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Reaction of N-methylbenzothiazole-2-thione (C8H7NS2 or NMBZT) with diiodine produced the charge-transfer (ct)
complex [(NMBZT)‚I2] (1). NMBZT reacts with diiodine in the presence of FeCl3 in a molar ratio of 3:6:1 and forms
the ionic complex {[(NMBZT)2I+]‚[FeCl4]-} (2) together with {[(NMBZT)2I+]‚[I7]-} (2a) iodonium salt. The reaction
of benzimidazole-2-thione (C7H6N2S or MBZIM) with diiodine on the other hand results in the formation of the ct
{[(MBZIM)2I]+[I3]-}‚[(MBZIM)‚I2] (3) compound. The compounds have been characterized by elemental analyses,
DTA-TG, FT-Raman, FT-IR, UV−vis, and 1H NMR spectroscopies, and X-ray crystal structure determinations.
Compound 1, C8H7I2NS2, is orthorhombic with a space group Pna21 and a ) 12.5147(13) Å, b ) 22.536(3) Å,
c ) 4.2994(5) Å, and Z ) 4. Compound 2, C16H14Cl4FeIN2S4, is monoclinic, space group C2/c, a ) 35.781(2) Å,
b ) 7.4761(5) Å, c ) 18.4677(12) Å, â ) 107.219(1)°, and Z ) 8. Compound 3, C21H18I6N6S3, monoclinic, space
group P21/n, a ) 14.0652(11) Å, b ) 22.536(3) Å, c ) 4.2994(5) Å, â ) 99.635(7)°, and Z ) 4, consists of two
component moieties cocrystallized, one neutral which contains the benzimidazole-2-thione (MBIZM) ligand bonded
with an iodine atom through sulfur, forming a compound with a “spoke” structure [(MBZIM)I2] 3a, while the other
is the ionic complex {[(MBZII)2I+}‚[I3]-} (3b). The X-ray crystal structure of 1 shows a bond between the thione-
sulfur atom and one of the iodine atoms in an essentially planar arrangement. In the cation of 2, an iodine is
coordinated by two thione-sulfur atoms in a linear arrangement but the molecule is not planar. For the first time in
the solid state a spoke−ionic mixed complex has been characterized in 3. One component of the structure is a
molecular diiodine adduct, i.e., [(MBZIM)I2] (3a), with a linear coordination geometry in a decidedly planar arrangement,
and the other component is an ionic adduct {[(MBZIM)2I]+‚[I3]-} (3b) with the cation having an arrangement similar
to that found for 1. Theoretical calculations using density functional (DFT) and ab initio Hartree−Fock theory have
been carried out for 1 and 3a,b. The results are consistent with the experimental data. Conclusions on the behavior
of a thioamide, when used as an antithyroid drug, have also been made.

Introduction

The perturbation of the I-I bond when diiodine interacts
with heterocycles such as thiones leads to novel complexes

containing iodine.1-10 Various types of such complexes have
been obtained thus far, including charge transfer (ct) with
the so-called “spoke” or “extended spoke” structures (DS‚I2

or DS‚I2‚‚‚I2),1a-c,2,3a,4b,5a,b,d,6a,b,7b-d,8a,bthe “T-shape” structure,2
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iodine(I) coordinated to two thioamides to form “iodonium
salts” ([DS-I-DS]+‚(I3)-),1a,2,4b,7a,9b,coxidation products of
formula DS-I,8a dications of formula [DS]2(In

-)2,4a,5e,9aand
monocations of formula [DS-SDH](I3)-.1d,4a

The interest in the study of structure-activity relationship
of thioamides against diiodine is stimulated by the interest
in the molecular compounds formed between antithyroid
drugs and diiodine,1,11-13 since thioamides are known to
exhibit antithyroid activity.13 The most commonly employed
antithyroid drugs in use are 6-n-propylthiouracil (PTU),
N-methylimidazoline-2-thione (methimazole, MMI), and

3-methyl-2-thioxo-4-imidazoline-1-carboxylate (carbimazole)
(CBZ).13 1,3-Bis(hydroxymethyl)benzimidazoline-2-thione
has also been used13 for this purpose. Thyroid-peroxidase
(TPO), an iron-porphyrin enzyme,14,15is responsible for the
oxidation of iodide anions to active diiodine.15,16 The
proposed reaction scheme for the mechanism of action of
TPO involves the formation of the{[TPO-OI]-} intermedi-
ate complex which reacts with tyrosine to give mono- and
diiodotyrosine and TPO.15 It has been shown that MMI4a is
readily oxidized by the thyroid-peroxidase (TPO) to form
MMI disulfide (bis[1-methylimidazole(2)] disulfide), while
activated iodine is reduced to iodide anion simultaneously.
We also recently demonstrated that PTU forms weak charge-
transfer complexes (ct) with diiodine.1c Thiazolidine-2-thione
(TZDTH), an antithyroid agent,13 formed a double coordi-
nated iodine(I) complex of formula [{(tzdtH)2I+}‚I3

-‚2I2]1a

when reacted with excess diiodine. Although it has been
proposed1,11-12 that thioamides inhibit the formation of
thyroid hormones by depressing the incorporation of oxidized
iodides to tyrosine, a precursor of the T3 and T4 hormones,
the precise mechanism of this trapping is still a matter of
further investigation.

