FULL PAPER

DOI: 10.1002/€jic.201100620

Syntheses and Structures of Two Dimethyl Diselenide—Diiodine Adducts and
the First Well Characterized Diorgano Disulfide—Nitrosonium Adduct
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Nitrosonium

The syntheses and crystal structures of two new dimethyl
diselenide-iodine adducts are described as well as the syn-
thesis and crystal structure of the first diorgano disulfide—
nitrosonium adduct. The reaction of the NO™* cation with R,S,
(R = Me, Et, neo-Pent, H, CN, CFj, 4-pyridyl, 2-Prop, Ph, Ad)

has been investigated theoretically with DFT. Charge trans-
fer is the main mechanism for adduct formation. Electron
density is transferred from the diorgano disulfide HOMO,
which is mainly composed of sulfur lone pairs, to the NO*
cation LUMO (n*).

Introduction

Adduct formation of organic molecules containing
groupl6 donor atoms (E = S, Se, Te) have been the subject
of renewed activity, not only in the case of reactions with
diiodine, but also as nitrosonium complexes. The continu-
ously increasing interest in these species is because of their
implications to different fields of research, which span from
synthetic to biological, materials and industrial chemistry.[!]
Diiodine adducts have biological and pharmaceutical appli-
cations.”! New chalcogen-based materials have important
electrical properties.>* The interest in nitrosonium com-
plexes stems from the fact that they are intermediates in a
series of reactionsl®! and from the discovery of the unique
role of the NO molecule in biochemical processes.l”! It is
assumed that the nitrosonium cation and some molecules
generating the nitrosonium ion are involved in neurotoxic
and neuroprotective processes of nitric oxidel’l and partici-
pate in DNA cross-linking.¥] Investigations of the struc-
tures and reactivities of nitrosonium complexes are essential
to the understanding of the role of the NO™ cation in vari-
ous chemical reactions ranging from ionospheric!®! to bio-
chemical processes,’*7] which give rise to different classes

of organic compounds.['7 Some simple adducts have been
reported by du Mont!!'!l: [(TIP,Se,),*I,] and [Ph,Se,1,].[12!
On this basis, some selenophosphane iodine species have
been discovered.l'*! In this paper we describe two adducts
of dimethyl diselenide and diiodine with different stoicho-
metries, [Me,Se,-21,] and [Me,Se,°1,], as well as the struc-
ture and bonding situation of the first diorgano disulfide—
nitrosonium adduct, [C;oH»,S,*"NO*TfO].

Results and Discussion

Synthesis and X-ray Crystallography

Following our results from the oxidation of diorgano di-
chalcogenides with nitrosyl triflate, which formed cationic
four-membered rings,['¥ we used diiodine as an oxidizing
reagent. These investigations yielded two new neutral
charge transfer (CT) adducts of dimethyl diselenide and di-
iodine. The first dimethyl diselenide—diiodine adduct,
[Me,Se,-21,], was observed as a byproduct in the reaction
of dimethyl diselenide, nitrosyl triflate and diiodine in the
ratio 3:2:2 (Scheme 1).
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By changing the ratio (1:1:1), an adduct with a different
stoichiometry was formed, [Me,Se,-I,], which is also speci-
fically synthesized by the reaction of dimethyl diselenide
with diiodine in the absence of nitrosyl triflate (Scheme 2).
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[Me,Se,-21,] and [Me,Se,*1,] crystallize in the monoclinic
space group P2/n. They show the often described linear E—
X-X arrangement of neutral CT “spoke” adducts!!! (Fig-
ure 1).

