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selenide (H2Se) release from
activatable selenocarbamates†

Turner D. Newton, ‡a Keyan Li, ‡a Jyoti Sharma, b

Pier Alexandre Champagne *b and Michael D. Pluth *a

Hydrogen selenide (H2Se) is a possible bioregulator, potential gasotransmitter, and important precursor in

biological organoselenium compound synthesis. Early tools for H2Se research have benefitted from

available mechanistic understanding of analogous small molecules developed for detecting or delivering

H2S. A now common approach for H2S delivery is the use of small molecule thiocarbamates that can be

engineered to release COS, which is quickly converted to H2S by carbonic anhydrase. To expand our

understanding of the chemical underpinnings that enable H2Se delivery, we investigated whether

selenocarbamates undergo similar chemistry to release carbonyl selenide (COSe). Using both light- and

hydrolysis-activated systems, we demonstrate that unlike their lighter thiocarbamate congeners,

selenocarbamates release H2Se directly with concomitant isocyanate formation rather than by the

intermediate release of COSe. This reaction mechanism for direct H2Se release is further supported by

computational investigations that identify a DDG‡ ∼ 25 kcal mol−1 between the H2Se and COSe release

pathways in the absence of protic solvent. This work highlights fundamentally new approaches for H2Se

release from small molecules and advances the understanding of reactivity differences between reactive

sulfur and selenium species.
Introduction

Small molecule bioregulators play important roles in diverse
biological processes. Of such molecules, small polyatomic
examples, such as NO, H2S, and CO have joined a class of
compounds oen referred to as ‘gasotransmitters’ that play key
roles in physiological function, disease progression, and
signaling pathways.1–6 Each of these gasotransmitters has
attracted signicant work aimed at developing chemical tools
for detection and delivery of these small molecules in complex
biological environments.7–14 More recently, hydrogen selenide
(H2Se) has attracted increased attention as a possible bio-
regulator, potential gasotransmitter, and important precursor
in biological organoselenium compound synthesis.15–18 More-
over, H2Se is a likely reactive intermediate in initial reduction of
dietary selenium sources to form selenophosphate, en route to
downstream selenium-containing biomolecules including
selenocysteinyl-tRNASec, selenouridine, and selenosugars.19,20
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Initial tools for H2Se delivery have beneted from earlier
work on H2S donor development that provided a strong mech-
anistic background for understanding how to engineer small
molecules to release H2Se in different environments
(Fig. 1).9,10,21 For example, building from the analogous
GYY4137 22 and FW1256 23 platforms that rely on P]S hydro-
lysis for H2S delivery, we developed the P]Se motifs TDN1042 24

and 2AP-PSe25 that are hydrolyzed to release H2Se. Similarly, Yi
and co-workers adapted arylthioamides, which release H2S
upon reaction with cysteine, to develop arylselenoamides that
release H2Se upon activation by cysteine.19 Recent examples of
H2Se donors have also developed new chemistry not based on
prior H2S donor platforms, including work by Yi and co-workers
on cysteine-mediated H2Se release from selenocyclopropenes19

and by Lukesh and co-workers on the base-mediated H2Se
Fig. 1 Overview of selected H2Se donors inspired by prior H2S
releasing motifs and associated H2Se donors demonstrated to release
H2Se directly.
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Fig. 2 (a) General approach for COS release from thiocarbamates as
precursor for H2S delivery. (b) Summary of this work highlighting that
selenocarbamates release H2Se directly rather than requiring inter-
mediate COSe formation.

Scheme 1 Synthesis of o-nitrobenzyl selenocarbamates.
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release from g-ketoselenides.26 Taken together, these prior
examples of H2Se delivery highlight that H2Se donor are poised
to not only leverage previous sulfur-based chemistry but also
identify new reactivity that differs from its lighter chalcogen
congener.

