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New oligomeric analogues of poly(sulfur nitride), i.e. 3-
ClC6R4–X–N=S=N–X–C6R4Cl-3 (5–8; R = H, F and X = S, Se),
were synthesized and structurally characterized in the solid
state by single-crystal XRD, in solution by variable-tempera-
ture NMR spectroscopy and in the gas phase with DFT/
B3LYP calculations. In the crystal, compounds 5–7 display the
well-known Z,Z configuration, whereas 8 (R = F, X = Se) is

Introduction

Oligomeric analogues of catenated sulfur nitride,
(SN)x, a metallic polymer and superconductor,[1] attract
special attention as uncommon π-delocalized polyhetero-
atom systems, which may find application as molecular
wires in the field of molecular electronics.[2] For this pur-
pose, the understanding of the factors controlling the mo-
lecular conformations and, therefore, the molecular π delo-
calization is of utmost importance. The basic building block
in the design and synthesis of oligomeric analogues of
(SN)x is the –N=S=N– unit for which three stereochemical
configurations are possible, i.e. the E,E, E,Z and Z,Z con-
figurations. The E,E configuration is energetically less
favourable[3] since it leads to the syn orientation of the lone
pairs of the nitrogen atoms and, therefore, to electrostatic
repulsion. In the crystal, the E,E configuration is known
only for the sterically overcrowded Ar–N=Se=N–Ar deriva-
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the first compound to display the E,Z configuration amongst
twelve structurally defined Ar–X–N=S=N–X–Ar (X = S, Se)
derivatives in the hydrocarbon and fluorocarbon series.
Through a careful analysis of the packing schemes and the
intermolecular interactions of the various compounds, an ex-
planation of the abnormal behaviour of 8 is put forward.

tive in which Ar = supermesityl.[4] The stability of the E,Z
and Z,Z configurations is generally comparable, and, for
example, for the structurally characterized Ar–N=S=N–Ar
derivatives, their occurrence in the solid state is practically
the same.[5]

Elongation of the chalcogen–nitrogen chain leads to
interesting structural effects in the solid state. For the two
structurally characterized Ar–N=S=N–S–Ar compounds,
the E,Z configuration was found.[6] However, for the eight
structurally characterized Ar–X–N=S=N–X–Ar (X = S, Se)
derivatives bearing Ar groups with various stereoelectronic
demands [i.e. both (substituted) hydrocarbon and fluoro-
carbon groups], only the Z,Z configuration was found in
the solid state, while the coexistence of the Z,Z and E,Z
isomers was observed by NMR spectroscopy in solution
and predicted by quantum chemical calculations in the gas
phase.[7] Ph–N=S=N–S–N=S=N–Ph[8] and Ph–S–N=S=N–
S–N=S=N–S–Ph[9] possess the E,Z,E,Z and Z,E,Z,Z con-
figurations in the crystal, respectively, whereas the macro-
molecular (SN)x adopts the ...E,Z,E,Z... configuration.[1]

For the Ar–X–N=S=N–X–Ar (X = S, Se) derivatives, it
was shown that their configurational preference in the solid
state cannot be explained by intramolecular stereoelectronic
effects, and that intermolecular factors (i.e. packing forces)
are the main driving force behind the experimentally ob-
served Z,Z configurations.[7] In this situation, the stabiliza-
tion of the E,Z isomer in the crystal can be considered as
a challenge for the structural and supramolecular chemistry
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and crystal engineering of chalcogen–nitrogen compounds.
One way to address the problem is by affecting the crystal
packing through specific intermolecular interactions,[10]

which are different from the X···X interactions observed in
the crystal lattices of the already studied Z,Z isomers.[7]

Naturally, this way is inherently based on trial-and-error
since even the introduction of well-known specific interac-
tions of general applicability[10] does not automatically lead
to the desired control of the supramolecular structure of
molecular solids.

The relevant specific intermolecular interactions are,
therefore, X···Y interactions, where X = S, Se and Y � S,
Se, N; even though X···N interactions have not observed in
the structures of the already studied derivatives of Ar–X–
N=S=N–X–Ar,[7] nitrogen is included because of the fact
that X···N interactions do play a very important role in the
structural chemistry of a number of other types of chal-
cogen–nitrogen compounds.[11] In this situation, Se···Cl in-
teractions are probably the most promising. These interac-
tions can be considered as rather strong, since in the case
of neutral molecules, they are able to shorten the Se···Cl
distance to 3.34 Å,[10] which can directly be compared to
the sum of the corresponding van der Waals radii
(3.65 Å).[12] When fluorocarbon derivatives are also consid-
ered, the possibility of Cl···F interactions[10] should be
taken into account as well.

To utilize these Se···Cl and Cl···F intermolecular interac-
tions, compounds 6 and 8 (Scheme 1) were synthesized.
They differ from compounds 2 and 4, which possess the
Z,Z configuration in the crystal, only in the presence of two
chlorine atoms in the non-resonance meta positions; the po-
sitioning of these atoms there prevents any major influence
on the intramolecular stereoelectronic effects on going from
2 to 6 and from 4 to 8. At the same time, the presence of
these atoms should lead to the desired Se···Cl intermo-
lecular interactions in the crystals of both 6 and 8 and also
to Cl···F interactions in crystals of the latter compound.
For comparison, the dithia analogues of 6 and 8, i.e. com-
pounds 5 and 7 (Scheme 1), were also prepared.

This work reports the preparation of compounds 5–8
and their characterization by single-crystal X-ray diffrac-
tion (XRD), variable-temperature NMR spectroscopy and
DFT/B3LYP calculations. According to the XRD data,
compounds 5–7 display the Z,Z configuration typical of all
known Ar–X–N=S=N–X–Ar (X = S, Se) derivatives,[7]

while 8 is found to have a E,Z configuration. This is the
first observation of the E,Z configuration in the solid state
for these types of compounds.

