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Introduction

Since their first indirect discovery,[1] nitrile sulfides (XCNS)
have become important transient species in various cycload-
dition reactions.[2–4] These reactions provide routes to several
classes of heterocycles, among them many biologically
active compounds.[4] By analogy, nitrile selenides (XCNSe)
are expected to be key intermediates in producing selenium
containing heterocycles, for example, selenazoles and sele-
nadiazoles; however, their chemistry is unexplored. No
method is known to generate these species in solution yet.
The existence of only one derivative, benzonitrile selenide
(PhCNSe), has been unambiguously proven directly by IR
and UV spectroscopy in low-temperature matrices.[5,6] In
similar experiments a UV band between 220 and 250 nm
was tentatively assigned to HCNSe and CH3CNSe, but none
of the transitions of these species were identified in the IR
spectra.[6] Furthermore, it is important to note that small ni-
trile selenides have been generated and identified as neutral
species in the gas phase of a mass spectrometer by neutrali-
zation–reionization mass spectroscopy,[7,8] which established
the existence of these species with lifetimes of at least mi-
croseconds in the dilute gas phase.

Nitrile selenides are expected to be unstable in the pure
state and in solution, analogously to nitrile sulfides, thus
their direct spectroscopic identification is possibly challeng-
ing. A promising method for spectroscopic detection seems

to be the generation of nitrile selenides in cold, inert noble
gas matrices, in which thermal decomposition and bimolecu-
lar reactions are avoided. This is in line with the relevant ni-
trile sulfide chemistry, for which all of the four spectroscopi-
cally identified derivatives, HCNS,[9] FCNS,[10] CH3CNS,[11,12]

and PhCNS,[12,13] have been identified at low temperatures
and in inert matrices. Possible sources of nitrile selenides
could be molecules containing the CNSe linkage and a good
leaving group, releasing the desired product upon UV irradi-
ation. We have successfully applied 1,2,5-thiadiazoles as
sources of nitrile sulfides recently,[9–11] thus 1,2,5-selenadia-
zoles have been selected for the present study as potential
sources of nitrile selenides. It is important to note that
PhCNSe was generated analogously from 3,4-diphenyl-1,2,5-
selenadiazole and 3,5-diphenyl-1,2,4-selenadiazole earlier.[5,6]

It is also important to note that the UV photolysis of 1,2,5-
selenadiazole and 3,4-dimethyl-1,2,5-selenadiazole at 300 nm
has been attempted before,[6] but no definitive conclusion
for the identity of the detected transient species could be
drawn; photolabile species have been detected by UV spec-
troscopy, but they could not be identified by IR spectrosco-
py.

Due to the paucity of experimental investigations, theo-
retical calculations can provide information about the struc-
ture and stability of nitrile selenides. All investigated nitrile
selenides (X=H, F, Cl, Br, I, NC, OH, NH2, CH3, CH3S)
have been calculated to be thermodynamically stable species
at the G2 ACHTUNGTRENNUNG(MP2,SVP) level.[8] The calculated N�Se bond dis-
sociation energies are in the range of 148–187 kJ mol�1,
which suggests stability at room temperature. All nitrile se-
lenides are predicted to have a linear or a slightly bent
XCNSe frame at the MP2/6-31G* level.[8] We note, however,
that the RHF wavefunction is unstable for nitrile oxides[14]

and nitrile sulfides,[4,11] thus the same is expected for nitrile
selenides, which indicates that earlier MP2 results must be
treated with care.
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In this paper, we present an experimental study on the
generation of HCNSe, CH3CNSe, and NCCNSe in an argon
matrix from 1,2,5-selenadiazoles and their IR and UV spec-
troscopy, as well as a quantum-chemical study on the equi-
librium structure and vibrational properties.

Results and Discussion

Structure and stability of nitrile selenides : Since the inclu-
sion of electron correlation is custom for calculations on rel-
evant simple nitrile oxides[14] and nitrile sulfides,[4] the geom-
etry of HCNSe, CH3CNSe, and NCCNSe was calculated at
the CCSD(T) level using a large, aug-cc-pVTZ, basis set.
We note that the HF wavefunction is unstable for NCCNSe
(RHF–UHF instability), but single point CCSD(T) and
UCCSD(T) calculations provided identical total energies.
The CCSD T1 diagnostic for all three molecules was 0.02.
Single point CASSCF ACHTUNGTRENNUNG(10,10) calculations, using the
CCSD(T) geometries, have indicated that apart from the
main HF configuration (weight: 92, 100, and 92 % for
HCNSe, CH3CNSe, and NCCNSe, respectively) there was
no other important configuration. Therefore, the single ref-
erence post-HF CCSD(T) method seemed to be sufficient
for describing the electronic structure.