A recent area of H2S donor expansion has grown from the
discovery that small molecules that release carbonyl sulde
(COS) can function as H2S donors due to the rapid conversion of
COS to H2S by the ubiquitous enzyme carbonic anhydrase
(CA).27 One benet of this class of COS-based H2S donors is that
many of the scaffolds can be engineered to only release COS/H2S
in response to a specic trigger. Selected examples of such prior
triggering motifs include reactive oxygen species,28–31 light,32–34

changes in pH,35,36 and enzymatic activation.37–39 Building from
the potential analogous reactivity between S- and Se-containing
donor platforms, we wanted to determine whether common
motifs used to release COS/H2S could be repurposed to release
COSe/H2Se by substitution of S for Se atom. In addition to
advancing the fundamental chemistry of reactive selenium
species (RSeS), if such donors were to release COSe and/or H2Se
they would signicantly expand the versatility of triggered RSeS
release. Our work here, which is supported by both experi-
mental and computational data, demonstrates that activatable
selenocarbamates release H2Se directly rather than through
intermediate COSe generation, which not only highlights
fundamental differences between S and Se chemistry, but also
enables a direct and modiable approach for H2Se delivery
(Fig. 2).
Fig. 3 (a) Chemical reactivity of the PhotoSeCM after irradiation. (b)
Stacked 19F NMR spectra of PhotoSeCM before (top) and after
(bottom) irradiation. The small peak at −117.4 ppm corresponds to
a PhotoSeCM rotamer, as is commonly seen for aryl thio- or
selenocarbamates.
Results and discussion

Our rst goal was to prepare a selenocarbamate (SeCM) that was
stable until activated by a specic external stimulus. Based on
our prior work with light-activated thiocarbamates containing
the photocleavable o-nitrobenzyl group as COS/H2S donors,32 we
focused on the analogous selenocarbamate motifs. Using
a similar synthetic approach as for the thiocarbamates, we
treated the p-uorophenyl isoselenocyanate with 2-nitrobenzyl
alcohol in THF at 0 °C in the presence of NaH to afford the
desired selenocarbamate product (PhotoSeCM, Scheme 1). The
77Se NMR spectrum of the product showed a major peak at
278 ppm, which is consistent with formation of the O-alkyl
7582 | Chem. Sci., 2023, 14, 7581–7588
selenocarbamate. We note that earlier work with the parent
PhNCSe starting material showed either partial or full isomer-
ization of the selenocarbamate product to the Se-alkyl seleno-
carbamate upon purication by SiO2 chromatography, which
was supported by a shi in the 77Se NMR spectrum from
281.2 ppm to 462.2 ppm. This downeld resonance is consistent
with previously reported Se-alkyl selenocarbamate 77Se shis
and suggests that these compounds may undergo a Newman–
Kwart40,41 rearrangement promoted by silica gel. To avoid using
mixtures of the O- and Se-alkyl selenocarbamates, we optimized
the purication and isolation procedure of PhotoSeCM to
include recrystallization rather than chromatography and allow
for isolation of a single isomer.

With PhotoSeCM in hand, we next investigated the product
formation aer photoactivation. To simplify the overall reaction
conditions, we investigated the reaction in THF with the goal of
limiting hydrolysis of potential reaction products. Moreover,
monitoring the 19F NMR spectrum of the reaction allows for
identication of major p-uoroaniline based reaction products.
Upon irradiation at 365 nm, we expected that the primary
products would be COSe, p-uoroaniline, and 2-nitro-
sobenzaldehyde, however this was not the case. When moni-
toring the 19F NMR spectrum of the reaction, we observed
consumption of the PhotoSeCM signal at −117 ppm but failed
to observe the expected p-uoroaniline product at −130 ppm
(Fig. 3). Rather, we observed a new product peak at −123 ppm
corresponding to formation of p-uoroisocyanate, which was
conrmed by comparison to an authentic sample. Formation of
the isocyanate product suggests that COSe release does not
occur upon irradiation, but rather that H2Se/HSe− is released
directly from the selenocarbamate through a pathway that is
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Proposed reaction mechanism to generate H2Se and PNA,
(b) representative UV-vis traces of 1 showing PNA formation in pH 7.4,
10 mM PBS, 37 °C under N2, and (c) plotted absorbance ratio corre-
sponding to PNA formation at different pH values.
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View Article Online
fundamentally different than that of the analogous thio-
carbamates (vide infra).

Building from the PhotoSeCM chemistry, we next wanted to
investigate potential COSe/H2Se release from a system that did
not require photoactivation. To simplify the activation mecha-
nism, we turned to prior work from our lab on hydrolysis-
activated g-ketothiocarbamates. These systems undergo
deprotonation at the b-position to initiate a self-immolative
cascade to release COS/H2S and an amine-based payload with
reaction rates increasing with increasing pH of solution
(Fig. 4a).35 Moreover, inclusion of the p-nitroaniline payload
provides a colorimetric response upon donor activation due to
the yellow absorbance at 381 nm. To prepare the g-ketosele-
nocarbamates, we treated 4-nitrophenyl isoselenocyanate with
the desired 4-hydroxybutanone derivative in THF using DBU as
a base. We found that the parent compound derived from 4-
hydroxybutanone was unstable and could not be isolated, but
we were able to prepare the 3-methyl (1) and 3,3-dimethyl (2)
derivates, albeit in low isolated yields (Fig. 4b). The g-ketose-
lenocarbamates were isolated as the O-alkyl isomers aer SiO2

purication, with only minimal Se-alkyl formation that could be
removed by purication.