Results and Discussion

Preparation and Solid-State Molecular Structures

Hydrocarbon derivatives 5 and 6 were prepared from
3-chloroaniline, and fluorocarbon derivatives 7 and 8 from
1-chloro-2,3,4,6-tetrafluorobenzene, as represented in
Scheme 2.
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Scheme 1. Configurations of Ar–X–N=S=N–X–Ar derivatives 1–8
in the crystalline state. For the conformations, see ref. 7 for com-
pounds 1–4 and this work for compounds 5–8.

Scheme 2. Synthesis of compounds 5–8.
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According to the solid-state structural data given in
Table 1, which presents selected bond lengths and bond and
torsion angles of compounds 5–8, derivatives 5–7 possess
the Z,Z configuration in the crystal, whereas derivative 8 is
found in the E,Z configuration: Figure 1 depicts the solid-
state molecular structures. In the Z,Z configurations, the
X1···X5 (X = S, Se) distances (Table 1) are shorter than the
sum of corresponding van der Waals radii (3.60 Å for S···S
and 3.80 Å for Se···Se),[12] which is typical for this class of
compounds: the nature of this shortened contact was dis-
cussed before.[7] The addition of the three new compounds
that display the Z,Z configuration, i.e. 5, 6 and 7, to the
eight[7] already known compounds strengthens the idea that
“under normal circumstances” packing forces in the crystal
favour this particular configuration.

Table 1. Selected solid-state geometrical data of compounds 5 (X
= S), 6 (X = Se), 7 (X = S) and 8 (X = Se); bond lengths in Å and
angles in degrees. For the numbering of the atoms, see Figure 1.

5 6 7 8

C–X1 1.768(4) 1.912(4) 1.760(2) 1.928(10)
X1–N2 1.667(4) 1.845(3) 1.688(2) 1.855(8)
N2–S3 1.554(4) 1.533(4) 1.543(2) 1.514(9)
S3–N4 1.571(4) 1.544(4) 1.544(2) 1.559(9)
N4–X5 1.672(5) 1.856(4) 1.693(2) 1.876(9)
X5–C 1.763(4) 1.919(4) 1.759(2) 1.919(11)
X1···X5 3.252(2) 3.3491(9) 3.2054(9) 4.655(2)
C–X1–N2 101.0(2) 94.4(2) 97.68(9) 95.4(4)
X1–N2–S3 125.9(3) 127.8(2) 127.3(1) 114.1(5)
N2–S3–N4 123.9(2) 126.9(2) 124.3(1) 109.2(5)
S3–N4–X5 126.8(2) 123.7(2) 124.6(1) 112.3(5)
N4–X5–C 99.6(2) 96.2(2) 98.11(9) 95.6(4)
C–X1–N2–S3 –161.4(3) 168.5(3) –170.3(1) –174.0(5)
X1–N2–S3–N4 3.6(4) –4.3(5) –2.5(2) 0.0(7)
N2–S3–N4–X5 5.9(4) –0.1(4) –1.3(2) 175.6(5)
S3–N4–X5–C –166.5(3) 140.3(3) –172.4(1) 107.0(6)

In order to verify that the solid-state structure obtained
for 8 is representative of the whole sample, its X-ray powder
diffraction pattern was recorded. The diffractogram, given
in Figure S1 in the Supporting Information, corresponds to
that of the single crystal. Therefore, the E,Z isomer repre-
sents the bulk of the substance.

Gas-Phase Molecular Structures

Since the configuration of interest was indeed experimen-
tally observed for compound 8, the quantum chemical cal-
culations initially focused on derivatives 7 and 8. Since the
phenyl rings in these compounds do not have axial sym-
metry (compared to the parent compounds 1 and 2 in
which they do), there are more possible structures for each
of the conformers. For example, the Z,Z-anti,anti con-
former of 7 exists both as a C2-symmetrical conformer in
which the carbon–chlorine bonds are directed away from
each other and as a C1-symmetrical conformer in which
they are located on the same side of the molecule. Both
have a different energy, but the difference is small: in this
case it is 0.30 kJmol–1 in favour of the C1-conformer. For
the two other lowest-energy conformers [E,Z-anti,anti and
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Figure 1. Molecular structures and partial numbering schemes of
compounds 5–8. Displacement ellipsoids are drawn at the 50%
probability level; hydrogen atoms are represented by spheres of ar-
bitrary radius.

E,Z-syn,anti], similar considerations can be made (even
though the symmetries are C1 in all cases): for the E,Z-
anti,anti conformer, the energy difference is 0.31 kJ mol–1 in
favour of the structure in which the carbon–chlorine bonds
are directed away from each other, while for the E,Z-
syn,anti conformer the difference is 0.25 kJ mol–1 in favour
of the structure with the two chlorine atoms on the same
side of the molecule. In each case, the structure with the
lowest energy was used.

The calculated relative energies of the three lowest-energy
conformers [Z,Z-anti,anti, E,Z-anti,anti and E,Z-syn,anti]
of compounds 7 and 8 have been compiled in Table 2, to-
gether with those for compound 4. We note that all other
possible conformers have energies that are considerably
higher (�14 kJmol–1), and as a result, they can be confi-
dently excluded. The data in Table 2 indicate that the Z,Z-
anti,anti conformer is the lowest-energy conformer for 7
(which is also the conformer that is found in the crystal).
In analogy with previous observations,[7] there are two E,Z
conformers with an energy low enough such that they will
be present in the gas phase (or in solution) at room tem-
perature. On the basis of the results of the calculations, the
equilibrium conformer composition at 293 K is 68% Z,Z-
anti,anti, 28 % E,Z-anti,anti and 4% E,Z-syn,anti. However,
for 8, the E,Z-anti,anti conformer (which is also the con-
former that is found in the crystal) is the most stable. The



F. Blockhuys, A. V. Zibarev et al.FULL PAPER
Z,Z-anti,anti and E,Z-syn,anti conformers remain in the
low-energy set, but the equilibrium conformer composition
at 293 K is now 17 % Z,Z-anti,anti, 77% E,Z-anti,anti and
6% E,Z-syn,anti.

