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ABSTRACT: Hydrogen selenide (H2Se) is a central metabolite in
the biological processing of selenium for incorporation into
selenoproteins, which play crucial antioxidant roles in biological
systems. Despite being integral to proper physiological function, this
reactive selenium species (RSeS) has received limited attention. We
recently reported an early example of a H2Se donor (TDN1042) that
exhibited slow, sustained release through hydrolysis. Here we expand
that technology based on the PSe motif to develop cyclic-PSe
compounds with increased rates of hydrolysis and function through
well-defined mechanisms as monitored by 31P and 77Se NMR
spectroscopy. In addition, we report a colorimetric method based on
the reaction of H2Se with NBD-Cl to generate NBD-SeH (λmax =
551 nm), which can be used to detect free H2Se. Furthermore, we
use TOF-SIMS (time of flight secondary ion mass spectroscopy) to demonstrate that these H2Se donors are cell permeable and use
this technique for spatial mapping of the intracellular Se content after H2Se delivery. Moreover, these H2Se donors reduce
endogenous intracellular reactive oxygen species (ROS) levels. Taken together, this work expands the toolbox of H2Se donor
technology and sets the stage for future work focused on the biological activity and beneficial applications of H2Se and related
bioinorganic RSeS.

■ INTRODUCTION

Selenium is a trace nutrient that is required in the human diet
for proper physiological function.1−4 The biological concen-
tration window for selenium is narrow, and dietary selenium
deficiency or excess can lead to detrimental conditions
including Keshan’s disease5 and selenosis.6 Primary dietary
sources of selenium include organoselenium compounds and
inorganic salts,7 both of which can be incorporated into
selenoproteins through different transformations or excreted to
prevent toxic accumulation.8,9 One commonality between
these major metabolic pathways is that they are thought to
proceed through the intermediate formation of hydrogen
selenide (H2Se) (Figure 1). Drawing parallels to its lighter
congener H2S, H2Se is highly reactive and toxic but also crucial
for selenium homeostasis, proper function of endogenous
antioxidant systems, and thyroid function.10 Despite the
importance of H2Se and related reactive selenium species
(RSeS), few chemical tools allow for direct delivery of these
species to biological environments. For example, most
investigations focused on the therapeutic benefits of selenium,
especially in relation to various cancers, have used oxidized
selenium sources, such as sodium selenite (Na2SeO3), as the
selenium source.11,12 Significant evidence, however, suggests
that reduced RSeS, such as selenium-glutathione adducts,
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Figure 1. Simplified view of the selenium metabolic cycle highlighting
the role of H2Se in both protein synthesis and excretory pathways
from dietary sources.
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organoselenium species, or H2Se, rather than oxidized Se
species are responsible for observed in vivo activities.13 For
example, in a recent study by the Tang group, H2Se was
reported to be the active selenium metabolite responsible for
cell death in HepG2 cells that were initially treated with
Na2SeO3.

14 Similarly, Roth and co-workers found that direct
administration of H2Se, but not Na2SeO3, reduced heart
damage in mouse models of myocardial ischemia reperfusion
injury, suggesting that reduced RSeS exert different physio-
logical effects from the more commonly used oxidized
selenium sources.15

The blossoming interest in studying the chemical biology of
H2Se is reminiscent of the beginnings of contemporary
research on biological H2S. H2S was classically recognized as
a toxin but was later found to play essential roles in many key
mammalian processes, including angiogenesis.16 Sulfur and
selenium are the most similar main group elements on the
periodic table, and researchers are already proposing that H2Se
may be a fourth biological gasotransmitter, adding to the more
commonly accepted H2S, NO, and CO. Already meeting many
of the criteria to be classified as a gasotransmitter, H2Se is
produced endogenously, is a gas in its diprotic state, is
membrane permeable, and can exert unique biological effects
although specific molecular targets in signaling pathways have
not yet been identified.17,18 When administered exogenously to
mice through either inhalation (0−5 ppm in air) or injection
(solution of NaSeH, 0.05−24.9 mg/kg), H2Se modulates
aerobic respiration in mice by inhibition of mitochondrial
complex IV, again drawing striking parallels to observed H2S
activities in similar systems.15 A significant limitation to
advancing our understanding of the potential roles of H2Se in
biology, however, is the lack of suitable methods for studying
H2Se directly in living systems, although new approaches for
both donor and probe technology are beginning to
emerge.19−22