With the g-ketoselenocarbamate compounds in hand, we
next investigated the activation of these donors at different pH
values by monitoring the UV-vis spectrum of the released p-
nitroaniline product. As expected, compound 2, which lacks
deprotonatable hydrogens in the b-position, did not release p-
nitroaniline, which also supports the general stability of the
selenocarbamate motif in solution. Compound 1, however, did
release p-nitroaniline as expected, and the rate of release
increased at more basic pH values, which is consistent with the
expected b-deprotonation mechanism (Fig. 5). Generation of p-
nitroaniline is consistent with either COSe release followed by
rapid hydrolysis or direct release of H2Se, formation of the p-
nitrophenyl isocyanate, and subsequent hydrolysis. We did not
observe the p-nitrophenyl isocyanate product directly, but based
on the signicantly electron withdrawing NO2 group we expect
the isocyanate would be rapidly hydrolyzed to p-nitroaniline
and CO2, especially under basic conditions. In addition to the
formation of p-nitroaniline, we also observed the precipitation
of red Se0, which is consistent with HSe− delivery followed by
subsequent autooxidation as is common in aqueous solution.
We also compared the second order rate constants for donor
activation between 1 and the analogous thiocarbamate
(g-KetoTCM-2).35 We measured k values of 0.38(1) M−1 s−1 and
Fig. 4 (a) COS/H2S release mechanism from g-ketothiocarbamates
after deprotonation at the b-position. (b) Synthesis of g-
ketoselenocarbamates.

© 2023 The Author(s). Published by the Royal Society of Chemistry
0.164(4) M−1 s−1 for 1 and g-KetoTCM-2, respectively, which
shows a slightly faster rate of release from the Se than the S
analogues.

To investigate H2Se release directly, we rst attempted a two-
step H2Se volatilization experiment using BnBr as an electro-
philic trap under anhydrous and anaerobic conditions as was
performed previously for acid-activated H2Se donors.24 Starting
with a solution of 1 in DMF, the addition of NaOH resulted in an
immediate color change from yellow to red brown, which we
attribute to formation of the selenocarbamate intermediate.
Upon acidication, we expected to observe H2Se release but
instead observed immediate precipitation of elemental Se, which
was conrmed by treating the resulting reaction product with
PPh3 to form Se]PPh3 (Fig. S18†). Aer removal of DMF solvent,
the resultant 1H NMR spectrum did not show the p-nitroaniline
product, but rather a new product corresponding to protonated
p-phenylenediamine, which was conrmed by comparison with
the authentic product (Fig. S19†). Based on this observed reac-
tivity, we surmised that the p-nitroaniline product was reduced
Fig. 6 (a) Observed reactivity of 1 after deprotonation in DMF. Both
the p-phenylenediamine and Se0 products were observed by NMR
spectroscopy. (b) Treatment of p-nitroaniline with HSe− results in nitro
group reduction in organic solution, whereas the reduction in water is
inefficient.

Chem. Sci., 2023, 14, 7581–7588 | 7583
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by the released HSe− in DMF (Fig. 6). Similar chemical reactiv-
ities of H2Se toward nitroarenes have been previously reported.42

These results conrm that even in the absence of H2O, HSe− is
released directly, rather than being generated indirectly by the
hydrolysis of COSe. To validate the hypothesis that HSe− can
reduce nitroaromatics under these conditions, we treated p-
nitroaniline with [NBu4][HSe] directly in MeCN, which led to an
immediate color change to deep red-brown with precipitation of
a red brown solid (Fig. 6). The 1H NMR spectrum of the product
showed clean formation of p-phenylenediamine (Fig. S20†), and
the 77Se NMR spectrum showed consumption of [NBu4][SeH],
indicative of oxidation of HSe− to solid Se0 (Fig. S21†). In
contrast, treatment of p-nitroaniline with [NBu4][SeH] in aqueous
buffer only results in minimal nitro group reduction, which is
consistent with the data from Fig. 5. Although Se0 formation
could potentially be accounted for by the autooxidation of COSe
to form CO and Se0, the experimental observation of p-phenyl-
enediamine formation under the above conditions is most
consistent with initial H2Se release followed by subsequent nitro
group reduction with concomitant H2Se oxidation to Se0. Taken
together, the above data strongly supports the direct release of
H2Se from selenocarbamates.
Computational investigations