Table 2. Calculated energies E (in H) and relative energies ∆E (in
kJ mol–1) of the three lowest-energy conformers [Z,Z-anti,anti,
E,Z-anti,anti and E,Z-syn,anti] for compounds 4, 7 and 8 at the
B3LYP/6-311+G* level of theory. See text for details.

Compound Conformer E ∆E

4 Z,Z-a,a –6766.7674 4.27
E,Z-a,a –6766.7690 0.00
E,Z-s,a –6766.7666 6.36

7 Z,Z-a,a –3480.8139 0.00
E,Z-a,a –3480.8131 2.21
E,Z-s,a –3480.8112 7.20

8 Z,Z-a,a –7487.4870 3.68
E,Z-a,a –7487.4884 0.00
E,Z-s,a –7487.4861 6.17

The molecular geometries of the three conformers are
given in Table 3. A comparison of the different calculated
stable conformations of the two compounds reveals that
when changing the conformation and/or configuration of
the molecule, the geometrical changes are quite substantial
for the parameters directly involved in the change, i.e. S3–
N4, N4–X5 and the three angles in the XNSNX fragment:
differences of up to 0.052 Å for N4–S5 in 7 and 16.9° for
N2–S3–N4 in 8 are found. These results are analogous to
the ones found previously.[7] By comparing the XRD data
of compounds 7 and 8 in Table 1 with those of the relevant
gas-phase conformers Z,Z-anti,anti for 7 and E,Z-anti,anti
for 8 in Table 3, it is clear that the qualitative agreement
between the calculated and experimental structures is quite
good. The differences between single and double bonds are
well reproduced, as are the different angles and torsion
angles in the heteroatomic fragment. A quantitative com-
parison indicates that the calculations overestimate the
bond lengths, but this is mainly due to the fact that rXRD

are rα-type distances, while rcalcd. are re distances by defini-
tion.[13,14] The deviations are larger for the nonbonded
Se···Se and S···S distances, but since these are more sensitive
to the crystal environment than the bonded ones, this is to
be expected.

The energy values compiled in Table 2 then lead to the
following. The values of the relative energy of the E,Z-
anti,anti isomer of compounds 2,[7] 4 and 8, relative to the
Z,Z-anti,anti isomer, are +0.38, –4.27 and –3.68 kJmol–1,
respectively. Apparently, the introduction of the fluorine
atoms (2 � 4) shifts the equilibrium toward the E,Z isomer,
while the replacement of the fluorine atoms in the 3-posi-
tions of the rings with chlorine atoms (4 � 8) shifts it back
a bit toward the Z,Z isomer, even though the difference
between the latter two values is rather small. Similar conclu-
sions can be drawn from the values calculated for the sulfur
analogues 1,[7] 3[7] and 7, which are +5.18, +2.65 and
+2.21 kJ mol–1: even though for these systems the shift in
the equilibrium toward the E,Z isomers continues through-
out the series, the difference between the latter two values
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Table 3. Selected calculated geometrical data of the three lowest-
energy conformers of compounds 7 (X = S) and 8 (X = Se); bond
lengths in Å and angles in degrees. For the numbering of the atoms,
see Figure 1.

7 8
Z,Z-a,a E,Z-a,a E,Z-s,a Z,Z-a,a E,Z-a,a E,Z-s,a

C–X1 1.781 1.783 1.781 1.931 1.932 1.930
X1–N2 1.709 1.706 1.712 1.869 1.865 1.869
N2–S3 1.569 1.564 1.570 1.565 1.561 1.567
S3–N4 1.568 1.600 1.580 1.564 1.598 1.580
N4–X5 1.707 1.744 1.692 1.867 1.899 1.857
X5–C 1.781 1.779 1.795 1.932 1.930 1.942
X1···X2 3.428 4.670 4.616 3.460 4.804 4.783
C–X1–N2 98.1 96.8 96.7 94.5 93.1 93.2
X1–N2–S3 128.2 119.6 119.4 127.3 116.9 117.3
N2–S3–N4 125.0 109.3 110.7 125.7 108.8 110.5
S3–N2–X5 128.6 113.9 127.0 127.8 113.7 125.0
N4–X5–C 98.0 99.2 107.6 94.3 97.2 105.0
C–X1–N2–S3 153.3 177.7 –179.8 147.0 178.4 178.9
X1–N2–S3–N4 –1.0 –0.8 –0.1 –0.8 0.1 0.3
N2–S3–N4–X1 –1.3 –172.9 178.8 –1.0 –173.2 179.8
S3–N4–X1–C 156.9 –121.5 –1.0 150.7 –112.0 –2.5

is also small. In any case, for compounds 1, 3 and 7, the
Z,Z isomer remains the most stable.

An analysis of the intramolecular effects, which may lie
at the basis of the influence of the fluorine and/or chlorine
atoms on the position of the isomeric equilibrium, may be
based on two molecular properties relevant to the bonding
in the chalcogen–nitrogen fragments: Tables 4 and 5 present
Hirshfeld bond orders[15] and values of the electron density
in bond (BCP) and ring critical points (RCP) according to
the quantum theory of atoms in molecules (QTAIM),[16]

respectively, for a selected number of bonds in compounds
4, 7 and 8. The data in Tables 4 and 5 can directly be com-
pared to those of the parent systems, 1 and 2 and the deriv-
atives previously studied,[7] and display exactly the same
trends as for those earlier compounds. For 4, the values
increase slightly when going from the anti,anti conformers
to the syn,anti conformer, but this is not seen for 8. At this
time, there are no indications of the factors associated with
the presence or absence of either the fluorine atoms or the
chlorine atoms in the 3-positions of the aromatic rings,
which are responsible for the extra stabilization of the E,Z
configuration. Further investigations based on calculated
atomic and bond properties and a more detailed topological
analysis of the electron density and its derivatives are
needed and will be performed in the near future.

