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The charge-transfer complexes 2[9]aneS3?4I2 ([9]aneS3 = 1,4,7-trithiacyclononane), [12]aneS4?I2

([12]aneS4 = 1,4,7,10-tetrathiacyclododecane), [14]aneS4?I2, [14]aneS4?2I2 ([14]aneS4 = 1,4,8,11-
tetrathiacyclotetradecane), [16]aneS4?I2 and [16]aneS4?4I2 ([16]aneS4 = 1,5,9,13-tetrathiacyclohexadecane)
have been prepared by slow evaporation of solutions containing I2 and the appropriate thioether macrocycle in
CH2Cl2. The structure of 2[9]aneS3?4I2 shows two independent macrocycles in the asymmetric unit which are
linked by a diiodine bridge. Asymmetric units are linked by I ? ? ? I and S ? ? ? I interactions to form an extended array
of linked macrocycles. The single-crystal structure of [12]aneS4?I2 features an infinite chain structure formed by
alternating [12]aneS4 and I2 molecules. The structure contains both symmetric and asymmetric diiodine bridges.
Although the 1 :1 adduct [14]aneS4?I2 can also be described as a one-dimensional infinite chain structure with
asymmetric diiodine bridging, the structure is better visualised as alternating layers of macrocycle and iodine
spanned by short contacts of 3.335(4) Å. The adduct [14]aneS4?2I2 shows two independent macrocycles each co-
ordinated to two I2 molecules. The charge-transfer network consists of chains of molecules with alternating
orientations. The single-crystal structure of a third 1 :1 adduct [16]aneS4?I2 contains only symmetrical diiodine
bridges between neighbouring macrocycles leading to an infinite chain structure. The compound [16]aneS4?4I2 is
the first example of a tetradentate macrocycle which incorporates I2 bound to all four S atoms. The single-crystal
structure shows four terminal I2 molecules co-ordinated to the four S donors of the macrocycle. Molecules are
linked into interwoven sheets by I ? ? ? I interactions of 3.639(2) Å. The formation enthalpies (∆H) and constants
(K) of 1 :1 adducts obtained by treating various thioether macrocycles with I2 in CH2Cl2 have been determined by
electronic spectroscopy. The Fourier-transform Raman spectra for all the charge-transfer adducts have been
recorded in CH2Cl2 solutions at different concentrations. The Raman frequencies of the ν(I]I) vibrations show
good correlation with the measured formation enthalpies ∆H.

Many examples of charge-transfer complexes between halogens
and interhalogens, particularly ICl, Br2 and I2, and donors such
as amines,1 phosphines,2 ethers,3 thioketones,4,5 thioethers,6–11

selenoketones 5 and selenoethers 12 have been reported. Dona-
tion of electron density from non-bonding orbitals of the
donor atom into the LUMO (lowest unoccupied molecular
orbital) of the dihalogen molecule, which is an antiboding σu*
orbital lying along the main axis of the dihalogen, decreases the
bond order thus increasing the bond lengths in the halogen
molecule. Solid I2 forms a layered structure where iodine mole-
cules form a distorted honeycomb structure in each layer. The
I]I bond length [2.715(6) Å] 13 is elongated compared to that
in the gas phase [2.667(2) Å] 14 and this deviation can be
attributed directly to donation of electron density from filled
non-bonding p orbitals to the antibonding LUMO of a neigh-
bouring I2 molecule. The elongation of the I]I bond and the
angle between the I2 molecule and the donor atom, which
should be approximately linear, can therefore be used as a sensi-
tive probe in the investigation of co-ordinative bonding in solu-
tion and the solid state.

The electronic features of donor–acceptor complexes con-
taining I2 are in general well established, although few adducts
between I2 and small organic molecules containing more than
one donor atom have been investigated. We argued that
adducts of I2 with polydentate organic molecules should be

capable of forming a number of structurally diverse assemblies
in the solid state. We report herein a study on charge-transfer
adducts of homoleptic thioether macrocycles with varying I2

concentrations, and describe the synthesis, single-crystal struc-
tures and solution data for charge-transfer complexes of the
tridentate macrocycle [9]aneS3 and the tetradentate macro-
cycles [12]-, [14]- and [16]-aneS4.†

Results and Discussion
Solid-state studies

All compounds described were prepared by allowing a solution
of the appropriate macrocycle and I2 in CH2Cl2 to evaporate
slowly. Crystals suitable for single-crystal X-ray diffraction
studies deposited slowly, usually near the bottom of the reac-
tion vessel, and were collected. The adduct 2[9]aneS3?4I2 1
can be prepared either as described above by slow evaporation
of a solution of I2 and [9]aneS3 in CH2Cl2 or by reaction of 2
molar equivalents of ICl with 1 molar equivalent of [9]aneS3

in CH2Cl2.
8,9 The initial yellow precipitate [9]aneS3?2ICl

converts slowly over a few months via sublimation into red-

† [9]aneS3 = 1,4,7-Trithiacyclononae, [12]aneS4 = 1,4,7,10-tetrathia-
cyclododecane, [14]aneS4 = 1,4,8,11-tetrathiacyclotetradecane and
[16]aneS4 = 1,5,9,13-tetrathiacyclohexadecane.
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brown crystals of composition 2[9]aneS3?4I2.
8 The single-crystal

structures of the compounds obtained following those two
routes are identical and show two independent [9]aneS3

molecules which are bridged by an I2 molecule [S(11)]I(11)
3.017(6), S(24)]I(24) 3.054(6) and I(11)]I(24) 2.754(2) Å;
S(11)]I(11)]I(24) 176.18(12), S(24)]I(24)]I(11) 168.39(13)8]
(Fig. 1, Table 1). One macrocycle is co-ordinated to another I2

molecule [S(27)]I(27) 2.862(6), I(27)]I(279) 2.799(2) Å;
S(27)]I(27)]I(279) 177.27(14)8] whereas the second macrocycle
interacts with two I2 molecules [S(14)]I(14) 2.870(6),
I(14)]I(149) 2.785(2), S(17)]I(17) 2.760(6) and I(17)]I(179)
2.816(2) Å; S(14)]I(14)]I(149) 178.35(14) and S(17)]I(17)]
I(179) 174.86(14)8]. The compound may therefore be regarded
formally as an adduct between [9]aneS3?I2 and [9]aneS3?3I2

