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ABSTRACT: A series of isoselenocyanates, SeCNR, spanning over
a variety of organic residues in terms of steric encumbrance and
electronic effects, was synthesized by reactions of corresponding
isocyanides with elemental selenium. The residues range from
tertiary butyl (tBu), phenyl (Ph), 2,4,6-trimethylphenyl (Mesityl),
2,6-diisopropylphenyl (i‑Prop2Ph), 2,6-di(2,4,6-trimethylphenyl)-
phenyl (ArMes2), 2,6-di(2,6-diisopropylphenyl)phenyl (ArDipp2),
2,6-di(2,4,6-triisopropylphenyl)phenyl (ArTripp2), and 4-fluoro-
phenyl (PhF) to 2,6-di{3,5-di(trifluoromethyl)phenyl}4-fluoro-
phenyl (p-FArDarF2). They were formed as crystalline solids or
viscous oils in medium to good yields, which recommends this
synthetic approach as generally suitable. The products were studied
by X-ray diffraction and spectroscopic methods, including 77Se
NMR spectroscopy. The influence of the organic substituents on the 77Se NMR chemical shifts of the isoselenocyanates is in good
accordance with DFT-modeled values. Experimental 77Se−13C couplings of 280 Hz could be derived for Se13CNArDipp2 prepared
from a sample of 13CNArDipp2 (isotopic enrichment: 99%). A small amount of a selenourea-type product, (i-Prop)2NC(Se)NHp-
FArDarF2, was isolated from a reaction mixture of CNp-FArDarF2 with selenium and diisopropylamine as the supporting base, which
indicates an influence of the supporting base used for the course of the reaction.

■ INTRODUCTION
The first report on the discovery of the element selenium in
1818 already contains information about an unexpected
“biological/medicinal” effect caused by one of its compounds.
Johan Berzelius describes a “stabbing pain in the nose and
long-lasting inflammation after inhaling a gas bubble of its
hydride, no larger than a pea.”1 A more detailed report about
the discovery and the early days of selenium can be found in an
excellent essay by Trofast.2 Now, more than 200 years later,
there is still ongoing interest in the chemistry of selenium-
containing molecules in different fields of research.3−8 A main
focus is set to the biological chemistry of this element
stimulated by its vital role in glutathione peroxidase, the first
identified mammalian selenoprotein9−12 and the role of
selenium compounds in pharmacology.13−15 A potential use
in medicinal applications is also discussed for the hitherto
relatively little explored class of organoisoselenocyanates.16−18

Synthetic access to isoselenocyanates is frequently done by
reactions of the corresponding isocyanides with elemental
selenium19−25 or by reactions of organic halides with
potassium selenocyanate.26−28 Synthetic approaches starting
from amines, organic cyanates or via isomerization of

organoselenocyanates are also known.20,29−33 However,
systematic studies comparing the structures and spectroscopic
properties of isoselenocyanates have not yet been reported.
This fact stimulated us to synthesize such compounds with
organic residues with a large variety of steric bulk and
electronic properties. They are depicted in Chart 1 together
with their abbreviations used throughout the present paper.

■ RESULTS AND DISCUSSION
The isoselenocyanates shown in Chart 1 were synthesized by
reactions of elemental selenium with a moderate excess of the
corresponding isocyanides in the presence of NEt3 in dry
solvents under an atmosphere of dry argon (Scheme 1). The
use of an excess amount of the isocyanides for such reactions is
somewhat counterintuitive and caused indeed in some cases
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minor problems during the purification of the products.
However, it avoids the formation of selenium-containing side
products and allows the measurements of 77Se NMR spectra of
reasonable quality also in cases of instable isoselenocyanates
(e.g., SeCNPh or SeCNPhF), where a gradual decomposition
of the isolated products is observed starting shortly after their
isolation. Presumably, the use of elemental selenium as the
limiting reagent avoids significant production of reactive poly
selenium rings and chains, which are known to form upon the
dissolution of gray selenium in nucleophilic solvents, and
which may react further with incipiently formed isoselenocya-
nates.34 Using this approach, reactions with small isocyanides
could be conducted in THF and with relatively short reaction
times, while reactions with the sterically more encumbered m-
terphenylisocyanides required more drastic reaction conditions

Chart 1. Isoselenocyanates Studied in the Present Paper

Scheme 1. Conditions Applied for the Synthesis of the
Novel Isoselenocyanates

Figure 1. 77Se NMR spectra of the isoselenocyanates of the present study in CDCl3.
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such as a prolonged reflux in boiling toluene. The individual
reaction conditions applied are summarized in Scheme 1.

Most of the products are colorless solids, which can be
obtained directly from the reaction mixtures and purified by
recrystallization. SeCNi‑Prop2Ph, SeCNPh and SeCNPhF,
however, are viscous oils, and the latter two compounds
decompose already at ambient temperature, which is evident
by the gradual appearance of a reddish color and the final
formation of elemental selenium.

The isoselenocyanates show intense IR stretches between
2040 and 2130 cm−1, which are in the same region as in the
parent isocyanides. Their 1H NMR spectra are unexceptional
and confirm the composition of the organic residues.
Interestingly, the 77Se NMR chemical shifts in CDCl3 span
over the relatively large spectral range from −274.1 ppm for
SeCNp-FArDarF2 to −345.5 ppm for SeCNtBu. Figure 1 depicts
the recorded spectra. Obviously, the steric bulk and electronic
effects of the organic residues seem to influence the 77Se
chemical shifts (δ). Thus, the lowest shielding of the 77Se
nuclei with δ values > −300 ppm is observed for the bulky m-
terphenyl isoselenocyanates SeCNArMes2, SeCNArDipp2, and
SeCNArTripp2, but also for such with fluorosubstituted phenyl
residues such as SeCNp-FArDarF2 and SeCNPhF. Markedly
more negative chemical shifts are found for phenylisoseleno-
cyanates with aliphatic substituents such as SeCNMesityl or
SeCNi‑Prop2Ph and particularly for the aliphatic SeCNtBu.