In this paper, we report the structural and spectroscopic
characterization of two new diiodine complexes with the
heterocyclic thioamidesN-methylbenzothiazole-2-thione (C8H7-
NS2 or NMBZT, I ) and benzimidazole-2-thione (C7H6N2S
or MBZ1M, II ) of formulas{[(NMBZT)2I] +‚[FeCl4]-} (2)
and {[(MBZIM) 2I] +‚[I 3]-}‚[(MBZIM)I 2] (3). The crystal
structure of [(NMBZT)‚I2] (1), compound previously isolated
as a powder,6b is also reported. On the basis of the
experimental data and theoretical calculations, an attempt
to correlate the results with the mechanism of action of
antithyroid drugs is made.

Results and Discussion

Reactions.NMBZT (I ) reacts with I2 in a molar ratio of
1:1 to form the neutral adduct [(NMBZT)‚I2] (1) (eq 1).
When it reacts with diiodine in the presence of FeCl3

in a molar ratio of 3:6:1 (NMBZT:I2:FeCl3), complex
{[(NMBZT)2I]+}‚[FeCl4]- (2) together with{[(NMBZT)2I+}‚
[I 7]- (2a) (eq 2) is formed. MBZIM (II ), on the other hand,
reacts with I2 in a molar ratio of 1:1 to form the mixed neutral
and ionic compound{[(MBZ1M)2I]+}‚[I 3]-}‚[(MBZIM)I 2]‚3
(eq 3).
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We recently showed that the reaction between MBZIM
and I2 in the ratio of 1:2 leads to the formation of the dimeric
neutral complex [{(MBZIM)I 2}2‚I2‚H2O]1a (eq 4). Demartin
et al.7a isolated and characterized the ionic compound of
formula{[(NMBZT)2I]+[I 7]-} (2a) derived from the reaction
of NMBZT with I2 in the molar ratio 1:27a (eq 5). Cristiani
et al.6b observed that when NMBZT and I2 react in a molar
ratio of 1:1, the neutral adduct [(NMBZT)‚I2] (1) was ob-
tained as a powder, together with crystals of{[(NMBZT)2I]+-
[I 7]-}.6b

Thermal Analysis. Thermal analysis in flowing nitrogen
showed that complexes1 and3 decompose in two stages.
The TGA and DTA data curves for complex1 show that
the first stage of its decomposition sums up to a total of
89.8% mass loss and it is connected with two endothermic
effects involving the stage between 94 and 182.00°C that
corresponds to 59.4% mass loss of iodine (the calculated
mass loss is 58.4%), and this corresponds to an endothermic
effect at 114.00°C. The other stage is between 182 and
207.00°C and corresponds also to an endothermic event at
206.68°C and to 30.4% mass loss of the thione.

In complex3, two stages of decomposition occur in the
range of 84.00-150.00°C and correspond to 61.3% loss of
iodine compared to the calculated 62.87% (endothermic
146.15°C). The loss of thione involves 33% mass loss and
occurs at 230.00-285.00 °C also accompanied with an
endothermic event at 271.60°C.

Conductivity Measurements.Conductometric titrations
of NMBZT or MBZIM with I 2 in acetonitrile are shown in
Figure 1.

At zero I2 concentration, NMBZT solution (Figure 1A)
has almost zero conductivity. This increases up to a higher
value when the [I2]:[NMBZT] ratio is increased up to 2:1.
This stoichiometry corresponds to complex{[(NMBZT)2I]+‚
[I 7]-} (2a). Thus, when diiodine is added in the solution of
NMBZT, initially both the neutral (1) and the ionic (2a)
complexes may be formed as it is shown in Scheme 1A.
Further addition of diiodine results to the formation of the
ionic complex (2a) (Scheme 1A) when the [I2]:[NMBZT]
molar ratio is 2:1. A similar interpretation is also valid for
the reaction between MBZIM and I2 resulting in the
formation of the{[(MBZIM) 2I]+‚I3

-}‚[(MBZIM)I 2]‚3 com-
plex (Scheme 1B and Figure 1B).

