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Charge-transfer complexes [9]aneS3?2IBr ([9]aneS3 = 1,4,7-trithiacyclononane), [14]aneS4?2IBr 1 ([14]aneS4 =
1,4,8,11-tetrathiacyclotetradecane), [16]aneS4?4IBr 2 ([16]aneS4 = 1,5,9,13-tetrathiacyclohexadecane) and
[18]aneS6?2IBr 3 ([18]aneS6 = 1,4,7,10,13,16-hexathiacyclooctadecane) have been synthesized and the single crystal
structures of 1, 2 and 3 determined. The reactions of IBr with [12]aneS4 (1,4,7,10-tetrathiacyclododecane), [15]aneS5

(1,4,7,10,13-pentathiacyclopentadecane) and [24]aneS8 (1,4,7,10,13,16,19,22-octathiacyclotetracosane) have also
been examined. All the compounds were prepared by slow evaporation of solutions containing IBr and the
appropriate thioether macrocycle in CH2Cl2–n-hexane. The structure determination of 1 shows the thioether crown
lying across a crystallographic inversion centre with two symmetry-related IBr molecules co-ordinated through their
iodine atoms to two exo-oriented S-donors [S(1)–I(1) 2.678(1), I(1)–Br(1) 2.654(2) Å, S(1)–I(1)–Br(1) 175.53(4)8]. The
Br ? ? ? Br contacts between consecutive adduct units form polymeric chains of 1 in the crystal lattice. Compound 2 is
the only adduct in the present investigation to have all S-donor atoms of the macrocyclic ligand co-ordinated to IBr
molecules [S(1)–I(1) 2.618(2), I(1)–Br(1) 2.7049(11), S(5)–I(5) 2.687(2), I(5)–Br(5) 2.6445(12) Å, S(1)–I(1)–Br(1)
177.65(5), S(5)–I(5)–Br(5) 177.57(5)8]. The [16]aneS4?4IBr units interact with each other through I ? ? ? I and Br ? ? ? I
contacts to form ribbons of interconnected molecules of 2 which propagate along the ab face diagonals of the unit
cell. Compound 3 shows two symmetry-related IBr molecules co-ordinated to the macrocyclic ligand [S(1)–I(1)
2.619(3), I(1)–Br(1) 2.695(2) Å, S(1)–I(1)–Br(1) 175.00(6)8]. Adduct molecules are stacked along the b axis and held
together by S ? ? ? S interactions between [18]aneS6 units. The structural features and the FT-Raman spectra of the
reported IBr adducts are compared with those of the I2 adducts obtained from the same ligands.

Introduction
Reactions between dihalogens (I2, Br2) and interhalogens (IBr,
ICl) and molecules containing Group 15 1,2 and 16 3–10 donors
have been the subject of renewed interest in the last few years.
A great variety of products with different structural archetypes
is observed 11–14 (neutral charge-transfer complexes, polyhalide
salts, iodonium salts and hypervalent selenium or sulfur deriv-
atives) depending not only on the acidity and basicity of the
acceptor and the donor, respectively, but also on the solvent and
the molar ratios of the reactants.

Recently, we have reported the results of our investigation
of charge-transfer complexes of I2 with homoleptic thioether
macrocycles, both in CH2Cl2 solution and in the solid state.15–17

While in solution the neutral 1 :1 adduct is the predominant
species, in the solid state a wide range of unusual structures has
been observed for the isolated adducts, and structural trends
dependent on the diiodine content have been identified. For
example, 1 :1 adducts always feature I2 molecules bridging
independent S-donor macrocycles to give infinite chain struc-
tures. For charge-transfer complexes having higher diiodine
content, two- and three-dimensional architectures comprising
I2 and ligand molecules linked via S ? ? ? I and I ? ? ? I second-
ary interactions are observed in the solid state. Moreover,
while small to medium-sized macrocycles ([6]aneS2, [6]aneS3,
[9]aneS3, [n]aneS4 (n = 12, 14 or 16), [15]aneS5) always afford
adducts in which the I2 molecule is exo-bound, larger iono-
phores ([18]aneS6 and [24]aneS8) favour endo co-ordination of
I2. Interestingly, for some thioether macrocyclic ligands, regard-

less of the ligand : I2 reaction molar ratio used, certain adduct
stoichiometries are always isolated; this might reflect a pref-
erence in the packing behaviour of the isolated products with
the I2 molecule acting as a glue to order the thioether crowns in
the solid state.

