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The adduct [bis(quinoxaline)-2,2',3,3'-disulfide-I;].. (Q2S2:15)-
(1) can be easily synthesised from the reaction of Q,S, and
I, in CH,Cl, or, in the absence of any solvent, through dif-
fusion of I, vapours at 60 °C. X-ray diffraction analysis shows
the presence of an extended N--I-I--:N assembly in which
each I, molecule links a Q,S, molecule at both ends through
a nitrogen atom to form a polymeric species; the d(I-I) and
d(N-I) bond lengths confirm a very weak nitrogen-iodine in-
teraction at the base of the N--:I-I--:N assembly. DFT calcula-
tions provide optimised distances for the N---I and I-I bonds
and explanation for the zigzag chain formation: the
mPW1PW functional and the B3LYP hybrid functional with a

variety of basis sets for the I atomic species [CRENBL,
LANL2DZ, LANL2DZ(d,p), LANLO08(d), SBKJC, SBKJC po-
larised-LFK and Stuttgart RLC] have been tested. Compound
1 proved stable up to nearly 100 °C, and the stability is to be
mainly attributed to the lattice energy of its polymeric struc-
ture then to donor—acceptor stabilisation. The facile insertion
of molecular iodine into the Q,S, network makes this com-
pound an interesting iodine sponge, suitable for I, storage;
moreover, Q,S, can easily collect and release I,(g) by a tem-
perature-controlled process (60 and 97 °C, respectively).

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

Introduction

The reaction of unsaturated nitrogen heterocycles with
iodine has attracted a great deal of interest in past years
both in themselves and for their implications in different
fields of research, which span from synthetic to biological,
material and industrial chemistry.['l These reactions can fol-
low a variety of different pathways depending both on the
nature of the heterocyclic donor and the experimental con-
ditions used: among the possible products are the neutral
(n—0*) charge-transfer (CT) adducts between nitrogen and
iodine featuring an almost linear N---I-I moiety,[! and the
extended adducts of the type N--I-I---I-I, in which the
N---I-1 moiety acts through the terminal iodine as a donor
towards a second iodine molecule. Conversely, when the
N--I-1 moiety behaves as an acceptor towards another N-
donor molecule, an almost linear N+-I-I-=N system with
the I-I bridging the donor molecules have occasionally been
isolated.!"]
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Pennington,>3 and Uchida studied the N--1, interac-
tion of some aromatic N-donor heterocycles (Scheme 1) in-
cluding pyrazine (pyz),?! quinoxaline (quinox)!* and phena-
zine (phenaz),®#* showing that different types of com-
pounds can be formed depending on a number of different
factors such as sterics, electronics and packing energies. In
seeking to extend our studies in this area,!!dl we have fo-
cused our attention on bis(quinoxaline)-2,2’,3,3’-disulfide
(Q5S,)B! (Scheme 1); this compound, isolated by Dalziel
and Slawinskil® in 1968, has never been studied since for its
complexing ability towards metal ions or as a Lewis donor.
Q,S, is an almost planar rectangular molecule
(13.83 X 4.66 A) with a highly delocalised m-electron system
over the five rings and featuring four equivalent sp? nitro-
gen atoms and two sulfur atoms in the dithiine ring. We
report here on the reactivity of Q,S, towards the Lewis ac-
ceptors I, IBr and ICl, the crystal structure of the adduct
Q,S>: I, and its thermal analysis. DFT calculations have
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been employed to explain the nature of the donor—acceptor
interaction in the N+ I-I---N assembly; the mPWI1PW func-
tional and the B3LYP hybrid functional with a variety of
basis sets for the I atomic species [CRENBL, LANL2DZ,
LANL2DZ(d,p), LANL08(d), SBKJC, SBKJC polarised-
LFK and Stuttgart RLC] have been tested to find reliable
optimised distances for the I-I and N--+I bonds.