Nevertheless, all but one compound mentioned in the
previous paragraphs are found in the Z,Z configuration in
the solid state, even compound 4 for which the largest stabi-
lization of the E,Z isomer in the gas phase was calculated.
Again, this illustrates the particular stabilization of the Z,Z
isomer in the crystal environment, described earlier. At this
moment, compound 8 is the only compound for which the
E,Z isomer is found both in the gas phase and in the crys-
tal. Before we continue with an analysis of the crystal pack-
ing and the intermolecular contacts in an attempt to clarify
the unusual behaviour of compound 8, the results of a
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Table 4. Hirshfeld bond orders for the three lowest-energy conformers of compounds 4 (X = Se), 7 (X = S) and 8 (X = Se). See text for
details.

4 7 8
Z,Z-a,a E,Z-a,a E,Z-s,a Z,Z-a,a E,Z-a,a E,Z-s,a Z,Z-a,a E,Z-a,a E,Z-s,a

C–X1 0.94 0.93 0.94 1.09 1.08 1.08 0.94 0.93 0.94
X1–N2 1.00 0.97 0.97 1.19 1.17 1.15 0.99 0.97 0.97
N2–S3 1.86 1.82 1.81 1.83 1.80 1.79 1.86 1.82 1.81
S3–N4 1.86 1.61 1.70 1.84 1.59 1.69 1.87 1.61 1.70
N4–X5 1.00 0.91 1.07 1.20 1.07 1.30 1.00 0.90 1.07
X5–C 0.94 0.96 0.93 1.09 1.11 1.06 0.94 0.96 0.93
X1···X5 –0.41 –0.68 –0.68 –0.51 –0.68 –0.68 –0.41 –0.68 –0.68

Table 5. Values of the electron density ρ(r) (in a.u.) of the relevant BCPs and RCPs for the three lowest-energy conformers of compounds
4 (X = Se), 7 (X = S) and 8 (X = Se). See text for details.

4 7 8
Z,Z-a,a E,Z-a,a E,Z-s,a Z,Z-a,a E,Z-a,a E,Z-s,a Z,Z-a,a E,Z-a,a E,Z-s,a

BCP C–X 0.1472 0.1475 0.1882 0.1911 0.1910 0.1911 0.1473 0.1480 0.1480
X1···X5 0.0113 – – 0.0086 – – 0.0113 – –

RCP C6R5 0.0201 0.0195 0.0486 0.0196 0.0201 0.0221 0.0201 0.0210 0.0198
NSNX···X 0.0082 – – 0.0074 – – 0.0083 – –

number of NMR spectroscopic measurements, consistent
with the results of the calculations, are presented.

Variable-Temperature NMR Spectroscopy

Multinuclear NMR spectroscopic data for compounds
5–8, measured at 303 K in chloroform, are presented in
Table 6. 77Se and 19F NMR spectroscopy allow the verifica-
tion of the presence of more than one isomer in solutions
of the derivatives by virtue of variable-temperature mea-
surements.

Previous variable-temperature 77Se NMR measurements
on 2 (which possesses the Z,Z configuration in the crystal)
resulted in the conclusion that, in toluene at 203 K, com-
pound 2 exists as a (roughly) 1:1 equilibrium mixture of the
Z,Z and E,Z isomers.[7] This solution behaviour is typical
of catenated chalcogen–nitrogen compounds.[5,17] On the
basis of this conclusion, as well as on the results of the
aforementioned DFT/B3LYP calculations, we assumed that
more than one isomer should be visible in the 77Se and 19F
NMR spectra of 6 and 8 and in the 19F NMR spectra of 7,
keeping in mind that, when extrapolating gas-phase calcu-
lated data to a solvent environment, solvent effects cannot
be ruled out and one must be very careful when transferring
the calculated energy differences to a different aggregation
state.

In functionalized aromatic derivatives, the substitution of
hydrogen atoms by fluorine atoms normally leads to a high-
field shift of the NMR signals of the heavy nuclei posi-
tioned α with respect to the aromatic ring: compare, for
example, δ77Se of C6H5SeSeC6H5 at δ = 460 ppm with that
of C6F5SeSeC6F5 at δ = 368 ppm.[18] In toluene, compound
4 (which displays the Z,Z configuration in the crystal)[7]

displays a broad peak in the 303 K 77Se NMR spectrum at
δ = 775 ppm, which can directly be compared to the corre-
sponding signal at δ = 933 ppm for compound 2 at 323 K.[7]
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Table 6. Multinuclear NMR (measured at 303 K) and UV/Vis data
for compounds 5–8 in chloroform: chemical shifts, δ, in ppm and
λmax in nm.

NMR λmax (log ε)
1H 13C 19F 14N 77Se

5 7.43, 140.4, – – 218 (4.40),
7.31, 135.3, 261 (4.15),
7.25, 130.1, 447 (4.13)
7.20 127.1,

123.7,
121.7

6 7.57, 136.0, – 292 [a] 212 (4.63),
7.42, 135.3, 260 (4.24),
7.31, 130.3, 412 (3.99)
7.26 128.5,

128.3,
128.1

7 – 153.4, 52.5, 285 – 223 (4.31),
150.2, 35.8, 361 (3.78),
148.8, 35.6, 403 (3.76;
137.8, 2.5 shoulder)
110.7,
108.1

8 – 153.3, 58.2, 300 793 229 (4.34),
150.2, 41.6, 370 (3.81),
148.9, 35.1, 416 (3.50;
137.6, 2.7 shoulder)
107.8,
106.4

[a] For 6, the 77Se signal at 303 K was too broad to be measured;
experiments at a lower temperature were unsuccessful because of
the low solubility of the compound.