As a result of the coordination of the diiodine to the
dimethyl diselenide, the I-1 bond is lengthened compared
to pure I, (see Table 1). The Se-I bond length is 2.93 A in
[Me,SeyI,] and 2.85 A in [Me,Se,+21,]. The Se-I distances
are shorter than the sum of the van der Waals radiil'> and
in the range of coordinative bonds of other selenium-iodine
adducts.['¢

The selenium and the two iodine atoms show a Se—I-I1
angle of 179° in [Me,Se,-1,] and 180° in [Me,Se,-21,]. The
Se-Se-1 angle is larger than 90° in both cases, 93.4° in
[Me,Se, 1] and 98.1° in [Me,Se,-2I,]. The C-Se-Se—C tor-
sion angle in [Me,Se,-21,] changes from the gauche confor-
mation of uncoordinated dimethyl diselenide to a trans con-
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figuration, so that the selenium and iodine atoms are ar-
ranged in planes. The angle between the I-Se-Se-I and C-
Se-Se—C planes is 81° (Figure 2).

The intermolecular contacts between the iodine mole-
cules are 3.70 A, which is longer than in pure L,['8! and
shorter than the sum of the van der Waals radii.l'> This
results in a step-like arrangement in the crystal. In
[Me,Seyl5], the intermolecular iodine contacts lead to a
net-like structure that is also observed for molecular io-
dine,!'®! even though the distances between the iodine mole-
cules are longer because of the coordination to the dimethyl
diselenide (Figure 3).

All these properties are typical for CT spoke adducts be-
tween chalcogen donor molecules and dihalogens, where an
average value very close to 180° is generally observed for
the E-X—X angle, which indicates a strong directionality at
short E-X distances (2.4-3.0 A) in the formation of chal-
cogen and dihalogen CT spoke adducts. The reason why
the interaction between these molecules results in adducts
containing an almost linear E-X-X fragment is, simplist-
ically speaking, transfer of electron density from the non-
bonding orbitals of the donor atom into the lowest unoccu-
pied molecular orbital (LUMO) of the dihalogen acceptor
molecule. The LUMO is a ¢,* orbital lying along the mo-

4

Figure 1. Molecular structures of [Me,Se,-215] and [Me,Se,-1,] with thermal ellipsoids at 50% probability.

Table 1. Comparison of the structural parameters of Me,Se,, I,, [Me,Se,'1,] and [Me,Se,-21,].

Sel-Se2 [A] Se-C [A] Se-Se-C [A] Se-Se- 1[A] C-Se-Se-C[A] I-1[A] Se-I [A] 11 [A]

[Me>Se, 17 2.31 1.94, 1.95 101.7, 100.0 - 85 - - -

LU - - - - - 2.72 - 3.50

[MesSer ] 2.3328(5) 1.9627(4), 1.9475(4)  101.739(5), 99.270(7)  93.355(5) 89.061(8) 2.8057(5)  2.9323(5) 3.8745(7)

[Me,Seyr2I5]  2.3866(3) 1.9699(3) 94.467(3) 94.467(3) 180.000(6) 2.8524(9)  2.8490(9) 3.6893(10)
g - e

— T
Figure 2. Interactions between the I, moieties in the crystal structure of [Me,Se,-215].
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Figure 3. Interactions between the I, moieties in the crystal struc-
ture of [Me,Se,*15].

lecular axis.l'! The increase of the X—X bond length can be
finely modulated by using donors of different strength,
which means changing either the chalcogen donor, its chem-
ical environment or, as demonstrated here, the stoichiome-
try.

A general qualitative observation is that upon decreasing
the difference in electronegativity between the halogen and
the chalcogen, CT spoke adducts are more likely to be
formed than “T-shaped” hypervalent adducts. Indeed, the
number of structurally characterised T-shaped adducts de-
creases on passing from chlorine to iodine for S- and Se-
containing donor molecules, and hypervalent sulfur com-
pounds with iodine are unknown. On the other hand, no
CT di- or interhalogen adducts are known for organic com-
pounds containing tellurium as the donor atom.['! So it is
not surprising that the reaction described in Scheme | with
diethyl ditelluride yielded the four membered cationic tel-
lurium species!'¥ and unreacted diiodine rather than any
additional organotellurium iodine compound.

In search of a four-membered cation for sulfur analogous
to those formed in the case of selenium and tellurium, we
tried to oxidize diorgano disulfides with nitrosyl triflate.['*]
Under the same reaction conditions no oxidation occurs
and, as shown in Scheme 3, an adduct is formed (R = neo-

pentyl).

cHen, R G

. 95C 3

R—S—S—R +NO'CF380,0 —2% = | || +CF;380,0
O

i
Scheme 3.