The calculated equilibrium geometries of HCNSe,
CH3CNSe, and NCCNSe are shown in Table S1 in the Sup-
porting Information. Calculations predict that HCNSe and
NCCNSe are linear, and CH3CNSe is a symmetric top mole-
cule with a linear CCNSe frame. Comparing the NSe and
CN bond lengths of nitrile selenides with those of molecules
that have typical single/double NSe and double/triple CN
bonds (H2N�SeH/HN=Se and H2C=NH/HC�N), the CN
bond is close to a triple bond and the NSe is between a
single and a double bond (Tables S1 and S2 in the Support-
ing Information). Calculated bond orders (Table S1 in the
Supporting Information), using the Gordy rule,[15] for CN
and NSe bonds are 2.8–3.0 and 1.4–1.9, respectively. All
three molecules have a singlet electronic ground state. In
the case of HCNSe the singlet is more stable than the triplet
by 172 kJ mol�1 (see Table S3 in the Supporting Informa-
tion). Concerning stability versus unimolecular decomposi-
tion, the strength of the N�Se bond, the expected weakness
of the molecule, is of crucial importance. The calculated N�
Se bond dissociation energies are in the range of 174–
188 kJ mol�1 (DG80K) for the spin-allowed dissociation pro-
cess (see Table S1). These values are approximately 25 %
smaller than that of nitrile sulfides,[4] but they are high
enough to predict unimolecular stability at room or slightly
elevated temperatures, for example, in a boiling solvent.

Generation and identification of HCNSe : Based on our pre-
vious results on nitrile sulfides[9–11] the narrow-band UV
photolysis of 1,2,5-selanadiazole seemed to be an appropri-
ate generation route of HCNSe. HCN is an ideal side prod-
uct in the sense that it has only very low-intensity IR bands
in the CN stretching region (see Table S4 in the Supporting

Information) and does not absorb in the investigated UV
region.[16] However, one has to keep in mind that some
shifts of the spectroscopic transitions of the isolated HCNSe
can be caused by interactions between HCN and HCNSe
formed in the same matrix cage.

The UV spectrum of 1,2,5-selenadiazole in an Ar matrix
is shown in Figure 1. Since nitrile sulfides could be generat-
ed by irradiating the matrix at a wavelength near the first

UV absorption band of the 1,2,5-thiadiazole precursors, the
photolysis of 1,2,5-selanadiazole was examined at 254 and
280 nm. These wavelengths are at the blue tail and at the
maximum intensity of the first absorption band of 1,2,5-sele-
nadiazole. At both of these wavelengths a primary photo-
product appeared during the photolysis, with a band centred
between 210 and 250 nm (see Figure 1 and Figure S1 in the
Supporting Information). Both the position and the shape of
this band are identical to the band published in ref. [6],
which was tentatively assigned to HCNSe. During irradia-
tion, using either the 254 or the 280 nm filter, the intensity
of this band showed a maximum in time. The maximum in-
tensity was larger, whereas the decrease rate of the band
was much lower in the case of 280 nm photolysis. This is not
surprising, since 254 nm is at the red tail of the primary pho-
toproduct. Upon broad-band UV photolysis the primary
photoproduct completely disappeared.

Observations in IR experiments concur with that of UV
and provide unambiguous evidence of the formation of
HCNSe. The difference between the IR spectra recorded
before and after 280 nm photolysis is shown in Figure 2 to-
gether with the computed spectrum of HCNSe and that of
HCN. (The difference IR spectrum obtained at 254 nm pho-
tolysis is shown in the Supporting Information, Figures S2,
S4, and S6.) As can be seen in the Figures and from the
data of Table 1 the two most intense peaks in the experi-
mental spectrum at 3284 and 2045 cm�1 (with a shoulder at
2047 cm�1) correlate very well with the computed CH and
CN stretching fundamentals of HCNSe at 3309 and

Figure 1. a) UV spectrum of the 1,2,5-selenadiazole precursor in an Ar
matrix and b) the UV spectrum recorded after 10 min photolysis at
280 nm.
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2016 cm�1, respectively. The difference between the experi-
mental and the computed wavenumbers is only 1 % for CH,
and 1.5 % for CN stretching. Besides the computational in-
accuracy this small discrepancy could be due to matrix shift
and due to the interaction of HCNSe with the HCN side
product. The corresponding vibrational transitions of the
H13CNSe species were also observed as weak bands at 3268
and 2013 cm�1, that is, shifted by �16 and �32 cm�1 com-
pared with the bands of H12CNSe. This is in good agreement
with the computational results (see Table S5 in the Support-
ing Information), which predicted �18 and �33 cm�1 shifts,
respectively.

Notably, the frequency of the CH mode of HCNS[9] and
HCNSe is lower by 15 and 17 cm�1, respectively, than that
of HCN. As can be expected, the CN stretching mode is

much more affected by the NS and NSe bond formation.
Compared with HCN the CN stretching mode is shifted by
�58 and �48 cm�1 in HCNS[9] and HCNSe, respectively.

In addition to the CH and CN stretching fundamentals
the NSe stretching is also observed at 504, 500, and
496 cm�1. There are also weak shoulders at these peaks. This
splitting is partly due to matrix effects, and as proved by
computations (see Table S5 in the Supporting Information),
the isotopic shift between the naturally abundant Se iso-
topes is also responsible for this complicated band system.
The other fundamental vibrational modes are shifted much
less upon Se isotope substitution.