In contrast to what was found in the crystal, at lower
temperatures only the E,Z isomer of 4 was detected with
77Se NMR spectroscopy performed in toluene (see Support-
ing Information, Figure S2), whereas in chloroform an
equilibrium of the major E,Z (δ77Se 893 and 670; 85%) and
the minor Z,Z (δ77Se 758; 15 %) isomers was observed (Fig-
ure S2). With 19F NMR spectroscopy, only the E,Z config-
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uration was observed for 4 in both toluene and chloroform
(Figure S3).

The behaviour of compound 8 in solution is very similar
to that of 4. According to the data obtained from variable-
temperature 19F and 77Se NMR spectroscopy, in toluene,
compound 8 exists exclusively as the E,Z isomer, whereas
in chloroform solution at 223 K, the compound is found as
an equilibrium mixture of the major E,Z (δ77Se 892 and
669; 90%) and the minor Z,Z (δ77Se 758; 10 %) isomers
(Figures S4 and S5).

Calculated 77Se NMR chemical shifts of the three lowest-
energy conformers of compound 8 (Table 7) are in reason-
able agreement with the low-temperature experimental data
for the E,Z and Z,Z configurations in chloroform. In par-
ticular, they correctly place the signal of the Z,Z-anti,anti
conformer between those of the E,Z-anti,anti conformer.

Table 7. Calculated 77Se NMR chemical shifts [in ppm vs. (CH3)2-
Se] of the three lowest-energy conformers of compound 8.

Z,Z-a,a E,Z-a,a E,Z-s,a

Se1 806 996 928
Se5 825 731 854

Variable-temperature 19F NMR spectra of 7 in toluene
and chloroform reveal dynamics that can be associated with
an equilibrium mixture of two isomers consisting of ca.
70% of the major (tentatively E,Z) and 30% of the minor
(tentatively Z,Z) component at 203 K in toluene (compare
Figure S6a with S6b and S6c).

For compounds 5 and 6, the lower-temperature 1H NMR
measurements were limited to ca. 250 K, because of their
lower solubility in both toluene and chloroform (compared
to the polyfluorinated derivatives 7 and 8): these measure-
ments did not yield any definitive information on the iso-
meric equilibria in solutions.

The solution behaviour of the selenium-containing deriv-
atives 2, 4 and 8 can be summed up by saying that, while
there appears to be a ca. 1:1 equilibrium of the Z,Z and
E,Z isomers in the case of 2, the E,Z isomer dominates in
the case of its polyfluorinated congeners 4 and 8. Neverthe-
less, compound 4 crystallizes in the Z,Z configuration,[7]

whereas 8 is found in the E,Z configuration. Previously, it
was shown by using OPiX simulations that the organization
of the Z,Z configuration in the crystal has a systematic
preference over the organization of the E,Z configuration,
in both energy and density.[7] Therefore, a careful analysis
of the supramolecular packing and intermolecular interac-
tions of 8 is necessary to determine the factors that stabilize
the E,Z configuration in this case.

Crystal Packing

The OPiX simulations of the crystal packing[19] pre-
viously used for compound 1 could not be employed in the
present study because of the absence of parameters for sele-
nium atoms. The crystal packing schemes of compounds 4–
8 are presented in Figure S7 in the Supporting Information
(the intermolecular contacts that are shorter than the sum
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of the van der Waals’ radii by more than 0.1 Å are indicated
by dashed lines), but the reader is referred to the CIFs of
these compounds for the complete structures. In the supra-
molecular structures of 4–7, layers and stacks can be iden-
tified. For 4 (Figure S7a), only two F···F contacts of 2.83
and 2.86 Å can be observed in the supramolecular struc-
ture. For both 5 and 6, stacks are formed by π···π interac-
tions, which feature distances of 3.85 and 3.96 Å between
the ring centroids and of 3.48 and 3.47 Å for the interplanar
separations, respectively. However, the lateral interactions
between these π stacks are different for the two compounds.
For 5 (Figure S7b), they are Cl1···Cl2 contacts of 3.40 Å
(shorter than the sum of the van der Waals radii by 0.10 Å),
whereas the packing of 6 (Figure S7c) displays two CH···N
contacts: CH···N1 2.55 Å, 155° and CH···N2 2.56 Å, 176°.
In contrast to expectations, the intermolecular Se···Cl con-
tacts in 6 (not represented in Figure S7) are relatively long,
as they are a mere 0.09 Å shorter than the sum of van der
Waals radii. For 7 (Figure S7d), there are no π-stacking in-
teractions, and layers are formed from laddertype stacks by
means of S5···N2 (3.15 Å) and F1···F8 (2.79 Å) contacts –
both are 0.20 Å shorter than the sum of the van der Waals
radii. An additional CF···Cg (3.07 Å, 127.5°) contact can
also be observed (Cg denotes the centroid of a ring). Short
S···Cl contacts are not present.

The crystal packing of 8 (Figure S7e) is very different
from those of 4–7 and the other studied Ar–X–N=S=N–
X–Ar derivatives.[7] In particular, layers and stacks cannot
be observed. In fact, the supramolecular organization of 8
is strongly perturbed, relative to the packing of the other
relevant compounds. Analysis of the crystal packing of 8
with respect to intermolecular contacts, which are shorter
than the sum of the corresponding van der Waals radii by
more than 0.1 Å, reveals Se1···Cl1 contacts of 3.37 Å (the
sum of the van der Waals radii is 3.65 Å)[12,20] and Cl···F
contacts of 3.02 and 3.06 Å (the sum of the van der Waals
radii is 3.22 Å).[12,20] Every Cl1 atom participates in two
short contacts and every Se1 atom in one, as can be seen in
Figure 2 which compares the short intermolecular contacts
in 7 and 8. Analysis of the Cambridge Structural Database
reveals that Se···Cl intermolecular interactions are rather
widespread, as 62 structures of molecular and ionic com-
pounds with intermolecular Se···Cl distances shorter than
the sum of the van der Waals radii were found; therefore,
the Se···Cl contact distances observed in 8 can be consid-
ered as typical.[21]