Results and Discussion

Reactivity of Q,S, towards I,, IBr and ICIl

Treatment of Q,S, with an equivalent of I, in CH,Cl,
yielded a dark orange solution, from which an orange
microcrystalline solid (1) of stoichiometry consistent with a
Q,S,/1, ratio of 1:1 in good yield separated upon standing
at ca. 10 °C. This compound features an intense v(I-I) Ra-
man peak at 193.5 cm™! that is up-shifted by 13.5 cm™! com-
pared to solid L,.I-¥1 We investigated the formation of com-
pound 1 by recording during 6 h a series of FT-Raman
spectra in the v(I-I) region (30050 cm™!) on a solution hav-
ing a Q,S, to I, molar ratio of 1:1 ([Q,S,] = 8.80 X 102 M,
CH,Cl,). Initially, only the signal of free I, in solution at
208 cm ! was detectable, but in the course of the reaction
this signal decreased in intensity until it reached the noise
level; noteworthy is that no signal related to I, interacting
with Q,S, was observed. At the same time, formation of a
pale orange solid was observed, whose FT-Raman spectrum
and elemental analysis confirmed to be compound 1.

The reaction of Q,S, with an equivalent of IBr in
CH,Cl, led to the immediate formation of a dark yellow
solid, which on the basis of elemental analysis determi-
nation and FT-Raman spectroscopy (i.e., the presence of a
peak at 193.5cm!) was identified as compound 1. Al-
though unexpected, halogen scrambling is not unprece-
dented. In fact, some examples of structurally characterised
1:1 1, adducts of tertiary phosphanes® and selonic do-
nors!?°! have been reported to form by reaction with IBr.

Treatment of Q,S, with ICI (1 equiv.) in CH,Cl, resulted
in the separation from the solution of a gummy dark yellow
oil, which failed to crystallise on long standing. The same
reaction carried out at lower temperature (=5.0 °C) resulted
in unsatisfactory results as well.

X-ray Crystal Structure Determination of (Q,S;:I,)..

Because of the different bonding modes to the I, mole-
cule inherently possible for Q,S,, an X-ray diffraction
analysis was undertaken to firmly establish the structural
features of this compound. The asymmetric unit of com-
pound 1 (Figure 1) contains Q,S, and I, molecules located
at about two different crystallographic inversion centres.
Each Q,S, molecule is linked through N---I donor—acceptor
interactions to two I, molecules to form polymeric chains
made by alternating Q,S, and I, molecules in a zigzag fash-
ion (Figure 2). The N---I-I interactions are almost linear
[177.6(1)°] with an N(2)-I distance of 2.994(2) A shorter
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than the sum of the vander Waals radii for nitrogen
(1.55 A) and iodine (1.98 A); conversely, no S+I interaction
is found.

Figure 1. Structure of Q,S,°1, (1) with numbering scheme adopted;
selected bond lengths and angles are reported in Table 1. Symmetry
codes: " —x, -y, 1 —z; 7 1 —x, -y, 2 -z

Figure 2. View of the packing diagram of 1 along [010].

Adduct formation shows little effect on the donor moiety
bond lengths, while it results in an elongation of the I-I
bond compared to that observed in gaseous I, (2.66 A),[102]
but shorter than that found in solid I, (2.715 A).l'®! The
iodine molecules in 1 lie significantly out of the heterocycle
plane (I atom displacement 0.59 A), as consequence of the
N(1)-N(2)-I angle of 168.5° (Table 1). The bridging I, dis-
plays a bond length [2.7063(7) A] slightly shorter than those
observed in complexes (pyzl). [dI-T) = 2.733(1) A],@
(quinox-L,).. [d(I-1) = 2.724(1) A]® and (phenaz-L,).. [d(I-])
=2.726(1) A].B4