Based on previous experimental results[17] and our compu-
tations (see Table S4 in the Supporting Information) the
weak bands of HCN could also unambiguously be identified
at 3302 and 720 cm�1. These peaks are relatively more in-
tense when the precursor is photolysed at 254 nm instead of
280 nm. All the other peaks (see the complete list in
Table S6 in the Supporting Information) that appeared upon
photolysis are weak. Most of them could be assigned to hy-
drogen-bonded HCN···HCN dimers[17] or to other HCN
complexes, which might represent either a dimer of a differ-
ent configuration or a second possible site for the dimer in
the matrix.

Both UV and IR spectroscopic measurements have indi-
cated photochemical similarity between nitrile selenides and
nitrile sulfides[9–11] ; both decompose upon broad-band UV ir-
radiation producing nitriles and nitrile dimers in the matrix
cavity. Comparing the photochemical decomposition of
1,2,5-selenadiazole to that of 1,2,5-thiadiazole,[9] the compa-
rable evolution of the HCN monomer and dimer bands indi-
cates that the final decomposition product of selenadiazole
is Se atom.

The HCN bending transition is predicted by calculations
to appear in the investigated spectral region at 439 cm�1

with larger intensity than that of the NSe stretching mode,
however, it has not been observed down to the detection
limit (400 cm�1). This discrepancy might be due to the over-
estimation of the frequency or the intensity of this mode by
computations. We note that the HCN bending transition of
HCNS is observed in an Ar matrix at 405 cm�1,[9] thus the
computational overestimation is very likely. The CNSe
bending is predicted to be beyond the experimentally inves-
tigated spectral range (see Table 1).

Finally, it is interesting to note that HCNSe was not iden-
tified by IR spectroscopy among the photoproducts of 1,2,5-
selenadiazole earlier.[6] It was noted, however, that the irra-
diation of 1,2,5-selenadiazole with 300 nm light produced
sharp bands at 2044.8 and 2046.5 cm�1, which concurs with
our results. Our work thus indicates the possibility that
these bands were incorrectly assigned to the CN radical
before.

Generation and identification of CH3CNSe : 3,4-Dimethyl-
1,2,5-selenadiazole absorbs in the 240–302 nm UV range,
and decomposes upon UV irradiation at 254 and 280 nm
(see Figure 3 and Figure S8 in the Supporting Information).

Figure 2. The experimental spectrum (top panel) obtained as the differ-
ence of the spectra of 1,2,5-selenadiazole in Ar matrix after and before
photolysis at 280 nm for 30 min, the computed spectrum of HCNSe
(middle panel), and the composite spectrum (experimental frequencies[17]

with computed intensities) of HCN (bottom panel).

Table 1. Experimental and calculated anharmonic vibrational frequencies
(ñ, in cm�1) and infrared intensities (I, in km mol�1) of HCNSe.

Vibrational mode Calculated Experimental[c]

(Ar matrix)ñ[a] I[b]

n1(s+) CH str 3309 (3446) 318 [391] 3284 vs
n2(s+) C�N str 2016 (2064) 382 [368] 2047 s, sh 2045 vs
n3(s+) NSe str 497 (505) 55 [38] 504 m, 500 m, 496 m
n4(p) HCN bend 439 (445) 73 [72] not observed
n5(p) CNSe bend 348 (347) 45 [46] not observed

[a] Anharmonic frequencies are calculated as the sum of harmonic
frozen-core CCSD(T)/aug-cc-pVTZ frequencies (given in brackets) and
CCSD(T)/cc-pVTZ anharmonic corrections. Isotopes: 1H, 12C, 14N, 80Se.
[b] Calculated at the CCSD(T)/cc-pVTZ level using the anharmonic ap-
proximation. Harmonic intensities are in square brackets. [c] Due to the
presence of a hydrogen cyanide molecule in the same site, the data pre-
sented might be slightly shifted compared with that of the free isolated
HCNSe molecule. Some of the bands are split due to site effects.
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In agreement with a previous investigation, in which 300 nm
irradiation was used,[6] a single UV band centred at 229 nm
appears in both cases at the expense of the absorption band
of the precursor. The product has been found to be stable
upon irradiation at 254 or 280 nm, in contrast to HCNSe
(see above), not surprisingly, because this absorption band is
slightly shifted to the blue and it is narrower than the first
absorption band of HCNSe. IR investigations (see below)
confirm the formation of CH3CNSe in the photolysis, and
support the assignment of the UV band to CH3CNSe.