Spectroscopy. (A) UV-Vis. The visible spectra of the
thione-iodine adducts in dichloromethane or chloroform
exhibit one distinct absorption band at 475-505 nm (476
for 1 and 496 nm for3), assigned to the “blue shift” band of
I2

8c which appears at 504 nm in free I2 in CH2Cl2.7c A
shoulder in the range 310-360 nm of both compounds can
be assigned to a charge-transfer band from the HOMO of
the donor to the iodine LUMO (σπ

*).3b,6a,8cIt should be noted
that the ct (charge transfer) bands are not recognizable for
complex 1 as they are most probably masked by the
intraligand transitions (π* r π or π* r n) occurring at
almost the same wavelength. For complex3 the ct band
appears as a shoulder at 360 nm.

NMBZT + I2 f NMBZT-I2 (1)

3NMBZT + 6I2 + FeCl3 f

(1/2)[(NMBZT)2I
+]‚[FeCl4]

- + [(NMBZT)2I
+]‚[I 7

-] +

(1/2)[FeCl2]
+[I 3

-] (2)

3MBZIM + 3I2 f {[MBZIM -I2]‚[(MBZIM) 2I]
+‚[I 3

-]}
(3)

MBZIM + 2I2 f [{(MBZIM)I 2}2‚I2‚H2O] (4)

NMBZT + 2I2 f (1/2)[(NMBZT)2I]
+‚[I 7

-] (2a) (5)

Figure 1. Conductivity titrations of NMBZT (A) or MBZIM (B), 10-2

M with I2 in acetonitrile solutions (T ) 293 K).

Scheme 1

Mechanism of Action of Antithyroid Drugs
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(B) Vibrational Spectroscopy. The distinct vibrational
bands in the ranges 1511-1457 and 1353-1313 cm-1 can
be assigned toν(CN) vibrations (thioamide I and II bands),
and the bands 1048-1011 and 929-742 cm-1 can be
attributed to theν(CS) vibrations (thioamide III and IV
bands). Amide N-CH3 bond vibrations were observed at
1262 cm-1 for compound1, andν(N-H) was observed at
3155 cm-1 in the case of3, which is shifted to higher
wavenumber on passing from the free ligand to the com-
plexes, typical behavior of sulfur donation. New bands
appearing at 145 and 144 cm-1 in the far-IR spectra of
compounds1 and 3, respectively, were assigned to the
ν(I-I) stretching vibration modes.1a,c

The Raman spectra of complexes1 and3 were recorded
in the 300-50 cm-1 region. The Raman spectrum of complex
1 shows an intense band at 160.50 cm-1 which can be
attributed to theν(I-I) vibration. Free iodine shows a band
at 180 cm-1 for ν(I-I) in the solid state.1a This classifies
compound1 as the type D‚‚‚I-I (A) with long D‚‚‚I and
short I-I bond distances according to the classification of
Deplano et al.5a The spectrum of complex3 shows a strong
band at 108.43 cm-1 and a shoulder at 135.35 cm-1. It is
worth mentioning that bands around 110 cm-l are normally
attributed to theν(I-I) stretching of symmetric I3

-, which
exhibits only one Raman active band.1a-1c,3aFor asymmetric
I3

-, bands assigned toν(I-I) are observed at higher (140-
130 cm-l) frequencies (135.5 cm-l in the present case). At
lower frequencies (80-70 cm-l) deformation motions are
also observed (in our case this band has not been observed
most probably because it is masked by the very intense band
at 108.43 cm-1). Thus, the complex should contain a
symmetric and an asymmetric I3

- unit3a as confirmed by the
crystallographic study.

Crystal and Molecular Structures. Dark crystals of the
complexes suitable for X-ray single-crystal analysis were
grown by slow evaporation of the filtrates yielded from the
reaction of diiodine with the appropriate ligand in dichlo-
romethane solution. Representations of complexes1-3 are
shown in Figures 2-4. Crystal data and the structure
refinement details are given in Table 1, and selected bond
lengths and angles are given in Tables 2-4.

(i) Structure of [(NMBZT) ‚I 2] (1). The crystal structure
of compound1 comprises a thione ligand, bonded with a

diiodine atom through sulfur with I(1)-S(2) ) 2.808(3) Å
(Figure 2A). The S-I bond distance found in1 is among
the longest ever measured for such type of adduct indicating
a relatively weak interaction between thioamide and diiodine
(Table 5). From the data collected in Table 5, the range of
S-I bond lengths is 2.571(6) Å, in [{(bzimtH)I2}2‚I2‚2H2O]1a,
to 2.874(2) Å, in [bzoxtH‚I2].6b