As a development of our research in this field we report here-
in the results obtained by treating IBr, which is a stronger
acceptor than I2, with homoleptic thioether macrocycles. The
effects on the solid state organization of the charge-transfer
complexes obtained are discussed and the FT-Raman spectra
of the isolated products analysed on the basis of their structural
features.

S S

S

[9]aneS3

S S

SS

[14]aneS4

S

S

S

S

S

S

[18]aneS6

S S

SS

[16]aneS4



526 J. Chem. Soc., Dalton Trans., 1999,  525–531

Results and discussion
The reactions between IBr and the cyclic thioether crowns
([9]aneS3, [12]aneS4, [14]aneS4, [16]aneS4, [15]aneS5, [18]aneS6

and [24]aneS8) were performed in an analogous manner to
those with I2.

15–17 Solutions of the appropriate macrocycle and
IBr (the molar ratios of reactants ranging from 1 :1 to 1 :4) in
CH2Cl2–n-hexane (1 :1 v/v) were allowed to evaporate slowly. In
the cases of [12]aneS4 and [24]aneS8 the adducts [12]aneS4?I2

16a

and [24]aneS8?I2,
17 respectively, were isolated in the solid state,

as confirmed by microanalytical data and FT-Raman spec-
troscopy; these two adducts can also be obtained by treating the
two macrocyclic ligands directly with I2 in CH2Cl2 solution.16,17

Only oils and lacquers were obtained using [15]aneS5, in accord-
ance with the general tendency of macrocycles containing odd
numbers of S-donors to give charge-transfer adducts with I2

which crystallize only with difficulty. Indeed, from the reaction
of [9]aneS3 with IBr it was only possible to recover a yellow
microcrystalline powder: the formulation [9]aneS3?2IBr was
suggested by microanalytical data. Crystals of diffraction qual-
ity were grown only for the adducts [14]aneS4?2IBr, [16]aneS4?
4IBr and [18]aneS6?2IBr and single-crystal structure determin-
ations were undertaken to elucidate their structural features.

The structure of [14]aneS4?2IBr 1 shows the macrocyclic
ligand lying across a crystallographic inversion centre with two
symmetry related IBr molecules co-ordinated through the
iodine atoms to two S-donors [S(1)–I(1) 2.678(1), I(1)–Br(1)
2.654(2) Å, S(1)–I(1)–Br(1) 175.53(4)8] (Fig. 1, Table 1). The
macrocycle adopts a rectangular [3434] conformation as found
in the solid state structure of [14]aneS4?I2,

16a [14]aneS4?2I2,
16a

[14]aneS4?4I2
16b and free [14]aneS4;

18 all four S-donors are exo
oriented and lie at the corners of the macrocycle rather than
along its edges as found in [14]aneS4?4I2.

16b The Br ? ? ? Br con-
tacts of 3.330(4) Å between terminal bromine atoms of con-
secutive [14]aneS4?2IBr units generate chains of charge-transfer
adducts parallel to the ab face diagonals (shown as thin dashed
lines in Fig. 2). Adjacent chains of the same orientation are
cross-linked by S ? ? ? I contacts of 3.947(5) Å (shown as dotted
lines) to form layers perpendicular to the c axis. These layers are
cross-linked by S ? ? ? Br contacts of 3.696(4) Å (shown as thick
dashed lines in Fig. 2) into a three-dimensional, infinite net-
work. It is interesting that [14]aneS4 is the only thioether macro-
cycle for which it has been possible to synthesize adducts of
both I2 and IBr which have 1 :2 stoichiometry. With I2 as
acceptor, the complexes [14]aneS4?I2