To expand our basic understanding of differences in the
bio(in)organic chemistry between reactive sulfur and selenium
species, we recently reported a hydrolysis-based H2Se donor
based on the PSe motif. By modifying the widely used PS-
containing H2S donor GYY4137, we prepared the analogous
PSe-containing compound TDN1042 and demonstrated
that it releases H2Se upon hydrolysis by 31P and 77Se NMR
spectroscopy as well as H2Se-trapping experiments.19 Building
from this work, here we report second-generation H2Se donors
that allow for modified H2Se release rates. To further bridge
the gap to using these H2Se-releasing compounds in biological
settings, we use TOF-SIMS (time of flight secondary ion mass
spectroscopy) to demonstrate that these donors are cell
permeable and result in a dose-dependent increase in
intracellular selenium levels. Moreover, we demonstrate that
exogenous treatment with the H2Se donors reduces ROS levels
in live cells, which is consistent with antioxidant activity. We
anticipate that these results will not only broaden the available
chemistry of H2Se-releasing compounds but also enable future
investigations into direct administration of H2Se in different
biological contexts.

■ RESULTS AND DISCUSSION
Design and Synthesis of Cyclic H2Se Donors. Although

sulfur and selenium are similar main group elements, the
inherent reaction chemistry of these elements is often
dissimilar. Demonstrating that design approaches for hydrol-
ysis-based H2S donors can be translated to develop H2Se

donors provides an important step toward advancing and
expanding investigations into H2Se and RSeS in biology. One
limitation of the initial TDN1042 system was that H2Se release
was quite slow. To improve on this system and expand the
palette of PSe-based H2Se donors, we diversified the PSe
platform to investigate how structural modifications impact
H2Se release rates and to compare how these modifications
align with known structure−function activities in PS-based
systems.23 We modified TDN1042 by incorporating ortho-
substituted phenols that coordinate in a bidentate fashion to
the phosphorus center and result in a donor with a single P
Se motif. These donors were prepared by treating Woollins’
reagent (P2Se4Ph2) with catechol- and 2-aminophenol-based
reagents.24,25 Briefly, refluxing Woollins’ reagent with 3 equiv
of the desired phenol under N2 results in formation of the
corresponding malodorous cyclized products that can then be
purified by silica gel chromatography to afford Cat-PSe
(catechol), 2AP-PSe (2-aminophenol), and NMe2AP-PSe
(N-methyl-2-aminophenol) in low to moderate yields (Figure
2). Each compound was characterized by 1H, 13C, 31P, and 77Se

NMR spectroscopy as well as mass spectrometry. The PSe
motif is readily identifiable as a doublet in the 77Se NMR
spectrum and as a singlet in the 31P NMR spectrum with
characteristic 77Se satellites.

PSe Hydrolysis and H2Se Release. With cyclized P
Se donor compounds in hand, we next used 31P NMR
spectroscopy to monitor donor hydrolysis in pH 7.4 PIPES
buffer. Under these reaction conditions, H2Se release is
accompanied by generation of the corresponding phosphine
oxide, which is ultimately hydrolyzed to generate phenyl-
phosphonic acid (PPA). In the case of Cat-PSe, addition to
aqueous buffer immediately resulted in the formation of an
intermediate that was shifted ∼50 ppm upfield in the 31P NMR
spectrum (Figure 3, red square). We attribute this signal to a
five-coordinate phosphorus species with P−OH and P−Se−
motifs that is formed by attack of water at the phosphorus
center. Subsequent protonation of the anionic selenide leads to
rapid extrusion of H2Se/HSe

− (pKa = 3.9) with concomitant
PO bond formation.
We also investigated the hydrolysis of 2AP-PSe and

NMe2AP-PSe and compared the kobs hydrolysis rates. Our
initial hypothesis was that the rate of hydrolysis would depend
primarily on the electronegativity of the atoms surrounding the

Figure 2. (a) Synthesis of TDN1042 and cyclic-PSe H2Se donors. (b)
ORTEP diagram of NMe2AP-PSe showing 50% probability ellipsoids.
Hydrogen atoms are omitted for clarity.
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phosphorus center, with a more electropositive phosphorus
center leading to faster hydrolysis rates. This trend, however,
was not observed, which suggests that electronic effects are not
the primary contributor to donor hydrolysis (Figure 4). For

example, we expected that the presence of two aryl P−O bonds
in Cat-PSe would result in the most electrophilic phosphorus
center, but Cat-PSe displays the slowest hydrolysis rate. The 2-
aminophenol-based donors, however, did follow the expected
trend, with the N-methylated donor (NMe2AP-PSe) releasing
H2Se more slowly than 2AP-PSe. One contributing factor to
the faster hydrolysis rates of the aminophenol-based donors is
the differential bond strength between the weaker aryl P−O
bond (141 kcal/mol) when compared to the stronger aryl P−
N bond (148 kcal/mol). These small structural changes, when
comparing the Cat-PSe and 2AP-PSe donors, result in almost
an order of magnitude increase in the rate of donor hydrolysis.
Taken together, these data reflect the tunability of PSe bond
hydrolysis based on the structure of the H2Se donor core.
Mechanistic Studies with 31P and 77Se NMR Spec-