9

rather than being simply the dimer of [9]aneS3?2I2. However,
the packing in 1 (Fig. 2) is complicated revealing extensive add-
itional I ? ? ? I and I ? ? ? S contacts throughout the structure
to give an extended network of interlinking macrocycles. One
of the [9]aneS3 molecules [S(21)]C(29)] adopts the same general

Fig. 1 Single-crystal structure of 2[9]aneS3?4I2 1 with the numbering
scheme adopted

Table 1 Selected bond lengths (Å), angles (8) and torsion angles (8)
with estimated standard deviations (e.s.d.s) in parentheses for
2[9]aneS3?4I2 1

I(14)]I(149)
I(14)]S(14)
I(17)]I(179)
I(17)]S(17)
I(11)]S(11)

2.785(2)
2.870(6)
2.816(2)
2.760(6)
3.017(6)

I(24)]I(11)
I(24)]S(24)
I(279)]I(27)
I(27)]S(27)

2.754(2)
3.054(6)
2.799(2)
2.862(6)

I(149)]I(14)]S(14)
I(14)]S(14)]C(13)
I(14)]S(14)]C(15)
I(179)]I(17)]S(17)
I(17)]S(17)]C(16)
I(17)]S(17)]C(18)
I(24)]I(11)]S(11)
I(11)]S(11)]C(19)

178.35(14)
95.2(7)
99.2(8)

174.86(14)
94.0(7)
96.8(8)

176.18(12)
87.9(7)

I(11)]S(11)]C(12)
I(11)]I(24)]S(24)
I(24)]S(24)]C(23)
I(24)]S(24)]C(25)
I(279)]I(27)]S(27)
I(27)]S(27)]C(26)
I(27)]S(27)]C(28)

101.5(8)
168.39(13)
93.8(8)
99.0(8)

177.27(14)
99.7(7)
98.8(7)

S(11)]C(12)]C(13)]S(14)
C(12)]C(13)]S(14)]C(15)
C(13)]S(14)]C(15)]C(16)
S(14)]C(15)]C(16)]S(17)
C(15)]C(16)]S(17)]C(18)
C(16)]S(17)]C(18)]C(19)
S(17)]C(18)]C(19)]S(11)
C(18)]C(19)]S(11)]C(12)
C(19)]S(11)]C(12) ]C(13)
S(21)]C(22)]C(23)]S(24)
C(22)]C(23)]S(24)]C(25)
C(23)]S(24)]C(25)]C(26)
S(24)]C(25)]C(26)]S(27)
C(25)]C(26)]S(27)]C(28)
C(26)]S(27)]C(28)]C(29)
S(27)]C(28)]C(29)]S(21)
C(28)]C(29)]S(21)]C(22)
C(29)]S(21)]C(22)]C(23)

286.7(18)
71.6(18)

2123.6(17)
60(2)
75.3(18)

2113.9(16)
77.4(18)

297.5(17)
132.2(17)
55(2)

2132.2(17)
57.8(19)
56(2)

2132.9(16)
59.0(19)
55(2)

2131.9(18)
58(2)

[333] conformation, which is found in the solid-state structure
of free [9]aneS3 with the S atoms adopting exo orientations.15

However, the [9]aneS3 moiety S(11)]C(19) adopts an unusual
distorted [234] conformation. With a 1 :3 molar ratio of
[9]aneS3 : I2, crystals of [9]aneS3?3I2, in which all the
thioether donors are bound to I2, can be obtained.9 In this
adduct the S]I [2.865(6)–2.933(4) Å] and I]I [2.772(1)]
2.751(2) Å] distances are similar to those in 2[9]aneS3?4I2.

The single-crystal structure of [12]aneS4?I2 2a has been
reported recently by Baker et al.10 It consists of independent
[12]aneS4 molecules bridged symmetrically by I2 molecules
[S]I 3.220(3) and I]I 2.736(1) Å; S]I]I 170.5(1)8]. We were able
to prepare 11 a similar compound with the same stoichiometry
[12]aneS4?I2 2b but a different solid-state stucture. Compounds
2a and 2b both crystallise in the monoclinic crystal system
(P21/a and P21/c respectively) but the unit-cell volume for
2b (2190 Å3) is approximately three times that for 2a (740 Å3).
The asymmetric unit of 2b therefore contains three times the
number of atoms compared with 2a (1.5 [12]aneS4 and 1.5 I2

molecules, Fig. 3). One macrocycle and one I2 molecule lie on
crystallographic inversion centres and the structure therefore
contains a symmetric [S(7)]I(7) 3.203(2) and I(7)]I(7I)
2.7500(10) Å; S(7)]I(7)]I(7I) 165.00(4)8; I 1 2 x, 2y, 2 2 z]
as well as an asymmetric [S(1)]I(1) 3.174(2), S(21)]I(21)
3.148(2) and I(1)]I(21) 2.7549(8) Å; S(1)]I(1)]I(21) 174.99(4)
and S(21)]I(21)]I(1) 170.28(4)8] bridging I2 moieties within
the same structure (Table 2). The macrocycles in 2a and
S(21)]C(26) in 2b adopt the typical [3333] conformation with
exo-oriented S atoms which has also been found in the structure
of free [12]aneS4,

16 although the macrocycle S(1)]C(12) in
2b adopts a distorted [2334] conformation. The alternating
sequence of [12]aneS4 and I2 molecules results in infinite one-
dimensional chains running in the [102] direction in the packing
diagram (Fig. 4).