16a and [14]aneS4?4I2
16b

were also isolated. Moreover, the structure of 1 represents the
first example among charge-transfer complexes of thioether
crowns with halogens (I2) and interhalogens (IBr) featuring
one-dimensional polymeric chains of the type DAAD rather
then DAD (D = donor ligand, A = acceptor). Even the ana-
logous adduct [14]aneS4?2I2 exhibits a completly different struc-

Fig. 1 Single-crystal structure of [14]aneS4?2IBr 1 with the numbering
scheme adopted. Displacement ellipsoids are drawn at 50% probability.
Symmetry operation: i = 2x 1 1, 2y 2 1, 2z 1 2.

ture in which adduct molecules are stacked along different
directions, linked by S ? ? ? I rather than I ? ? ? I contacts. How-
ever, intermolecular I ? ? ? I interactions of 3.639(2) Å have been
observed in the structure of [16]aneS4?4I2

16a where adduct
units are linked by I2 ? ? ? I2 bridges into two-dimensional inter-
woven corrugated sheets.

The compound [16]aneS4?4IBr 2 is the only example in the
present investigation where all S-donor atoms of the macro-

Fig. 2 Partial view approximately along the c axis of the crystal
packing in [14]aneS4?2IBr 1. Infinite one-dimensional chains of adduct
units run along the ab face diagonals and are linked by S ? ? ? I contacts
(dotted lines) to form infinite sheets perpendicular to the c axis. The
S ? ? ? Br contacts (thick dashed lines) generate cross-links among
chains in the two distinct orientations.

Fig. 3 Single-crystal structure of [16]aneS4?4IBr 2 with the numbering
scheme adopted. Displacement ellipsoids are drawn at 50% prob-
ability. Symmetry operation: i = 2x 1 1, 2y 2 1, z.

Table 1 Selected molecular geometry parameters (distances in Å,
angles in 8) for [14]aneS4?2IBr 1

S(1)–I(1)

S(1)–I(1)–Br(1)

C(7i)–S(1)–C(2)–C(3)
S(1)–C(2)–C(3)–C(4)
C(2)–C(3)–C(4)–S(5)
C(3)–C(4)–S(5)–C(6)
C(4)–S(5)–C(6)–C(7)
S(5)–C(6)–C(7)–S(1i)
C(6)–C(7)–S(1i)–C(2i)

2.678(1)

175.53(4)

55.2(5)
2176.0(4)
2174.5(4)
262.9(5)
269.0(5)

2175.7(3)
64.5(5)

I(1)–Br(1) 2.654(2)

Symmetry operation: i = 2x 1 1, 2y 2 1, 2z 1 2.
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Fig. 4 Partial view approximately along the c axis of the crystal packing in [16]aneS4?4IBr 2. Adduct units are linked by I ? ? ? Br (dotted lines) and
I ? ? ? I (dashed lines) contacts to form one-dimensional ribbons that run along the ab face diagonals. The I ? ? ? Br interactions (thick dashed lines) link
differently oriented ribbons to give a three-dimensional grid.

cyclic ligand are co-ordinated to IBr molecules (Fig. 3, Table 2),
a similar situation having been observed only for the adducts
[14]aneS4?4I2

16b and [16]aneS4?4I2.
16a While the S(5)–I(5) and

I(5)–Br(5) bond distances [2.687(2) and 2.6445(12) Å, respect-
ively] are very similar to the corresponding lengths observed for
the S–I–Br moiety in 1, S(1)–I(1) and I(1)–Br(1) [2.618(2)
and 2.7049(11) Å, respectively] are significantly different and
clearly indicate a stronger interaction of S(1) with the IBr mole-
cule; the S–I–Br moieties, as expected, are close to linearity
[S(1)–I(1)–Br(1) 177.65(5) and S(5)–I(5)–Br(5) 177.57(5)8]. The
macrocycle in 2 lies across an inversion centre and adopts an
unusual conformation in which 12 out of 16 torsion angles are
less than 908. This is different to either the [3535] conformation
of the uncomplexed macrocycle 19 or the [233233] conformation
found in the structures of [16]aneS4?I2 and [16]aneS4?4I2.