The solution is red; however, at —80 °C green crystals
grow and the solution turns yellow. The solid-state structure
is shown in Figure 4. If the green crystals are redissolved,
the solution becomes red again. We interpret this colour
change between the solid and dissolved state as follows: due
to exchange process in solution where basic solvent mole-
cules are involved, the CT interaction between the di-neo-
pentyl disulfide and the NO™ is weakened. Such cases have
been described before.l'”) A computational simulation of
this behaviour is beyond the scope of this work, in particu-
lar the calculation of the CT energy in solution.
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Figure 4. Molecular structure of [C;gH»,S,-NO*TfO ] with thermal
ellipsoids at 50% probability.

[C10H2S,"NO*TfO ] crystallizes in the monoclinic space
group C2/c. The known gauche configuration of diorgano
dichalcogenides!' ! changes to a trans configuration with a
C-S-S-C torsion angle of 160°. The N-O bond length is
1.1 A, similar to those of other nitrosonium CT com-
plexes.”% A trapezoid is formed by the S atoms and NO*
with S-N and S-O bond lengths of 2.3 and 2.9 A, respec-
tively, which are shorter than the sum of the van der Waals
radii.l'3! The trapezoid is nearly planar (£ S-S-O-N 3.7°).

This result shows that the oxidation potential of NO* is
not high enough to oxidize diorgano disulfides under the
given reaction conditions.

The reactions of dimethyl and diethyl disulfides with ni-
trosonium triflate (Scheme 3) resulted in the formation of
coloured solutions. However, no crystals could be isolated
from these solutions.

Disulfide Adduct Formation

Theoretical calculations have been used to estimate the
stability of the NO™ adducts of dimethyl, diethyl and di-
neo-pentyl disulfide. In addition the stability of the hypo-
thetical nitrosonium adducts of the disulfides, R,S,, where
R = H, CN, CFj3, 4-pyridyl, 2-Prop, Ph and Ad, have been
considered for comparison.

The standard Gibbs energy changes of the reaction R,S,
+ NO*" — [R,S,-NOJ* has been estimated for the ten di-
sulfides at the MO6L/def2-TZVPP level of theory (Table 2).

Table 2. Change in standard Gibbs energy [kJ/mol] for the reaction
R252 + NO+ b [RzSz—NO]+.
CN CF; 4Pyridyl H  Ph

238 -32

2-Prop Me Et
-584 —65.7 -73.8

neo-Pent  Ad

—40.6 -81.8 —86.7 —89.0 -98.3

The formation of the diadamantyl adduct is predicted to
be the most favourable. The standard Gibbs energy changes
in the formation of four other adducts in which the organic
substituent of the disulfide is electron donating (i.e. neo-
Pent, Et, Me and 2-Prop) are 9.3, 11.6, 16.5 and 24.5 kJ/
mol less favourable than that of the adamantyl-substituted
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adduct, respectively. The adduct formation in all disulfides
with electron-withdrawing substituents is predicted to be
quite unfavourable. In fact, the adduct formation between
(CN),S, and NO" is strongly endergonic. The standard
Gibbs energy change for the NO* adduct formation with
dimethyl, diethyl and di-neo-pentyl disulfides all lie within
a close energy range, with only 7.2 kJ/mol difference in free
energy between dimethyl and di-neo-pentyl disulfide. This
small energy difference would support the existence of the
unobserved adducts of dimethyl and diethyl disulfides,
whose preparation was attempted for this contribution. But
as mentioned above, the crystalline product could only be
isolated in case of the di-neo-pentyl disulfide adduct.