An explanation of the N-I and I-I bond lengths in the
N---I-I-*N systems can be based on a simplified molecular
orbital (MO) description between the central I, molecule
and the two N-donors.®!! The result of extending the sim-
ple n—c* description for the donor-acceptor interaction in
terminal I, adducts (i.e., MO combination of a lone pair
from the donor with the empty o* orbital of I,) to a system
in which an I, molecule bridges two donor molecules
(n—>0*<n) is that only two out of the four electrons from
the nitrogen atoms have a bonding nature, as the other two
occupy a nonbonding orbital. In this situation, the bonding
electrons are distributed over three bonds instead of two, as
in terminal I, adducts. Consequently, the N---I bonds in the
idealised N-+-I,-*N systems should be longer than in the
simple adduct N--I,, whereas the I-I bond should be
shorter. This view is well supported by comparison of the
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Table 1. Selected bond lengths, angles and thermal decomposition temperature (onset temperature) for compound 1 and related adducts
featuring the N-+-I-I--*N assembly. Gaseous and solid iodine d(I-I) have also been inserted.

Compound d(N-+T) [A] d(1-1) [A] N-I-1[°] N-N-IE1 [°] Onset temp. [°C] Ref.
Q.S 1, (1) 2.994(2) 2.7063(7) 177.6(1) 168.5(1) 97 (bl
pyz-L, 2.817(1) 2.733(1) 175.2(1) 169.4(1) 101 (2,31
Meypyz-1, 3.085(1) 2.718(1) 177.4(1) 175.4(1) 82 (2.31
quinox-I, 2.92(2) 2.724(1) 175.8(3) 175.6(3) 99 Bl
2.95(2) 178.8(3) 175.5(3)
phenaz-I, 2.982(5) 2.726(1) 180.0(1) 180.0(1) 131 (341
(9-Cl-acrid),1, 2.980(3) 2.742(2) 177.0(8) 165.8(1)k! (d (i
179.3(6)
I(g) 2.66 [10a]
I»(s) 2.715 [10b]

[a] Angle between the NN vector (e.g., N1 and N2 in Q,S,) and the I-I vector. [b] This work. [c] The C-*N vector is considered.

[d] Data not available.

N-I and I-I bond lengths in N--I,*N adducts (Table 1)
and the terminal I, adduct [2,3,5,6-tetrakis(2’-pyridyl)-
pyrazine-2L,]: d(N-T) 2.56(8) A, d(1-1) 2.750(1) A.['d

DFT Calculations

In order to better understand the nature of the interac-
tion between the donor Q,S, and I,, QM-DFT calculations
have been performed on the isolated Q,S, molecule and the
1:1 Q5S,I, adduct. Following recent studies reported on a
variety of inorganic compounds,!'?l Barone’s and Adamo’s
mPWI1PW functionall'3! was paralleled to the well-known
three-parameter B3LYP hybrid functional. For the heavy I
atomic species, a variety of basis sets (BSs) accompanied by
relativistic effective core potentials (ECPs) have been tested
[CRENBL,4] LANL2DZ,13] LANL2DZ(d,p),!'>10]
LANLO08(d),!'>171 SBKJC,'81 SBKJC polarised-LFK!!8:1°]
and Stuttgart RLCPY]. An examination of the optimised I—
I and N--I bond lengths (Table S1, Supporting Infor-
mation) shows that, as previously remarked, the mPW1PW
functional results in shorter bond lengths, and the trends
on the distances as a function of the adopted BSs are any-
way the same. Among the various combinations of func-
tionals and BSs, the best agreement with structural data has
been obtained with the recently reported completely uncon-
tracted LANLO8(d) and with the double-{ LANL2DZ(d,p)
basis sets for iodine. In particular, the calculated geometry
at B3LYP/LANLO08(d) provides reliable optimised distances
for the I-I and N--I bonds (2.764 and 2.887 A, respec-
tively), with a ratio between the two values (1.05) very close
to the experimental one (1.11). The optimised structure cal-
culated for Q,S, in agreement with structural data shows
that the donor is entirely planar, and that the negative
charge evaluated at the NBO level?!l is concentrated on the
four equivalent nitrogen atoms (-0.456 ¢), whereas the sul-
fur atoms feature a positive charge (+0.370¢), thus ac-
counting for preferring the N--I, interaction to the S:-I,
one. Calculations on Q,S, show that HOMO and HOMO-
1 (Figure 3) are m in nature molecular orbitals with large
contributions from the in-phase and out-of-phase combina-
tions, respectively, of sulfur p atomic orbitals. Interestingly,
calculations performed on Q,S,-I, with the iodine unit
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bonded by the sulfur atom show that in this adduct, which
is slightly less stable than the N-bonded one (7.31 kJ mol™!),
the Q,S, unit is not planar but folded along the S-S vector.
As shown by Kohn-Sham frontier orbitals, the interaction
occurs between the HOMO-2, localised mainly on the N-
donor sites, and the empty pc* orbital of I, (Figure 3). A
comparison of the N-I and I-I bond lengths (Table S1,
Supporting Information) and the evaluation of the relative
lengthening of the I-1 distance as compared to that calcu-
lated in the gas phase for the isolated iodine molecule?>23
allow for an evaluation of the strength of the donor-
acceptor interaction, which varies depending on the BS
adopted for I. The interaction with I,, evaluated in
49.99 kImol! by a second-order perturbation theory
analysis of the Fock matrix, leads to a planar structure con-