16a One
S–C–C–C–S linker of the macrocycle lies above and the one
opposite it below the plane containing the four S atoms and the
remaining two S–C–C–C–S linkers. The pseudo-endo orient-
ation of the S atoms in 2 (i.e. with the S atoms positioned along
the sides of the pseudo-rectangle) is very similar to that found
in [16]aneS4?4I2

16a but different to that observed in either
[16]aneS4?I2

16a or the free macrocycle,19 where two endo- and
two exo-oriented S atoms are present, or in the structures of
I2 adducts with other tetradentate macrocycles ([12]aneS4,
[14]aneS4)

4b,16 where all the S atoms are exo oriented (i.e. with
the S atoms positioned at the corners of the pseudo-rectangle).
The packing diagram of 2 (Fig. 4) reveals [16]aneS4?4IBr units
interacting with each other through I - - - I (thin dashed lines)
and Br . . . I (dotted lines) long-range contacts [I(1) ? ? ? I(1i)
3.996(1), Br(1) ? ? ? I(5i) = I(5) ? ? ? Br(1i) 3.900(1) Å, i = 2 2 x,
2y, 2z] to form ribbons which propagate along the [110] and
[1–10] directions. These ribbons are cross-linked by Br ? ? ? I
interactions which are shown as thick dashed lines [Br(5) ? ? ?
I(1ii) 3.684(1) Å, ii = 2¹̄

²
1 x, ¹̄

²
2 y, ¹̄

²
1 z] to give a “three-

dimensional grid”. There is a remarkable difference between the
structural features of 2 and those of [16]aneS4?4I2 in which
molecules of adducts are linked by I2 ? ? ? I2 interactions into
infinite chains which are interwoven to form a corrugated
bilayer.16a Presumably, the more folded conformation adopted
by [16]aneS4 in 2 and the different electronic charge distri-
bution within the co-ordinated IBr molecules with respect to

the I2 molecules in [16]aneS4?4I2
16a are responsible for the

different crystal packing in the adducts of I2 and IBr with
[16]aneS4.

The structure of [18]aneS6?2IBr 3 (Fig. 5, Table 3) shows two
IBr molecules co-ordinated to two S atoms in [18]aneS6 with the
macrocycle adopting a [22232223] conformation (with 12 out
of 18 torsion angles less than 908) similar to that found in the
crystal structure of [18]aneS6?I2,

17 but contrasting with the
[2727] and [234234] conformations observed in the structures of
[18]aneS6?4I2

17 and free [18]aneS6,
20 respectively. The S–I and

I–Br bond distances [S(1)–I(1) 2.619(3), I(1)–Br(1) 2.695(2) Å]
are very similar to those found for the S(1)–I(1)–Br(1) frame-
work in 2 and the S–I–Br angle is approximately linear
[175.00(6)8]. The crystal packing (Fig. 6) exhibits adduct
molecules stacked along the b axis and linked by S ? ? ? S
contacts of 3.408(4) Å.

The S–I bond distances in compounds 1, 2 and 3 [2.618(2)–
2.687(1) Å] are significantly shorter than those observed for the
I2 adducts of thioether macrocycles [2.741(2)–3.239(1) Å].16,17

This is in accordance with the polarization of the IBr bond and
with the better match in energy between the σ* antibonding
orbital of IBr and the lone pairs on the S-donor atom com-
pared to the case of I2 adducts: a stronger S–I bond is then
formed in the case of IBr adducts. The IBr bond distance is

Table 2 Selected molecular geometry parameters (distances in Å,
angles in 8) for [16]aneS4?4IBr 2

S(1)–I(1)
I(1)–Br(1)

S(1)–I(1)–Br(1)

C(8i)–S(1)–C(2)–C(3)
S(1)–C(2)–C(3)–C(4)
C(2)–C(3)–C(4)–S(5)
C(3)–C(4)–S(5)–C(6)
C(4)–S(5)–C(6)–C(7)
S(5)–C(6)–C(7)–C(8)
C(6)–C(7)–C(8)–S(1i)
C(7)–C(8)–S(1i)–C(2i)