The difference of IR spectra recorded before and after
254 nm irradiation is shown in Figure 4. The dominating

band of the experimental spectrum appears at 2251 cm�1

with a side band of almost equal in intensity at 2253 cm�1.
Both bands disappeared upon broad-band UV irradiation,
which precludes the possibility of assigning these bands to
CH3CN. We note that the appearance of two bands at 2250
and 2252 cm�1 during the 300 nm photolysis of 3,4-dimethyl-
1,2,5-selenadiazole were noted before, but were incorrectly
assigned to CH3CN.[6] The position of this site-split band
agrees very well with the calculated frequency of 2282 cm�1

for CH3CNSe. This band is blueshifted compared with that
of HCNSe, and interestingly this + 206 cm�1 experimental
blueshift compares well with the +202 cm�1 blueshift of the
corresponding sulfur analogue, namely the observed differ-
ence between the CN stretching modes of CH3CNS and
HCNS.[9,11] There is a relatively large calculated isotope shift
for this band, and weak bands at 2203 and 2201 cm�1 may
be assigned to 12CH3

13CNSe (see Table S7 in the Supporting
Information).

All vibrational modes of CH3CNSe but the CN stretching
have low IR intensity (Table 2), thus their assignment is less
straightforward. Examination of the increase of IR bands as

a function of irradiation time during the 254 and 280 nm ir-
radiation and the decrease during the broad-band UV irra-
diation, as well as the correlation with the CN stretching
band, has helped the identification of the bands of
CH3CNSe. According to this the intensity of bands at 2926,
1431, 1364, 1028, 1027, and 1025 cm�1 has changed at the
same rate during the photolysis, suggesting that they belong
to the same species. Band positions and relative IR intensi-
ties are in acceptable agreement with calculated anharmonic
frequencies and IR intensities of CH3CNSe (see Table 2).
According to our calculations the CH3 antisymmetric

Figure 3. a) UV spectrum of the 3,4-dimethyl-1,2,5-selenadiazole precur-
sor in an Ar matrix and b) the UV spectrum recorded after 120 min pho-
tolysis at 254 nm.

Figure 4. The experimental spectrum (top panel) obtained as the differ-
ence of the spectra of 3,4-dimethyl-1,2,5-selenadiazole in an Ar matrix
after and before photolysis at 254 nm for 120 min, the computed spec-
trum of CH3CNSe (middle panel), and the composite spectrum (experi-
mental frequencies[18] with computed intensities) of CH3CN (bottom
panel).

Table 2. Experimental and calculated anharmonic vibrational frequencies
(ñ, in cm�1) and infrared intensities (I, in km mol�1) of CH3CNSe.

Vibrational mode Calculated Experimental[d]

(Ar matrix)ñ[a,c] I[b,c]

n1(a1) CH3 s str 2937 (3050) 7 [8] 2926 vw
n2(a1) C�N str 2282 (2275) 293 [284] 2253 vs, 2251 vs
n3(a1) CH3 s def 1382 (1415) 8 [8] 1364 vw[e]

n4(a1) CC str 958 (966) 33 [33] 1028 m, 1027 m, 1025 m
n5(a1) NSe str 394 (397) 21 [20] not observed
n6(e) CH3 as str ACHTUNGTRENNUNG(3134) ACHTUNGTRENNUNG[0.5] not observed
n7(e) CH3 as def ACHTUNGTRENNUNG(1483) [19] 1431 vw[e]

n8(e) CH3 rock ACHTUNGTRENNUNG(1051) [4] not observed
n9(e) CNSe bend ACHTUNGTRENNUNG(382) [3] not observed
n10(e) CCN bend ACHTUNGTRENNUNG(142) [4] not observed

[a] Anharmonic frequencies are calculated as the sum of harmonic
frozen-core CCSD(T)/aug-cc-pVTZ frequencies (given in brackets) and
CCSD(T)/cc-pVTZ anharmonic corrections. Isotopes: 1H, 12C, 14N, 80Se.
[b] Calculated at the CCSD(T)/cc-pVTZ level using the anharmonic ap-
proximation. Harmonic intensities are in square brackets. [c] Differences
between the anharmonic corrections for the corresponding degenerate vi-
brational modes are unacceptably large. [d] Due to the presence of an
acetonitrile molecule in the same site, the data presented might be slight-
ly shifted compared with that of the free isolated CH3CNSe molecule.
Some of the bands are split due to site effects. [e] Very weak bands, ten-
tative assignment.
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stretching has very low IR intensity and the NSe stretching,
CNSe bending, and CCN bending are out of the investigated
region, thus they are not observed in the spectrum.

The side photolysis product, CH3CN, has very low IR
transition intensities (see Table S4 in the Supporting Infor-
mation). Since it forms together with other photolysis prod-
ucts in the same matrix cage, its infrared frequencies are
perturbed owing to weak intermolecular interactions and
weak complex formations depending on the orientation of
photoproducts. Thus, it is not surprising that not only the
CH3CN monomer, but its dimer could be identified among
the weak bands, especially after broad-band UV irradiation.
The full list of IR bands, likely to belong to CH3CN and its
complexes, are listed in Table S8 of the Supporting Informa-
tion. The assignment is based on literature data,[18] and on
the comparison of IR spectra before and after broad-band
UV irradiation, that is, before and after photobleaching
CH3CNSe. These bands were also observed during the pho-
tolysis of the corresponding sulfur analogue 3,4-dimethyl-
1,2,5-thiadiazole.[11] The identity of other low intensity bands
(see the full list in Table S8 in the Supporting Information)
remains unknown, and they might belong to other side
products or impurities.