To probe the competing decomposition pathways of seleno-
carbamates, we performed Density Functional Theory (DFT)
calculations using the uB97X-D functional, the aug-cc-pVDZ
basis set for geometry optimizations and frequency calcula-
tions, and the SMD implicit solvation model for water. Single-
point energy renements were then obtained using the same
functional and solvation model but using the triple-zeta aug-cc-
pV(T+d)Z basis set. Full computational details can be found in
the ESI.†

Because little is known about the structure of selenocarba-
mate anions, we rst investigated the preferred tautomer of the
anionic phenylselenocarbamate 3 as a computational model
(Fig. 7). This selenocarbamate intermediate would be the direct
structure from which either COSe or HSe− is generated. We nd
that the NH tautomer (3a) is the lowest in energy, and the SeH
(3b) and OH (3c) tautomers are 17.5 and 14.4 kcal mol−1 higher
Fig. 7 Tautomeric forms and respective free energies (kcal mol−1) of
selenocarbamate 3. Calculations at the uB97X-D/aug-cc-pVDZ/
SMD(water)//uB97X-D/aug-cc-pV(T+d)Z/SMD(water) level of theory.

7584 | Chem. Sci., 2023, 14, 7581–7588
in free energy, respectively. Tautomer 3a benets from the
stabilization of the negative charge by the most electronegative
(O) and most polarizable (Se) atoms, in addition to a at
structure with the phenyl ring trans to selenium. In contrast, the
most stable conformers of 3b and 3c have the Ph group cis to
selenium, rotated away from the plane of the selenocarbamate.
This structure is likely preferred due to strong hyperconjugative
interactions between the sp2 lone pair of nitrogen and the C–Se
s* acceptor orbital that are in an antiperiplanar arrangement.
As expected from the particularly weak H–Se bond (BDE =

66.0 kcal mol−1, lower than H–I = 70.5 kcal mol−1)43 there is
a larger free energy difference between 3b and 3a (17.5 kcal-
mol−1) than what we computed previously for the NH and SH
tautomers in dithiocarbamates (9.7 kcal mol−1).29

Our experimental evidence indicates that selenocarbamates
like 3 form HSe− directly, but we also investigated the different
decomposition pathways of 3 that could result in either COSe or
HSe− release to better understand the energetic landscape
accessible to selenocarbamates. Starting from 3a, C–N cleavage
could occur directly (TS1, Fig. 8), forming COSe and the anilide
anion. This pathway has an insurmountable 47.1 kcal mol−1

free energy barrier and is also endergonic by 36.1 kcal mol−1.
Despite the expected basicity of anilide in organic solvents, the
pKa of anilide in water is not known. Using DFT, we estimate
that protonation of anilide by an isolated water molecule
(forming hydroxide and aniline) is only favored by
5.1 kcal mol−1. This small value may be due to the difficulty of
modeling proton transfer by DFT and the inaccuracy of treating
hydroxide and water using only implicit solvation models.
Previous computational work from our group showed that the
C–N cleavage pathway of thiocarbamates could be accelerated
by the presence of an external acid such as water or dihydrogen
phosphate (H2PO4

−).29 Although there is a slight enthalpic
benet to having an explicit water molecule as an acid mediator
to facilitate proton transfer, our calculations for selenocarba-
mate 3 indicate that there is no free energy benet and the
barrier for TS1 remains too high to represent a viable reaction
pathway (see ESI†). Another scenario is the protonation of 3a to
form a neutral or zwitterionic selenocarbamic acid, from which
decomposition to release COSe could occur. The pKa of sele-
nocarbamic acid has, to the best of our knowledge, never been
measured, so we modeled its protonation by water (see ESI†).
We nd that the barrier for COSe release from a protonated 3a is
at least 22.0 kcal mol−1 and would be higher for more acidic
selenocarbamates, such as the p-nitro derivative 1. Such a zwit-
terionic pathway, however, would be counter to the observed
increased rate of product formation at basic pH. Alternatively,
elimination of PhNCSe and hydroxide from 3c has an even
larger barrier (53.0 kcal mol−1, see ESI†) than direct COSe
extrusion through TS1, suggesting that neither of these path-
ways are operable under normal experimental conditions.