2.618(2)
2.7049(11)

177.65(5)

288.9(7)
271.9(9)

78.1(8)
89.1(7)

286.2(6)
2175.0(6)
2179.8(6)
281.0(6)

S(5)–I(5)
I(5)–Br(5)

S(5)–I(5)–Br(5)

2.687(2)
2.6445(12)

177.57(5)

Symmetry operation: i = 2x 1 1, 2y 2 1, 2z.
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consequently lengthened with respect to those observed in the
solid state [2.521(4)] 21 and in the gas phase for IBr (2.47 Å):22

donation of electron density from a non-bonding orbital of the
S-donors into the σ* LUMO of the IBr molecule lying along
the I–Br axis decreases the bond order thus increasing the
length of the I–Br bond. A scatter plot of I–X against S–I bond
distances (X = I or Br) for solid-state structures of thioether/
thiocarbonyl adducts with I2 and IBr 7,8,16,17,23 is shown as Fig.
7(a). While the relationship between the S–I and I–I bond dis-
tances is well defined for I2 adducts 17,25 (S–I distances lying in
the ranges 2.49–2.92, 2.65–2.93 and 3.10–3.22 Å for I2 mole-
cules co-ordinated to thiocarbonyl S-donors, to thioether S-
donors and for bridging I2 molecules in thioether adducts,
respectively), from the few crystallographic data available for
neutral IBr adducts it is not yet possible to establish conclu-
sively whether a similar correlation exists between d(S–I) and
d(I–Br).† In order to see whether a generalized relationship can
be introduced to describe the structural features of the S–I–X
moiety for both I2 and IBr adducts, we have considered the net
increase in the I–X bond distance upon co-ordination ∆d(I–X)
instead of the absolute d(I–X) value [∆d(I–X) = d(I–X)adduct 2
d(I–X)IX in gas phase (X = I or Br)].8 From the scatter plot of
∆d(I–X) against S–I bond distances [Fig. 7(b)] one can see that
the available crystallographic data for the neutral adducts of
both I2 and IBr share the same curve. Therefore, ∆d(I–X) can be
used as a generalized parameter, independent of the nature of
the acceptor IX for describing the charge-transfer interaction
between sulfur-containing donor molecules and halogens or
interhalogens.

In the case of I2 adducts, another useful tool for investigating
the donor–acceptor interaction is based on the I–I bond order
(n) calculated as a function of the I–I bond distances in the

Fig. 5 Single-crystal structure of [18]aneS4?2IBr 3 with the numbering
scheme adopted. Displacement ellipsoids are drawn at 50% probability.
Symmetry operation: i = 2x 1 3/2, 2y 1 3/2, 2z 1 2.

Table 3 Selected molecular geometry parameters (distances in Å,
angles in 8) for [18]aneS6?2IBr 3

I(1)–S(1)

S(1)–I(1)–Br(1)

C(9i)–S(1)–C(2)–C(3)
S(1)–C(2)–C(3)–S(4)
C(2)–C(3)–S(4)–C(5)
C(3)–S(4)–C(5)–C(6)
S(4)–C(5)–C(6)–S(7)
C(5)–C(6)–S(7)–C(8)
C(6)–S(7)–C(8)–C(9)
S(7)–C(8)–C(9)–S(1i)
C(8)–C(9)–S(1i)–C(2i)

2.619(3)

175.00(6)

2176.9(7)
248.5(9)
255.7(8)
265.7(8)
167.2(6)
65.3(9)

169.1(7)
57.5(8)
67.0(8)

I(1)–Br(1) 2.695(2)

Symmetry operation: i = 2x 1 3
–
2
, 2y 1 3

–
2
, 2z 1 2.