The latter trend, the observed high-field shift of the 77Se
NMR signals due to aliphatic substituents in isoselenocyanates,
is confirmed by a few spectra recorded for amino acid
derivatives (−356 to − 358 ppm),22 but has interestingly also
been observed for 1,1-di(isoselenocyanato)ferrocene, for
which a chemical shift of −365 ppm has been reported.23

The chemical shifts depicted in Figure 1 span a range of
approximately 70 ppm. This is not particularly large, having in
mind the almost 3000 ppm scale of 77Se chemical shifts, but
nevertheless notable with respect to the fact that the selenium
atoms are separated from the organic residues by three bonds.
Even between the values observed for the different
arylisoselenocyanates, there are chemical shift variations of
about 40 ppm, which is the range that has been observed
previously for a number of diaryldiselenides, where the
selenium atoms are directly bonded to the organic residues.35

Couplings between the 77Se and the 13C nuclei of the
isoselenocyanate unit could not be resolved unambiguously in
spectra with 13C in natural abundance. Hence, we prepared for
one representative, SeCNArDipp2, a sample starting from
13CNArDipp2 (isotopic enrichment: 99%), which allowed an
unambiguous assignment of the isoselenocyanate carbon atom
and the recording of experimental 77Se−13C couplings in both
the 77Se and 13C NMR spectra.

The corresponding spectra are depicted in Figure 2
indicating a spin−spin coupling constant between the two
nuclei of 280 Hz. This coupling is thus the largest value
reported for organoselenium compounds. They accompany the
values found for COSe (286.9 Hz) and F2CSe (263.3 Hz)36

but are larger than in the organoselenocyanates CH3SeCN
(237.8 Hz) or PhSeCN (239.3 Hz).37 Markedly smaller
77Se−13C couplings are found for selenoacetylenes (≈190
Hz),37 Se−Csp2 compounds (90−155 Hz)38−41 and aliphatic
organoselenium compounds (40−80 Hz).38,42−47 The obvious
dependence of the observed 77Se−13C couplings on the “s
character” of the contributing carbon atoms supports the
previously published assumption36,37 that such interactions are

significantly influenced by the Fermi contact term,48 and it
would be interesting to have a tighter view to this point with
the tools of the modern computational chemistry.

Another remarkable feature of the recorded 77Se NMR
spectra is the clear dependence of the chemical shifts on the
solvents used. Interestingly, there are almost no variations in
nonpolar solvents such as CDCl3 and toluene, while a
considerable upfield-shift of the signals is observed for all
measured samples when the spectra were recorded in
tetrahydrofuran. Unfortunately, similar spectra could not be
recorded in other donor solvents such as alcohols, DMSO, or
acetone due to decomposition of the samples. The chemical
shifts observed in CDCl3 and THF are compared in Figure 3,
where also some literature values have been included. The
corresponding values for some of the isoselenocyanates
obtained in toluene can be found in Experimental Section.

Irrespective of the organic residues, the signals in THF
indicate a significantly higher shielding of the selenium nuclei,
ranging from 3.7 ppm (SeCNi‑Prop2Ph) to 35.5 ppm
(SeCNArTripp2). Another systematic study on solvent effects
in 77Se NMR spectroscopy has been conducted on a series of
eight different diphenyl diselenides, where a similar trend
between measurements in several nonpolar and polar solvents
(benzene, chloroform, methanol, acetic acid, THF, pyridine,
acetonitrile, DMSO) was found.35 The reported solvent-
dependent differences of the chemical shifts, however, are
clearly smaller and range between 3 and typically less than 10
ppm, with the exception of the values in DMSO, where upfield
shifts up to 20 ppm with respect to CDCl3 have been found. As
one of the possible reasons for such findings, variations in the
dipole moments of the solvents have been attributed. However,
it also became clear that other effects, e.g., due to the electronic
properties should have an influence.35 This is also evident for
the isoselenocyanates of the present study, where the variations

Figure 2. (a) 13C{1H} and (b) 77Se NMR spectra of 13C-enriched
Se*CNArDipp2 in CDCl3.
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in the chemical shifts due to the organic residues and the
solvents are almost of the same magnitude. It would be
interesting to attribute the experimental data to individual
effects such as the electronic properties of the organic residues,
steric factors or noticeable interactions between the {SeCN}−

unit with the solvent molecules. With this in mind, and given
our long-term interest in noncovalent interactions of heavier
chalcogen atoms,49−51 we decided to address these points by
some DFT calculations on the B3LYP/def2tzvp level. Despite
significant progress in the recent years,52−56 the accurate
computation of 77Se chemical shifts remains a challenge. A
complicated interplay of several factors (relativistic and
vibrational effects, influences of solvents, electronic or steric
factors of organic residues) emerges,53 which makes it difficult
to derive one appropriate parameter set for the simulation of
accurate chemical shifts of a larger variety of selenium
compounds belonging to the same family, but having different
residues. Thus, commonly deviations of a few tens of ppm
between experimental and calculated are observed when
solvent effects can be minimized.52−54 This is also the case
for the isoselenocyanates of the present study, where the
theoretically predicted gas-phase GIAO chemical shifts at the
B3LYP/x2c-TZVPPall-s correlate with the observed chemical
shifts in CHCl3 with a mean absolute error of 36 ppm (R2 ≈
0.7). A comparison of the experimental data with the results of
the gas-phase calculations and with such obtained with the
application of an implicit solvent model calculation (integral
equation formalism polarizable continuum model; IEF-PCM)
at the gas-phase geometries is given as tabular material and in
graphical form in the Supporting Information of this paper.
Interestingly, the experimental trend for a more positive

chemical shift in a donor solvent is already well-reproduced,
with a mean absolute error of 3.0 ppm in silico by a simple
implicit solvation approach. Thus, solvent interactions must be
subtle, and it became interesting to also consider the explicit
association of a donor-solvent molecule such as THF with the
model isoselenocyanates to better understand the observed
effects.