The corresponding I-I bond distance of 2.7914(9) Å is
longer than the I-I distances either in the gas phase (2.677
Å)7c,17a,18or in crystalline diiodine (2.717(6) Å at 110 K)7c,17b

as a result of the presence of the S‚‚‚I interaction. On the

Table 1. Crystal Data and the Structure Refinement Details for the Complexes1-3

param 1 2 3

empirical formula C8H7I2NS2 C16H14IN2S4, Cl4Fe C21H18I6N6S3

fw 435.07 687.08 1212.03
cryst size, mm3 0.05× 0.2× 0.4 0.05× 0.31× 0.62 0.07× 0.1× 0.4
cryst syst orthorhombic monoclinic monoclinic
space group Pna21 C2/c P21/n
a, Å 12.5147(13) 35.781(2) 35.896(4)
b, Å 22.536(3) 7.4761(5) 4.7238(6)
c, Å 4.2994(5) 18.4677(12) 18.795(2)
â, deg 90 107.219(1) 97.325(11)
V, Å3 1212.6(2) 4718.8(5) 3161.0(6)
Z 4 8 4
Dcalcd, g cm-3 2.383 1.934 2.547
µ, mm-1 5.489 2.762 6.118
R,a wR2b [I > 2σ(I)], % 0.040, 0.030 0.060, 0.114 0.071, 0.109

a R ) ∑||Fo| - |Fc||/∑|Fo|. b wR2 ) [∑w(Fo
2 - Fc

2)2/∑w(Fo
2)2]1/2.

Table 2. Selected Bond Lengths (Å) and Angles (deg) for
Compound1

Bond Lengths
I(1)-I(2) 2.7914(9) I(1)-S(2) 2.808(3)
S(1)-C(2) 1.714(8) S(1)-C(7A) 1.739(9)
S(2)-C(2) 1.698(9) N(3)-C(2) 1.344(9)
N(3)-C(3) 1.460(7) N(3)-C(3A) 1.402(10)
C(3A)-C(4) 1.378(11) C(3A)-C(7A) 1.395(10)
C(4)-C(5) 1.395(12) C(5)-C(6) 1.393(11)
C(6)-C(7) 1.359(12) C(7)-C(7A) 1.380(10)

Angles
I(2)-I(1)-S(2) 176.94(6) C(2)-S(1)-C(7A) 92.3(5)
S(1)-C(2)-N(3) 112.5(7) S(2)-C(2)-N(3) 123.4(7)
S(1)-C(2)-S(2) 124.1(6) I(1)-S(2)-C(2) 104.4(3)
C(2)-N(3)-C(3) 122.5(8) C(3)-N(3)-C(3A) 125.1(8)

Torsion Angles
N(3)-C(2)-S(2)-I(1) 172.7(7) S(1)-C(2)-S(2)-I(1) -9.0(6)
I(2)-I(1)-S(2)-C(2) 163.1(12) S(2)-C(2)-N(3)-C(3A) 178.6(6)

Table 3. Selected Bond Lengths (Å) and Angles (deg) for
Compound2

Bond Lengths
I(1)-S(1) 2.5961(15) I(1)-S(3) 2.6596(14)
S(1)-C(1) 1.704(6) S(2)-C(1) 1.719(6)
S(2)-C(8) 1.737(6) S(3)-C(9) 1.703(5)
S(4)-C(9) 1.713(5) N(1)-C(1) 1.333(7)
N(1)-C(2) 1.475(7) N(1)-C(3) 1.398(7)
Fe-Cl(1) 2.2049(17) Fe-Cl(2) 2.1887(17)
Fe-Cl(3) 2.1877(18) Fe-Cl(4) 2.1973(17)

Angles
S(1)-I(1)-S(3) 177.77(5) I(1)-S(1)-C(1) 100.4(2)
I(1)-S(3)-C(9) 104.14(19) Cl(1)-Fe-Cl(2) 111.86(7)
Cl(1)-Fe-Cl(3) 108.43(8) Cl(1)-Fe-Cl(4) 105.73(7)
Cl(2)-Fe-Cl(3) 107.44(7) Cl(2)-Fe-Cl(4) 113.03(7)
Cl(3)-Fe-Cl(4) 110.30(7)

Torsion Angles
I(1)-S(3)-C(9)-S(4) -3.0(4) I(1)-S(1)-C(1)-S(2) -15.8(4)
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basis of the values of the I-I bond order (n) defined by
Pauling,17a d(I-I) ) do - 0.85 log(n) (wheredo is the I-I
bond distance of the I2 in the gas phase, which is 2.67 Å18),
Bigoli et al.6a classified I2 adducts into three groups, i.e.,
A-C types. When the value of the I-I bond order (n) g
0.6, corresponding tod(I-I) < 2.85 Å, the adduct is
classified as an A type, and whenn e 0.4 (d(I-I) > 3.01
Å), the C type is determined.6a Compounds with intermediate
values are of B type.6a Thus, compound1 is classified as an
A type, consistent with a weak S‚‚‚I-I interaction.