† Recently, Husebye and co-workers 11 have shown that for the 3c–4e
hypervalent complexes of two-co-ordinated iodine() of the type Y–I–X
(Y = S, Se or Te; X = I or Br) the reciprocal dependence of d(Y–I) on
d(I–X) is not a simple hyperbola but has a more complicated character.

co-ordinated I2 molecule, according to the equation: d(I–I) =
d0 2 clog n (d0 is the I–I bond distance for I2 in the gas phase, c
is an empirical constant with a value of 0.85).26 Depending on
the value of n, the neutral diiodine adducts have been divided
into three main categories:6c,14a (1) weak or medium-weak
adducts for n > 0.6 [d(I–I) < 2.85 Å and ∆d(I–X) < 0.18 Å]; (2)
strong adducts for 0.4 < n < 0.6 [2.85 < d(I–I) < 3.01 Å and
0.18 < ∆d(I–X) < 0.34 Å]; (3) very strong adducts for n < 0.4
[d(I–I) > 3.01 Å and ∆d(I–X) > 0.34 Å] which can be seen as
[D–I]1 cations interacting with an X2 anion (X = I or Br). The
use of the parameter ∆d(I–X) introduced above allows the same
classification to charge-transfer complexes between sulfur con-
taining donor molecules and interhalogens such as IBr and
ICl. This places the adducts 1, 2 and 3, which have values of
∆d(I–Br) ranging from 0.175 to 0.235 Å, on the borderline
between the first two categories of adducts if the above ranges
of ∆d(I–I) defining them are considered roughly valid also for
IBr and ICl adducts.

Experimentally, the lengthening of the I–Br bond can also be
evaluated by FT-Raman spectroscopy, by measuring the lower-
ing of the ν(I–Br) stretching frequency as a consequence of
adduct formation with respect to the value of 216 cm21 found
for solid IBr.27 In the case of weak and medium-weak I2 adducts
with thioether crowns and thiocarbonyl compounds a linear
correlation has been found between the measured ν(I–I) Raman
frequencies and the I–I bond lengths.17,28 A similar correlation
has been proposed for IBr adducts, but this was based on very
few experimental data.27 The FT-Raman spectra in the range
500–50 cm21 for the three structurally characterized IBr
adducts with thioether crowns show strong bands at 184 (1),
184 and 164 (2), and 182 cm21 (3) which can be assigned to the
ν(I–Br) stretching vibrations. In the case of 2 the band at
the higher wavenumber (184 cm21) should be assigned to the
ν(I–Br) vibration of the co-ordinated IBr molecule with the
shorter I–Br bond distance [I(5)–Br(5)]. A scatter plot of ν(I–X)
against ∆d(I–X) (X = I or Br) for I2 and IBr adducts is shown in
Fig. 8. It should be emphasized that many factors influence the
observed experimental data: for example, the different accuracy
of the reported crystal data or the weak interactions within the
crystal lattice involving the S–I–X (X = I or Br) moiety may not
be of the same magnitude for all the adducts. This notwith-
standing, the slopes of the two correlations, which seem to be
linear within the range of the experimental data, are different,
reflecting the different nature of the two acceptors (I2 and IBr).
It is of interest that the correlation for I2 adducts is valid only

Fig. 6 Stack along the b axis of molecules of 3 linked by S ? ? ? S
contacts.
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for weak or medium-weak adducts 28 [d(I–I) < 2.85 Å and
∆d(I–I) < 0.18 Å] whereas it appears that the one for IBr
adducts can be extended to strong and very strong adducts
[0.18 < ∆d(I–Br) < 0.34 Å and ∆d(I–Br) > 0.34 Å, respect-
ively].‡ Further structural, IR and Raman spectroscopic data
are required, particularly for IBr adducts, in order to confirm
this linear correlation over a wider range of ∆d(I–Br), and also
to have better insight into the information the FT-Raman
spectroscopy can give on the nature of the charge-transfer
interaction of halogens and interhalogens with donor mole-
cules. The adduct [9]aneS3?2IBr, for which it was not possible to
grow crystals suitable for X-ray diffraction studies, shows two
main peaks in its FT-Raman spectrum at 197 and 190 cm21.
This suggests the presence of two IBr moieties in the crystal
lattice: although both should have slightly elongated I–Br
bonds, the presence of two distinct FT-Raman bands implies
that these elongations are not the same for each IBr moiety.