Generation and dientification of NCCNSe : Since
the first electronic absorption band of 3,4-dicyano-
1,2,5-selenadiazole (see Figure 5) is redshifted by
about 25 nm compared with the first band of 1,2,5-
selenadiazole, the dicyano substituted precursor
could be irradiated at longer wavelength, at
313 nm, than 1,2,5-selenadiazole. Even at this wave-
length, only transient formation of a photoproduct,
identified as NCCNSe by IR (see below), could be
observed. The UV band assignable to NCCNSe ap-
peared only as a shoulder at the blue end of the
first absorption peak of 3,4-dicyano-1,2,5-selenadia-
zole (see Figure 5) and disappeared together with
the band of the precursor with longer irradiation
times (see Figure S11 in the Supporting Informa-
tion). The UV spectrum of NCCNSe could be ob-
tained by subtracting the appropriately scaled UV
spectrum of the precursor from spectrum recorded
after relatively short (�30 mins) irradiation at
313 nm. As can be seen in Figure 5, the first absorption
band of NCCNSe is about 50 nm redshifted with respect to
the first band of HCNSe, explaining the photolability of this
species at 313 nm irradiation. The NCCN side product does
not absorb in the investigated UV region.[19]

IR investigations unambiguously identified NCCNSe as
the transient species during 313 nm irradiation. It is fortui-
tous that the NC and CN stretching transitions of NCCNSe
have outstandingly large IR intensity, even larger than that
of HCNSe and CH3CNSe (see Table 3), and the NCCN side
product has very low intensity (Table S4 in the Supporting
Information). These transitions are dominant in the spec-
trum recorded after about 30 min irradiation at 313 nm (see
Figure 6), even if NCCNSe is also decomposing at this wave-

length. Both of these peaks are strongly split due to site ef-
fects. The NC stretching is observed at 2232 and 2221 cm�1

with a shoulder at 2216 cm�1, whereas the CN stretching is
observed at 2103 and 2094 cm�1. The agreement between
the experimental and the computed spectrum is excellent re-
garding both the positions (computed at 2222 and
2087 cm�1) and the relative intensities of these and other
small intensity peaks. The assignment is also supported by
the small intensity peaks at 2200 and 2192 cm�1 correspond-
ing to the N13C12CNSe and the N12C13CNSe species. In
detail, the experimental �32 and �29 cm�1 shifts of these
latter small intensity bands, compared to the two site-split
NC stretching band of N12C12CNSe, agree very well with the
computed �31 and �23 cm�1 isotopic shifts of the NC

Figure 5. a) UV spectrum of the 3,4-dicyano-1,2,5-selenadiazole precursor
in an Ar matrix and b) the UV spectrum recorded after 30 min photolysis
at 313 nm. c) The difference between spectra a) and b).

Table 3. Experimental and calculated anharmonic vibrational frequencies (ñ, in cm�1)
and infrared intensities (I, in km mol�1) of NCCNSe.

Vibrational mode Calculated Experimental[c] (Ar matrix)
ñ[a] I[b]

n1(s+) N�C str[d] 2222 (2262) 671 [785] 2232 vs, 2221 vs, 2216 m, sh
n2(s+) C�N str[d] 2087 (2121) 355 [371] 2103 s, 2094 s
n3(s+) CC str 995 (1000) 60 [64] 1022 w, 1014 w, 1005 w, sh
n4(s+) NSe str 398 (405) 30 [30] not observed
n5(p) NCC bend 412 (411) 1 [0.5] not observed
n6(p) CNSe bend 350 (354) 18 [19] not observed
n7(p) CCN bend 96 (97) 8 [8] not observed

[a] Anharmonic frequencies are calculated as the sum of harmonic frozen-core
CCSD(T)/aug-cc-pVTZ frequencies (given in brackets) and CCSD(T)/cc-pVTZ anhar-
monic corrections. Isotopes: 12C, 14N, 80Se. [b] Calculated at the CCSD(T)/cc-pVTZ
level using the anharmonic approximation. Harmonic intensities are in square brack-
ets. [c] Due to the presence of a dicyanogen molecule in the same site, the data pre-
sented might be slightly shifted compared with that of the free isolated NCCNSe mol-
ecule. The bands are split due to site effects. [d] NC and CN stretchings are strongly
mixed. Note that the alternative notation of the CN modes is in-phase and out-of-
phase CN vibrations.
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stretching in N13C12CNSe and N12C13CNSe, respectively (see
the details in Table S9 of the Supporting Information). Simi-
larly, the very weak bands at 2073 and 2068 cm�1 are shifted
from the site-split band pairs of the CN stretching band of
N12C12CNSe by �30 and �26 cm�1, and the computed iso-
topic shifts of the CN stretching of N13C12CNSe and
N12C13CNSe are �23 and �30 cm�1, respectively. (This
means that both the CN and the NC stretching bands of
N13C12CNSe and N12C13CNSe are overlapped, the splitting is
due to a site effect.) In addition to the CN stretching transi-
tions the weak site-split transition of the CC stretching can
be also unambiguously assigned at 1022, 1014, and
1005 cm�1. According to computations, the other four funda-
mental vibrational transitions have small molar absorptions
or are below the detection limit (400 cm�1), hence these
modes could not be experimentally observed (see Table 3).