A careful inspection of the electrostatic potential (ESP) at
the surface of some model isoselenocyanate compounds gives
evidence for the appearance of regions with positive electro-
static potential (σ-holes) at the back side of the C−Se bonds.
Their magnitude depends on the organic residues of the
isoselenocyanates. While alkyl substituents and aryl substitu-
ents with electron-donating groups such as OMe in para
position show a weak σ-hole, electron-withdrawing substitu-
ents such as F− (e.g., in SeCNp-FArDArF2) cause a significant
increase in the observed σ-hole at the back side of the C−Se
bond. This is shown as an example in Figure 4 for SeCNtBu
and SeCNp-FArDArF2. More examples given as Supporting
Information.

The established σ-holes are clearly too weak to form stable
aggregates with weakly coordinating lone pairs of the chlorine
atoms in CH2Cl2 or CHCl3. However, a weak, directional
interaction with the oxygen atom of THF was identified in
topological, interaction region indicator (IRI) and reduced
density gradient (RDG) analyses. The corresponding illus-
trations are given in the Supporting Information. The related
energies are consistent with van der Waals interactions and
relatively insensitive to changes in the electronic situation at
the isoselenocyanates judging from nearly indistinguishable
RDG features between the electronically diverse model series

Figure 3. 77Se NMR chemical shifts of isoselenocyanates in CDCl3 and THF. The values refer to the compounds of the present study and some
literature data in red color (PheBoc: Boc-Phe-Ψ[CH2NCSe],22 ValBoc: Boc-Val-Ψ[CH2NCSe],22 Leuc: Z-Leu-Ψ[CH2NCSe],22 Fer: 1,1-
diisoselenocyanatoferrocene).23

Figure 4. Molecular electrostatic potential mapping of SeCNtBu and SeCNp-FArDArF2 (depicted color scaled to the boundary surface potential
maxima of SeCNtBu) at an isosurface electron density level of 0.004 e/A3.

Inorganic Chemistry pubs.acs.org/IC Article

https://doi.org/10.1021/acs.inorgchem.6c00462
Inorg. Chem. XXXX, XXX, XXX−XXX

D

https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.6c00462/suppl_file/ic6c00462_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.6c00462/suppl_file/ic6c00462_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.6c00462/suppl_file/ic6c00462_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.6c00462/suppl_file/ic6c00462_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.6c00462?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.6c00462?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.6c00462?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.6c00462?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.6c00462?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.6c00462?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.6c00462?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.6c00462?fig=fig4&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.6c00462?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


of compounds. It shall be mentioned that NMR calculations
performed for the explicit THF adducts show larger mean
absolute deviations for the relative solvent shift compared to
the implicit solvation models, likely due to an overevaluation of
the explicit interaction energy. Thus, we attribute the chemical
shift changes to changes in the internal resonance structure of
the isoselenocyanates (i.e., favoring a zwitterionic resonance
formula (R)N+�C−Se− over the charge-neutral formulation
(R)N�C�Se or vice versa, depending on the solvent polarity)
rather than explicit interactions with the σ-hole.

To gain more insights into the structural chemistry of the
isoselenocyanates in the solid state, we determined the
molecular structures of a series of the SeCNR compounds by
single-crystal X-ray diffraction. Figure 5 illustrates the
molecular structures of SeCNtBu and SeCNMesityl, isosele-
nocyanates with the smallest steric bulk. Already at first glance,
it becomes clear that the isocyanate units in these both

compounds are freely accessible and no steric restrictions are
visible (illustrations of space-filling models are contained as
Supporting Information).

A completely different situation is found for the m-terphenyl
isoselenocyanates, where the space around the {SeCN}−

groups is widely occupied by the presence of organic residues.
The molecular structures of these compounds are depicted in
Figure 6. In addition to their ellipsoidal representations, space-
filling models are shown. They illustrate the different degrees
of steric shielding in the individual compounds.

The nitrogen atoms are fully embedded in molecular
frameworks of all regarded m-terphenyl isoselenocyanates.
But interestingly, a full (almost spherical) protection of the
selenium and carbon atoms of the isoselenocyanate groups is
only given in SeCNArTripp2, while these molecular positions
remain accessible for ongoing reactions in SeCNArMes2,
SeCNArDipp2, and SeCNp-FArDarF2. This is nicely illustrated

Figure 5. Ellipsoid representations of the molecular structures of (a) SeCNtBu and (b) SeCNMesityl. Thermal ellipsoids represent 50% probability.

Figure 6. Ellipsoid representations and each two space-filling models of the molecular structures of (a) SeCNArMes2, (b) SeCNArDipp2, (c)
SeCNArTripp2, and (d) SeCNp-FArDarF2. Thermal ellipsoids represent 50% probability and the hydrogen atoms in the corresponding illustrations are
omitted for clarity. The space-filling models are drawn on the basis of the van der Waals radii.

Table 1. Selected Bond Lengths (Å) and Angles (°) in the Isoselenocyanates

Se−C1 C1−N1 N1−C11 Se−C1−N1 C1−N1−C11

SeCNtBu 1.741(5) 1.162(6) 1.450(6) 180.0(5) 175.9(5)
SeCNMesityl 1.720(5) 1.176(6) 1.399(6) 177.9(5) 168.8(5)
SeCNArMes2 1.726(3) 1.184(3) 1.387(3) 175.5(2) 154.9(2)
SeCNArDipp2 1.744(4) 1.158(5) 1.402(5) 176.4(4) 156.7(4)
SeCNArTripp2 1.741(4) 1.154(5) 1.398(5) 179.4(4) 179.7(5)
SeCNp-FArDarF2 1.716(12) 1.143(17) 1.398(19) 179.8(12) 172.3(14)
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by the top views (along the SeCN axes) of the space-filling
models in Figure 6 and underlines the unique role of {ArTripp2}
residues by providing the highest degree of steric protection in
this family of encumbered substituents. Indeed, the corre-
sponding isocyanide has previously been used for the
protection of several metal ions with unusual metal centers
and sensitive ligands.57−62 Finally, the high steric protection of
two CNArTripp2 ligands allowed the isolation of the unique iron
complex [Fe(BF)(CO)2(CNArTripp2)] that has a unique linear
BF ligand in the coordination sphere of the transition metal.63