MO6L/def2-TZVPP optimized geometries of [R,S,—
NOJ* cations are presented in Table 3 together with those
of free R,S,, which were computed for comparison. Experi-
mental structures are also shown in Table 3 where available.
For all adduct cations, the R—S—-S—R torsion angle is signifi-
cantly larger than that in the free disulfides. The N-O bond
has lengthened from the calculated value of 1.059 A for the
free NO™. Adduct formation also leads to the shortening of
the S-S bond, the only exceptions being for dicyano disulf-
ide, dipyridyl disulfide and diphenyl disulfide. The slight in-
crease of electron density value (p) in the S-S bond critical
point (BCP) upon adduct formation implies an increase in
the bond strength and correlates with the shortening of the
S-S bond length.

Eur/IC
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Upon the formation of all adducts, a significant delocal-
ization of the electron density from the disulfide to the ni-
trosonium cation, carrying a formal charge of +1, can be
seen, as shown in Table 4.

Table 4. Partial charges (AIM) for three partitions of the adduct:
two sulfur atoms (S¥), organic groups (R*) and the nitrosonium
cation.

St S? R! R? N O N-O
CN +0.658 +0.633 —0.446 —0.471 +0.942 —0.316 +0.626
CF; +0.191 +0.159 +0.054 +0.025 +0.895 —0.325 +0.570
4-Pyridyl  +0.213 +0.158 +0.112 +0.085 +0.778 -0.345 +0.433
H +0.274 +0.219 +0.050 +0.029 +0.778 —-0.351 +0.428
Ph +0.208 +0.115 +0.180 +0.151 +0.708 —0.363 +0.345
2-Prop +0.152 +0.081 +0.218 +0.189 +0.721 -0.362 +0.359
Me +0.192 +0.117 +0.180 +0.157 +0.715 -0.362 +0.354
Et +0.153 +0.076 +0.221 +0.197 +0.715 -0.361 +0.354
neo-Pent  +0.142 +0.075 +0.233 +0.201 +0.709 -0.360 +0.349
Ad +0.087 +0.012 +0.300 +0.262 +0.704 —0.364 +0.340

Diadamantyl disulfide forms the most stable adduct with
a very strong CT nature. As seen in Table 4, the partial
charges in the organic groups are highest for the whole in-
vestigated series. At the same time, the formal charge of the
nitrosonium ion goes from +1.000 to +0.340. The S-S bond
length is predicted to be only 2.004 A, and the C-S-S-C
torsion angle increases from 109.0° to 141.2°. The di-neo-
pentyl disulfide adduct also exhibits very strong CT leaving

Table 3. Calculated bond lengths [A] and R-S-S—R torsion angle [°] for [R»S,—NOJ* adducts and free R,S, with selected organic substitu-
ents. Experimental bond parameters are shown where available.

R CN CF; 4-Pyridyl?l  HIPI Phl 2-Propldl  Mel Et neo-Pent  Ad

(a) [RyS,-NOJ*

S1-S2 2.092 2.011 2.023 2.026 2.040 2.014 2.018 2.014 2.014 2.004

Calcd. exp. 2.0105(6)

R1-S1 1.674 1.883 1.771 1.344 1.760 1.844 1797 1.822 1.827 1.869

Caled. exp. 1.8121(6)

R2-S2 1.673 1.870 1.773 1.342 1.775 1.842 1.802 1.825 1.827 1.870

Calcd. exp. 1.8226(5)

S1-N 2.665 2.569 2.509 2.493 2.453 2.438 2.454 2.440 2.425 2.438
2.3035(7)

S2-0 3.020 2.978 2.950 2.857 2.934 2.916 2.876 2.882 2.907 2.903
2.8592(7)

N-Olf 1.087 1.092 1.103 1.104 1.111 1.110 1.110 1.110 1.111 1.111

Caled. exp. 1.1215(3)

R1-S1-S2-R2  145.0 125.3 143.4 166.9 164.2 157.0 161.0 153.3 149.2 141.2

Calcd. exp. 160.20(2)

plel 0.139 0.159 0.156 0.155 0.152 0.159 0.159 0.159 0.159 0.160

(b) R,S;

S1-S2 2.071 2.013 2.020 2.043 2.017 2.021 2.030 2.030 2.028 2.033

Calcd. exp. 2.032(1) 2.0610(3) 2.0230(8) 2.0303(8) 2.03(1)