(a)

(b)

Figure 3. Frontier filled Kohn—Sham orbitals calculated for Q-S,
at DFT level: HOMO-2 (a), HOMO-1 (b), and HOMO (c).
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taining the N-+-I-I linear moiety and featuring a CT from
Q5S, to I, [-0.098 ¢; d(N-+-1) = 2.887 A], resulting in a slight
decrease in the I-I bond order (Wiberg bond index¥ =
0.902). Consequently, the NBO charge distribution within
the donor is modified, so that the most negatively charged
nitrogen atom available for the second donation becomes
N(2') (-0.451 e), whereas the other two available donor sites
N(1) and N(1') are slightly less negative (—0.446 e). This is
in agreement with the experimental structural data and
seems to be a plausible explanation for the zigzag chain
formation commented above.

Hanks et al.l''l have reported on the electronic properties
of a system bearing the N---I-I--*N assembly [(9-chloroacri-
dine),'I,] (see Table 1) and concluded that the stabilisation
of the adduct is due more to the size and shape of the donor
than to electronic factors. In fact, the crystal packing
requirements that force the I-I molecule 0.73 A out of the
plane of the donor molecule causes a large decrease in the
donor I, orbital interaction energy. Similarly in (Q,S>I»)..
where the I-I molecule displacement is 0.59 A, a weak ni-
trogen—iodine interaction is obviously expected.

Thermal Analysis of (Q,S,°15).. and Reactivity of Q,S, with
Gaseous I, and IBr

Investigation of the thermal behaviour of 1 (Figure 4)
shows that no loss of iodine is observed at room tempera-
ture. A very small mass loss of about 1% is observed in the
range 25-97 °C and is mainly related to the action of purg-
ing argon. Between 97 and 225 °C, iodine is completely
eliminated with multiple mass losses: evaluation of the ther-
mogravimetric analysis (TGA) curve yields a mass loss of
42 wt.-%, which is in agreement with the elemental analysis
of compound 1. Chemical degradation of the donor starts
afterwards at a temperature above 273 °C. These measure-
ments further confirm that the stability of I, in the Q,S,
network is mainly to be attributed to the lattice energy of its
polymeric structure rather than to the N--I interactions.!'!]