We also investigated the reaction pathway for direct HSe−

release from 3. Although 3b is the highest-energy tautomer of
the selenocarbamate, this tautomer can readily cleave to form
HSe− and PhNCO (TS2). From 3b, this TS only requires an
additional 4.6 kcal mol−1 and represents a 22.1 kcal mol−1

barrier from the lowest-energy tautomer 3a. Importantly, TS2
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Decomposition pathways of selenocarbamate 3 comparing COSe and HSe− extrusion pathways. Direct release of HSe− is more ener-
getically favorable than COSe release. Free energies (in kcal mol−1) obtained at the uB97X-D/aug-cc-pVDZ/SMD(water)//uB97X-D/aug-cc-
pV(T+d)Z/SMD(water) level of theory. Orange lines represent protonation free energies computed from the known pKa of phenylcarbamic acid in
water and assuming a reaction pH of 8 (see ESI†).
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only requires tautomerization from 3a to 3b and so is not
affected by the pKa of selenocarbamate 3a in the same way that
would be required for elimination of COSe and aniline. This
conclusion matches the fact that HSe− generation is the
preferred pathway experimentally. Isocyanates, especially those
with electron-withdrawing groups, are known to hydrolyze
quickly in acidic, basic, or neutral water.44,45 Using hydroxide as
nucleophile, we located TS3 that has a 11.0 kcal mol−1 barrier
from the phenylisocyanate, forming carbamate anion 4a and its
tautomer 4b, which are 10.5 and 26.2 kcal mol−1 more stable
than 3a, respectively. The activation energy for TS3 is consistent
with the kinetics of hydroxide attack on phenylisocyanate,45 but
might be underestimated for a reaction at pH 8. The mecha-
nism of decarboxylation of carbamates such as 4b have been
studied, and their rates are known to be pH-dependent, with
proton transfer to form the key zwitterionic intermediate 5b
being rate-determining.46 Indeed, direct decarboxylation from
the anionic 4b requires 37.1 kcal mol−1 via TS4, which is
inconsistent with the known reactivity of carbamates. Based on
the reported pKa of 4b in water (4.62)46 and a reaction pH of 8,
we compute that forming 5a only requires 4.6 kcal mol−1 and
that its zwitterionic tautomer 5b is 7.2 kcal mol−1 higher in free
energy (see ESI for details†). From 5b, decarboxylation is
essentially barrierless, forming the nal products aniline and
CO2. For the p-nitrophenylcarbamic acid, an intermediate that
would be formed in the reaction of 1, this protonation free
energy increases to 9.3 kcal mol−1 by virtue of its lower pKa of
1.2. Although the decarboxylation would be slower, the hydro-
lysis of the isocyanate (TS3) would in contrast benet from
a higher rate. Similarly, we estimate the pKa of the p-nitrophenyl
selenocarbamate to be−1.0 (see ESI†), which would preclude its
© 2023 The Author(s). Published by the Royal Society of Chemistry
protonation under the basic conditions used in this study and
as such make the COSe release mechanism even more ener-
getically difficult.

Discussion

The proposed mechanism for direct H2Se release from seleno-
carbamates, which is supported by both experimental and
computational investigations, differs from the observed prior
chemistry with thiocarbamate-based compounds that release
COS directly (Fig. 9a). In such systems, direct H2S release is not
observed, but rather COS is the primary product. By contrast,
similar selenocarbamate compounds do not release COSe, but
rather H2Se directly (Fig. 9b). These pathway differences may be
in part due to inherent bond strength differences in the O–H
(carbamate), S–H (thiocarbamate), and Se–H (selenocarbamate)
intermediates that signicantly impact the tautomerization
thermodynamics. This tautomerization may also be reected in
changes in the acidity, which is consistent with the observation
that thioamides and thioureas are ∼5–6 pKa units more acidic
than their oxygen congeners, which also suggests that Se
incorporation may further acidify the chalcogenocarbamate
motifs.47 These factors suggest that the selenocarbamate is less
basic than the thiocarbamate, which means that protonation to
form the zwitterionic intermediate needed for COSe elimina-
tion is less accessible than in the thiocarbamate case, leading to
direct HSe− rather than COSe release. In addition, the signi-
cant differences in C]O, C]S, and C]Se bond enthalpies
mean that the formation is COSe is less favorable than COS or
CO2. Moreover, this observed reactivity is similar to prior work
on self-immolative aryl dithiocarbamates, which release H2S
and Ar-NCS directly rather than extruding CS2 (Fig. 9c).29 In
Chem. Sci., 2023, 14, 7581–7588 | 7585
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Fig. 9 Possible reaction pathways leading to H2S/H2Se and COS/
COSe generation from (a) thiocarbamates, (b) selenocarbamates, and
(c) dithiocarbamates.
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prior work with dithiocarbamates, inclusion of a para-nitro
group on the aryl payload acidied the dithiocarbamate and
increased the efficiency of direct H2S and isothiocyanate
release, which is also consistent with the observed chemistry for
the selenocarbamate motifs.