Although the molar absorption of the CN stretching of
NCCN is more than three orders of magnitude smaller than
that of NCCNSe (see Table S4 in the Supporting Informa-
tion), the antisymmetric CN stretching of NCCN transition
can be identified at 2155 cm�1. This clearly indicates that
NCCN is present in the matrix in a much larger amount
than NCCNSe. NCCN is not only the side product of the
primary photodecomposition of 3,4-dicyano-1,2,5-selenadia-
zole, but the decomposition product of NCCNSe, too. Be-
sides transitions of NCCNSe and NCCN only a few, very
weak bands (see the list in Table 10 in the Supporting Infor-
mation) have appeared after irradiation at 313 nm, the iden-
tities of which are not clear.

Conclusion

The HCNSe, CH3CNSe, and NCCNSe molecules were iden-
tified in a cryogenic argon matrix, following UV photolysis
of appropriate 1,2,5-selenadiazoles. Nitrile selenides are
photolabile and the selection of the proper wavelength for
photodecomposition of selenadiazoles was of crucial impor-
tance. The structure of nitrile selenides was obtained from
ab initio calculations, and the molecular frame was con-
firmed as linear. Although the N�Se bond is relatively
weak, it is strong enough to support application of these
species at room or slightly elevated temperatures.

There is a long standing interest in new dipolarophiles in
cycloaddition chemistry, thus a major outcome of this re-
search is not only the proof of the existence of nitrile sele-
nides, but the synthetic route revealed. We expect that the
generation of nitrile selenides is feasible not only in an inert
matrix, as we discussed, but in solution in the presence of an
appropriate dipolarophile reagent. This research, we believe,
has thus opened the door for future applications.

Experimental Section

The 1,2,5-selenadiazole, 3,4-dimethyl-1,2,5-selenadiazole, and 3,4-dicya-
no-1,2,5-selenadiazole precursors were synthesized according to known
literature methods,[8,20, 21] from ethylenediamine, dimethylglyoxime, and
diaminomaleonitrile, respectively, with selenium dioxide. We note howev-
er that the yield for 1,2,5-selenadiazole and 3,4-dimethyl-1,2,5-selenadi-
azole is much lower than was published, ca. 0.5 and 5%, respectively.
Starting materials were commercial products (Aldrich). The purity of
precursors was checked by NMR and IR spectroscopies.

The matrix isolation setup has been described in detail elsewhere. The
degassed 1,2,5-selenadiazole precursor was premixed in a glass vacuum
line with Ar (Messer, 99.9997 %) in a 1:1000 ratio. Due to low volatility,
the other two precursors were placed into a sample container that was di-
rectly attached to the sample inlet of the matrix isolation setup. During
the matrix deposition 3,4-dimethyl-1,2,5-selenadiazole and 3,4-dicyano-
1,2,5-selenadiazole were held at 0 and 36 8C, respectively, and the sample
vapour was mixed with argon just before the cold window. The gas mix-
tures were deposited onto an 8 K CsI window for IR, and onto an 8 K or
a 12 K quartz window for UV/Vis spectroscopic measurements. The flow
rate was regulated with an MKS flow controller system, and maintained
at �1.2 and 0.3 cm3 min�1 for IR and UV measurements, respectively. A
Cathodeon HPK 125 W high-pressure mercury lamp and an Oriel 66057
xenon lamp were used as photolysis sources. The deposited matrix was ir-
radiated through a quartz window and an interference filter (254 or
313 nm filter for Hg lamp or 280 nm filter for Xe lamp). For broad-band
UV photolysis no filter was used. The interference filters had a full width
at half height of 10, 25, and 10 nm at 254, 280, and 313 nm, respectively.

Infrared spectra were recorded on a Bruker IFS 55 FTIR spectrometer at
1 cm�1 resolution. Absorption UV/Vis spectra were recorded with a
Varian Cary3E spectrometer, with a 1 nm spectral band width.

Quantum chemical calculations were performed by using the ACES2[22]

program package. Equilibrium geometries and harmonic vibrational fre-
quencies were calculated at the CCSD(T)[23]/aug-cc-pVTZ[24] level. An-
harmonic vibrational corrections, within the framework of second-order
vibrational perturbation theory,[25] were obtained at the CCSD(T)/cc-
pVTZ level. The core electrons were not correlated (fc) in the calcula-
tions.

Figure 6. The experimental spectrum (top panel) obtained as the differ-
ence of the spectra of 3,4-dicyano-1,2,5-selenadiazole in an Ar matrix
after and before photolysis at 313 nm for 120 min and the computed
spectra of NCCNSe (middle panel) and NCCN (bottom panel).