troscopy. To further investigate the hydrolysis mechanism for
the cyclic-PSe compounds and to confirm H2Se release, we
performed alkylative trapping experiments with benzyl bro-
mide (BnBr). These experiments are useful for monitoring

selenide release by generating stable, alkylated products,
whereas direct H2Se release often results in selenium
autoxidation. Conveniently, these experiments can be followed
by 1H, 31P, and 77Se NMR spectroscopy, all of which help to
inform on intermediate structures in solution based on the
observed heteronuclear coupling constants and multiplicities.
Representative NMR spectra for 2AP-PSe are shown in Figure
5, and similar results were observed for the other donors (see
SI, Figures S16 and S17 for Cat-PSe and NMe2AP-PSe,
respectively).
To simplify the reaction conditions, we performed these

experiments in THF-d8 with 62 mM donor, 124 mM BnBr,
and 2.33 M (35 equiv) of water. Under these reaction
conditions, attack by water on the phosphorus center breaks
the 2-aminophenol chelate to form a four-coordinate P−N
intermediate (1). This step results in an upfield shift in both
the 31P and 77Se NMR spectra and a decrease in the J1P−Se from
899 Hz to 823 Hz. The identity of this intermediate is
supported by the independent synthesis and isolation of the
analogous methoxylated species, which showed similar
spectroscopic properties including 31P and 77Se chemical shifts
of 72 and −212 ppm, respectively, and a J1P−Se value of 817 Hz
(see SI, Figure S18 for X-ray structure). In the absence of an
electrophilic alkylating trap, intermediate 1 would be
protonated prior to subsequent H2Se release. Analogously, in
the presence of BnBr, intermediate 1 is alkylated to form
intermediate 2, which is supported by the upfield shift of the
31P NMR signal to 27 ppm and downfield shift of the 77Se
NMR signal to 300 ppm. Notably, the 77Se signal appears as a
doublet of triplets due to coupling to the phosphorus center
and the benzyl CH2 motif (J1P−Se = 384 Hz, J2Se−H = 7.1 Hz).
Hydrolysis of 2 liberates benzyl selenol (BnSeH), as evidenced
by the new resonance in the 77Se spectrum at 78 ppm (dt,
J1Se−H = 42.4 Hz, J2Se−H = 12.5 Hz). Selenol 2 is subsequently
oxidized to form dibenzyl diselenide (Bn2Se2), which is
characterized by a triplet at 400 ppm in the 77Se NMR
spectrum (J2Se−H = 14.0 Hz). Under these reaction conditions,
the autoxidized Bn2Se2 is the major product, but dibenzyl
selenide (Bn2Se) is also formed upon reaction of BnSeH with
BnBr, which is characterized by a pentet at 330 ppm in the 77Se
NMR spectrum. The resultant phosphorus byproduct (3) does
not accumulate in the reaction mixture and is rapidly
hydrolyzed to PPA, which appears at 14 ppm in the 31P
NMR spectrum.

Colorimetric H2Se Detection. Although NMR spectros-
copy provides useful information on the chemical environment
and connectivity of the different species formed during H2Se
release, spectroscopic detection of H2Se using optical methods
would aid the future development of H2Se donors and H2Se
detection. Drawing parallels to work on colorimetric systems
commonly used for H2S trapping, we investigated whether 4-
chloro-7-nitrobenzofurazan (NBD-Cl) could be used for
colorimetric H2Se detection. Previously, we demonstrated
that NBD-Cl reacts with H2S to generate NBD-SH, which has
a characteristic absorbance at 536 nm and allows for
colorimetric H2S detection.26 NBD-based electrophiles have
been used broadly by many groups to develop both
colorimetric and fluorescent reporters for H2S

27 as well as
other small molecules.28 Building from this basic chemistry, we
expected that the electrophilic NBD-Cl would also react with
H2Se to produce a highly colored product that could aid H2Se
detection.

Figure 3. (a) Hydrolysis of Cat-PSe to release H2Se. (b) Stacked
31P

NMR spectra of Cat-PSe (10 mM) hydrolysis in PIPES buffer (pH
7.4, 100 mM) over 450 h at 25 °C.