The FT-Raman spectra of the adducts of IBr and thioether
crowns in CH2Cl2 solution have been recorded, and a broad
peak in the range 180–195 cm21, assigned to the ν(I–Br) stretch-

Fig. 7 (a) Scatter plot of d(I–X) against d(S–I); (b) scatter plot of
∆d(I–X) against d(S–I) for thiocarbonyl–IX and thioether–IX adducts
(X = I or Br) [∆d(I–X) evaluated as the difference between the I–X bond
distances measured in the adducts and that in the IX molecule in the gas
phase]. (r) Thiocarbonyl–I2 adducts;6,7,16,17 (j) thioether–I2 adducts;17

(d) thiocarbonyl–IBr adducts;8,23 (m) thioether–IBr adducts from
present work and ref. 24.

‡ However, the reported ν(I–Br) FT-Raman stretching frequencies for
strong IBr adducts would be better assigned to the symmetric stretching
of the D–I–Br three body system which would have a major contribu-
tion from the ν(I–Br) vibration.8,27

ing vibration, is observed for all the adducts. The instability of
IBr in CH2Cl2 solution has unfortunately prevented the evalu-
ation of the equilibrium constants and the thermodynamic
parameters for the formation of the 1 :1 adducts in solution and
it has therefore not been possible to verify the existence of a
correlation between ν(I–Br) and ∆H (formation enthalpy of the
adduct) for the thioether–IBr 1 :1 adducts as has been found for
the analogous I2 adducts.16a,17

Conclusion
We have demonstrated that homoleptic polydentate thioether
macrocyclic ligands can interact with IBr molecules to form
charge-transfer complexes in a similar manner to I2. In some
cases an I2 adduct was obtained from the reaction with IBr,
demonstrating the tendency of IBr to disproportionate under
the experimental conditions. Although the isolated IBr adducts
can have the same stoichiometry as their I2 analogues, their
crystal packing is completely different, reflecting the greater
acidic character of IBr with respect to I2. Features common to
both groups of adducts are the quasi-linear S–I–X moieties,
the elongation of the I–X bond lengths (X = I or Br) compared
to those of I2 and IBr in the vapour and/or solid state, and
the close correlation between the S–I and the I–X bond
lengths which can be best appreciated by introducing the net
increase in the I–X bond distances [∆d(I–X) = d(I–X)adduct 2
d(I–X)IX in gas phase] as a generalized parameter, independent of
the nature of the acceptor IX. The FT-Raman spectra of the
IBr adducts agree fairly well with the observed structural
features of the S–I–Br system, and a correlation between the
ν(I–Br) Raman frequencies and the d(I–Br) bond distances,
similar to that found for I2 adducts, has been more conclusively
established.

Experimental
Solid charge-transfer adducts between polythioether crowns (L)
and IBr were prepared in 65–74% yield, by slow evaporation
of solutions of IBr and the appropriate thioether macrocycle
(0.05–0.08 mmol) in CH2Cl2–n-hexane (10–15 cm3 1 : 1 v/v)
using L : IBr molar ratios ranging from 1 :1 to 1 :4.

FT-Raman spectroscopy

FT-Raman spectra were recorded in the range 500–50 cm21 on
a Bruker FRS106 Fourier transform spectrometer, operating

Fig. 8 Scatter plot of ν(I–X) against ∆d(I–X) (X = I or Br) for I2 and
IBr adducts with thioether and thiocarbonyl compounds: (×) IBr in the
solid state;27 (s) I2 in the solid state;28 (1) thiocarbonyl–I2 adducts;6b,28

(d) thioether–I2 adducts;17 (j) thioether–IBr adducts (this work); (h)
data for IBr adducts from ref. 27; (r) data from ref. 8. The correlation
coefficients from the least-squares best fit are 0.860 and 0.781 for IBr
and I2 adducts, respectively.
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Table 4 Crystallographic data for compounds 1–3