Table 1 contains selected bond lengths and angles of the
novel isoselenocyanates. The dimensions of the Se−C and C−
N bonds are unexceptional and in the range of previously
observed values.22−27 They reflect the expected π-bonding
within these units, and consequently, the isoselenocyanate
groups are linear with Se1−C1−N1 angles between 175.5(2)
and 180.0(5)°. A relatively wide variance is observed for the
C11−N1−C1 angles with values between 154.9(2)° and
179.7(5)°, which is most probably due to crystallographic
packing effects or the steric bulk of the organic substituents.
The role of the latter influence is supported by the related
angles in the m-terphenyl isoselenocyanates of Figure 5. The
lowest C11−N1−C1 angles are observed for SeCNArMes2 and
SeCNArDipp2, where the steric stress from the organic residues
can be minimized by bending the {SeCN}− units in the
opposite direction. The more bulky residues in SeCNp-
FArDarF2 and particularly in SeCNArTripp2 provide a “more
spherical” shielding around the {SeCN}− groups and, thus, do
not allow minimization of steric strains by a significant
modification of the corresponding bonding angles. It should be
mentioned that in phenyl isoselenocyanates the {SeCN}−

substituents are coplanar with the central phenyl rings, which
supports an extended π-bonding.

Reactions of isocyanides with elemental selenium represent a
facile approach to organoisoselenocyanates and can be used for
aliphatic and aromatic substrates. The addition of a supporting
base is required to avoid the immediate decomposition of the
formed products and its crucial role for the formed products

has been described previously by Mohr et al.27 Judging from
the theoretical investigations of donor-solvent interactions with
the isoselenocyanates (vide supra), an interaction of the base
with the weak σ-hole at selenium could support the
stabilization of the isoselenocyanates in situ beyond the
quenching of hydrolytically released acid upon inadvertent
hydrolysis with traces of water. DFT calculations at the
B3LYP/def2tzvp level (for details, see Supporting Informa-
tion) reveal a weak van der Waals interaction similar to that
found for the solvent THF discussed above between the lone
pair of NEt3 and the selenium atom. An alternative mechanistic
involvement of the base was roughly checked; however, the
conceivable catalytic selenium oxidation of the CN triple bond
via the activation of elemental selenium by a nitrogen(V)
species, SeNR3, is energetically unlikely. The gas-phase
reaction of free isocyanides R-NC with Se8 to form R-NCSe
is energetically favored with approximately 30 kJ/mol for
aliphatic isocyanides and approximately 40 kJ/mol for aromatic
isocyanides. In principle, and in accordance with these results,
the added base should only be required to capture hydrolyti-
cally released protons and avoid acid-catalyzed polymerization.
However, the use of tertiary amines such as triethylamine is
recommended to suppress undesired side-reactions, such as the
formation of selenoureas. Similar findings have been reported
occasionally before.21,27,34,64−66

In one example, we used the secondary amine HN(i-Prop)2,
the basicity of which is comparable to that of the less
nucleophilic base NEt3, for a reaction between CNp-FArDarF2

and selenium (Scheme 2). The main product was again the
corresponding isoselenocyanate, but the yield was somewhat
lower than that with NEt3. Unlike during the reactions with
triethylamine, an additional nucleophilic attack on the
isoselenocyanate carbon atom by the secondary amine and
the formation of a selenourea was observed.

The suggested reaction pathway by a follow-up reaction is
energetically feasible at elevated temperatures, according to
DFT calculations at the B3LYP/def2tzvp level. However, the
product is significantly less stable compared to a free

Scheme 2. Reactions between CNp-FArDarF2 and Elemental Selenium with HN(i-Prop)2 as a Supporting Base
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isoselenocyanate and HN(i-Prop)2 in the gas-phase and in the
THF solution (ΔΔGgas = 30 kJ/mol; ΔΔGTHF = 20 kJ/mol). A
small amount of this compound was isolated in crystalline
form, and its structure was elucidated by single-crystal X-ray
diffraction. An ellipsoid representation of the structure of the
product is shown in Figure 7.

The formation of selenoureas in reactions of isocyanides
with selenium and amines has occasionally been re-
ported.27,64−66 Such reactions found also consideration for
tracer syntheses of such radioactive 75Se compounds.67 In the
light of the promising results reported in the early paper of
Lipp and co-workers64 and the ready formation of (i-
Prop)2NC(Se)NHp-FArDarF2 as an unintended side-product
during the synthesis of SeNCp-FArDarF2, this synthetic
approach to substituted selenoureas seems to be promising.
This, however, is beyond the scope of the present
communication.

■ EXPERIMENTAL SECTION

Materials
All chemicals used in this study were of reagent grade and used
without further purification. Solvents were dried and used as freshly
distilled unless otherwise stated. The isocyanides were supplied
commercially (CNtBu) or prepared following previously published
procedures (CNArMes2,68 CNArDipp2,69 CNArTripp2,70 CNp-FArDarF2,70

CNPh,71 CNMesityl,71 CNi‑Prop2Ph,71 CNPhF71).
Physical Measurements
Infrared spectra were measured on a Thermo Scientific Nicolet iS10
ATR spectrometer. NMR spectra were taken with JEOL 400 MHz or
Bruker 600 MHz multinuclear spectrometers. Elemental analysis of
carbon, hydrogen, and nitrogen were determined using a Heraeus
vario EL elemental analyzer.
Syntheses
The isoselenocyanates in this study were prepared by reactions of
elemental selenium with a slight excess of the corresponding
isocyanides and an appropriate base in dry solvents under an inert
atmosphere. The solids deposited during slow concentration of the
solutions in a vacuum. The oily products were isolated by the removal

of the volatiles in vacuum. Individual reaction conditions, solvents,
yields, and analytical data are given below.
SeCNtBu. 1.74 g (21 mmol) of CNtBu, 1.18 g (15 mmol) of Se,