100
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1 | |
100 200 300 400

Temperature [°C]

Figure 4. Thermogravimetric analysis (thick line) and correspond-
ing derivative curves (thin line) for Q,S,-1, (1).
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Because the good stability performance of the Q,S,1,
adduct was in the temperature range 50-70 °C, the reaction
between Q,S, and I, was also studied with the halogen in
the gas phase in order to verify the role of the solvent, if
any, in driving the crystallographic assembly. The solid rea-
gents (Q»S, to I, molar ratio = 1:3) were placed in two vials
inside a degassed Aldrich pressure tube and then heated at
60 °C for 12 h. The system was cooled to room temperature
and the dark red powder obtained from the reaction was
investigated by FT-Raman spectroscopy. The spectrum
shows a sharp peak at 193.5 cm™! and a broad, more intense
one at 172.0 cm™',?%1 the 1,95 5/I;75 o ratio is 0.55 (Figure 5,
curve A). The former peak is exactly at the same frequency
found in compound 1 and is to be related to I, bridging
two molecules of Q,S,, whereas the peak at 172.0 cm™!
should be related to the formation of a terminal Q,S,'I,
adduct (2) (through N and/or S donor atoms). In fact, in
weak or medium-weak terminal bound I, adducts (n—c*)
[d1-1) < 2.86 A] the measured v(I-I) Raman frequency
shifts towards lower values (in the range 180-135 cm™!) as

compared to the stretching frequency of I, in the solid state
(180 cm™") (Figure 6).3:23]

B

A

I L L
220 200 180 160 140 120
Wavenumber [cm™]

Figure 5. FT-Raman spectra in the v(I-I) region of compound 1
obtained from the reaction of Q,S, and I, (1:3 molar ratio) in a
pressure tube: (A) after 12 h at 60 °C and (B) after 48 h at 20 °C
in air.

200
180 —
T; |
&
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”wt+—¥7—7—"1—
270 272 274 276 278 280 282 284 286
d(I-1) [A]

Figure 6. Scatter plot between the v(I-I) Raman frequencies and
the bond lengths d(I-I) for weak or medium weak I, adducts
(n—o*) {regression line: x = d(I-1), y = v(I-I); y = 1009.13—
304.78x, R = 0.75; data from ref®l}. The points related to Q,S,'1,
[(n—c*<n) interaction] and solid I, have been introduced in the
regression.
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Interestingly, a sample kept at 20 °C in air for 48 h shows
that the intensity of the peak at 172.0 cm™' decreased signif-
icantly (Figure 5, curve B; I193 5/117,.9 = 2.8), stating the de-
composition of 2, which is not surprising because of the
weak nature of the adduct. Moreover, after washing the
sample with n-hexane and sonication (1 min) to crush it fur-
ther, the Raman peak at 172.0 cm ™! almost disappears. Ele-
mental analysis of this powder was found satisfactory for
Q>S5+, stoichiometry. The reaction of Q,S, with IBr in the
gas phase carried out as previously reported for I, did not
result in satisfactorily results, as sticky, oily products were
formed. No attempts were made to use ICl under these re-
action conditions.

Conclusions

The novel adduct (Q,S,'1»).. (1) can be easily synthesised
from the reaction of Q,S, and I, or IBr in CH,Cl,. It can
also be prepared in the absence of any solvent, through dif-
fusion of I, vapours at 60 °C. Each I, molecule links a Q»S,
molecule at both ends through a nitrogen atom to form a
polymeric species; the bond lengths and angles in the donor
are substantially unaffected compared to those of the free
Q5S,; the d(I-1) and d(N-I) bond lengths confirm a very
weak nitrogen—iodine interaction at the base of the N---I-
I---N assembly. In spite of this, compound 1 proved stable
up to nearly 100 °C, the stability of I in the Q,S, network
is mainly to be attributed to the lattice energy of its poly-
meric structure rather than to the N--I interactions. DFT
calculations at the B3LYP level using LANLOS(d) basis sets
provide reliable optimised distances for the N-I and I-I
bonds and correctly explain the assembly of Q,S, and I,
molecules in a zigzag fashion. The facile insertion of molec-
ular iodine into the Q,S, network makes this compound an
interesting iodine sponge, suitable for I, storage considering
also that samples of 1 still proved stable at room tempera-
ture after two years. Q,S, can easily collect and release I5(g)
by a temperature-controlled process (60 and 97 °C, respec-
tively), opening new perspectives to 1, and more in general
to N+ I-I---N based compounds.