R1-S1 1.680 1.840 1.772 1.343 1.781 1.847 1.809 1.827 1.838 1.858

Calcd. exp. 1.780(2) 1.3421(5) 1.7894(6) 1.830(2)  1.803(3)

R2-S2 1.680 1.840 1.772 1.343 1.781 1.847 1.809 1.827 1.838 1.858

Calcd. exp. 1.7870(2) 1.3421(5) 1.7876(3) 1.838(5)  1.805(3)

R1-S1-S2-R2  89.0 95.5 84.4 90.3 86.0 91.2 84.20 84.9 82.0 109.0

Calcd. exp. 84.0(1) 90.76(6)  84.99 89.0(1) 86.1(1)

plel 0.143 0.157 0.156 0.149 0.156 0.155 0.153 0.153 0.153 0.151

[a] For experimental bond parameters, see ref.?!! [b] For experimental bond parameters, see ref.[>?! [c] For experimental bond parameters,
see ref1?3! [d] For experimental bond parameters, see ref.>*! [e] For experimental bond parameters, see ref. 21. [f] The computed N-O
bond length of free NO™ is 1.059 A. [g] p is the electron density at the BCP of the S-S bond.
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only a partial charge of +0.349 on the nitrosonium ion. In
this case the organic group also adopts a high partial charge
of +0.433. Like the diadamantyl disulfide adduct, the di-
neo-pentyl disulfide adduct has a short S-S bond [calcd.
2.014; exp. 2.0105(6) A]. The diethyl, dimethyl and di-2-
propenyl disulfide adducts also show significant abilities for
CT.

The diphenyl disulfide adduct is also predicted to be
comparatively stable even though the phenyl group is elec-
tron-withdrawing and the S—S bond (2.040 A) in the adduct
is relatively long. The strong CT arises from the electron
delocalization between the phenyl rings across the S-S
bond. The nearly planar torsion angle (C—S—-S-C) of 164.2°
allows the formation of a conjugated bond structure, which
significantly weakens the S-S bond, at the same time
strengthening the S—C (1.760-1.775 A) bonds. In the di-
phenyl disulfide adduct, the nitrosonium ion has a partial
charge of only +0.345; just the diadamantyl disulfide ad-
duct is predicted to have stronger CT. The large build up of
positive charge renders the diphenyl disulfide adduct forma-
tion less favourable than adducts with electron-donating
substituents on the sulfur atom. As with other electron-
withdrawing groups, the competition for electron density
between nitrosonium and the organic group results in a
larger build up of positive charge on the sulfur atoms.

The hypothetical dicyano disulfide forms a very unstable
adduct with the nitrosonium ion. Cyano groups withdraw
electrons so strongly that, upon adduct formation, the S-S
bond lengthens from 2.071 to 2.092 A and the sulfur atoms
carry very high partial positive charges (+0.658 and
+0.633). The nitrosonium ion is also left with the highest
positive charge of +0.626 in the series.

In summary, the ability of the organic substituents to
accept positive charge stabilizes the disulfide adduct. There-
fore, disulfides with electron-donating groups are expected
to form relatively stable adducts with the nitrosonium ion.
In some cases, the delocalization of electron density
through conjugation may stabilize the disulfide nitrosonium
adduct, as exemplified by the diphenyl disulfide-ni-
trosonium adduct. The adduct formation with disulfides
containing electron-withdrawing organic substituents is
generally not favourable as the CT is weak and the build
up of positive charge at the sulfur atoms weakens the di-
sulfide bond.

Orbital Analysis

The highest occupied molecular orbital (HOMO)-
LUMO interaction of the CT complex formation of di-neo-
pentyl disulfide adduct is illustrated in Figure 5. Electron
density is transferred from the HOMO orbital of di-neo-
pentyl disulfide, which is mainly a nonbonding orbital com-
prising of the free p electron pairs of the two sulfur atoms,
to the antibonding LUMO orbital of the nitrosonium ion
with a consequent shortening of the S-S bond and length-
ening of the N-O bond. Natural bond orbital®! (NBO)
analysis indicates that electron density is transferred from
4974
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the sulfur lone pairs to the nitrosonium antibonding orbit-
als. Adduct formation aligns the sulfur p orbitals towards
the nitrosonium ion, which results in an increase in the R—
S-SR torsion angle.