1.52 g (15 mmol) NEt3, solvent: THF, reaction time: 6 h. Yield: 90%.
Colorless solid. IR (ATR, cm−1): 2981(s), 2936(w), 2868(w),
2431(w), 2129(vs) (νCN), 2096(s) (νCN), 1780(w), 1490(m),
1365(vs), 1232(s), 1194(vs), 1167(s), 1140(w), 930(w), 770(m),
720(w). 1H NMR (CDCl3, ppm): 1.15 (s, CH3). 77Se NMR (ppm,
solvent): −345.5 (CDCl3), −353.3 (THF).
SeCNPh. 540 mg (5.25 mmol) of CNPh, 295 mg (3.75 mmol) of

Se, and 380 mg (3.75 mmol of NEt3), solvent: THF, reaction time: 3
h. Yield: 75%. Reddish oil. IR (ATR, cm−1): 3057(s), 2112(vs) (νCN),
2045(s) (νCN), 2046(w), 1587(s), 1492(s), 1448(w), 1381(m),
1321(m), 1266(m), 1206(m), 1167(m), 1155(w), 1071(m),
1025(m), 904(w), 844(w), 751(s), 689(vs), 613(m). 77Se NMR
(ppm, solvent): −294.6 (CDCl3), −301.2 (THF). 1H and 13C NMR
spectra and elemental analyses of sufficient quality could not be
measured due to an ongoing decomposition of the compound.
SeCNMesityl. 380 mg (2.63 mmol) of CNMesityl, 150 mg (1.88

mmol) of Se, 190 mg (1.88 mmol NEt3), solvent: THF, reaction time:
3.5 h. Yield: 70%. Colorless solid. IR (ATR, cm−1): 2974(w),
2910(m), 2851(w), 2108(vs) (νCN), 2018(m) (νCN), 1743(w),
1679(m), 1669(m), 1581(w), 1523(w), 1473(m), 1451(s),
1436(m), 1380(m), 1373(w), 1353(w), 1309(m), 1261(m),
1216(w), 1177(m), 1094(w), 1032(s), 957(w), 890(w), 853(vs),
804(vs), 713(s), 702(m), 592(w), 562(m). 1H NMR (CDCl3, ppm):
6.76 (s, 2H, phenyl), 2.41 (s, 6H, CH3), 2.41 (s, 3H, CH3). 77Se
NMR (ppm, solvent): −314.4 (CDCl3), −325.3 (THF).
SeCNi‑Prop2Ph. 490 mg (2.63 mmol) of CNi‑Prop2Ph, 150 mg (1.88

mmol) of Se, and 190 mg (1.88 mmol of NEt3), reaction time: 6 h.
Yield: 80%. Colorless oil. IR (ATR, cm−1): 2963(s), 2929(m),
2871(m), 2110(vs) (νCN), 2090(vs) (νCN), 1686(w), 1587(w),
1460(s), 1434(m), 1386(m), 1364(m), 1333(w), 1259(m),
1181(m), 1165(w), 1109(m), 1044(w), 849(m), 794(s), 746(vs),
691(m), 626(w), 577(m). 77Se NMR (ppm, solvent): −311.2
(CDCl3), −314.9 (THF). 1H and 13C NMR spectra and elemental
analyses of sufficient quality could not be measured due to an ongoing
decomposition of the compound.
SeCNArMes2. 360 mg (1.05 mmol) of CNArMes2, 59 mg (0.75

mmol) of Se, 76 mg (0.75 mmol of NEt3), solvent: toluene, reaction
time: 6 h. Yield: 50%. Colorless solid. Elemental analysis: calcd for
C25H25NSe: C, 71.8; H, 6.0; N, 3.4%. Found: C, 72.3; H, 5.8; N,
3.3%. IR (ATR, cm−1): 2967(w), 2942(w), 2913(m), 2853(w),
2086(vs) (νCN), 2040(vs) (νCN), 1612(m), 1575(m), 1438(m),
1414(m), 1375(w), 1260(m), 1094(m), 1013(m), 970(w), 847(s),
780(vs), 785(s), 764(vs), 751(s), 739(m), 666(m), 601(m), 580(s),
569(m). 1H NMR CDCl3, ppm: 7.45 (t, 1H, p-phenyl), 7.20 (s, 4H,
m-Mes), 7.00 (s, 2H, m-phenyl), 2.37 (s, 6H, p-CH3), 2.06 (s, 12H,
o-CH3) ppm. 13C{1H} NMR (CDCl3, ppm): 139.2, 137.8, 136.0,
134.4, 133.2 (NCSe), 129.5, 128.4, 128.1, 21.3 (p-CH3), 20.3 (o-
CH3) ppm. 77Se NMR (ppm, solvent): −294.3 (CDCl3), −293.5
(toluene), −301.3 (THF).
SeCNArDipp2. Twenty-two milligrams (0.052 mmol) of CNArDipp2,

8 mg (0.1 mmol) of Se, 10 mg (0.10 mmol of NEt3), solvent: toluene,
reaction time: 6 h. Yield: practically quantitative. Colorless solid.
Elemental analysis: calcd for C31H37NSe: C, 74.1; H, 7.4; N, 2.8%.
Found: C, 73.8; H, 7.4; N, 2.9%. IR (ATR, cm−1): 3064(w), 2964(s),
2928(m), 2887(w), 2111(s) (νCN), 2024(s) (νCN), 1579(w),
1462(m), 1416(w), 1375(w), 1363(w), 1251(w), 1180(w),
1057(w), 806(m), 791(m), 584(w), 501(w). 1H NMR (CDCl3,
ppm): 7.35 (t, 1H, J = 8 Hz, p-phenyl), 7.33 (t, 2H, J = 7 Hz, p-
Dipp), 7.18 (d, 2H, J = 7 Hz, m-phenyl), 7.16 (d, 4H, J = 5 Hz, m-
Dipp), 2.49 (sept, 4H, J = 5 Hz, CH, i-prop), 1.07 (d, 12H, J = 7 Hz,
C(CH3)2, i-prop). 13C{1H} NMR (CDCl3, ppm): 147.0, 138.9,
134.6, 134.0 (NCSe), 130.4, 129.7, 129.2, 127.4, 123.8, 31.0 (CH, i-
prop), 24.6 (CH3, i-prop), 23.8 (CH3, i-prop). 77Se NMR (ppm,
solvent): −286.5 (CDCl3), −320.0 (THF).
SeCNArTripp2. 530 mg (1.05 mmol) of CNArTripp2, 59 mg (0.75

mmol) of Se, 76 mg (0.75 mmol of NEt3), solvent: toluene, reaction
time: 6 h. Yield: 50%. Colorless solid. Elemental analysis: calcd for