In [14]aneS4?I2 3 (Fig. 5, Table 3) the macrocycle retains the
[3434] conformation of free [14]aneS4

17 and the I2 molecules
[I(1)]I(19) 2.8095(11) Å; S(1)]I(1)]I(19) 178.57(7)8] bridge
asymmetrically between two independent [14]aneS4 molecules
[S(1)]I(1) 2.859(3) and S(8I)]I(19) 3.640(3) Å; S(8I)]I(19)]I(1)
168.38(5); I 2¹̄

²
1 x, y, ¹̄

²
2 z] thus forming an infinite one-

Table 2 Selected bond lengths (Å), angles (8) and torsion angles (8)
with e.s.d.s in parentheses for [12]aneS4?I2 2b (I 1 2 x, 2y, 2 2 z; II
2x, 2y, 2z)

I(21)]I(1)
I(7)]I(7I)
I(1)]S(1)

2.7549(8)
2.7500(10)
3.174(2)

I(7)]S(7)
I(21)]S(21)

3.203(2)
3.148(2)

S(1)]I(1)]I(21)
C(12)]S(1)]I(1)
C(2)]S(1)]I(1)
S(7)]I(7)]I(7I)
C(8)]S(7)]I(7)

174.99(4)
106.9(5)
88.0(4)

165.00(4)
119.5(5)

C(89)]S(7)]I(7)
C(6)]S(7)]I(7)
S(21)]I(21)]I(1)
C(26II)]S(21)]I(21)
C(22)]S(21)]I(21)

85.1(7)
84.0(4)

170.28(4)
91.9(4)
85.2(4)

C(2)]S(1)]C(12)]C(11)
C(12)]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(10)
C(8)]C(9)]S(10)]C(11)
C(9)]S(10)]C(11)]C(12)
S(10)]C(11)]C(12)]S(1)
S(21)]C(22)]C(23)]S(24)
C(22)]C(23)]S(24)]C(25)
C(23)]S(24)]C(25)]C(26)
S(24)]C(25)]C(26)]S(21II)
C(25)]C(26)]S(21II)]C(22II)
C(26)]S(21II)]C(22II)]C(23II)

273.7(6)
272.3(6)
173.2(4)

276.0(6)
276.3(6)
171.6(4)

260.5(6)
271.3(7)
173.9(5)

281.0(7)
264.4(7)
172.0(4)
172.0(4)

279.3(6)
282.3(6)
167.0(4)

290.7(6)
94.8(6)
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Fig. 2 Packing diagram of compound 1

dimensional chain structure. However, the structure can also be
visualised as having alternating layers of macrocycle and I2

spanned by S ? ? ? S contacts of 3.335(4) Å (Fig. 6).
The asymmetric unit of [14]aneS4?2I2 4 comprises two

independent half-macrocycles and two I2 molecules (Fig. 7,
Table 4). The S]I [S(11)]I(11) 2.800(4), S(21)]I(21) 2.841(4) Å]
and I]I distances [I(11)]I(119) 2.821(2), I(21)]I(219) 2.808(2) Å]
are very similar to those found for compound 3. The S]I]I
geometry is, as expected, essentially linear [S(11)]I(11)]I(119)
177.58(8) and S(21)]I(21)]I(219) 177.86(8)8]. Both macrocycles
again adopt the [3434] conformation found in the solid-state
structure of 3 and free [14]aneS4.

17 The least-squares planes
through the S atoms of the two macrocycles are tilted against

Fig. 3 Single-crystal structure of [12]aneS4?I2 2b with the numbering
scheme adopted

Fig. 4 Packing in [12]aneS4?I2 2b showing the infinite one-dimensional
chain structure formed by alternating I2 and [12]aneS4 molecules each other by about 478 leading to stacks of [14]aneS4?2I2

molecules in two different orientations in the packing diagram
(Fig. 8). The presence of alternating sheets of macrocycle and I2

is a feature also found in 3. The arrangements within each stack
are nevertheless very similar and this is reflected in the con-
formation of the macrocycles and the I]I and I]S distances. A
view approximately along the a lattice direction showing the
packing motif  in 4 in which S ? ? ? I interactions link molecules
into a three-dimensional, infinite network is shown in Fig. 8.
The network can be visualised as chains of molecules with
alternating orientations running in the [011] direction and
linked by S ? ? ? I contacts of 3.699 Å (shown as thin dashed
lines). These chains are cross-linked by longer S ? ? ? I contacts of
3.931 Å (shown as dotted lines) to form layers. The I2 centres
involved in these contacts are derived exclusively from one of
the two independent molecules and its symmetry equivalents.

Fig. 5 Single-crystal structure of [14]aneS4?I2 3 with the numbering
scheme adopted
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Diiodine moieties from the other type of molecule participate
in S ? ? ? I contacts of 3.699 Å to molecules in layers above and
below: these interactions are depicted as thick dashed lines in
Fig. 8 and the three molecules representing an upper layer are
identified by the letter A at their centre.