Conclusion

In summary, we show here key differences between the chemistry
of thiocarbamates and selenocarbamates with respect to H2S and
H2Se release. Prior work has established that thiocarbamates
readily release COS, which can be quickly hydrolyzed to H2S by
carbonic anhydrases. In contrast, the selenocarbamates investi-
gated in this work release H2Se directly rather than proceeding
through the intermediate release of COSe. This observed reac-
tivity is supported by both experimental and computational
investigations. More broadly, the direct release of H2Se from
activatable selenocarbamates may have a higher utility than if
COSe were released as an intermediate because the activity of
carbonic anhydrases toward COSe as well as the water stability/
reactivity of COSe remains unclear. More broadly, this work
further highlights that although sulfur and selenium are oen
described as two of the most similar elements on the periodic
table, their fundamental reaction chemistry is signicantly
different. Understanding these differences are key for both the
development of new chemical tools for investigation bioorganic
selenium chemistry and also for understanding the chemical
underpinnings of why nature has differentiated between these
two otherwise similar elements.

Materials and methods

Reagents were purchased from Sigma-Aldrich, Alfa Aesar, or TCI
Chemicals and were used directly as received. Deuterated
solvents were purchased from Cambridge Isotope Laboratories
and used directly as received. [NBu4][SeH] was prepared
following literature procedures.48 1H, 13C{1H}, 19F, 31P and 77Se
NMR spectra were recorded on Bruker 500 and 600 MHz
7586 | Chem. Sci., 2023, 14, 7581–7588
instruments. Chemical shis 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 Technologies N2-
lled glove box. Note: Triphosgene and selenium containing
species are toxic and should be handled in a fume hood with
appropriate personal protective equipment.
Synthesis

4-Nitrophenyl isoselenocyanate. 4-Nitroformanilide (600mg,
3.60 mmol) was added to an oven-dried round bottom ask with
CH2Cl2 (25 mL), 3 Å molecular sieves, and a stir bar. The ask
was capped with a septum, placed on a stir plate, and treated
with triethylamine (1.15 mL, 7.60 mmol). The ask was then
connected to a reux condenser, purged with argon, and heated
to 45 °C in an oil bath. Once the reactionmixture was brought to
reux, a solution of triphosgene (650 mg, 1.80 mmol) in CH2Cl2
(5.0 mL) was added dropwise over 30 minutes. The reaction
mixture was then reuxed for 3 hours, aer which selenium
powder (710 mg, 9.00 mmol) was added. The reaction mixture
was then reuxed overnight and monitored by TLC (3 : 1
hexanes/EtOAc; product Rf = 0.55). The reaction mixture was
then removed from the oil bath, allowed to cool to room
temperature, ltered through a Celite pad, and concentrated to
dryness under vacuum. The resulting crude product was puri-
ed by SiO2 column chromatography (gradient of hexanes to 1 :
1 EtOAc/hexanes) to afford a yellow solid (0.571 g, 70%). 1H
NMR (600 MHz, CDCl3) d: 8.26 (d, 2H, J = 8.4 Hz), 8.42 (d, 2H, J
= 8.4 Hz). 13C{1H} NMR (151 MHz, CDCl3) d: 146.2, 135.9, 135.7,
126.9, 125.3. 77Se NMR (115 MHz, CDCl3) d: −255.9 (s). HRMS
m/z [M]− calcd for [C7H4N2O2Se]