Figure 7. Ellipsoid representations of the structure of (i-Prop)2NC-
(Se)NHp-FArDarF2. Thermal ellipsoids represent 50% probability.
Hydrogen atoms bonded to carbon atoms are omitted for clarity.
Selected bond lengths and angles: Se1−C1 1.859(2) Å, C1−N1
1.354(2) Å, C1−N2 1.337(2) Å, N1−C11 1.432(2) Å, N1−C1−N2
118.0(2)°, N1−C1−Se1 117.2(1)°, N2−C1−Se1 124.9(1)°.
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C37H49NSe: C, 75.7; H, 8.4; N, 2.4%. Found: C, 76.0; H, 8.5; N,
2.3%. IR (ATR, cm−1): 2955(vs), 2924(m), 2865(m), 2121(vs)
(νCN), 2063(m) (νCN), 1608(w),1571(w), 1458(s), 1428(w),
1417(m), 1381(m), 1362(s), 1339(w), 1314(m), 1240(w),
1172(w), 1104(m), 1069(m), 1053(m), 941(m), 876(s), 854(m),
800(m), 774(s), 693(m), 650(m), 624(w), 591(w), 542(w). 1H
NMR (CDCl3, ppm): 7.35 (t, 1H, p-Ph), 7.25 (d, 2H, m-Ph), 7.05 (s,
4H, m-Tripp), 2.95 septet, 2H, p-(CH(i-prop)2), 2.60 septet, 4H, o-
(CH(i-prop)2), 1.30 (d, 12H, CH3(i-prop)2), 1.18 (d, 24H, CH3(i-
prop)2). 13C{1H} NMR (CDCl3, ppm): 149.4, 146.6, 139.1, 135.0
(NCSe), 132.4, 131.2, 129.7, 127.1, 121.1, 34.6 (CH(i-prop)2), 30.9
(CH(i-prop)2), 24.6 (CH3(i-prop)2), 24.3 (CH3(i-prop)2), 24.2
(CH3(i-prop)2) 23.8 (CH3(i-prop)2). 77Se NMR (ppm, solvent):
−283.8 (CDCl3), −286.1 (toluene), −319.2 (THF).
SeCNp-FArDarF2. 110 mg (0.21 mmol) of CNp-FArDarF2, 33 mg

(0.42 mmol) of Se, 42 mg (0.42 mmol NEt3), solvent: toluene,
reaction time: 6 h. Yield: 99%. Light yellow solid. Elemental analysis:
calcd for C23H8F13NSe: C, 44.3; H, 1.3; N, 2.2%. Found: C, 44.0; H,
1.3; N, 2.1%. IR (ATR, cm−1): 3091(w), 2119(s) (νCN), 2051(w)
(νCN), 1827(w), 1698(w), 1621(w), 1595(m), 1474(m), 1463(m),
1416(m), 1400(s), 1273(vs), 1221(m), 1169(s), 1125(vs), 1109(vs),
1066(m), 969(w), 917(m), 906(s), 873(m), 847(m), 769(w),
757(w), 736(m), 748(m), 681(s), 634(m), 616(w), 585(m). 1H
NMR (CDCl3, ppm): δ = 7.94 (s, 2H, p-phenylF), 7.90 (s, 4H, o-
phenylF), 7.19 (d, 3JHF = 5 Ht 2H, m-phenyl) ppm. 13C{1H} NMR
(CDCl3, ppm): 160.8 (d, 1JCF = 211 Hz), p-phenylF, 139.4 (d, 3JCF
= 6 Hz, o-phenylF), 138.3, 134.5 (NCSe), 132.8 (q, 2JCF = 30 Hz, m-
ArF), 129.4, 123.4 q, 3JCF = 3 Hz, 123.1 (q, 1JCF = 226 Hz, CF3),
123.1 (quintet, 3JCF = 3 Hz, p-ArF), 120.4, 118.1 (d, 2JCF = 20 Hz,
m-phenylF) ppm. 19F NMR (CDCl3, ppm): −63.8 (s, CF3), −110.5
(t, 3JFH = 5 Hz, p-phenylF). 77Se NMR (ppm, solvent): −274.1
(CDCl3), −276.4 (toluene), −289.9 (THF).
SeCNPhF. 320 mg (2.6 mmol) of CNPhF, 150 mg (1.88 mmol) of

Se, 190 mg (1.88 mmol NEt3), solvent: THF, reaction time: 3 h.
Yield: 25% (impure product). Reddish oil. 77Se NMR (ppm, solvent):
−294.3 (CDCl3), −304.6 (THF). IR, 1H, and 13C NMR spectra, and
elemental analyses of sufficient quality could not be measured due to
an ongoing decomposition of the compound.
X-ray Crystallography
The intensities for the X-ray determinations were collected on STOE
or Bruker instruments with Mo Kα radiation (λ = 0.71073 Å).
Standard procedures were applied for data reduction and absorption
correction.72,73 Structure solution and refinement were performed
with SHELX included in the OLEX2 program package.74−76