The 1 :1 adduct [16]aneS4?I2 5 exhibits features similar to
those seen in 2a, 2b and 3. Molecules of [16]aneS4 lie on crys-
tallographic inversion centres with a [233233] macrocyclic
conformation (Fig. 9, Table 5) which is unexpectedly different

Fig. 6 Packing in [14]aneS4?I2 3 showing alternating zones of macro-
cycle and I2 along the a direction; S? ? ?S contacts link the macrocyclic
layers across the I2 sheets

Fig. 7 Single-crystal structure of [14]aneS4?2I2 4 with the numbering
scheme adopted

Table 3 Selected bond lengths (Å), angles (8) and torsion angles (8)
with e.s.d.s in parentheses for [14]aneS4?I2 3 (I 2¹̄

²
1 x, y, ¹̄

²
2 z)

I(1)]I(19)
I(19)]S(8I)

2.8095(11)
3.640(3)

I(1)]S(1) 2.859(3)

S(8I)]I(19)]I(1)
I(19)]I(1)]S(1)

168.38(5)
178.57(7)

I(1)]S(1)]C(2)
I(1)]S(1)]C(14)

108.3(4)
99.7(4)

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)]C(7)
C(5)]C(6)]C(7)]S(8)
C(6)]C(7)]S(8)]C(9)
C(7)]S(8)]C(9)]C(10)
S(8)]C(9)]C(10)]S(11)
C(9)]C(10)]S(11)]C(12)
C(10)]S(11)]C(12)]C(13)
S(11)]C(12)]C(13)]C(14)
C(12)]C(13)]C(14)]S(1)
C(13)]C(14)]S(1)]C(2)
C(14)]S(1)]C(2)]C(3)

2175.2(5)
263.5(8)
267.4(8)
177.8(7)

2176.8(7)
67.5(8)
69.7(8)

178.6(5)
54.5(9)
61.0(9)

172.4(7)
2175.6(7)
255.0(9)
264.8(8)

from the [3535] conformation of the uncomplexed macro-
cycle.18 Nevertheless a common feature in both 5 and
[16]aneS4 is the presence of two endo-oriented S atoms, con-
trasting with the other tetradentate macrocycles [12]aneS4

and [14]aneS4. In 5 alternating [16]aneS4 and I2 molecules
form infinite, one-dimensional chains running in the [111]
direction as shown in Fig. 10. The I2 bridges between inde-
pendent macrocycles are symmetrical [I(1)]I(1I) 2.773(12)
and S(1)]I(1) 3.114(14) Å; S(1)]I(1)]I(1I) 173.02(8)8; I = 2x,
2y, 2z].

The compound [16]aneS4?4I2 6 is the only example in the
present investigation where all four S-donor atoms co-ordinate
to I2 molecules (Fig. 11, Table 6). The I(1)]I(19) and I(5)]I(59)
distances of 2.8108(9) and 2.7916(8) Å and I(1)]S(1) and
I(5)]S(5) distances of 2.756(2) and 2.848(2) Å are typical and
very similar to those in 4: the S]I]I moieties, as expected, are

Fig. 8 Packing in [14]aneS4?2I2 4 showing stacks in two distinct orient-
ations within the crystal lattice

Table 4 Selected bond lengths (Å), angles (8) and torsion angles (8)
with e.s.d.s in parentheses for [14]aneS4?2I2 4 (I 2x, 2y, 3 2 z; II 2x,
1 2 y, 2 2 z)

I(11)]I(119)
I(11)]S(11)

2.821(2)
2.800(4)

I(21)]I(219)
I(21)]S(21)

2.808(2)
2.841(4)

S(11)]I(11)]I(119)
C(12)]S(11)]I(11)
C(17I)]S(11)]I(11)

177.58(8)
104.9(5)
101.0(5)

S(21)]I(21)]I(219)
C(22)]S(21)]I(21)
C(27II)]S(21)]I(21)

177.86(8)
101.2(4)
101.1(5)

S(11)]C(12)]C(13)]C(14)
C(12)]C(13)]C(14)]S(15)
C(13)]C(14)]S(15)]C(16)
C(14)]S(15)]C(16)]C(17)
S(15)]C(16)]C(17)]S(11I)
C(16)]C(17)]S(11I)]C(12I)
C(17)]S(11I)]C(12I)]C(13I)
S(21)]C(22)]C(23)]C(24)
C(22)]C(23)]C(24)]S(25)
C(23)]C(24)]S(25)]C(26)
C(24)]S(25)]C(26)]C(27)
S(25)]C(26)]C(27)]S(21II)
C(26)]C(27)]S(21II)]C(22II)
C(27)]S(21II)]C(22II)]C(23II)

2177.2(10)
2178.5(9)
261.8(12)
267.5(10)

2171.6(6)
266.2(10)

56.2(11)
2174.8(10)
2178.3(10)
260.3(11)
267.2(11)

2167.5(7)
266.6(11)

54.5(11)
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quasi-linear [S(1)]I(1)]I(19) 174.74(5) and S(5)]I(5)]I(59)
171.71(5)8]. Although the macrocycle lies on a crystallographic
two-fold axis passing through C(15) and C(7) it adopts a
[233233] conformation similar to that found in the structure
of 5, where the molecules lie on inversion centres. However, the
conformations of the [16]aneS4 macrocycle in 5 and 6 (Figs. 9
and 11, respectively) are different with respect to the orientation
of the S atoms. The packing diagram of 6 reveals a stacked
arrangement of the macrocycles embedded in a matrix of I2.
The most significant intermolecular interactions are I ? ? ? I con-