-
™

ey
- &
o &

.

-

nitrosonium disulfide
adduct HOMO

disulfide HOMO

nitrosonium LUMO

Figure 5. Interaction of the HOMO orbital of di-neo-pentyl disulf-
ide and the LUMO orbital of the nitrosonium cation upon adduct
formation.

The p lone pairs of the two sulfur atoms align towards
the plane containing the nitrosonium LUMO orbital (n*)
resulting in two new bonds: SI-N and S2-O. The HOMO
of the adduct is bonding with respect to the S-N and S-O
bonds, but antibonding with respect to the S-S and N-O
bonds. The remaining sulfur lone pairs form a bonding ©
orbital with respect to the S-S bond. The antibonding effect
of the HOMO orbital on the S-S bond is weaker than the
bonding effect of the HOMO-1 orbital, as a larger part of
the electron density of the HOMO orbital is donated to the
nitrosonium LUMO orbital.

If a free diorgano disulfide is forced to adopt a C-S-S—
C torsion angle of 180°, the HOMO orbital is fully anti-
bonding with respect to the S-S bond, whereas the
HOMO-1 is © bonding. This arrangement is unstable, but
when the diorgano disulfide donates electron density from
the HOMO orbital to the nitrosonium LUMO orbital, the
7 bonding overcomes the antibonding nature of the HOMO
orbital. Therefore, the nearly planar sulfur framework be-
comes more stable.

In diorgano disulfide radical cations, C-S-S-C will
adopt a fully planar orientation with a torsion angle of
180°. The highest singly occupied molecular orbital
(SOMO) is antibonding with respect to the S-S bond and
the two-electron HOMO-1 orbital is © bonding with re-
spect to the S-S bond. This results in an approximate bond
order of 1.5 for the S-S bond, which renders it stronger
than the S-S bond in the neutral disulfide. The electron
density of the S-S bond in dimethyl disulfide increases from
0.154 to 0.167 when one electron is removed. Therefore, the
bond in the cation is shorter (1.993 A) than that in the neu-
tral dimethyl disulfide [calcd. 2.026; exp. 2.03(1) A].07) In
the nitrosonium-bonded dimethyl disulfide complex the pa-
rameters are between the two extremes, the electron density
value is 0.158 with bond length of 2.019 A. Figure 6 shows
a potential energy profile of Me,S, and Me,S," relative to
the C-S-S-C torsion angle. The neutral disulfide prefers
the dihedral angle near to 90° as a result of the minimized
lone pair—lone pair interactions, whereas the cation adopts
an angle of 180° to maximize r orbital overlap.

Eur. J. Inorg. Chem. 2011, 4970-4977
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Figure 6. Potential energy profile of dimethyl disulfide and its cat-
ion as a function of the C-S-S—C torsion angle.

Figure 7 illustrates the HOMO-1 =n orbital and the
HOMO orbital of dimethyl disulfide when the C-S-S-C
torsion angle is 180°. The cationic dimethyl disulfide has
very similar orbital structure (not shown). The main differ-
ence is that the HOMO orbital is split into a SOMO and a
LUMO.

0600, ¢
. O e

Figure 7. The HOMO-1 orbital (left), and the HOMO orbital
(right) in dimethyl disulfide.