The linearity of the S(2)-I(1)-I(2) atoms, angle)
176.94(6)°, coupled with the value of the N(3)-C(2)-S(2)-
I(1) torsion angle of 172.7(7)° highlights the planarity of1.

In the crystal structure of1, a layer structure is formed as
a result of extensive hydrogen-bonding interactions, as
illustrated in Figure 2A. The layer may be thought of being
comprised of interconnected cyclotetrameric units of1
sharing a 32-membered [IISCSCCH]4 ring held together by
I‚‚‚H contacts: C(3)-H‚‚‚I(2)i ) 3.01 Å and C(3)‚‚‚I(2)i )
3.701(9) Å with the angle at H being 130° and C(7)-H‚‚‚
I(1)ii ) 3.53 Å and C(7)-H‚‚‚I(1) 3.962(11) Å with angle
133° for symmetry operations i,-1/2 + x, -11/2 + y,
-1 + z, and ii, 1/2 + x, -11/2 + y, -1 + z. An alternate
description of the layer arrangement is one in which
successive rows of molecules mediated by I‚‚‚Hmethyl inter-
actions are linked via H‚‚‚Hphenyl interactions.

(ii) Structure of {[(NMBZT) 2I +}‚[FeCl4]- (2). The
structure of compound2 comprises cationic{(NMBZT)2I+},
containing a linear S-I+-S linkage, and [FeCl4]- as a
counteranion, as shown in Figure 3A. There are only a few
reports dealing with crystal structures of iodonium salts.
Examples include [{(tzdtH)2I+}‚I3

-‚2I2],1a {[(dmtu)2I]},4b

[(tu)2I+],9b,c [(etu)‚I+],8a,b and{[(NMBZT)2I+}‚[I 7]-.7a

The S-I bond lengths found in2 are unequal: I(1)-S(1)
) 2.5961(15) and I(1)-S(3)) 2.6596(14) Å. Disparate bond
distances are found also in{[(NMBZT)2I+}‚[I 7] (I-S )

2.600(2) and 2.634(2) Å)7a and{[(dmtu)2I]} (S-I ) 2.602(4)
and 2.654(4) Å4b). By contrast, equal S-I bond distances
are found in [{(tzdtH)2I+}‚I3

-‚2I2]1a of 2.654(6) Å and
[(tu)2I+] of 2.629 Å9b,c which are significantly longer than
those in (etu)‚I+, i.e., 2.487(3) Å.8a,8bThe S-C bond lengths
of complex2 are 1.704(6) and 1.703(5) Å, while those found
in {[(NMBZT)2I+}‚[I 7] } are CdS ) 1.694(7) and 1.682(7)
Å.7aThe S(1)-I(1)-S(3) bond angle is 177.77(5)°, indicating
linearity, but the overall molecule is not planar as seen by
the value of the I(1)-S(1)-C(1)-S(2) torsion angle I of
-15.8(4)°.

The constituent ions of2 associate via Fe-Cl‚‚‚H interac-
tions with the closest such interaction being 2.88 Å between
Cl(3) and H(4)i for i, 1/2 - x, 1/2 - y, 1 - z. As emphasized
in Figure 3B, there are stacking interactions between the five-
and six-membered rings of the thione containing the S(1)
atom so that the separation between the centrosymmetrically
related rings is 3.742(3) Å, indicating a head to head
arrangement of the two ligands.

The Fe-Cl bond distance of the effectively tetrahedral
[FeCl4]- counteranion varies from 2.1887(17) to 2.2049(17)
Å while the bond angles range from 105.73(7) to 113.03(7)°.

(iii) Structure of {[(MBZIM) 2I +}‚I 3
-}‚[(MBZIM)I 2]‚3.

The spoke-ionic mixed complex{[(MBZIM) 2I] +‚[I 3]-}‚
[(MBZIM)I 2]‚3 is formed when benzimidazole-2-thione
reacts with diiodine in a molar ratio of 1:1. The structure
comprises two components, one molecular diiodine adduct
[(MBZIM)I 2] (3a) and one ionic adduct{[(MBZIM) 2I]+‚[I3]-}
(3b). Although ionic and spoke structures have been reported
to exist simultaneously in solution,4b,6b,7cthis is observed, to
our knowledge for the first time, in the solid state in3.

The structure of the neutral constituent of3, [(MBZIM)-
I2] (3a), comprises a thione ligand bonded to one of the
iodine atoms through sulfur so that the I(321)-S(32) distance
of 2.670(4) Å falls within the expected range (Table 5). The
I(321)-I(322) bond distance is 2.8869(13) Å, which is
elongated owing to the formation of the I-S bond and,
therefore, is classified as the B type according to the Bigoli
et al.6a classification (Table 5). As for1, the molecule is

(17) (a) Pauling, L.The Nature of the Chemical Bond, 3rd ed.; Cornell
University Press: Ithaca, NY, 1960. (b) Van Bolhuis, F.; Koster, P.
B.; Migchelsen, T.Acta Crystallogr. 1967, 23, 90.