Figure 4. Plotted hydrolysis data (10 mM donor in PIPES 7.4, 100
mM buffer with 5 mM TEP standard at 25 °C) based on the
concentration of PPA with tabulated observed rate constants.
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To test this chemistry directly, we first treated NBD-Cl with
tetrabutylammonium hydroselenide (NBu4SeH) in pH 7.4
PBS buffer (Figure 6a). When a substoichiometric amount of
HSe− is present with respect to NBD-Cl, NBD2Se (λmax = 428
nm) is the primary product, which is formed by the
intermediate generation of NBD-SeH and subsequent reaction
with a second equivalent of NBD-Cl. If stoichiometric HSe−

with respect to NBD-Cl is present, then NBD-SeH (λmax = 551
nm) is the primary product, which forms from either direct
reaction of NBD-Cl with HSe− or the cleavage of the NBD2Se
intermediate with HSe−. This chemistry can be clearly
demonstrated by titrating 0.1 equiv aliquots of NBu4SeH (10
mM in DMSO) into a solution of NBD-Cl. The intermediate
formation of NBD2Se is observed, which reaches a maximum
at 2:1 NBD-Cl:HSe− stoichiometry, with NBD-SeH being the
primary species at a 1:1 NBD-Cl:HSe− ratio (Figure 6b). The
observed absorbance of NBD-SeH at 551 nm is red-shifted
from the NDB-SH absorbance at 534 nm, which is consistent
with substitution of a heaver chalcogenide. Based on these
data, NBD-Cl provides a unique colorimetric response to
H2Se/HSe

− upon formation of the highly colored NBD-SeH
product if free H2Se/HSe

− is present.
In prior unpublished work, we found that attempts to

measure H2Se release from TDN1042 with NBD-Cl resulted
in the formation of an unidentified adduct rather than the
expected NBD-SeH. In addition, we observed that this reaction
was significantly faster than the hydrolysis of TDN1042
(Scheme 1) based on 31P NMR experiments. Because the
cyclic-PSe compounds hydrolyze faster than TDN1042, we
wanted to further investigate this reactivity and determine
whether NBD-Cl could be used to monitor H2Se release. To
test this system initially, we added Cat-PSe (1.0 equiv) to a
solution of NBD-Cl (66 μM in PBS 7.4 buffer) and observed
the expected formation of NBD-SeH (λ = 551 nm), which is
consistent with H2Se generation (Figure 6c). When comparing

Figure 5. Results of alkylative trapping experiments with BnBr showing (a) the proposed reaction scheme and (b) the corresponding 31P and 77Se
NMR data for this reaction (62 mM 2AP-PSe, 124 mM BnBr, and 2.33 M water in THF-d8 at 25 °C).

Figure 6. (a) Addition of 1.0 equiv of H2Se to NBD-Cl results in the
direct formation of NBD-SeH. Addition of 0.5 equiv of H2Se to NBD-
Cl results in the formation of NBD2Se, which can react further with
H2Se to generate NBD-SeH. (b) Titration of NBD-Cl (66 μM in PBS
7.4 buffer) with NBu4SeH (10 mM in DMSO) in 0.1 equiv
increments at 25 °C. (c) Treatment of NBD-Cl (66 μM in PBS 7.4
buffer) with NMe2AP-PSe (1.5 equiv, 99 μM from a 10 mM solution
in THF) at 25 °C forms NBD-SeH.
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this UV−vis data to 31P NMR hydrolysis experiments,
however, we noted a significant difference in rate, with
complete hydrolysis occurring in hours as opposed to days.
This difference suggests that the presence of a strong
electrophile, such as NBD-Cl, results in initial alkylation rather
than hydrolysis. On the basis of these rate differences, we
propose that the cyclic-PSe compounds react directly with
NBD-Cl to form an intermediate that facilitates the subsequent
liberation of selenide and NBD-SeH formation. Although the
NBD-Cl trapping system confirms that these donors are a
source of labile reduced Se, we caution other researchers that
NBD-Cl trapping experiments should be complemented with
other measurements for RSeS-releasing compounds to not
inadvertently interpret direct donor alkylation as alkylation of
released H2Se in solution.29

Cell Permeability Studies Using TOF-SIMS. Because
H2Se delivery strategies are only beginning to emerge, little is
known about the biocompatibility of these RSeS donors. To
help bridge the gap between H2Se donor development and
applications to biological systems, we first focused on
determining whether the prepared donors are cell permeable.
To achieve this goal, we used TOF-SIMS to measure the
concentration of different elements in cells that were treated
with donors. This method allows atomic identities to be
mapped by monitoring characteristic elemental masses of
ionized particles (e.g., Se− for selenium, PO3