Hydrogen atoms were calculated for idealized positions and treated
with the “riding model” option of SHELXL unless otherwise stated.
MERCURY was used to prepare the structure representations.77 More
details about the data collections, the structure calculations, and
ellipsoid representations of the crystal structures are provided in the
Supporting Information. The structural data are deposited with the
Cambridge Crystallographic Data Centre with the deposition
numbers CCDC-2489198 ([SeCNtBu]), CCDC-2489199 (SeCNMe-
sityl), CCDC-2489200 (SeCNArMes2), CCDC-2489201 (SeC-
NArDipp2), CCDC-2489202 (SeCNArTripp2), CCDC-2489203
(SeCNp-FArDarF2), CCDC-2489204 ((i-Prop)2NC(Se)NHArDarF2),
and CCDC-2489205 (SeCNp-FArDarF2 x CNp-FArDarF2).
Computational Details
DFT calculations were performed on the high-performance
computing systems of the Freie Universitaẗ Berlin ZEDAT (Curta)
using the program package GAUSSIAN 16.78,79 The gas-phase
geometry optimizations were performed using coordinates derived
from the X-ray crystal structures using GAUSSVIEW.80 The
calculations were performed with the hybrid density functional
B3LYP.81−83 The triple-ζ relativistic pseudopotential def2-TZVP basis
set was applied to all atoms.84 Frequency calculations after the
optimizations confirmed the convergence, and no imaginary
frequencies were obtained. Electrostatic potential maps were
generated from GAUSSIAN cube files using GAUSSVIEW. Further
analyses of the obtained wave functions were performed with the free

multifunctional wave function analyzer Multiwfn.85,86 The reduced
density gradient (RDG) method was used as implemented in
Multiwfn and visualized using the VMD package.87,88

■ CONCLUSIONS
Reactions of isocyanides with elemental selenium in the
presence of NEt3 represent a suitable approach to isoseleno-
cyanates and have been applied for a series of alkyl- and aryl-
substituted starting materials including sterically highly
encumbered m-terphenyl isocyanides. The products are
obtained in moderate to good yields as crystalline (or in
some cases oily) materials. The remarkable stability of the
isoselenocyanates with sterically demanding substituents
recommends the use of such compounds as synthons for
organoselenium chemistry and may give extended opportu-
nities, particularly for the syntheses of selenium-containing
heterocycles.

The 77Se NMR signals of the isoselenocyanates appear
between −270 and −370 ppm and show a marked dependence
on the solvents. DFT calculations on the B3LYP/def2tzvp level
account for the presence of σ-holes at the selenium atoms.
They are weak for alkyl isoselenocyanates and aryl compounds
with electron-donating substituents but become more
significant for representatives with electron-withdrawing
groups. Such areas might be able to establish at least weak
interactions with donor solvents.
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Chim. Belg. 1962, 71, 531−540.
(31) Suzuki, H.; Usuki, M.; Hanafusa, T. A photochemical route to

some substituted benzyl isoselenocyanates. Synthesis 1979, 1979,
705−707.
(32) Pramanik, S.; Das, A. K.; Debnath, S.; Maity, S. Introducing

Alkyl Selenocyanates as Bifunctional Reagents in Photoredox
Catalysis: Divergent Access to Ambident Isomers of -SeCN. Org.
Lett. 2024, 26, 8447−8452.
(33) Neri, R.; Bossmann, S. H. Isoselenocyanates: Synthesis and

Their Use for Preparing Selenium-Based Heterocycles. Synthesis 2021,
53, 2015−2028.
(34) Webber, D. H.; Buckley, J. J.; Antunez, P. D.; Brutchey, R. L.

Facile dissolution of selenium and tellurium in a thiol−amine solvent
mixture under ambient conditions. Chem. Sci. 2014, 5, 2498−2502.
(35) Bartz, R. H.; dos Santos Hellwig, P.; Perin, P.; Beluzzo, L. E. I.;

Madabeni, A.; Orian, L.; Silva, M. S. Solvent effect on the 77Se NMR
chemical shifts of diphenyl diselenides. New J. Chem. 2024, 48, 2971−
2978.
(36) Gomber, W. NMR Spectroscopic Studies on Chalcogen

Compounds. III. 77Se and 13C NMR Data of Compounds Containing
C = S and C = Se Double Bonds. Z. Naturforsch. 1981, 86b, 1561−
1565.
(37) Poleschner, H.; Radeglia, R.; Kuprat, M.; Richter, A. M.;

Fanghänel, E. Organylselenoacetylene and Selenocyanate; 77Se- und
13C-NMR-chemische Verschiebungen und 77Se-13C-Spin-Kopplung-
skonstanten. J. Organomet. Chem. 1987, 327, 7−15.
(38) Nakanishi, W.; Ikeda, Y.; Iwamura, H. The structure of 2-

carboxyphenyl methyl selenoxide, its sodium salt and related
compounds in solution, studied by 1H, 13C and 77Se NMR. Org.
Magn. Reson. 1982, 20, 117−122.
(39) Gulliver, D. J.; Hope, E. G.; Levason, W.; Murray, S. G.; Potter,

D. M.; Marshall, G. L. Synthesis, properties, and multinuclear (1H,
13C, 77Se) nuclear magnetic resonance studies of selenoethers
containing two or more selenium atoms. J. Chem. Soc., Perkin Trans.
2 1984, 1984, 429−434.
(40) Laitalainen, T.; Rahkamaa, E. 77Se NMR study of some organic

selenium compounds formed in the selenium dioxide oxidation of
ketones. Org. Magn. Res. 1982, 20, 102−104.
(41) Meese, C. O.; Walter, W. Unusual 13C/77Se couplings in the

13C NMR spectra of selenoimidates. Magn. Reson. Chem. 1985, 23,
327−329.
(42) Anderson, J. A.; Odom, J. D.; Zozulin, A. J. Preparation of

unsymmetrical alkyl methyl and alkyl phenyl diselenides and
determination of their selenium-77 chemical shifts and 77Se-77Se
spin-spin coupling constants. Organometallics 1984, 3, 1458−1465.
(43) Galasso, V.; Martin, M. L.; Trierweiler, M.; Frunguelli, F.;

Taticchi, A. Theoretical study of the chalcogen−Carbon coupling
constants in the chalcogen heterocyclopentadienes. J. Mol. Struc.
Theochem. 1982, 90, 53−58.
(44) Cullen, E. R.; Guziec Jr, F. S.; Murphy, C. J.; Wong, T. C.;

Anderson, K. K. Selenium-77 NMR studies of some organoselenium
compounds containing-selenium double bonds. J. Am. Chem. Soc.
1981, 103, 7055−7077.
(45) Wong, T. C.; Guziec, F. S., Jr; Moustakis, C. A. Oxygen-17 and

selenium-77 nuclear magnetic resonance of carbonyl and selenocar-
bonyl compounds. Correlation of oxygen-17 and selenium-77
chemical shifts. J. Chem. Soc., Perkin Trans. 2 1983, 1983, 1471−1475.
(46) Poleschner, H.; Heydenreich, M.; Radeglia, R. 13C, 19F and 77Se

NMR study of vicinal (E)-fluoro(organylseleno)olefins and [(E)-
fluoroalkenyl]diorganylselenonium salts. Magn. Reson. Chem. 1999,
37, 333−345.

