intensity is proportional to the
intracellular concentration of ROS.

Aldehyde Quantification Assays. SH-SY5Y cells were cultured in
tissue culture plates (Corning 430167) at 37 °C under a 5% CO2 atm
for at least 2 d to maximize cell adherence. When ∼70% confluence
was achieved, the medium was replaced with a fresh cell culture
medium containing iridium complexes or organic compounds. The
cells were then incubated at 37 °C under a 5% CO2 atm for 3 h,
washed twice with DMEM, and incubated with MPP+ iodide (1.0
mM) and HCOONa (1.0 mM) for another 24 h. At the end of the
treatment period, the medium was removed, and the cells were
washed twice with fresh DMEM, detached by treating with trypsin,
and 10 μL of the cell suspension was taken for cell counting. The
trypsinized cells were then centrifuged and the supernatant was
removed. The cell pellets were washed with fresh DMEM and PBS
(vortexed, centrifuged, and then the supernatant was removed). The
washed cell pellets were mixed with 0.2 mL of 20 mM Tris−HCl (pH
7.4) and ∼75 mg of zirconium oxide beads (0.5 mm) and lysed at 4
°C using a Next Advance bullet blender tissue homogenizer BBX24B
(speed 8, time 3). These samples were then centrifuged for 10 min at
2000g and 4 °C to obtain clear supernatants. In a clear bottom black
96-well plate (Corning 3603), 50 μL of the cell lysate (or blank
control, or aldehyde standard) was added into each well, followed by
the addition of 50 μL of aldehyde blue indicator assay solution
(Abcam’s fluorometric aldehyde quantification assay kit, product
#ab138882). The plate was then protected from light and incubated
at 25 °C for 30 min. Next, 25 μL of buffer was added into each well
and gently mixed by pipetting. The fluorescence intensity in each well
was measured with excitation at 365 nm and emission at 435 nm. A
set of aldehyde standards (0−1000 μM, triplicates) was used to make
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the calibration curve. The total aldehyde concentration was
determined by dividing the integrated fluorescence intensity obtained
from each well by the number of viable cells in each well. The
fluorescence intensity is proportional to the intracellular concen-
tration of aldehydes.

JC-10 Mitochondrial Membrane Potential Assay. Mitochondrial
membrane potential was assessed using JC-10 assay (G-Biosciences,
Cat. # 786-1541). SH-SY5Y cells were seeded in a clear bottom, black
96-well plate (Corning 3603) and incubated in a 5% CO2 humidified
incubator for approximately 48 h. The solution was aspirated and
fresh cell culture medium containing either iridium complexes or
organic compounds was added. The cells were then incubated at 37
°C under a 5% CO2 atm for 3 h, washed twice with DMEM, and
subsequently incubated with the MPP+ iodide (1.0 mM) and
HCOONa (1.0 mM) for an additional 24 h. Next, the cell culture
medium was replaced with 100 μL of the working JC-10 dye solution,
and the plate was incubated in an incubator for 40 min. The cells were
then washed with 1× MMP-assay buffer solution. Finally, 100 μL of
MMP-assay buffer was added to each well, and the plate was read
using a microplate reader. The red fluorescence was measured at 595
nm emission with 535 nm excitation, while the green fluorescence was
measured at 530 nm emission with 485 nm excitation. The data were
expressed as the red/green fluorescence intensity ratios.

NAD+/NADH Ratio Assay. Experiments to determine intracellular
NAD+/NADH ratio were performed using the NAD+/NADH ratio
assay kit from AAT (Cat. #15273) following the manufacturer’s
protocols. Briefly, SH-SY5Y cells were cultured in 100 mm tissue
culture plates at 37 °C under a 5% CO2 atm for at least 2 d to
maximize cell adherence. When ∼70% confluence was achieved, the
medium was replaced with fresh cell culture medium containing
iridium complexes or organic compounds. The cells were then
incubated at 37 °C under a 5% CO2 atm for 3 h, washed twice with
DMEM, and then incubated with the MPP+ iodide (1.0 mM) and
HCOONa (1.0 mM) for 24 h. At the end of the treatment period, the
medium was removed, and the cells were washed twice with fresh
DMEM. The cells were then detached by trypsin treatment, and 10
μL of the cell suspension was taken for cell counting. The trypsinized
cells were then centrifuged, and the supernatant was discarded. The
cell pellets were washed with fresh DMEM and PBS. The cells were
lysed by treating with 200 μL of lysis buffer, and the resulting lysates
were used to measure the NAD+ and NADH concentrations. Based
on the assay kit instructions, the concentration of NAD+ and total
[NAD+ and NADH] were determined. The NAD+ ratio was
calculated as the following equation: NAD+ ratio (%) = ([NAD+]/
[total NAD+ and NADH]) × 100%.