Chem. Eur. J. 2012, 18, 2646 – 2652 � 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org 2651

FULL PAPERGeneration of Selenofulminic Acid

www.chemeurj.org


Acknowledgements

We thank the European Union and the European Social Fund for finan-
cial support to the project under the grant agreement no. T�MOP 4.2.1./
B-09/1/KMR-2010–0003, and the Hungarian Scientific Research Fund
(grant no. OTKA K101164 and K75877).

[1] J. E. Franz, L. L. Black, Tetrahedron Lett. 1970, 11, 1381 – 1384.
[2] R. M. Paton, Chem. Soc. Rev. 1989, 18, 33– 52.
[3] C. Wentrup, P. Kambouris, Chem. Rev. 1991, 91, 363 –373.
[4] M. Krebsz, T. Pasinszki, Curr. Org. Chem. 2011, 15, 1734 – 1744.
[5] C. L. Pedersen, N. Hacker, Tetrahedron Lett. 1977, 18, 3981 – 3984.
[6] C. L. Pedersen, N. Harrit, M. Poliakoff, I. Dunkin, Acta Chem.

Scand. 1977, 31, 848 –858.
[7] P. Gerbaux, R. Flammang, E. H. Morkved, M. W. Wong, C. Wentr-

up, Tetrahedron Lett. 1998, 39, 533 – 536.
[8] P. Gerbaux, R. Flammang, E. H. Morkved, M. W. Wong, C. Wentr-

up, J. Phys. Chem. A 1998, 102, 9021 –9030.
[9] T. Pasinszki, M. Krebsz, G. Bazs�, G. Tarczay, Chem. Eur. J. 2009,

15, 6100 –6102.
[10] T. Pasinszki, G. Bazs�, M. Krebsz, G. Tarczay, Phys. Chem. Chem.

Phys. 2009, 11, 9458 – 9467.
[11] M. Krebsz, B. Hajgat�, G. Bazs�, G. Tarczay, T. Pasinszki, Aust. J.

Chem. 2010, 63, 1686 –1693.
[12] P. Kambouris, M. Plisnier, R. Flammang, J. K. Terlouw, C. Wentrup,

Tetrahedron Lett. 1991, 32, 1487 – 1490.
[13] N. Harrit, A. Holm, I. R. Dunkin, M. Poliakoff, J. J. Turner, J. Chem.

Soc. Perkin Trans. 2 1987, 1227 –1238.

[14] T. Pasinszki, N. P. C. Westwood, Curr. Org. Chem. 2011, 15, 1720 –
1733.

[15] W. Gordy, J. Chem. Phys. 1947, 15, 305 –310.
[16] T. Nagata, T. Kondow, Y. Ozaki, K. Kuchitsu, Chem. Phys. 1981, 57,

45– 53, and references therein.
[17] a) C. M. King, E. R. Nixon, J. Chem. Phys. 1968, 48, 1685 – 1695;

b) J. Pacansky, J. Phys. Chem. 1977, 81, 2240 – 2243.
[18] H. S. Kim, K. Kim, Bull. Korean Chem. Soc. 1992, 13, 520 –526.
[19] R. E. Connors, J. L. Roebber, K. Weiss, J. Chem. Phys. 1974, 60,

5011 – 5024.
[20] V. Bertini, Angew. Chem. 1967, 79, 530.
[21] R. A. Aitken, Sci. Synth. 2004, 13, 777 –822.
[22] a) J. F. Stanton, J. Gauss, W. J. Lauderdale, J. D. Watts, R. J. Bartlett,

ACES II; b) J. F. Stanton, J. Gauss, J. D. Watts, W. J. Lauderdale,
R. J. Bartlett, Int. J. Quantum Chem. Quantum Chem. Symp. 1992,
44, 879 –894.

[23] a) G. D. Purvis, R. J. Bartlett, J. Chem. Phys. 1982, 76, 1910; b) K.
Raghavachari, G. W. Trucks, J. A. Pople, M. Head-Gordon, Chem.
Phys. Lett. 1989, 157, 479 –483.

[24] a) T. H. Dunning Jr., J. Chem. Phys. 1989, 90, 1007 – 1023; b) R. A.
Kendall, T. H. Dunning, Jr., R. J. Harrison, J. Chem. Phys. 1992, 96,
6796 – 6806; c) D. E. Woon, T. H. Dunning Jr., J. Chem. Phys. 1993,
98, 1358 –1371.

[25] a) H. H. Nielsen, Rev. Mod. Phys. 1951, 23, 90– 136; b) W. D. Allen,
Y. Yamaguchi, A. G. Cs�sz�r, D. A. Clabo, Jr., R. B. Remington,
H. F. Schaefer III, Chem. Phys. 1990, 145, 427 –466.