Experimental Section

Materials and Instrumentation: Reagents were used as purchased
from Aldrich. FT-Raman spectra were recorded with a Bruker FRS
100/S Fourier transform Raman spectrometer, operating with a di-
ode-pumped Nd:YAG exciting laser emitting at 1064 nm. Thermo-
gravimetric analysis was performed with a TGA7 Perkin—Elmer in-
strument. A few milligrams of sample were inserted into the TGA
instrument and held isothermically at room temperature (25 °C) for
1 h. The samples were then heated from room temperature to

400 °C at 10 °Cmin! with an argon flow rate of 60 mLmin .

Synthesis of (Q,S;'1,).. (1): Bis(quinoxaline)-2,2',3,3’-disulfidel®!
(0.115g, 0.39mmol) in CH,Cl, (70mL) and I, (0.100g,
0.39 mmol) in CH,Cl, (30 mL) were reacted at room temperature
for 4 h, then the filtered solution was allowed to stand at 10 °C for
2d; the product was obtained as dark orange crystals. Yield:
150 mg, 70%. CgHgloN4S, (574.18): caled. C 33.47, H 1.40, N
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9.76, S 11.17; found C 33.5, H 1.5, N 9.8, S 11.3. Raman: ¥ = 193.5
[vd-D] ecm™.

Crystallography: Intensity data were collected at room temperature
(Nonius CAD4 diffractometer) with graphite monochromated Mo-
K, (4 = 0.71073 A) radiation up to 20 = 50°. The structure was
solved by direct methods with SIR97%1 and the refinement was
carried out on F?> SHELXL97>%"! with anisotropic displacement
parameters for non-hydrogen atoms and including all the hydrogen
atoms. Crystal data: C;gHgloN4S,, M = 574.18, triclinic, space
group PI, a = 4.103(1) A, b = 8.7512Q) A, ¢ = 11.983(3) A, a =
99.66(2)°, f = 92.17(2)°, y = 93.12(2)°, U = 423.12) A3, Z = 1,
Degiea. = 2.254 gem™3, u(Mo-K,) = 3.969 mm~!, wR, = 0.0405, R =
0.0161 [1315 absorption-corrected reflections with 7> 2ac([)].

CCDC-713418 (for 1) contains the supplementary crystallographic
data for this paper. These data can be obtained free of charge from
The Cambridge Crystallographic Data Centre via www.ccdc.cam.a-
c.uk/data_request/cif.

Computation: Quantum-chemical calculations were performed on
Q>S,, on I, and on the Q,S,'I, adduct, both N- and S-bonded,
with the commercial suite of programs Gaussian03?” at DFT level
with the B3LYP and mPW1PW!3! functionals. For C, H, N, and S
atomic species the double-{ plus polarisation (pVDZ) all-electron
basis sets by Schifer et al.’8! was used, whereas for I several basis
sets with relativistic effective core potential sets were adopted
[CRENBL, LANL2DZ, LANL2DZ(d,p), LANLO08(d), SBKJC,
SBKJC polarised-LFK and Stuttgart RLC].I'42% All basis sets
were obtained the EMSL basis set library.*’) NBO populations?!)
and Wiberg bond indices!**! were calculated at the optimised geo-
metries. The programs Gabedit 2.0.783% and Molden 4.73 were
used to investigate charge distributions and molecular orbital
shapes. All calculations were performed on an E4 workstation
equipped with four AMD Opteron quad-core processors and
16 Gb of RAM.

Supporting Information (see footnote on the first page of this arti-
cle): Optimised I-I and N--I bond lengths for the 1:1 adduct

QxS 1.
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