− for phosphorus).
Furthermore, ion beam ablation of the exposed frozen cell
surfaces allows for 3D elemental maps to be constructed.
Similar approaches based on X-ray fluorescence (XRF) have
been used previously to observe cellular localization of Ebselen,
a Se-containing glutathione peroxidase (GPx) mimic.30

To determine whether H2Se donors were cell permeable,
HeLa cells were grown on silicon chips, incubated with
different concentrations of H2Se donors overnight, fixed with
formaldehyde, and measured by TOF-SIMS in depth profiling
mode. Cell bodies and peripheral boundaries were identified
by mapping the PO3

− peak. A high level of phosphorus is
present throughout the cell and also in the cell membrane
phospholipid bilayer (Figure 7ai and bi). To determine

whether the H2Se donors are cell permeable, we measured
the total intracellular Se content as a function of H2Se donor
concentration. If the donors are cell permeable, we would
expect to observe a dose-dependent increase in intracellular Se
levels on donor treatment. In the absence of H2Se donors
(DMSO vehicle), the HeLa cells showed only trace levels of
intracellular Se (Figure 7aii). When treated with 2AP-PSe,
significant Se accumulation was observed within the cell
boundaries (Figure 7bii). Cell ablation in the z-axis allowed for
three-dimensional mapping of intracellular Se, which con-
firmed that the Se was not solely localized at the cell surface
and had been internalized within the cells (Figure 7cii). To
further support these conclusions, we also measured the total
Se accumulation in HeLa cells with different concentrations of
2AP-PSe (Figure 7d). The Se− peak intensity detected within
the cell boundaries was normalized by the total ion intensity,
which allowed us to verify a dose-dependent increase in
intracellular Se from 0 to 25 μM, after which the cellular levels
plateau. Taken together, the TOF-SIMS data support that
these donors can be used to increase intracellular Se levels.

Antioxidant Activity of H2Se Donors. Having demon-
strated that 2AP-PSe can increase intracellular Se levels, we
next sought to determine whether 2AP-PSe could exert
antioxidant activities in live cells. To probe ROS levels, we
used 2′,7′-dichlorofluorescin diacetate (DCFH-DA), a widely
used, cell-trappable, fluorescent reactive oxygen species (ROS)

Scheme 1. Proposed Reaction Pathways for the Reaction of
(a) TDN1042 and (b) Cyclic-PSe Compounds with NBD-Cl

Figure 7. TOF-SIMS images of HeLa cells treated with (a) DMSO
(vehicle) showing (i) P, (ii) Se, and (iii) element overlay; (b) 2AP-
PSe (50 μM, 18 h) showing (i) P, (ii) Se, and (iii) element overlay.
(c) 3D representations of elemental distributions from the data in (b),
confirming intracellular localization. (d) Cellular Se content as a
function of 2AP-PSe concentration. *p < 0.05; **p < 0.01 vs control
group.
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reporter.31 Upon reaction with ROS such as peroxides, DCFH-
DA is oxidized to the highly fluorescent 2′,7′-dichlorofluor-
escein (DCF, Figure 8a). Our expectation was that pretreat-
ment of cells with 2AP-PSe would provide greater antioxidant
activity toward exogenous ROS, which could be monitored
directly by DCFH-DA.

To test this antioxidant activity directly, HeLa cells were
treated with 5−25 μM 2AP-PSe for 20 h prior to treatment
with 5 μM DCFH-DA for 30 min. Cells were washed with
buffer and subsequently treated with 500 μM H2O2 for 30 min.
When compared to background cellular autofluorescence,
addition of DCFH-DA resulted in a small fluorescence increase
due to endogenous ROS. Addition of 25 μM 2AP-PSe,
however, decreased DCF formation, which suggests that 2AP-
PSe exerts antioxidant effects on cells. To determine whether
2AP-PSe could be used to provide protection against
exogenous ROS, we treated HeLa cells with H2O2 and
monitored the DCF fluorescence response. Treatment of cells
with 500 μM H2O2 in the absence of 2AP-PSe resulted in a
significant fluorescence response. As expected, pretreatment of
cells with 5, 10, or 25 μM 2AP-PSe significantly reduced DCF
formation (Figure 8b). Representative fluorescent images are
shown in Figure 8c and show decreased ROS-generated

fluorescence in the presence of 2AP-PSe. Based on the high
reactivity of H2Se, it is unlikely that these observed effects are
due to a buildup of H2Se directly, but rather an increase in
selenium-containing species that facilitate ROS scavenging.
Similarly, it is unlikely that the rate constant for the direct
reaction of H2Se with H2O2 would be sufficient to outcompete
endogenous sources of ROS-scavenging enzymes. We note that
these donor concentrations all generate similar reductions in
ROS, which suggests that even the 5 μM is sufficient to
generate maximal antioxidant activity. Using a significantly
higher, but not physiologically relevant H2O2 concentration of
10 mM, we observe a dose-dependent, albeit blunted, decrease
in DCF fluorescence (see the SI, Figure S27). Taken together,
these data show that 2AP-PSe exerts potent ROS-scavenging
activity, which is consistent with the proposed antioxidant
activity of selenide-containing compounds.