An analysis of the short intermolecular contacts for the
whole series of known Ar–X–N=S=N–X–Ar (X = S, Se)
derivatives, based on the difference ∆ between the observed
contact distance and the sum of the relevant van der Waals’
radii, leads to the following situation. For the parent com-
pounds 1 and 2, ∆ is only –0.03 for the S···S distances and
–0.04 Å for the Se···S distances, respectively. Introduction
of chlorine atoms in 5 and 6 and the 4,4�-dichloro derivative
of 1[7] results in an increase in ∆ to –0.10 for Cl···Cl in 5,
–0.20 for N···H and –0.09 for Se···Cl in 6 and –0.21 Å for
Cl···Cl in the 4,4�-dichloro derivative of 1. In the case of
polyfluorination in 3 and its 4,4�-bis(trifluoromethyl) deriv-
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Figure 2. Comparison of the short intermolecular contacts (in Å)
in the supramolecular structures of (a) 7 [N2···S5 3.15 (–0.20),
F1···C12 2.99 (–0.18), F5···C5 2.99 (–0.18), F1···F8 2.79 (–0.15)]
and (b) 8 [Cl1···Se1 3.37 (–0.28), Cl1···F1 3.02 (–0.20), Cl2···F6
3.06 (–0.16)] (values in parentheses are the differences between the
observed contact distance and the sum of the relevant van der
Waals’ radii). Note that for clarity a number of phenyl rings have
been removed from the peripheral molecules.

ative, 4, 7 and 8, the number of short contacts increases, as
do their ∆ values to –0.19 for F···C in 3, –0.23 for F···F in
the 4,4�-bis(trifluoromethyl) derivative of 3, –0.11 for F···F
in 4, –0.20 for S···N in 7 and –0.28 Å for Se···Cl in 8. On
the basis of this and the values presented above for com-
pound 8, it is clear that the targeted specific intermolecular
Se···Cl and Cl···F interactions were indeed obtained in the
supramolecular structure of 8, obviously leading to the E,Z
molecular configuration. Furthermore, from the values of
the contact distances in 8, it may be concluded that they
belong to the shortest found to date in the solid-state struc-
tures of the whole Ar–X–N=S=N–X–Ar series.

Conclusions

It has been shown experimentally that by combining spe-
cific Se···Cl and Cl···F intermolecular interactions it is pos-
sible to stabilize the unusual E,Z molecular configuration
of the Ar–X–N=S=N–X–Ar (X = S, Se) derivatives, oligo-
meric analogues of polymeric sulfur nitride, (SN)x, in the
crystalline state, against the presence of the Z,Z configura-
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tion observed in all other cases. This finding is of consider-
able importance in the structural and supramolecular chem-
istry and crystal engineering of chalcogen–nitrogen com-
pounds.

Experimental
General
1H (500.13 MHz), 13C (125.8 MHz), 14N (36.1 MHz) and 77Se
(95.4 MHz) NMR spectra were measured on a Bruker DRX-500
spectrometer, and 19F NMR spectra (282.4 MHz) on a Bruker AV-
300 spectrometer, for solutions in CDCl3 at 303 K unless otherwise
indicated; standards were TMS (twice), NH3 (liq.), Me2Se and
C6F6 (δ19F = –162.2 with respect to CFCl3), respectively. High-
resolution mass spectra (EI, 70 eV) were measured on a DFS
Thermo Electron Corporation instrument. UV/Vis spectra were re-
corded on a Hewlett–Packard 8453 spectrophotometer for solu-
tions in heptane. GC–MS measurements were performed with a
Hewlett–Packard G1800A GCD device for solutions in CH2Cl2.
The starting materials (Me3SiN=)2S,[22] 3-ClC6H4XCN (X = S,
Se)[23] and 1-chloro-2,3,4,6-tetrafluorobenzene[24] were prepared by
known methods. All solvents were distilled under argon with com-
mon drying agents. The syntheses described below were carried out
at ambient temperature unless otherwise indicated, with stirring.
The reagents were added dropwise, and the solvents were distilled
off under reduced pressure. In the syntheses of compounds 7 and
8, a modification of the previously described approach[25] was used.

Syntheses

1,5-Bis(3-chlorophenyl)-2,4-diaza-1,3,5-trithia-2,3-pentadiene (5): A
solution of concentrated HCl (1.6 mL) in H2O (10 mL) was added
to solution of 3-ClC6H4SCN (1.16 g, 7 mmol) in Na2S (6 mL of a
2.33  aqueous solution). A stream of air was passed through the
reaction mixture for 2.5 h, and the mixture was extracted with Et2O
(3� 20 mL). The extract was dried with MgSO4, and the solvents
evaporated. The residual yellow oil, which contained (GC–MS)
86% of ArSH and 14% of ArSSAr (Ar = 3-ClC6H4), was dissolved
in CCl4 (30 mL), and an excess of Cl2 was passed through the solu-
tion at 0 °C. The solvent was distilled off, the residual red oil was
dissolved in hexane (30 mL) and added, over a period of 1 h, to a
solution of (Me3SiN=)2S (0.72 g, 3.5 mmol) in hexane (30 mL), un-
der argon. The solvent was distilled off, and compound 5 (Tables 6
and 8) was obtained as red crystals. Single crystals suitable for
XRD were prepared by crystallization from toluene.

1,5-Bis(3-chlorophenyl)-2,4-diaza-1,5-diselena-3-thia-2,3-pentadiene
(6): A solution of 3-ClC6H4SeCN (1.50 g, 7 mmol) in Na2S (6 mL
of a 2.33  aqueous solution) was treated with HCl and air as de-
scribed above. The obtained orange–yellow oil contained (GC–MS)
95% of ArSeSeAr and 5% of AsSeAr (Ar = 3-ClC6H4). This oil
(1.0 g, ca. 2.6 mmol) was dissolved in CCl4 (5 mL), and a solution
of SO2Cl2 (0.2 mL, 2.6 mmol) in CCl4 (20 mL) was added over a
period of 30 min. The solvent was distilled off, the residual dark-
red oil was dissolved in hexane (30 mL) and added to a solution of
(Me3SiN=)2S (0.55 g, 2.6 mmol) in hexane (30 mL) over a period
of 1 h and under argon. The solvent was distilled off, and the resi-
due was recrystallized from hexane. Compound 6 (Tables 6 and 8)
was obtained as orange–yellow crystals.