Conclusions

We have presented three new diorgano dichalcogenide
adducts, two of which are CT adducts of dimethyl diselen-
ide and diiodine with different stoichiometries. [Me,Se*I,]
and [Me,Se,:21,] complete the series of possible diorgano
diselenide—diiodine adducts with simple stoichiometries
(2:1, 1:1, 1:2) together with [(TIP,Se,)>'I,J'"1 and
[Ph,Se»1,].1'2! The adduct [C;yH»,S,*NO*TfO] can be used
as an example of the uncompleted redox process in nitro-
sation reactions!!”) as well as a hint for the coordination of
NO and its derivatives in biochemistry.5-8]

The main mechanism behind the CT adduct formation
is electron transfer from the sulfur p lone pairs to the ni-
trosonium N-O antibonding orbital. CT, S-S rn-orbital for-
mation and the mutually lowered repulsion from sulfur lone
pairs contribute to the adduct stability. Strong electron-do-
nating groups stabilize the adducts by preventing the build
up of charge on the sulfur atoms. Similarly, electron-with-
drawing substituents, which can conjugate the electron den-
sity across the S-S bond, can also stabilize the adduct as
indicated by the hypothetical diphenyl disulfide adduct.

Eur. J. Inorg. Chem. 2011, 49704977
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Experimental Section

General: All reactions were carried out under dry argon. Dry sol-
vents (standard methods) were used throughout. Elemental analy-
ses are missing due the fact that the adducts are sensitive to hydrol-
ysis and/or not stable at room temperature.

Syntheses

[Me,Se,-2L,]: NO*TfO~ (0.36 g, 2.01 mmol) dissolved in C;HsCN
(1 mL) was added to a suspension of Me,Se, (0.26 g, 1.38 mmol)
and I, (0.51 g, 2.01 mmol) in C;HsCN (5 mL) at -25 °C. After pre-
cipitation and washing with Et,O, the main product, [(MeSe),>*-
(TfO),],1Y was obtained as an orange precipitate (0.19 g, 20%)
with a minor black product. Crystals suitable for crystal structure
determination were grown from a mixture of C;HsCN and N,N-
dimethylformamide (DME, 2:1).

[Me,Se;I,]. Method 1: I, (0.16 g, 0.63 mmol) was dissolved in pen-
tane and Me,Se, (0.19 g, 1.01 mmol) was added into a solution of
NO*TfO~ (0.45g, 2.51 mmol) dissolved in C,HsCN (5mL) at
25 °C. The two phases were stirred intensely for 30 min. The pen-
tane phase was removed, and the C;HsCN phase was evaporated.
The glittering orange precipitate (0.31 g, 70%) was dried and redis-
solved in C,HsCN. Cooling to —80 °C yielded red-black crystals.
Method 2: Me,Se, (0.38 g, 2.02 mmol) was added to a suspension
of I, (0.51 g, 2.01 mmol) in C,HsCN (5mL) at —80 °C. The re-
sulting suspension was stirred at room temp. until all I, had dis-
solved. Upon cooling the reaction mixture to —80 °C some unre-
acted I, precipitated. The main product was obtained as brown-red
crystals (0.75 g, 85%). *C{'H} NMR (DMF/CD;CN): ¢ = 18.6,
14.5 ppm. 7’Se{'H} NMR (DMF/CD;CN): 6 = 423 ppm.

Diethyl Ditelluride, Diiodine and Nitrosyl Triflate: NO*TfO~
(0.43 g, 2.40 mmol) dissolved in CH3CN (1 mL) was added to a
suspension of Et,Te, (0.38 g, 1.21 mmol) and I, (0.31 g, 1.22 mmol)
in CH;CN (5mL) at -30 °C. After reducing the amount of red
solution by evaporation and washing with Et,O, a black precipitate
of [(EtTe),>*(TfO ),]'¥ together with unreacted I, was obtained.

Dimethyl Disulfide and Nitrosyl Triflate: Me,S, (0.38 g, 4.03 mmol)
was added to a solution of NO*TfO™ (0.72 g, 4.02 mmol) in
CH;CN (15mL) at —25°C. The colourless solution immediately
turned dark red. After evaporating the solvent, a green-blue oil was
obtained.

Diethyl Disulfide and Nitrosyl Triflate: Et,S, (0.37 g, 3.03 mmol)
was added to a solution of NO*TfO~ (0.54 g, 3.02 mmol) in
C,HsCN (7mL) at -25°C. The colourless solution immediately
turned yellow-brown. Upon cooling to —80 °C, yellow needles were
observed, but they were only stable for minutes and X-ray crystal-
lography was not possible.