Fig. 9 Single-crystal structure of [16]aneS4?I2 5 with the numbering
scheme adopted

Fig. 10 Packing in [16]aneS4?I2 5 which has a one-dimensional chain
structure similar to that of compound 2b

Table 5 Selected bond lengths (Å), angles (8) and torsion angles (8)
with e.s.d.s in parentheses for [16]aneS4?I2 5 (I 2x, 2y, 2z; II 1 2 x,
1 2 y, 1 2 z)

I(1)]I(1I) 2.773(12) S(1)]I(1) 3.114(14)

I(1I)]I(1)]S(1)
I(1)]S(1)]C(2)

173.02(8)
92.9(6)

I(1)]S(1)]C(8II) 92.6(5)

S(1)]C(2)]C(3)]C(4)
C(2)]C(3)]C(4)]C(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(1II)
C(7)]C(8)]S(1II)]C(2II)
C(8)]S(1II)]C(2II)]C(3II)

2156.4(9)
74.7(13)
81.4(11)

2172.0(9)
82.7(12)

173.6(9)
2165.1(9)

78.6(10)

tacts of 3.639(2) Å, which link molecules into two-dimensional,
interwoven corrugated sheets lying in the ab plane (Fig. 12).
Each molecule is linked to four of its neighbours via their ter-
minal I2 atoms: two of these neighbours lie in the upper part of
the bilayer and two in the lower. Chains of molecules are nearly
linear with I]I ? ? ? I angles of 153.7(1) and 165.9(1)8. Any chain
has its I2 ? ? ? I2 bridges consistently above or below those of the
chains it crosses, and this relationship applies to each set of
parallel chains (Fig. 12).

Fig. 13 shows a plot of S]I vs. I]I distances for solid-state
structures of diiodine adducts of thioether crowns and related
thioethers. It is clear that there is, as expected, a general inverse
relationship between these distances, with S]I distances of
greater than 3 Å being associated with bridging S ? ? ? I2 ? ? ? S
fragments.

Fig. 11 Single-crystal structure of [16]aneS4?4I2 6 with the numbering
scheme adopted

Fig. 12 Packing in [16]aneS4?4I2 6. Molecules are linked by I? ? ?I con-
tacts into infinite chains which are interwoven to form a corrugated
bilayer

Table 6 Selected bond lengths (Å), angles (8) and torsion angles (8)
with e.s.d.s in parentheses for [16]aneS4?4I2 6 (I 2x, y, ¹̄

²
2 z)

I(1)]I(19)
I(1)]S(1)

2.8108(9)
2.756(2)

I(5)]I(59)
I(5)]S(5)

2.7916(8)
2.848(2)

I(19)]I(1)]S(1)
I(1)]S(1)]C(16)
I(1)]S(1)]C(2)

174.74(5)
95.8(3)

108.6(3)

I(59)]I(5)]S(5)
I(5)]S(5)]C(4)
I(5)]S(5)]C(6)

171.71(5)
107.4(3)
93.7(3)

C(16I)]C(15)]C(16)]S(1)
C(15)]C(16)]S(1)]C(2)
C(16)]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(6I)

68.9(7)
2166.1(5)

73.3(6)
166.4(6)

2177.6(6)
81.8(7)

2162.5(6)
76.1(7)
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Solution studies

Electronic spectroscopic studies in solution allow measurement
of the formation constants (K) and the thermodynamic param-
eters for the formation of charge-transfer adducts, equation (1).

D 1 I2 D?I2 (1)

Except for [6]aneS, all the thioether compounds under con-
sideration contain two or more sulfur atoms capable of binding
molecular I2 and consequently molecular adducts having
ligand : I2 molar ratios different from 1 :1 are to be expected in
solution. Solutions containing both I2 and suitable donors such
as homoleptic thioether macrocycles in CH2Cl2 are dark brown
in contrast to the violet colour of I2 in CH2Cl2. The change
from violet to brown (λmax = 490 nm) upon addition of the
thioether macrocycle indicates the formation of charge-transfer
adducts in solution. It is important to establish the stoich-
iometry of the dissolved species and initially Job’s method 19 of
constant concentration variation was used to study the I2–
[9]aneS3 system in CH2Cl2. The data (Table 7) strongly suggest
that the predominant species under high dilution conditions
has a 1 :1 I2 : [9]aneS3 composition. For all the macrocycles
investigated, the electronic spectra of different solutions con-
taining a constant amount of macrocycle and an increasing
amount of I2 up to a macrocycle : I2 molar ratio of 1 :5 were
recorded. Only one isosbestic point was observed with each

Fig. 13 Plot of S]I vs. I]I for structurally characterised adducts of
thioethers and I2. Dotted and dashed vertical lines denote the I]I
distance in I2 in the gas phase and solid state respectively
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macrocycle. Fig. 14 illustrates the isosbestic formation of the I2

adduct of [18]aneS6 up to a 1 :5 [18]aneS6 : I2 molar ratio. How-
ever, in order to avoid the formation of adducts different from
1:1, all the solutions used for the calculation of the stability
constants of equilibrium (1) were prepared with macrocycle
concentration always higher than that of I2. Thus, under the
conditions of the experimental spectrophotometric measure-
ments, only the formation of the 1 :1 adduct is relevant as con-
firmed by the presence of isosbestic points (Table 8) for all the
compounds.