Aldehyde Detoxification Studies. Cells were seeded in a 96-well
plate (Corning 3595) and incubated at 37 °C with 5% CO2 for ∼48 h.
The cell culture medium was removed by aspiration, and fresh
medium containing either the iridium complex or small organic
compound was added. At the end of the treatment period, the
solution was removed, and cells were washed twice with fresh
medium. A solution containing the toxic aldehyde in cell culture
medium was then added, and the cells were incubated at 37 °C with
5% CO2 for the desired time. The cell viability was then measured
using an SRB assay as described above. The detoxification efficiency
of the iridium complexes or organic compounds was determined
based on the number of cells alive relative to that of the control. The
fold of cell viability was calculated as a ratio of the percentage of viable
cells in treated wells divided by the percentage of viable cells in
negative control wells (i.e., groups containing only toxic aldehyde).
The number of cells in positive control wells with nontreatment
conditions was considered as 100% cell viability.

Detoxification Studies of MPP+-Treated Cells. Cells were seeded
in a 96-well plate (Corning 3595) and incubated at 37 °C with 5%
CO2 for approximately 48 h. After incubation, the cell culture medium
was aspirated, and fresh medium containing either the iridium
complex or small organic compound was added. After 3 h of
incubation, the solution was removed, and cells were washed twice
with PBS. A solution containing MPP+ iodide (1.0 mM) and
HCOONa (1.0 mM) in the cell culture medium was added, and the

cells were incubated at 37 °C with 5% CO2 for 24 h. The cell viability
was then measured using an SRB assay as described above. The
detoxification efficiency of the iridium complexes or organic
compounds was determined based on the number of cells alive
relative to that of the control. The fold change in cell viability was
calculated as a ratio of the percentage of viable cells in treated wells
divided by the percentage of viable cells in negative control wells (i.e.,
groups containing only toxic aldehyde or MPP+ iodide). The number
of cells in positive control wells with nontreatment conditions was
considered as 100% cell viability.

Time-Dependent Detoxification Studies of MPP+-Treated Cells.
Cells were seeded in the 96-well plate (Corning 3595) and incubated
at 37 °C with 5% CO2 for ∼48 h. The cell culture medium was
replaced with fresh medium containing the iridium complex (5 μM)
or small organic compounds (500 μM of Car, 50 μM of Rep, 500 μM
of Asc, and 500 μM of L-dopa). After 3 h of treatment, the solution
was removed, and cells were washed twice with PBS. A solution
containing MPP+ iodide (1.0 mM) and HCOONa (1.0 mM) in cell
culture medium was added, and the cells were incubated at 37 °C
with 5% CO2 for 21 h. After incubation, the medium was removed,
and the cells were washed twice with PBS. A fresh cell culture medium
containing MPP+ iodide (0.5 mM) and HCOONa (1.0 mM) was
treated daily until day 5 (a total of 4 times on days 1, 2, 3, and 4). The
iridium complex (5 μM) treatment procedure was repeated every
other day (days 2 and 4). At the end of each treatment period, the
medium was removed, and cells were washed twice with PBS. The cell
viability was measured on days 1, 2, 4, and 6 using an SRB assay. The
detoxification efficiency of the iridium complexes or organic
compounds was assessed based on the number of cells alive relative
to that of the control. The fold change in cell viability was calculated
as a ratio of the percentage of viable cells in treated wells divided by
the percentage of viable cells in negative control wells (i.e., groups
containing only MPP+ iodide). The number of cells in positive control
wells with nontreatment conditions was considered to be 100% cell
viability.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jmedchem.4c02741.