(18) Burgi, H. B.Angew. Chem., Int. Ed. 1975, 14, 460-473.

Table 4. Selected Bond Lengths (Å) and Angles (deg) for Compound3

Bond Lengths
I(1)-I(2) 2.9300(12) I(1AA)-I(2AA) 2.880(6)
I(1AA)-I(3AA) 3.058(5) I(321)-I(322) 2.8869(13)
I(11)-S(12) 2.597(4) I(11)-S(22) 2.702(4)
I(321)-S(32) 2.670(4) S(12)-C(12) 1.666(15)
S(22)-C(22) 1.692(13) S(32)-C(32) 1.681(14)
N(11)-C(12) 1.362(15) N(13)-C(12) 1.336(17)
N(21)-C(22) 1.336(15) N(23)-C(22) 1.332(15)
N(31)-C(32) 1.340(14) N(33)-C(32) 1.357(16)

Angles
I(2AA)-I(1AA)-I(3AA) 178.45(12) S(12)-I(11)-S(22) 171.32(12)
I(322)-I(321)-S(32) 178.35(10) I(11)-S(12)-C(12) 105.2(5)
I(11)-S(22)-C(22) 108.2(5) I(321)-S(32)-C(32) 102.7(5)
S(12)-C(12)-N(11) 126.0(11) S(22)-C(22)-N(21) 122.9(11)
S(32)-C(32)-N(31) 131.1(10)

Torsion Angles
I(11)-S(12)-C(12)-N(13) 69.6(13) S(22)-I(11)-S(12)-C(12) 146.4(8)
S(12)-I(11)-S(22)-C(22) 164.1(8) N(31)-C(32)-S(32)-I(321) -2.5(14)
N(23)-C(22)-S(22)-I(11) -2.1(13)
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essentially planar as seen in the magnitude of the N(31)-
C(32)-S(32)-I(321) torsion angle of-2.5(14)°.

The structure of the ionic component,3b, of 3 comprises
two residues, one cationic{(MBZIM) 2I+}, containing the
linear S(22)-I+-S(12) linkage, Figure 4A, and a I3

-

counteranion. The I3
- counteranion exists as two independent

entities, one ordered and the other not. The ordered com-
ponent, containing I1 and I2, is disposed about a center of
inversion and has equal I-I bonds I(1)-I(2) ) 2.9300(12)
Å. The second component of the anion comprises three
atoms, i.e., I1AA-I3AA, each of half weight, and after the
application of (centro)symmetry, results in the formation of
a chain of iodide atoms along theb-axis (see Experimental
Section). The I(1AA)-I(2AA) bond distance is 2.880(6) Å,
and that of I(1AA)-I(3AA) is 3.058(5) Å, indicating
asymmetry. These interactions are classified as the B type
for the first I3- ion and C type for the second6a (Table 5).
The S-I bond lengths are I(11)-S(12) ) 2.597(4) and
I(11)-S(22)) 2.702(4) Å, and the S(12)-I(11)-S(22) bond

angle is 171.32(12)°, i.e., somewhat deviated from linearity.
This deviation may be ascribed to intermolecular interactions
between the central I(11) atom and N(11)H atoms of the
cations; see Figure 4B. In the cation, the S-I bond lengths
are I(11)-S(12)) 2.597(4) and I(11)-S(22)) 2.702(4) Å,
and the S(12)-I(11)-S(22) bond angle is 171.32(12)°, i.e.,
somewhat deviated from linearity. This deviation may be
ascribed to intermolecular interactions between the central
I(11) atom and N(11)H atoms, derived from a symmetry-
related cation. The shortest such contact is I(11)‚‚‚H-N(11)ii

of 3.20 Å, I(11)‚‚‚N(11)ii is 3.975(11) Å, and the angle at H
is 152° (symmetry transformation ii:1/2 - x, 1/2 + y,
11/2 - z). Additionally, weaker I(11)‚‚‚H-N(11) interactions

Figure 2. ORTEP diagram (A) and unit cell (B) of the neutral compound
1 showing the atomic numbering scheme.

Figure 3. ORTEP diagram (A) and unit cell (B) of the ionic components
of compound2 showing with the atomic numbering scheme.
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are found (I(11)‚‚‚H-N(11)iii ) 3.55 Å, I(11)‚‚‚N(11)iii )
3.940(11) Å, and the angle at H is 111° (symmetry
transformation iii: 1/2 - x, -1/2 + y, 11/2 - z) that work in
a cooperative fashion to link cations into a double chain,
directed along theb-axis, as shown in Figure 4B. Finally,
the cation is not planar as evidenced from the I(11)-S(12)-
C(12)-N(13) torsion angle of 69.6(13)°.