The formation constants K at 25 8C together with the ∆H
values, calculated from plots of ln(Kε) versus 1/T, are reported
in Table 9.‡,1 Values previously reported for [6]aneS3 and
[9]aneS3 are also included.9 The correlation coefficient
(r > 0.999 for all compounds) for the plots of ln(Kε) versus 1/T
indicate a good reliability for the ∆H values. It should be
emphasised that it has not always been possible to explore the
whole range of the saturation fraction(s) with these substrates,
which should spread from 0 to 1 for each set of solutions in
order to have the best confidence in the calculated K and ε
values.21,22 In many cases either low solubility of the substrate
or of the charge-transfer adduct prevented measurements
throughout the full range of saturation fractions, s. For
[6]aneS and [16]aneS4 the accessible ranges of s were 0.11–
0.95 and 0.21–0.91 (at 25 8C) respectively; for 1,4-[6]aneS2,
1,3-[6]aneS2, [14]aneS4, [15]aneS5 and [18]aneS6 they were

Fig. 14 Electronic spectra for addition of [18]aneS6 to I2.
[I2] = 9.3 × 1024 mol dm23 and [[18]aneS6] = 1.792 × 1024, 3.584 × 1024,
6.272 × 1024, 8.96 × 1024, 1.254 × 1023 and 1.613 × 1023 mol dm23 for
(a), (b), (c), (d), (e) and ( f ) respectively

Table 7 Absorbances at 308 ± 3 nm for 0.993 mmol dm23 mixtures of
diiodine and [9]aneS3 in CH2Cl2

I2 : [9]aneS3 ratio Absorbance

0 :10
1 :9
2 :8
3 :7
4 :6
5 :5
6 :4
7 :3
8 :2
9 :1

10 :0

0.000
0.056
0.097
0.129
0.150
0.164
0.142
0.130
0.103
0.070
0.000

‡ The molar absorption coefficients (ε) at six different wavelengths used
for the calculation, the K values at temperatures of 15, 20, 25, 30 and
35 8C, the range of the saturation fraction experimentally realised for
the sets of the solutions, the sum of the squared deviations between the
calculated and observed absorbances, the ∆H values, calculated from
the plots of ln(Kε) versus 1/T and the correlation coefficients for the
compounds are available from the authors.
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0.2–0.7, whereas those for [6]aneS3, [9]aneS3
9 and [12]aneS4

were narrower at 0.05–0.25. Obviously, the narrower the range
of s explored the less reliable are the values for K. For this
reason, more reliable values of ∆H were obtained from plots of
ln(Kε) versus 1/T in place of van’t Hoff plots.§,2

Some preliminary conclusions can be drawn from inspection
of the K values in Table 9. For rings of the same size the value
of K decreases as the number of sulfur atoms increases. Other-
wise, in the presence of the same number of sulfur atoms, K
increases with increasing size of the ring (see for example the
K values in Table 9 for the adducts of [6]aneS3, [9]aneS3 and
[12]aneS4, [14]aneS4, [16]aneS4). These trends can be
explained in terms of inductive effects of the thioether atoms
(2I) or vice versa in terms of the 1I effect of the methylene
groups. A convenient parameter that might take into account
both these factors is the mean number of CH2 groups (n)
per sulfur atom. A rough correlation is found between the K
values and n; compare for example the K value of [6]aneS3 (13
dm3 mol21, n = 1) with that of [9]aneS3 (169 dm3 mol21, n = 2) or
the K values of [12]aneS4 (74 dm3 mol21), [14]aneS4 (151 dm3

mol21) and [16]aneS4 (519 dm3 mol21) for which n = 2, 2.5 and 3
respectively. However, since the values obtained for ∆H are
more reliable than those for K, a plot of ∆H vs. n should be
considered (Fig. 15). As can be seen, the values of ∆H do
appear to depend upon n. However, all the compounds
for which n = 2 show a high spread of ∆H values, indicating

Fig. 15 Plot of ∆H vs. n (n = average number of CH2 groups per sulfur
atom) for I2 adducts with thioether crowns 

Table 8 Charge-transfer band (λCT) molar absorption coefficients
(εCT) and isosbestic points obtained between the I2 visible band and its
blue-shifted band (CH2Cl2 solutions, 25 8C) for thioether crowns

Compound λCT/nm εCT/dm3 mol21 cm21 Isosbestic point/nm

[6]aneS
1,4-[6]aneS2

1,3-[6]aneS2

[6]aneS3

[9]aneS3

[12]aneS4

[14]aneS4

[16]aneS4

[15]aneS5

[18]aneS6

305
305
310
310
310
310
310
310
310
310

27 300
38 600
26 500
35 900
26 200
17 900
30 900
31 400
25 800
27 400

474
480
480
479
480
492
482
479
490
485

§ As reported in the Experimental section, the formation constants K
for the adduct of I2 with 1,4-dithiacyclohexane were also calculated
using SUPERSPEC.20 The best values of K and ε obtained which min-
imise χ2 are quite different from those reported in Table 9 [25 8C,
K = 104(18) dm3 mol21]. However the value of ∆H obtained from a
normal van’t Hoff plot (31.8 ± 0.06 kJ mol21) is very similar to that in
Table 9, thus supporting our choice of the method used in calculating
∆H.

that other factors such as solvation must inevitably affect
the strength of the S]I2 interaction. The existence of several
potential conformers for each charge-transfer adduct in
solution also appears likely, and may play an important role in
the observed K and ∆H values. The presence of a range of
possible conformers for these compounds is underlined clearly
by X-ray studies on crystalline adducts with I2 as described
above.