1,5-Bis(3-chloro-2,4,5,6-tetrafluorophenyl)-2,4-diaza-1,3,5-trithia-
2,3-pentadiene (7): (a) Under argon and at –60 °C, 48 mL of a
0.52  hexane solution of BuLi (25 mmol) was added, over a period
of 30 min, to a solution of 1-chloro-2,3,4,6-tetrafluorobenzene
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Table 8. Physical data of compounds: yield (in %), melting point (in °C) or boiling point (in °C/Torr), mass spectroscopic data and
elemental composition (in %).

Yield m.p. or b.p. MS (M+, m/z)[a] Elemental analysis: found (calculated)[b]

found calculated C H or F Cl N

5 64 92–93 345.9236 345.9227 41.22 (41.50) 2.23 (2.32) 20.46 (20.42) 8.04 (8.07)
6 26 80–81 441.8129 441.8116 33.26 (32.68) 2.34 (1.83) 16.15 (16.07) 6.02 (6.35)
7 68 50–51 489.8460 489.8467 29.77 (29.34) 30.87 (30.94) 13.90 (14.43) 6.02 (5.70)
8 36 81–82 585.7377 585.7366 24.67 (24.64) 25.99 (25.98) 12.01 (12.12) 4.42 (4.79)
9 41 �20 429.8687 429.8685 – – – –
10 78 65/3 – – – 30.36 (30.27) – –
11 58 72–73 525.7567 525.7579 27.53 (27.46) 29.27 (28.95) 13.48 (13.51) –
12 69 89/3 – – 24.24 (24.19) – – –

[a] For 35Cl and 80Se. [b] For S, found (calculated): for 5, 27.65 (27.70); for 7, 19.60 (19.58).

(4.62 g, 25 mmol) in Et2O (60 mL). After 60 min at the same tem-
perature, finely ground sulfur (0.80 g, 25 mmol) was added. After
an additional 75 min, the reaction mixture was warmed up to 0 °C
and iodine (3.30 g, 13 mmol) was added, followed by a solution of
Na2S2O3·5H2O (3 g) in H2O (30 mL). The reaction mixture was
extracted with Et2O (4� 15 mL), the extract was dried with
MgSO4, and the solvents evaporated. The residue was recrystallized
from hexane at –40 °C. 3,3-Dichloro-2,2�,4,4�,5,5�,6,6�-octafluoro-
diphenyl disulfide (9, Table 8) was obtained as pale-yellow crystals.
19F NMR: δ = 52.8, 36.0, 35.3, 2.6 ppm. (b) An excess of Cl2 was
passed through a solution of 9 (1.29 g, 3 mmol) in CCl4 (10 mL).
The solvent was distilled off, and the residue was distilled at re-
duced pressure. 3-Chloro-2,4,5,6-tetrafluorophenylsulfenyl chloride
(10, Table 8) was obtained as a dark-red oil. 19F NMR: δ = 56.8,
39.8, 38.7, 2.9 ppm. (c) Under argon, a solution of 10 (0.33 g,
1.3 mmol) in hexane (20 mL) was added, over a period of 1 h, to a
solution of (Me3SiN=)2S (0.14 g, 0.66 mmol) in hexane (14 mL).
The volume of the reaction mixture was reduced to 2 mL and
brought down to –20 °C. Compound 7 (Tables 6 and 8) was ob-
tained as orange–yellow crystals.

1,5-Bis(3-chloro-2,4,5,6-tetrafluorophenyl)-2,4-diaza-1,5-diselena-3-
thia-2,3-pentadiene (8): (a) Under argon and at –60 °C, 17.3 mL of
a 2.5  hexane solution of BuLi (43 mmol) was added, over a
period of 15 min, to a solution of 1-chloro-2,3,4,6-tetrafluoroben-
zene (7.97 g, 43 mmol) in Et2O (100 mL). After an additional
60 min at the same temperature, finely ground selenium (3.41 g,
43 mmol) was added. The reaction mixture was kept at –60 °C for
60 min, warmed up to 0 °C and iodine (5.59 g, 22 mmol) was
added. After 30 min at ambient temperature, the reaction mixture
was treated with a solution of Na2S2O3·5H2O (3 g) in H2O (30 mL)
and extracted with Et2O (4� 15 mL). The extract was dried with
MgSO4 and evaporated, and the residue was recrystallized from
hexane. 3,3�-Dichloro-2,2�,4,4�,5,5�,6,6�-octafluorodiphenyl dis-
elenide (11, Table 8) was obtained as yellow crystals. NMR: δ13C
= 154.4, 150.0, 149.7, 137.3, 107.4, 103.0 ppm; δ19F = 58.9, 42.2,
34.3, 2.5 ppm; δ77Se = 376 ppm. (b) An excess of Cl2 was passed
through a solution of 11 (5.0 g, 10 mmol) in CCl4 (15 mL). The
solvent was distilled off, and the residue was distilled at reduced
pressure. 3-Chloro-2,4,5,6-tetrafluorophenylselenenyl chloride (12,
Table 8) was obtained as a dark-red oil. NMR: δ13C: = 154.2,
151.3, 149.7, 137.5, 107.8, 104.5 ppm; δ19F = 62.0, 45.2, 38.0,
3.2 ppm; δ77Se = 808 ppm. (c) Under argon and at –30 °C, a solu-
tion of 12 (0.45 g, 1.5 mmol) in hexane (30 mL) was added, over a
period of 70 min, to a solution of (Me3SiN=)2S (0.15 g, 0.75 mmol)
in hexane (10 mL). The reaction mixture was warmed up to 20 °C,
and the solvent was distilled off. The residue was recrystallized
from hexane at –20 °C. Compound 8 (Tables 6 and 8) was obtained
as orange–yellow crystals.
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Crystallographic Analysis