[C1oH2,S2'NO*TfO]: neo-Pent,S, (0.62 g, 3.00 mmol) was added
to a solution of NO*TfO™ (0.54 g, 3.02 mmol) in C,HsCN (5 mL)
at —25 °C. The colourless solution immediately turned red. After
reducing the solvent to ca. 1 mL and cooling to —80 °C, the adduct
was quantitatively obtained as green crystals (Table 5).

X-ray Crystallography

Analytically pure samples were obtained by crystallization from the
solvents mentioned above. With a special apparatus,*® suitable
crystals were mounted and measured with a Bruker Smart CCD
1000 diffractometer (Mo-K,, radiation, graphite monochromator)
under cooling and an inert gas atmosphere. After a semiempirical
absorption correction by equalizing symmetry-equivalent reflec-
tions (SADABS), structure solution and refinement were carried
out with the SHELX programs.[?”l Illustration of the crystal struc-
tures was performed with Diamond 3.1.12%
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Table 5. Crystal and structure refinement data for [Me,Se,-21,], [Me,Se,-15] and [CoH2,S,-NO*TfO .

[Mezsez'zlz] [Mezsez'lz] [Clonzsz'NO*—Tfoi]
Empirical formula C2H6S6214 C2H6sezlz Cl 1H2204F3S3N
Formula weight [g/mol] 695.61 441.79 385.48
Crystal size 0.5, 0.15, 0.1 0.3, 0.1, 0.05 0.5, 0.5, 0.1
Crystal colour black needle red-black needle green prism
Space group P2y/n P2,/n C2le
a[A] 6.5260(10) 9.675(2) 27.469(10)
b [A] 8.5911(14) 5.8376(16) 8.375(3)
c [A] 11.155(3) 15.304(3) 16.151(6)
Bl 103.84(3) 98.420(16) 106.749(7)
VA3 607.2(2) 855.0(4) 3558(2)
Z 2 4 8
D yicq. [gem™3] 3.804 3.432 1.439
u [mm1] 16,194 15.769 0.459
Temperature [K] 133(2) 133(2) 133(2)
Tmin.> Trmax. 0.508, 1.000 0.439, 1.000 0.439, 1.000
Measured reflections 1856 2536 2165
Independent reflections 1581 1658 1334

R/WR; (all reflections)
S
Refined parameters

0.0192, 0.0436
0.0250, 0.0458
1.041

40

0.0456, 0.0992
0.0829, 0.1116
1.084

58

0.0691, 0.1580
0.1198, 0.2131
1.035

206

Residual electron density [e A 3], between:

—0.765 and 1.779

—1.555 and 2.301 —0.472 and 0.857

CCDC-828788 (for [Me,Se,21,]), -828787 (for [Me,Se,1,]) and
-828789 (for [CoH»,S,"NO*TfO]) contain the supplementary crys-
tallographic data for this paper. These data can be obtained free
of charge from The Cambridge Crystallographic Data Centre via
www.ccde.cam.ac.uk/data_request/cif.

All computations were performed using localized density func-
tional theory MO6LI*! involving def2-TZVPPI3! basis sets. Com-
putations were performed with Gaussian093!! quantum chemical
program package. Atoms in molecules (AIM) electron density was
computed with the AIMAIIB? program. NBO analysis was per-
formed with the NBO!>’! program. BSSE error was estimated to
be less than 2 kJ/mol and thus no BSSE corrections were deemed
necessary. All given energies are standard Gibbs energies calculated
at 298.15 K and 101.325 kPa. All structures are at local minima in
their respective potential energy surfaces.

The MO analysis is based on structures optimized in the gaseous
phase. The relaxed potential energy surface scan shown in Figure 6
was computed in the gaseous phase. The computed standard Gibbs
energies, AIM charges and structural parameters presented in
Table 3 and Table 4 are based on structures optimized with an im-
plicit solvation model (CPCM,*? acetonitrile).
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