Formula
M
Crystal system
Space group
a/Å
b/Å
c/Å
β/8
U/Å3

Z
T/K
µ(Mo-Kα)/mm21

Reflections collected
Unique reflections, Rint

Absorption correction
Tmin, Tmax

R1
wR2 (all data)

[14]aneS4?2IBr 1
C10H20Br2I2S4

682.12
Monoclinic
P21/c (no. 14)
7.997(6)
14.586(13)
8.506(9)
105.39(11)
957(2)
2
150(2)
7.885
1878
1669, 0.0097

0.040, 0.067
0.0348
0.0922

[16]aneS4?4IBr 2
C12H24Br4I4S4

1123.79
Monoclinic
P21/n (no. 14)
11.095(3)
8.106(2)
15.171(4)
90.77
1364.3(6)
2
150(2)
10.731
4741
2419, 0.0319

0.084, 0.152
0.0356
0.0777

[18]aneS6?2IBr 3
C12H24Br2I2S6

774.29
Monoclinic
C2/c (no. 15)
24.72(2)
5.881(3)
16.794(8)
107.75(4)
2325(3)
4
150(2)
6.675
1521
1521,––

0.376, 0.721
0.0484
0.1351

with a diode-pumped Nd:YAG laser (1064 nm) with a maxi-
mum power of 350 mW. The InGaAs detector was operated
at room temperature and all spectra were recorded at 4 cm21

resolution. The solid samples were packed into a suitable
cell and then fitted into a compartment designed for 1808
scattering geometry. No decomposition of the samples
was observed during the spectra aquisition. The CH2Cl2

solutions on which the FT-Raman spectra were recorded
contained IBr and thioether crown in the ratio 0.4 :1.0,
[IBr] = 2.6 × 1022 mol dm23. For the FT-Raman spectra the
values in parentheses represent the relative intensities of the
bands (strongest = 100).

[9]aneS3?2IBr [Found (Calc. for C6H12Br2I2S3): C, 12.20
(12.13); H, 2.15 (2.04); S, 15.80 (16.19)%]: FT-Raman (cm21)
296(5), 263(9), 234(16), 204(58), 197(100), 190(90) and 114(5.4).

[14]aneS4?2IBr 1 [Found (Calc. for C5H10BrIS2): C, 17.58
(17.61); H, 2.78 (2.96); S, 18.35 (18.80)%]: FT-Raman (cm21)
292(9), 243(10.6), 215(12), 198(40), 184(100), 159(11), 135(27)
and 98(2).

[16]aneS4?4IBr 2 [Found (Calc. for C6H12Br2I2S2): C, 12.75
(12.83); H, 2.10 (2.15); S, 10.85 (11.41)%]: FT-Raman (cm21)
295(11.4), 256(43), 224(10), 184(100), 164(86), 104(14) and
86(6).

[18]aneS6?2IBr 3 [Found (Calc. for C6H12BrIS3): C, 17.88
(18.61); H, 2.77 (3.12); S, 24.22 (24.84)%]: FT-Raman (cm21)
229(15), 205(26) and 182(100).

Single-crystal structure determination

A summary of the crystal data and refinement parameters for
[14]aneS4?2IBr 1, [16]aneS4?4IBr 2 and [18]aneS6?2IBr 3 is given
in Table 4. The crystals were mounted in the cold dinitrogen
stream of an Oxford Cryosystems low-temperature device 29 on
a Stoë Stadi-4 four-circle diffractometer using ω–2θ scan mode
for 1 and 2 and ω–θ for 3. Data were corrected for Lorentz-
polarization effects and absorption corrections were applied by
means of ψ scans. The structures were solved by direct methods
using SHELXS 86 30 and developed by alternating cycles of
least-squares refinement and ∆F synthesis. Refinement was on
F2 using SHELXL 93.31 All non-H atoms were refined with
anisotropic thermal parameters and H atoms were placed at
calculated positions and thereafter refined with Uiso(H) = 1.2
Ueq(C). For 1, 2 and 3 the largest residual electron density
features (1.30, 0.89, 1.50 e Å23) lay near the halogen atoms.
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