In addition to the I‚‚‚H hydrogen bonds mentioned above,
there are other hydrogen-bonding interactions operating in
the lattice of3. A second discernible chain is evident in that
lattice that comprises the two independent I3

- counteranions
and the [(MBZIM)I2] molecules mediated by N31-H‚‚‚I(1)iv

interactions (2.92 Å, 3.696(9) Å, and 151° for iv: 1/2 - x,
1/2 + y, 1/2 - z) and N33-H‚‚‚I(1AA) interactions (2.73 Å,
3.578(11) Å, and 172°). The chains, oriented along the
c-direction, are orthogonal to the aforementioned double
chain, and the links between them involve the terminal I(322)
atom that forms two interactions to two N-H atoms derived
from one cation, i.e., N(13)-Hv (2.95 Å, 3.581(11) Å, 132°
for v: 1 - x, 1 -y, 2 - z) and N(23)-Hv (2.88 Å, 3.626(11)
Å, 146°). In this way, the I(322) atom closes a 10-membered,
hydrogen-bond mediated [I‚‚‚HNCSISCNI‚‚‚] ring. The
different hydrogen-bonding interactions operating in the
structure of3 are illustrated in Figure 4B.

Figure 5 correlates thed(I-I) vs d(I-S) bond distances
found in complexes1, 3b, [{(bztzdtH)I2}‚I2] (4),1a [(bztzdtH)-
I2] (5),1a [{(bzimtH)I2}2‚I2‚2H2O] (6),1a [(PTU)I2] (7),1c and
[(CMBZT)I2] (8)1c with “spoke” or “extended spoke”
structures. According to the graph, the antithyroid drug PTU
as well as the thioamide NMBZT interact with diiodine to
form weak ct complexes. Therefore, they function in the
same way so as to may interfere with the mechanism of
thyroid hormones synthesis (see Conclusions).

Computational Studies.To investigate further the nature
of bonding in the diiodine adducts, computational studies
using ab initio quantum mechanical methods and density
functional theory (DFT) techniques have been performed for
the [(MBZT)I2],1a [(NMBZT)I 2] (1), [(MBZIM)I 2] (3a), and
{[MBZIM) 2I+]I 3

-} (3b) species. A first theoretical study on
these systems was carried out by Laurence et al.,19a who
performed a semiempirical PM3 modeling of the methima-
zole-I2 complex and showed quantitatively the interesting
ct character of these species. Very recently Aragoni et al.19b

have made an extensive investigation of the related [LEX]+

systems (LE) N,N-dimethylbenzoimidazole-2(3H)-thione
and -2(3H)-selone, X) I, Br). Their NBO charge distribution
analysis supported that the most likely products from the
reactions of these ligands with IBr are the LEX2 ct adducts
and the T-shape hypervalent adducts which feature a linear
Br-Se-I geometry. The present investigation of the first
three adducts of the type D‚‚‚I2 demonstrates quantitatively
several common geometrical features and, in particular, the
effect of the hydrogen bonding upon the geometry when the
amidic hydrogen is substituted by the methyl group. The
calculations on [(MBZIM)I2] (3a) and{[MBZIM) 2I] +[I 3]-}
(3b) allow the comparison of the energetics and give
evidence for the relative stability of3b.

Selected bond distances obtained from the theoretical study
are summarized in Table 6. In general, the calculated results
are consistent with the geometrical features observed ex-
perimentally. Thus, planar molecular geometries are obtained
for [(MBZT)I 2], [(NMBZT)I 2] (1), and [(MBZIM)I2] (3a)
with no appreciable change in the CdS bond distances and

(19) (a) Laurence, C.; El Ghomari, M. J.; Le Questel, J.-Y.; Berthelot, M.;
Mokhlisse, R.J. Chem. Soc., Perkin Trans.1998, 2, 1545-1551. (b)
Aragoni, M. C.; Arca, M.; Demartin, F.; Devillanova, F. A.; Garau,
A.; Isaia, F.; Lippolis, V.; Verani, G. J. Chem. Soc, Dalton Trans.
2005, 2252-2258

Figure 4. ORTEP diagram (A) and unit cell (B) of the ionic and neutral
components of compound3 showing with the atomic numbering scheme.