Crystallographic data on the four new compounds 5–8 can be
found in Table 9. The XRD data were obtained on a Bruker Kappa
Apex II CCD (for 5 and 6), a Bruker-Nonius X8 Apex CCD (for
7) and a Bruker P4 (for 8) diffractometer. Absorption corrections
were applied by using the SADABS (for 5–7) and XPREP (for 8)
programs. The structure was solved by direct methods implemented
in the SHELXS-97 program[26] and refined by the full-matrix least-
squares method in an anisotropic approximation by using the
SHELXL-97 program.[26] The obtained crystal structures were ana-
lyzed for short contacts between nonbonded atoms with the PLA-
TON program.[20] CCDC-757826 (5), -757827 (7), -757828 (6) and -
757829 (8) contain the supplementary crystallographic data for this
paper; CCDC-604700 contains the data for compound 4. These
data can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif. X-
ray powder diffraction data for compound 8 were obtained with a
DRON-3M automated diffractometer (R = 192 mm, Cu-Kα radia-
tion, Ni-filter, scintillation point detector with amplitude discrimi-
nation, and 2.5° Soller slits on the primary and reflected beams) at
room temperature over the 2θ range 3–50° with a step size of 0.02°
in 2θ and 12 s counting time per step. An equatorial divergence slit
of 2 mm and an axial divergence slit of 12 mm were used.

Quantum Chemical Calculations

DFT calculations were performed using the Gaussian 03 suite of
programs[27] applying standard gradient techniques at the B3LYP
level of theory by using the 6-311+G* basis set on all atoms; the
basis set was used as it is implemented in the program. Force-field
calculations were used to ascertain whether the resulting structures
were energy minima. The energies are not ZPE-corrected. All sub-
sequent calculations of molecular properties were performed at the
B3LYP/6-311+G* geometries. Chemical shielding factors were cal-
culated at all atomic positions at the DFT/B3LYP/6-311+G* level
of theory by using the GIAO method implemented in Gaussian 03.
The chemical shift for the selenium atom was obtained by sub-
tracting the chemical shielding value of this atom from that calcu-
lated for dimethylselenide, which is 1623.1500 ppm at the B3LYP/
6-311+G* level of theory, based on the corresponding geometry
(C2v symmetry, anti,anti-conformer). Bond orders (or rather over-
lap populations; see ref. 15) were calculated according to the Hirsh-
feld scheme. QTAIM bond and ring properties were calculated by
using the AIMPAC suite of programs.[28]

Supporting Information (see footnote on the first page of this arti-
cle): X-ray powder diffractogram of compound 8 (Figure S1), vari-
able-temperature and variable-solvent 77Se and 19F NMR spectra
of compounds 4, 7 and 8 (Figures S2–S6) and packing diagrams of
compounds 4–8 (Figure S7) are available.
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Table 9. Crystallographic and refinement data for compounds 5–8.

5 6 7 8

Formula C12H8Cl2N2S3 C12H8Cl2N2SSe2 C12Cl2F8N2S3 C12Cl2F8N2SSe2

M 347.28 441.08 491.25 585.03
T / K 150 173 150 203
λ / Å 0.71073 0.71073 0.71073 0.71073
Crystal system monoclinic orthorhombic monoclinic monoclinic
Space group P21 P212121 P21/n P21/c
a / Å 3.8469(10) 3.9548(8) 6.0999(5) 13.519(5)
b / Å 11.510(3) 11.236(2) 29.3783(19) 14.592(8)
c / Å 15.785(4) 32.106(6) 9.1803(6) 8.567(3)
β / ° 91.262(9) 90 96.391(2) 94.40(3)
U / Å3 698.7(3) 1426.6(5) 1634.9(2) 1685.0(13)
Z 2 4 4 4
Dc / g cm–3 1.651 2.054 1.996 2.306
µ / mm–1 0.897 5.689 0.866 4.913
F(000) 352 848 960 1104
Crystal size / mm 0.40�0.10�0.01 0.54�0.02�0.02 0.05�0.23�0.40 0.90 �0.20�0.02
θ range / ° 1.3–28.0 1.3–27.5 1.4–31.7 2.1–27.5
Index range –4 � h � 5, –5 � h � 2, –8 � h � 8, –17 � h � 17,

–15 � k � 13, –14 � k � 14, –25 � k � 43, 0 � k � 18,
–20 � l � 20 –41 � l � 40 –11 � l � 13 –11 � l � 0

Reflections collected 5561 9044 15273 3946
Independent reflections 3081, [Rint = 0.0600] 3218, [Rint = 0.0983] 5445, [Rint = 0.0524] 3782, [Rint = 0.0393]
Completeness to θ / % 99.1 99.9 98.7 97.9
Absorption correction Empirical Empirical Empirical Integration
Refinement method Full-matrix least- Full-matrix least- Full-matrix least- Full-matrix least-

squares on F2 squares on F2 squares on F2 squares on F2

Data, restraints, parameters 3081, 1, 173 3218, 0, 173 5445, 0, 244 3782, 0, 244
Goodness-of-fit on F2 1.081 1.021 1.110 1.015
Observed reflections 2391 2623 4786 2280
Final R indices [I�2σ(I)] R1 = 0.0424 R1 = 0.0647 R1 = 0.0468 R1 = 0.0748
R indices (all data) wR2 = 0.0971 wR2 = 0.1021 wR2 = 0.1142 wR2 = 0.2183
Largest diff. peak and hole (e /Å–3) 0.56; –0.58 0.69; –1.40 0.70; –0.75 0.76; –0.77
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