−: 227.9438; found 227.9434.
4-Fluorophenyl isoselenocyanate. This compound was

prepared as described above for 4-nitrophenyl isoselenocyanate
on a 7.40 mmol scale. The product was isolated as a red-orange
solid (1.16 g, 78%), with spectroscopic parameters that matched
prior literature reports.49 1H NMR (600 MHz, CDCl3) d: 7.28 (m,
2H), 7.07 (m, 2H). 13C{1H} NMR (151 MHz, CDCl3) d: 161.6 (d,
J1C–F = 251 Hz), 130.0, 127.9 (d, J3C–F = 8.8 Hz), 125.9, 116.8 (d,
J2C–F = 23 Hz). 19F NMR (564 MHz, CDCl3) d: −110.2 (m). 77Se
NMR (115 MHz, CDCl3) d: −296.7 (s).

PhotoSeCM. 2-Nitrobenzyl alcohol (153 mg, 1.00 mmol) was
added to 12 mL THF in an oven-dried ask under argon and
cooled in an ice bath. NaH (60% in paraffin, 120mg, 3.00 mmol)
was added, and then the ask was removed from the ice bath
and allowed to warm to room temperature. Aer 30 min,
a solution of 4-uorophenyl isoselenocyanate (240 mg, 1.20
mmol) in THF (3.00 mL) was added dropwise to the reaction
mixture resulting in formation of a deep red colored solution.
TLC (1 : 1 EtOAc/hexanes) was used to monitor the reaction over
the course of an hour to monitor formation of major O-alkyl
product (Rf = 0.50) and minor undesired Se-alkyl isomer (Rf =

0.30). Once any formation of Se-alkyl isomer was observed, the
reaction mixture was quenched in brine, extracted in EtOAc (3
× 15 mL), dried over MgSO4, ltered, and concentrated to
dryness under vacuum to yield the crude product as an orange
solid, further recrystallization by layering hexanes over
© 2023 The Author(s). Published by the Royal Society of Chemistry
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saturated solution of the crude product in DCM afforded
desired product as a white precipitate, which was collected via
ltration (181 mg, 51%). There are two rotamers of this
compound due to slow rotation around the C–N bond, which is
also commonly observed for thiocarbamates. Where resolved
the two chemical shis are separated by a “/” for the two
rotamer peaks. 1H NMR (600 MHz, DMSO-d6) d: 11.96/11.86 (s,
1H), 8.18/8.13 (d, 1H, J = 8.4 Hz), 7.87–7.53 (m, 4H), 7.41/7.39
(d, 1H, J = 8.4 Hz), 7.24/7.19 (t, 2H, J = 8.4 Hz), 6.01/5.92 (s,
2H). 13C{1H} NMR (151 MHz, DMSO-d6) d: 188.9, 160.0 (d, J1C–F
= 251 Hz), 147.3, 134.2, 133.7, 130.9, 129.5, 129.3, 126.6, 124.7
(d, J3C–F = 8.2 Hz), 115.7 (d, J2C–F = 22 Hz), 72.1. 19F NMR (564
MHz, DMSO-d6) d: −116.1 (m). 77Se NMR (115 MHz, DMSO-d6)
d: 278.3 (s). HRMS m/z [M − H]− calcd for [C14H10FN2O3Se]

−:
352.9841; found 352.9842.

PNA-MeGKSeCM (1). PNA-NCSe (0.300 g, 1.32 mmol) and
THF (20.0 mL) were added to an oven-dried ask and capped
with a septum under argon. 4-Hydroxy-3-methyl-2-butanone
(148 mL, 1.44 mmol) was added dropwise over 5 minutes. The
ask was then wrapped in foil and placed in an ice bath for 20
minutes before DBU (148 mL, 1.00 mmol) was added, which
resulted in formation of a red-brown reaction mixture. The
reaction mixture was monitored by TLC (1 : 1 hexanes/EtOAc)
for 6 hours and then quenched with brine (25 mL). The
resulting mixture was extracted with EtOAc (3 × 20 mL), dried
over MgSO4, ltered, and concentrated to dryness under
vacuum. The resulting crude material was puried via SiO2

column chromatography (gradient of hexanes to 1 : 1 hexanes/
EtOAc) to afford a yellow-orange solid (37.9 mg, 9%). 1H NMR
(600 MHz, DMSO-d6) d: 12.16 (s, 1H), 8.21 (d, 2H, J = 9.0 Hz),
7.64 (br m, 2H), 4.70 (m, 2H), 3.17 (m, 1H), 2.19 (s, 3H), 1.14 (d,
3H, J = 7.2 Hz). 13C{1H} NMR (151 MHz, DMSO-d6) d: 209.2,
190.9, 143.6, 125.3, 124.7, 121.8, 76.0, 45.0, 28.4, 13.0. 77Se NMR
(115 MHz, DMSO-d6) d: 350.9 (br s). HRMS m/z [M − H]− calcd
for [C12H13N2O4Se]