In order to monitor further diiodine–thioether crown inter-
actions, the Fourier-transform Raman spectra of CH2Cl2 solu-
tions of a range of thioether crowns and I2 have been recorded
in the characteristic ν(I]I) region, and the Raman shifts and the
band half-widths, ∆ν₂

₁, are reported in Table 9. Although the
band half-widths are affected by some uncertainty, they gen-
erally increase with the size of the ring, presumably reflecting an
increased number of adduct conformers present in solution
each with very slightly different I2]S (thioether) bond strengths.

Fig. 16 shows a plot of the ν(I]I) Raman frequencies vs. ∆H
values, together with data previously reported for the adducts
obtained from compounds containing the C]]S group.23 The two
sets of data do not fit the same curve and all the points corres-
ponding to the thioether crowns lie above the curve obtained
for the thioketones. This can be ascribed to the different hybri-
disation of the sulfur atoms in the two sets of compounds.

Conclusion
We have shown that diiodine charge-transfer adducts with
homoleptic thioether macrocycles exhibit a range of different
assemblies in the solid state and we have been able to identify
and correlate those assemblies with the diiodine contents of
the complex. Interestingly, regardless of ligand : I2 ratios there is
a tendency to obtain only certain adduct stoichiometries in the
solid state. This reflects the solubility and packing behaviour of
these isolated products. In particular, 1 :1 adducts of I2 and
homoleptic S-donor macrocycles feature largely in this work
and incorporate I2-bridged chain structures. The overall con-
formation of these chains depends, however, very much on the
conformational preferences of the macrocycles which accounts
for instance for the differences in the structures of 2a, 2b, 3
and 5. It is also interesting that the macrocycles in complexes
with low diiodine content adopt similar conformations
compared with the solid-state structure of the uncomplexed
macrocycle.

In solution our findings strongly suggest that the 1 :1 adduct
is the predominant species. Electronic spectroscopy has been
used to obtain formation constant data, and from the ∆H vs.
ν(I]I) correlation it has been possible to evaluate the enthalpy
of the S ? ? ? I2 donor–acceptor interaction.

A future paper will describe work on adducts of I2 with
penta-, hexa- and octa-dentate thioether macrocycles.

Fig. 16 Plot of ν(I]I) Raman vs. ∆H values. the lower curve (d) refers
to diiodine–thioketone charge-transfer adducts, the upper (1) to the
diiodine–thioether crown adducts. The value of 208 cm21 (∆H = 0) (r)
refers to free I2
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Table 9 Formation constants (K) at 25 8C, ∆H values, Raman frequencies ν(I]I) and their band half-width for adducts of I2 with thioether crowns
(standard deviations in parentheses)

Compound n a K/dm3 mol21 2∆H/kJ mol21 ν̃(I]I)/cm21 ∆ν₂
₁/cm21

[6]aneS
1,4-[6]aneS2

1,3-[6]aneS2

[6]aneS3

[9]aneS3

[12]aneS4

[14]aneS4

[16]aneS4

[15]aneS5

[18]aneS6

5
2
2
1
2
2
2.5
3
2
2

827(26)
40(1)
94(3)
13(1)

169(4)
74(7)

151(4)
519(9)
94(1)

151(2)

47.2(0.1)
31.8(0.1)
32.3(0.3)
26.4(0.1)
35.0(0.1)
28.3(0.2)
32.2(0.1)
38.7(0.1)
29.8(0.1)
31.6(0.1)

156
164
162
169
162
170
162
160
168
165

17
19
20
21
22
b
21
19
22
23

a Number of methylene groups per sulfur atom. b Not reported since the low solubility of the adduct prevented the same precision as that for the
other compounds.

Experimental

Spectrophotometric measurements were carried out using a
Perkin-Elmer Lambda 9 UV/VIS/NIR spectrophotometer.
Diiodine was purified by sublimation from KI and stored in a
desiccator. A typical preparation consisted of mixing solutions
of I2 and the appropriate macrocycle in HPLC-grade CH2Cl2

affording about 15 cm3 of  a dark brown mixture. Slow evapor-
ation at room temperature over a few weeks afforded products
on the glass walls and the bottom of the reaction vessel. The
products appeared in bands which could be distinguished by
colour and morphology. It should be noted that most of these
deposits were thin films covering the glass walls. Crystalline
material suitable for single-crystal X-ray diffraction studies
could in general only be recovered from near the bottom of the
reaction vessel. The crystallisation products were collected
and initially characterised by microanalysis. Larger deviations
between observed and calculated values are commonly found
for compounds with high diiodine contents, where loss of I2 was
apparent (Found: C, 11.25; H, 1.8. Calc. for C12H24I8S6 1: C,
10.5; H, 1.75. Found: C, 19.4; H, 3.3. Calc. for C8H16I2S4 2b: C,
19.45; H, 3.25. Found: C, 23.0; H, 3.95. Calc. for C10H20I2S4 3:
C, 23.0; H, 3.85. Found: C, 13.05; H, 2.2. Calc. for C12H20I8S4 6:
C, 11.0; H, 1.85%).

The relatively weak nature of the charge-transfer interaction
in these compounds is reflected in mass spectral measurements
which do not show molecular ion peaks for the adducts them-
selves but peaks assigned to I2 and free macrocycle.