Received: September 24, 2011
Published online: January 30, 2012

www.chemeurj.org � 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2012, 18, 2646 – 26522652

T. Pasinszki, G. Tarczay et al.

http://dx.doi.org/10.1016/S0040-4039(01)97975-4
http://dx.doi.org/10.1016/S0040-4039(01)97975-4
http://dx.doi.org/10.1016/S0040-4039(01)97975-4
http://dx.doi.org/10.1039/cs9891800033
http://dx.doi.org/10.1039/cs9891800033
http://dx.doi.org/10.1039/cs9891800033
http://dx.doi.org/10.1021/cr00003a004
http://dx.doi.org/10.1021/cr00003a004
http://dx.doi.org/10.1021/cr00003a004
http://dx.doi.org/10.1016/S0040-4039(01)83408-0
http://dx.doi.org/10.1016/S0040-4039(01)83408-0
http://dx.doi.org/10.1016/S0040-4039(01)83408-0
http://dx.doi.org/10.3891/acta.chem.scand.31b-0848
http://dx.doi.org/10.3891/acta.chem.scand.31b-0848
http://dx.doi.org/10.3891/acta.chem.scand.31b-0848
http://dx.doi.org/10.3891/acta.chem.scand.31b-0848
http://dx.doi.org/10.1016/S0040-4039(97)10228-3
http://dx.doi.org/10.1016/S0040-4039(97)10228-3
http://dx.doi.org/10.1016/S0040-4039(97)10228-3
http://dx.doi.org/10.1021/jp9824454
http://dx.doi.org/10.1021/jp9824454
http://dx.doi.org/10.1021/jp9824454
http://dx.doi.org/10.1002/chem.200900408
http://dx.doi.org/10.1002/chem.200900408
http://dx.doi.org/10.1002/chem.200900408
http://dx.doi.org/10.1002/chem.200900408
http://dx.doi.org/10.1039/b913204j
http://dx.doi.org/10.1039/b913204j
http://dx.doi.org/10.1039/b913204j
http://dx.doi.org/10.1039/b913204j
http://dx.doi.org/10.1071/CH10303
http://dx.doi.org/10.1071/CH10303
http://dx.doi.org/10.1071/CH10303
http://dx.doi.org/10.1071/CH10303
http://dx.doi.org/10.1016/0040-4039(91)80365-D
http://dx.doi.org/10.1016/0040-4039(91)80365-D
http://dx.doi.org/10.1016/0040-4039(91)80365-D
http://dx.doi.org/10.1039/p29870001227
http://dx.doi.org/10.1039/p29870001227
http://dx.doi.org/10.1039/p29870001227
http://dx.doi.org/10.1039/p29870001227
http://dx.doi.org/10.1063/1.1746501
http://dx.doi.org/10.1063/1.1746501
http://dx.doi.org/10.1063/1.1746501
http://dx.doi.org/10.1016/0301-0104(81)80019-5
http://dx.doi.org/10.1016/0301-0104(81)80019-5
http://dx.doi.org/10.1016/0301-0104(81)80019-5
http://dx.doi.org/10.1016/0301-0104(81)80019-5
http://dx.doi.org/10.1063/1.1668895
http://dx.doi.org/10.1063/1.1668895
http://dx.doi.org/10.1063/1.1668895
http://dx.doi.org/10.1021/j100539a007
http://dx.doi.org/10.1021/j100539a007
http://dx.doi.org/10.1021/j100539a007
http://dx.doi.org/10.1063/1.1681016
http://dx.doi.org/10.1063/1.1681016
http://dx.doi.org/10.1063/1.1681016
http://dx.doi.org/10.1063/1.1681016
http://dx.doi.org/10.1002/ange.19670791107
http://dx.doi.org/10.1002/qua.560440876
http://dx.doi.org/10.1002/qua.560440876
http://dx.doi.org/10.1002/qua.560440876
http://dx.doi.org/10.1002/qua.560440876
http://dx.doi.org/10.1063/1.443164
http://dx.doi.org/10.1016/S0009-2614(89)87395-6
http://dx.doi.org/10.1016/S0009-2614(89)87395-6
http://dx.doi.org/10.1016/S0009-2614(89)87395-6
http://dx.doi.org/10.1016/S0009-2614(89)87395-6
http://dx.doi.org/10.1063/1.456153
http://dx.doi.org/10.1063/1.456153
http://dx.doi.org/10.1063/1.456153
http://dx.doi.org/10.1063/1.462569
http://dx.doi.org/10.1063/1.462569
http://dx.doi.org/10.1063/1.462569
http://dx.doi.org/10.1063/1.462569
http://dx.doi.org/10.1063/1.464303
http://dx.doi.org/10.1063/1.464303
http://dx.doi.org/10.1063/1.464303
http://dx.doi.org/10.1063/1.464303
http://dx.doi.org/10.1103/RevModPhys.23.90
http://dx.doi.org/10.1103/RevModPhys.23.90
http://dx.doi.org/10.1103/RevModPhys.23.90
http://dx.doi.org/10.1016/0301-0104(90)87051-C
http://dx.doi.org/10.1016/0301-0104(90)87051-C
http://dx.doi.org/10.1016/0301-0104(90)87051-C
www.chemeurj.org