−: 329.0041; found 329.0038.
PNA-Me2GKSeCM (2). An identical procedure was followed

as for 1 on a 0.25 mmol scale using 4-hydroxy-3,3-dimethyl-2-
butanone to afford the product as a yellow solid (9.1 mg,
11%). 1H NMR (600 MHz, DMSO-d6) d: 12.17 (s, 1H), 8.22 (d, 2H,
J = 9.0 Hz), 7.54 (br s, 2H), 4.65 (br s, 2H), 2.50 (s, 3H), 1.18 (s,
6H). 13C{1H} NMR (151 MHz, DMSO-d6) d: 211.4, 191.0, 144.6,
125.2, 122.5, 81.1, 47.9, 25.8, 21.8. 77Se NMR (115 MHz, DMSO-
d6) d: 352.8 (br s). HRMSm/z [M + H]+ calcd for [C13H16N2O4Se]

+:
345.0354; found: 345.0351.
H2Se release experiments

Photoactivation of PhotoSeCM. PhotoSeCM (15 mg, 0.042
mmol) was dissolved in anhydrous THF (3 mL) in a quartz UV-
vis cuvette. This clear solution was irradiated with 365 nm light
source during which the initially clear mixture turned yellowish
brown with red Se formation, presumably from the auto-
oxidation of H2Se. Aliquots of the reaction mixture were
analyzed periodically by 19F and 77Se NMR spectroscopy over the
course of 72 h, during which PhotoSeCM is gradually converted
to the main product p-uoroisocyanate alongside with other
minor uncharacterized byproducts. The volatiles were removed
© 2023 The Author(s). Published by the Royal Society of Chemistry
under reduced pressure, and the resulting residue was analyzed
by mass spectrometry (Fig. S30†).

Activation of 1 and product analysis. In an N2-lled glovebox,
solid NaOH (99mg, 2.4mmol) was added to 1 (41mg, 0.12mmol)
in DMF (1 mL). The solution initially yellow solution turned to
deep red, was allowed to stir for 1 h, and was ltered through
a pipette lter to remove excess NaOH. The deep red ltrate was
transferred to a 5mL round bottom ask equipped with a stir bar.
A small glass vial containing BnBr (15 mL, 0.12 mmol) and K2CO3

(100 mg, 0.73 mmol) was then inserted into the round-bottom
ask to trap any volatized H2Se. The ask was then sealed with
a rubber septum and excess HCl (2 mL of 1 M HCl in Et2O) was
added dropwise via syringe, which led to an immediate precipi-
tation of red Se powder. The solution was allowed to stir over-
night. The inner vial was removed and the residual solvent in the
round-bottom ask was removed under vacuum. The contents of
the vial and the ask were both analyzed by NMR spectroscopy.
To verify that the red precipitate was Se0, the insoluble precipi-
tates in the round-bottom ask were treated with PPh3 prior to
analysis by 31P NMR spectroscopy.

Reaction of HSe− with p-nitroaniline (PNA). p-Nitroaniline
(19 mg, 0.14 mmol) in MeCN-d3 was added to a stirring solution
of [NBu4][SeH] (45 mg, 0.14 mmol) in MeCN-d3, which resulted
in formation of a deep red solution. The reaction mixture was
stirred for 1 h prior to analysis by 1H and 77Se NMR spectros-
copy, which revealed consumption of HSe− and reduction of the
PNA product.
Computational studies

Gaussian 16 was used to perform Density Functional Theory
(DFT) calculations, where geometry optimizations were con-
ducted with the uB97X-D method using the aug-cc-pVDZ basis
set. Following this, single-point energy renements were per-
formed using the uB97X-D functional and the aug-cc-pV(T+d)Z
basis set. The SMD implicit solvation model for water was used
at all stages to consider solvation effects. The nal free ener-
gies were computed by adding the free energy corrections ob-
tained from the frequency analysis to the single-point
electronic energies. Full computational details are provided in
the ESI.†
Data availability

Experimental and computational data are included in the ESI.†
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