Crystallography

The following procedure is typical. A single crystal suitable for
X-ray diffraction studies was mounted in the cold dinitrogen
stream of an Oxford Cryosystems low-temperature device 24

on a Stoë Stadi-4 four-circle diffractometer [graphite-
monochromated Mo-Kα X-radiation (λ = 0.710 73 Å); data
acquisition by ω–2θ scan mode]. Other details of crystal data,
data collection and processing and structure analysis are given
in Table 10. The single-crystal structures of compounds 1, 2b
and 6 were solved by direct methods using SHELXS 86.25

A Patterson synthesis revealed the positions of the I atoms in
the structures of 4 and 5 using SHELXS 86 25 and in 3 using
SHELX 76.26 The structures were developed by iterative cycles
of least-squares refinement and ∆F synthesis. Excessive residual
electron density in close proximity to I atoms at isotropic con-
vergence warranted a further empirical absorption correction
(DIFABS 27) in the case of compounds 1, 3 and 5. All non-
hydrogen atoms were refined anisotropically, except in the
structure of 2b where the minor components of the C atom
disorder were allowed only thermal isotropic motion. Hydrogen
atoms were included in calculated positions riding on the parent
C atom. Their thermal parameters were either refined to a
common Ueq (0.0236, 0.0312, 0.0342 and 0.0497 Å2 in

compounds 1, 2b, 3 and 6 respectively) or assigned 1.2 times the
isotropic Ueq value of the parent C atom (in 4 and 5). In Figs.
1, 3, 5, 7, 9 and 11 displacement ellipsoids are drawn at the
50% probability level and H atoms are represented by small
spheres of arbitrary radii. Illustrations were generated using
SHELXTL-PC,28 and molecular geometry calculations util-
ised CALC,29 SHELXTL-PC and SHELXL 93.30

The S(7)C(8)C(9)S(10) region in [12]aneS4?I2 2b was affected
by disorder which was successfully modelled by allowing alter-
native positions for C(8) and C(9) with site occupancy factors
of 0.75 and 0.25. All C]C and C]S distances in this region were
restrained to 1.52 and 1.82 Å respectively and the minor com-
ponents C(89) and C(99) were refined isotropically.

Atomic coordinates, thermal parameters, and bond lengths
and angles have been deposited at the Cambridge Crystallo-
graphic Data Centre (CCDC). See Instructions for Authors,
J. Chem. Soc., Dalton Trans., 1997, Issue 1. Any request to the
CCDC for this material should quote the full literature citation
and the reference number 186/325.

Solution studies

Two solutions of I2 (0.993 mmol dm23) and [9]aneS3 (0.993
mmol dm23) in CH2Cl2 were made up and the absorbance of 11
mixtures ranging from 0 :10 to 10 :0 ratio were measured at
λmax = 308 ± 3 nm in 0.3 mm cuvettes using a Perkin-Elmer
Lambda 9 spectrophotometer. A plot of the measured absorb-
ances against the I2 : [9]aneS3 ratio gave a curve with a maxi-
mum of 0.98 :1.02 I2 : [9]aneS3 determined by the intersection of
two linear regression tangents on either side of the curve. The
11 spectra recorded showed an isosbestic point at 480 nm.

Spectrophotometric measurements and data treatment. The
spectrophotometric measurements for the determination of
formation constants were carried out in CH2Cl2 solutions by
using a Varian Cary 5 spectrophotometer having a temperature-
controller accessory and connected to an IBM PS2 computer.
The spectra of 12 different solutions were recorded in the range
250–600 nm at temperatures 15, 20, 25, 30 and 35 8C. The con-
centrations of the reagents were chosen according to criteria
outlined in ref. 31 and discussed in previous papers.21,22 In all
the solutions the macrocycle concentrations were always higher
than that of I2 in order to avoid or at least minimise the form-
ation of higher adducts. The sets of data for all thioether–
diiodine solutions were analysed using a factor-analysis pro-
gram 32 to determine the number of species present in solution.
In all cases the presence of only two species, namely I2 and the
1 :1 L : I2 adduct, has been confirmed. Data analysis was carried
out with a program based on a non-linear least-squares
method,33 assuming that the best values of K and ε are those
which minimise the sum of the function χ2 = o (Ac 2 As)

2/
(N 2 2), where Ac and As are the calculated and experimental
absorbances and N is the number of data points. The optimis-
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ation of K was carried out at six different wavelengths. For
some compounds the calculated K and ε values were cor-
related with an observed decrease in ε with increase in temp-
erature. The value of ∆H were therefore calculated by aver-
aging the slopes of the six straight lines obtained by plotting
ln(Kε) versus 1/T at six different wavelengths; ∆H = (o ∆Hi/σi)/
o1/σi, σ = {(N 2 1)oσi

2/[Nn(Nn 2 1)]}¹², where N and n are
the numbers of the different temperatures and wavelengths
respectively. This procedure provides more reliable values of
∆H than those obtainable by using a van’t Hoff plot. In add-
ition to the factor analysis,32 a new set of electronic spectra
for 1,4-dithiacyclohexane were recorded. Fifteen solutions
having a constant concentration of 1,4-dithiacyclohexane
(3.999 × 1023 mol dm23) and increasing amounts of I2 (I2 :
donor molar ratio ranging from 0.1 to 30 :1) were analysed with
the SUPERSPEC program,20 giving convergence of unique
values for K and ε confirming the formation of the 1 :1 adduct
only.

Fourier-transform Raman spectra. The Fourier-transform
Raman spectra were recorded on an FRA 106 FT Raman
accessory mounted on a Bruker IFS 66 FT-IR vacuum instru-
ment, operating with an excitation frequency of 1064 nm
(Nd2YAG laser). No sample decomposition was observed
during the experiments. The solutions used contained 0.8 :1.0
molar ratios of diiodine :macrocycle, [I2] = 2.6 × 1022 mol
dm23.
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