■ CONCLUSIONS

This work advances H2Se donor technology by imparting rate
tunability into the hydrolysis of PSe motifs. Further 31P and
77Se NMR spectroscopic studies utilizing alkylative trapping
experiments reveal a general mechanism of action, which is
consistent with the proposed mechanism of action. Advancing
the biological applications of H2Se donors, we used TOF-
SIMS to demonstrate that 2AP-PSe is cell permeable and
increases intracellular Se levels in a dose-dependent manner. In
addition, we show that 2AP-PSe can reduce ROS and H2O2
levels in live cells, which further supports the antioxidant
activity of H2Se. We anticipate that these as well as future H2Se
donors will significantly advance investigations into the roles of
reduced RSeS, including H2Se, in biological investigations.

■ EXPERIMENTAL SECTION
Materials and Methods. Reagents were purchased from Sigma-

Aldrich, Alfa Aesar, and TCI Chemicals and were used directly as
received. Deuterated solvents were purchased from Cambridge
Isotope Laboratories and used directly as received, except for THF-
d8, which was distilled over sodium and benzophenone prior to use.
NBu4SeH was prepared as described in the literature.32 Cat-PSe and
2AP-PSe were prepared as described below, and spectroscopic data
match previously reported data.24 1H, 13C{1H}, 31P, and 77Se NMR
spectra were recorded on Bruker 500 and 600 MHz instruments.
Chemical shifts are reported relative to residual protic solvent
resonances for 1H and 13C{1H} spectra. All air-free manipulations
were performed in an inert atmosphere using standard Schlenk
techniques or an Innovative Atmospheres N2-filled glovebox.
Fluorescent images were taken on a Leica DMi8 wide-field
microscope. Images were analyzed and quantified in ImageJ.

General Synthesis of Cyclic-PSe Compounds. Woollins’
reagent (0.32 g, 0.60 mmol) and the desired o-substituted phenol
(1.8 mmol) were added to a flask with anhydrous toluene (15 mL) in
a glovebox. The flask was then attached to a septum-sealed reflux
condenser, removed from the glovebox, attached to a N2 line, and
placed in an oil bath at 130 °C to reflux. The reaction was monitored
by TLC (general reaction time 4 to 10 h). Upon completion, the
reaction mixture was concentrated in vacuo to afford a black crust,
extracted with CH2Cl2, and purified via flash column chromatography
(SiO2, 25% EtOAc/hexanes). The identity of the product was verified
by 1H, 13C{1H}, 31P, and 77Se NMR spectroscopy. See the SI for
NMR spectra.

Cat-PSe: pink powder, 46 mg, 13%. 1H NMR (600 MHz, CDCl3)
δ: 7.89 (m, 2H), 7.62 (td, 1H, J5P−H = 1.7 Hz, J3H−H = 7.5 Hz), 7.49
(td, 2H, J4P−H = 4.3 Hz, J3H−H = 7.8 Hz), 7.14−7.06 (m, 4H).
13C{1H} NMR (151 MHz, CDCl3) δ: 145.8, 134.1, 133.3, 131.2,
128.7, 123.8, 112.8. 31P NMR (241 MHz, CDCl3) δ: 115.6 (t, J

1
P−Se =

Figure 8. Demonstrated antioxidant activity of 2AP-PSe on HeLa
cells as measured by (a) dichlorofluorescein diacetate (DCFH-DA)
reacting with ROS, where a major decrease in fluorescence is detected
in (b) when the H2Se donor is applied; probe, DCFH-DA, 5 μM;
donor, 2AP-PSe, 24 h incubation; H2O2, 500 μM, 30 min incubation;
****p < 0.0001 vs control group. (c) Images of cells under the listed
treatment conditions on DIC and GFP channels.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.1c09525
J. Am. Chem. Soc. 2021, 143, 19542−19550

19547

https://pubs.acs.org/doi/suppl/10.1021/jacs.1c09525/suppl_file/ja1c09525_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c09525/suppl_file/ja1c09525_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.1c09525?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c09525?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c09525?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c09525?fig=fig8&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.1c09525?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