(47) Uzawa, J.; Shimabukuro, J.; Suzuki, T.; Imamura, A.; Ishida, H.;
Ando, H.; Yamaguchi, Y. J(77Se,1H) and J(77Se,13C) couplings of
seleno-carbohydrates obtained by 77Se satellite 1D 13C spectroscopy
and 77Se selective HR-HMBC spectroscopy. Magn. Reson. Chem.
2018, 56, 836−846.
(48) Pople, J. A.; Santry, D. P. Molecular orbital theory of nuclear

spin coupling constants. Mol. Phys. 1964, 8, 1−8.
(49) Londero, A. J. Z.; Pineda, N.; Matos, V.; Piqini, P. C.; Abram,

U.; Lang, E. S. Synthesis and characterization of aryltellurium
compounds including mixed-valence derivatives − evaluation of
Te···S, Te···X and X···X (X = Br, I) interactions. J. Organomet. Chem.
2020, 929, No. 121553.
(50) Roca Jungfer, M.; Schulz Lang, E.; Abram, U. Reactions of

Schiff Base-Substituted Diselenides and -tellurides with Ni(II), Pd(II)
and Pt(II) Phosphine Complexes. Eur. J. Inorg. Chem. 2020, 2020,
4303−4312.
(51) Matos, V.; Londero, A. J. Z.; Roca Jungfer, M.; Abram, U.;

Lang, E. S. The Unique Ambiphilicity of Tellurium in the
[MesitylTe(I)(I2)(I3)]− Anion. Eur. J. Inorg. Chem. 2023, 2023,
No. e202300478, DOI: 10.1002/ejic.202300478.
(52) Rusakov, Y. Yu.; Krivdin, L. B. Four-component relativistic

DFT calculations of 77Se NMR chemical shifts: A gateway to a
reliable computational scheme for the mediumsized organoselenium
molecules. J. Comput. Chem. 2015, 36, 1756−1762.
(53) Krivdin, L. B. Recent advances in computational liquid-phase

77Se NMR. Russ. Chem. Rev. 2021, 90, 265−279.
(54) Rusakova, I. L.; Rusakov, Y. Yu. Quantum chemical calculations

of 77Se and 125Te nuclearmagnetic resonance spectral parameters and
their structural applications. Magn. Reson. Chem. 2021, 59, 359−407.
(55) Bould, J.; Londesborough, M. G. S.; Tok, O. L. Experimental

and Computational 77Se NMR Spectroscopic Study on Selenaborane
Cluster Compounds. Inorg. Chem. 2024, 63, 16186−16193.
(56) Silva, M. S.; Orian, L. Chalcogen Chemistry: Fundamentals and
Applications; Lippolis, V.; Santi, C.; Lenardão, E. J.; A L, B., Eds.; The
Royal Society of Chemistry, Ch. 15, 2023; Vol., pp 419−434.
(57) Mokhtarzadeh, C. C.; Carpenter, A. E.; Spence, D. P.; Melaimi,

M.; Agnew, D. W.; Weidemann, N.; Moore, C. E.; Rheingold, A. L.;
Figueroa, J. S. Geometric and Electronic Structure Analysis of the
Three-Membered Electron-Transfer Series [(μ-CNR)2[CpCo]2]n (n
= 0, 1−, 2−) and Its Relevance to the Classical Bridging-Carbonyl
System. Organometallics 2017, 36, 2126−2140.
(58) Drance, M. J.; Wang, S.; Gembicky, M.; Rheingold, A. L.;

Figueroa, J. S. Probing for Four-Coordinate Zerovalent Iron in a π-
Acidic Ligand Field: A Functional Source of FeL4 Enabled by Labile
Dinitrogen Binding. Organometallics 2020, 39, 3394−3402.
(59) Mokhtarzadeh, C. C.; Moore, C. E.; Rheingold, A. L.; Figueroa,

J. S. A Highly-Reduced Cobalt Terminal Carbyne: Divergent Metal-
and α-Carbon-Centered Reactivity. J. Am. Chem. Soc. 2018, 140,
8100−8104.
(60) Mokhtarzadeh, C. C.; Chan, C.; Moore, C. E.; Rheingold, A. L.;

Figueroa, J. S. Side-On Coordination of Nitrous Oxide to a
Mononuclear Cobalt Center. J. Am. Chem. Soc. 2019, 141, 15003−
15007.
(61) Kong, R. Y.; Parry, J. P.; Anello, G. R.; Ong, M. E.; Lancaster,

K. M. Accelerating σ-Bond Metathesis at Sn(II) Centers. J. Chem. Soc.
2023, 145, 24136−24144.
(62) Nowak, D.; Claude, G.; Tsirigoni, A.-M.; Hagenbach, A.;

Figueroa, J. S.; Abram, U. Thionitrosyl Complexes of Technetium and
Rhenium with Sterically Encumbered m-Terphenyl Isocyanides Steric
Bulk Matters. Organometallics 2025, 44, 1965−1976.
(63) Drance, M. J.; Sears, J. D.; Mrse, A. M.; Moore, C. E.;

Rheingold, A. L.; Neidig, M. L.; Figueroa, J. S. Terminal coordination
of diatomic boron monofluoride to iron. Science 2019, 363, 1203−
1205.
(64) Lipp, M.; Dallacker, F.; Köcker, I. Z. Über die Addition von
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