Detailed description of synthetic procedures, spectro-
scopic data, biological studies, and characterization data
(PDF)

Molecular formula strings (CSV)

■ AUTHOR INFORMATION
Corresponding Author

Loi H. Do − Department of Chemistry, University of Houston,
Houston, Texas 77204, United States; orcid.org/0000-
0002-8859-141X; Email: loido@uh.edu

Authors
Rahul D. Jana − Department of Chemistry, University of

Houston, Houston, Texas 77204, United States
Hieu D. Nguyen − Department of Chemistry, University of

Houston, Houston, Texas 77204, United States;
orcid.org/0000-0002-0609-5106

Guangjie Yan − Department of Chemistry, University of
Houston, Houston, Texas 77204, United States

Tai-Yen Chen − Department of Chemistry, University of
Houston, Houston, Texas 77204, United States;

orcid.org/0000-0002-2881-3068
Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.jmedchem.4c02741

Journal of Medicinal Chemistry pubs.acs.org/jmc Article

https://doi.org/10.1021/acs.jmedchem.4c02741
J. Med. Chem. XXXX, XXX, XXX−XXX

K

https://pubs.acs.org/doi/10.1021/acs.jmedchem.4c02741?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.4c02741/suppl_file/jm4c02741_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.4c02741/suppl_file/jm4c02741_si_002.csv
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Loi+H.+Do"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-8859-141X
https://orcid.org/0000-0002-8859-141X
mailto:loido@uh.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rahul+D.+Jana"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hieu+D.+Nguyen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-0609-5106
https://orcid.org/0000-0002-0609-5106
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Guangjie+Yan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tai-Yen+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-2881-3068
https://orcid.org/0000-0002-2881-3068
https://pubs.acs.org/doi/10.1021/acs.jmedchem.4c02741?ref=pdf
pubs.acs.org/jmc?ref=pdf
https://doi.org/10.1021/acs.jmedchem.4c02741?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Author Contributions
R.D.J.: conceptualization, investigation, analysis, writing;
H.D.N.: investigation; G.Y.: investigation; T.-Y.C.: supervision,
funding acquisition; L.H.D.: conceptualization, funding
acquisition, supervision, writing.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
We are grateful to the National Institute of General Medicine
Sciences of the National Institutes of Health for funding this
work (R01GM129276 to L.H.D. and R35GM133505 to T.-
Y.C.).

■ ABBREVIATIONS
ANOVA, analysis of variance; Asc, ascorbate; BBB, blood−
brain barrier; C−I, Complex I of the mitochondria; Car,
carnosine; CD, carbidopa; CoQ10, coenzyme Q10; Cp*,
pentamethylcyclopentadienyl anion; detox, detoxification;
DCFDA, 2,7-dichlorofluorescein diacetate; DMEM, Dulbec-
co’s Modified Eagle Medium; DMSO, dimethyl sulfoxide;
DOPAL, 2,3-dihydroxyphenylacetaldehyde; L-Dopa, levodopa;
FBS, fetal bovine serum; FU, fluorescence unit; 4-HNE, 4-
hydroxynon-2-enal; HPLC, high performance liquid chroma-
tography; IC50, 50% inhibition concentration; ICP-MS,
inductively-coupled plasma mass spectrometry; IR, infrared;
MMP, mitochondria membrane potential; MPP+, 1-methyl-4-
phenylpyridinium; NAD+, oxidized nicotinamide adenine
dinucleotide; NADH, reduced nicotinamide adenine dinucleo-
tide; NMR, nuclear magnetic resonance; PAMPA, Parallel
Artificial Membrane Permeability Assay; PBS, phosphate-
buffered saline; PCC, Pearson correlation coefficient; PD,
Parkinson’s Disease; Py, pyrene; RASP, reactive aldehyde
species; Rep, Reproxalap; RFU, relative fluorescence unit; SD,
standard deviation; SRB, sulforhodamine B; ROS, reactive
oxygen species; TBHP, tert-butyl hydrogen peroxide; TON,
turnover number; UV−vis, ultraviolet−visible.
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