959 Hz, J3P−H = 16.0 Hz). 77Se NMR (115 MHz, CDCl3) δ: −177.1
(d, J1P−Se = 959 Hz).
2AP-PSe: orange-pink powder, 60 mg, 17%. 1H NMR (600 MHz,

CDCl3) δ: 7.96 (m, 2H), 7.57 (td, 1H, J5P−H = 1.7 Hz, J3H−H = 7.5
Hz), 7.47 (td, 2H, J4P−H = 4.3 Hz, J3H−H = 7.8 Hz), 7.05 (d, 1H, J3H−H
= 8.1 Hz), 6.98 (t, 1H, J3H−H = 8.0 Hz), 6.89 (t, 2H, J3H−H = 7.7 Hz),
5.24 (s, 1H). 13C{1H} NMR (151 MHz, CDCl3) δ: 146.4, 133.6,
133.2, 131.1, 128.4, 112.7, 111.6. 31P NMR (241 MHz, CDCl3) δ:
97.1 (t, J1P−Se = 894 Hz, J3P−H = 16.1 Hz). 77Se NMR (115 MHz,
CDCl3) δ: −134.3 (d, J1P−Se = 894 Hz).
NMe2AP-PSe: pink powder, 181 mg, 49%. 1H NMR (600 MHz,

CDCl3) δ: 7.86 (m, 2H), 7.57 (td, 1H, J5P−H = 1.7 Hz, J3H−H = 7.5
Hz), 7.47 (td, 2H, J4P−H = 4.3 Hz, J3H−H = 7.8 Hz), 7.04 (m, 2H),
6.86 (t, 1H, J3H−H = 7.90 Hz), 6.74 (d, 1H, J3H−H = 7.8 Hz), 3.00 (d,
3H, J3P−H = 11.8 Hz). 13C{1H} NMR (151 MHz, CDCl3) δ: 146.3,
136.5, 135.2, 134.4, 133.3, 131.3, 128.5, 123.4, 120.1, 112.1, 108.6,
28.03. 31P NMR (241 MHz, CDCl3) δ: 103.5 (tq, J1P−Se = 894 Hz,
J3P−H = 15.3 Hz, J3P−H = 11.8 Hz). 77Se NMR (115 MHz, CDCl3) δ:
−181.5 (d, J1P−Se = 894 Hz). LRMS (ASAP): calcd for
C13H13NOPSe

+ [M + H]+ 310.0, found 310.1.
2AP-PSe-OMe. The crude product was treated with methanol (5

mL), after which chromatographic purification according to the
general procedure produced the title compound. White powder, 182
mg, 46%. 1H NMR (600 MHz, CDCl3) δ: 7.81 (m, 2H), 7.46 (td, 1H,
J5P−H = 1.7 Hz, J3H−H = 7.5 Hz), 7.40 (td, 2H, J4P−H = 4.3 Hz, J3H−H =
7.8 Hz), 6.80 (m, 3H), 6.64 (m, 1H), 6.12 (s, 1H), 3.84 (d, 3H).
13C{1H} NMR (151 MHz, CDCl3) δ: 145.3, 134.1, 133.2, 132.1,
130.6, 128.7, 127.9, 123.2, 121.1, 119.1, 115.4, 52.4. 31P NMR (241
MHz, CDCl3) δ: 71.9 (m, J1P−Se = 817 Hz). 77Se NMR (115 MHz,
CDCl3) δ: −211.6 (d, J1P−Se = 817 Hz).
Hydrolysis Studies. Stock solutions of phosphine selenide

complexes (60 mM) and triethylphosphate (30 mM) were prepared
in tetrahydrofuran (THF) in GC vials in a glovebox. Aliquots of 0.10
mL of each stock solution were added to 0.40 mL of PIPES buffer
solution (pH 7.4, 100 mM) in NMR tubes. These NMR tubes were
removed from the glovebox with tape-sealed septum caps, and the
samples were monitored via 31P NMR spectroscopy with gradient
shimming and elongated pulse/relaxation times.
Mechanistic Studies with 31P and 77Se NMR Spectroscopy.

In a glovebox, the donor (0.035−0.040 mmol) was dissolved in THF-
d8 (0.50 mL) and charged in an NMR tube, which was then capped
with a septum and sealed with electrical tape. Baseline 31P and 77Se
NMR spectra of the donor solution were acquired prior to addition of
a BnBr stock solution in THF-d8 (0.10 mL, 2.0 equiv, also prepared in
a glovebox) and degassed Millipore water (25 μL, 1.4 mmol) via
argon-purged Hamilton syringes. This reaction mixture was shaken
and monitored by 31P and 77Se NMR spectroscopy over the course of
2 weeks, revealing the formation and conversion of various
intermediates to the final products dibenzyl diselenide (Bn2Se2,
major) and dibenzyl selenide (Bn2Se, minor).
Hydrolysis Monitoring with NBD-Cl. A stock solution of

tetrabutylammonium hydroselenide (NBu4SeH, 10 mM in DMSO)
and NBD-Cl (10 mM in DMSO) was prepared in a glovebox in GC
vials that were sealed with electrical tape. In a separate glovebox
specifically for aqueous work, a quartz cuvette with a septum cap was
charged with PBS 7.4 buffer (3.0 mL, 10 mM). The solutions and
cuvette were transported to a UV−vis spectrometer, and a baseline
scan (250−750 nm) was taken before addition of NBD-Cl solution
(20 μL for a 66 μM solution in the cuvette) and an additional scan to
establish the NBD-Cl baseline. After this scan, NBu4SeH was titrated
into solution (2 μL injections, 0.1 equiv) until spectral changes were
no longer evident.
The previous procedure was modified slightly to monitor the

hydrolysis of the H2Se donors. Specifically, stock solutions were
prepared in THF (10 mM), and the cuvette was equipped with a
stirring flea. Baseline scans were taken as detailed above, but the
donor was added as a single injection (30 μL, 1.5 equiv), and the
hydrolysis was monitored as the reaction stirred. Scans were taken at 2
nm intervals every 12 s for 30 min or until spectral changes were no
longer evident.

Cell Culture. HeLa cells (ATCC) were cultured in DMEM
containing phenol red (Gibco) and supplemented with 10% fetal
bovine serum (FBS) (VWR) and 1% penicillin−streptomycin (10 000
units/mL penicillin and 10 000 μg/mL streptomycin) (Gibco). Cells
were maintained at 37 °C under 5% CO2.

Cellular Proliferation Assay. HeLa cells were seeded in Nunc
96-well Nunclon Delta plates at 10 000 cells/well under normal
culturing conditions. The next day, the media was aspirated off and
replaced with FBS-free DMEM containing test compounds in 0.5%
DMSO (vehicle). Cells remained with test compounds for 24 h before
treatment with Cell Counting Kit-8 (CCK-8, Dojindo Molecular
Technologies). Data were normalized to vehicle and pooled.

Cell Treatment with 2AP-PSe: TOF-SIMS Depth Profiling
and Imaging. HeLa cells were seeded in a 12-well plate containing
p-doped (boron) polished wafers (⟨100⟩ orientation, Czochralski-
grown, resistivity around 0.012 ohm/cm2) and were grown overnight
in 10% FBS DMEM. The following day, the media was removed, and
the cells were washed (2× FBS-free DMEM), treated with 2AP-PSe
(10−100 μM, 0.5% DMSO vehicle) in FBS-free DMEM, and
incubated for 18 h. After incubation, media was aspirated off and
wafers were rinsed 3× with pH 7.4 PBS and fixed with freshly
prepared 3.7% paraformaldehyde (PFA) in Milli-Q water for 15 min
at room temperature. After incubation, PFA was aspirated off and
wafers were rinsed 3× with PBS, 0.1 M ammonium acetate, and Milli-
Q water. TOF-SIMS spectra were acquired with a model IV TOF-
SIMS instrument manufactured by ION-TOF GmbH, Münster,
Germany, using a 25 kV Bi3

+ primary ion beam and a 2 kV Cs+ sputter
beam. Typically, three or four cells were in the field of view during the
depth profile. The depth profile was acquired until all cellular material
was ablated, as determined by following the PO3

− peak intensity
during the profile. Using software provided by the vendor we
extracted the spectra from the cellular material and measured the Se−

peak area. The software provided the relevant measure of total ion
intensity, which was used for normalization. This protocol allows for
comparison of the relative Se content in the cells.

Cell Treatment with 2AP-PSe: ROS Assay with DCFH-DA.
HeLa cells were plated in glass-bottom imaging dishes (MatTek) at a
density of 100 000 cells per dish and were grown in DMEM under
normal conditions overnight. The following day, the media was
removed and the cells were washed (2× FBS-free DMEM). After
rinsing, cells were incubated with 2AP-PSe (5−100 μM) for 20 h in
FBS-free DMEM. After incubation the media containing 2AP-PSe was
removed, and the cells were washed (2× FBS-free DMEM). Cells
were then treated with DCFH-DA (5 μM, 45 min in serum-free
DMEM for 30 min). After incubation, cells were rinsed 2× with
serum-free DMEM and then were incubated with H2O2 (500 μM, 30
min). Cells were then washed 2× with PBS and imaged in FluoroBrite
DMEM (Gibco).
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