Figure 5. Correlation of d(I-I) vs d(I-S) bond distances found in
complexes1, 3b, [{(bztzdtH)I2}‚I2] (4),1a [(bztzdtH)I2] (5),1a [{(bzimtH)-
I2}2‚I2‚2H2O] (6),1a [(PTU)I2] (7),1c and [(CMBZT)I2] (8)1c with “spoke”
or “extended spoke” structures.
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a considerable lengthening of the diiodine bond by more than
10% upon complexation compared to the bond distance in
gas-phase, i.e., unassociated, I2 of 2.677 Å.17a,18A near linear
S‚‚‚I-I arrangement is found with S‚‚‚I distances ranging
from 3.069 to 3.039 Å, i.e., within the region 3.10-2.58 Å,
which characterizes this series of compounds.19a Thus, the
calculated S-I and I-I bond distances are consistent with
the B type classification6a for compounds [(MBZT)I2]1a and
[(MBZIM)I 2] (3a). Intramolecular hydrogen bonding is found
in the solid-state [(MBZT)I2]1a and [(MBZIM)I2] (3a)
complexes, each formed between the amidic hydrogen and
the sulfur bonded iodine atom with H‚‚‚I distances 2.82 and
2.89 Å, respectively. The hydrogen bonding (i) confirms the
negative charge character of the I atom19a within the same
molecule and (ii) greatly influences the geometry adopted
by the molecule. Thus, the CdS‚‚‚I angle takes the values
98.8 and 99.4° for [(MBZT)I 2] and [(MBZIM)I2] (3a),
respectively, with the S‚‚‚I-I axis oriented toward the amidic
hydrogen. In [(NMBZT)I2] (1), the CdS‚‚‚I angle is found
to be 105.4° with the S‚‚‚I-I axis oriented away from the
side crowded with the methyl group.

The fourth complex studied theoretically,{[MBZIM) 2I]+-
[I 3]-} (3b), belongs to the iodonium salt type of diiodine
adducts. It shows a CdS‚‚‚I angle similar to that for1, i.e.,
101.5°, and a significant shortening of the S-I distance,
reflecting the greater stability of the S-I bond in 3b
compared to the stability of the analogous bond in D‚‚‚I2

complexes. The effect is supported quantitatively by con-
sidering the energy difference calculated at the Hartree-
Fock level of theory for the constituents of the corresponding
disproportionation reaction (Schemes 1 and 2). Thus,
{[MBZIM) 2I+]I 3

-} (3b) is more stable than 2× [(MBZIM)-
I2] (3a) by about 6 kcal mol-1. Although the theoretical
energy difference represents only gas-phase results and there
are additional entropic factors that influence the dispropor-

tionation transformation reaction (Scheme 2), the calculated
greater stability of the ionic adduct is, nevertheless, a major
driving force which contributes significantly to the stabiliza-
tion of the ionic-type compounds{[D2I+][I 3

-]}.
Consideration of the Mulliken atomic charges listed in

Table 7 provides evidence for the nature of the intermolecular
interactions that produce the specific conformations obtained
in the solid state, shown in Figures 2B and 4B. The Spoke
structures [(MBZT)I2], [(NMBZT)I 2] (1), and [(MBZIM)I2]
(3a) are obviously held together in the crystalline state by
hydrogen-bonding interactions between the electron-deficient
amidic, methyl, or aromatic hydrogen atoms and the elec-
tronegative iodine atoms as it is nicely shown in Figure 2B.
However, in the case of the iodionium salt,{[MBZIM) 2I] +-
[I 3]-} (3b), the situation is different because the bridged
iodine atoms in the S-I-S unit are found to be positively
charged. Therefore, in the case of the iodonium salts it is
suggested that the conformations obtained in the crystalline
state result from a intermolecular electrostatic interaction
between the positively charged iodine and the negatively
charged NH group (total group (NH) charges calculated
-0.005,-0.014,-0.004, and-0.012 e).

In summary, the theoretical results of the gas-phase
sulfur-iodine charge-transfer complexes are consistent with
the experimental findings, confirming the moderate S‚‚‚I and

Table 6. Selected Theoretical Bond Lengthsr (Å) and Electronic EnergiesE (hartree)

R [(MBZT)I2] [(NMBZT)I 2] (1) [(MBZIM)I 2] (3b) {[(MBZIM) 2I+]I 3
-} (3a)

I-I 2.976 2.962 2.986 3.268,a 3.011a

S-I 3.069 3.065 3.039 2.832
C-S 1.723 1.726 1.744 1.770
E -412.722 38 -825.455 035

a These bond distances correspond to the (I‚‚‚I-I)- counteranion.

Table 7. Mulliken Atomic Charges on Selected Atoms for the Four Compounds Investigated

[(NMBZT)I 2] (1) [(MBZIM)I 2] (3a) {[MBZIM) 2I+]I 3
-} (3b)

atoma atomic charges atomb atomic charges atomb atomic charges

I(1) -0.029 I(321) -0.051 I(11) +0.066
I(2) -0.184 I(322) -0.205 I(2AÅ A)c -0.468,
S(2) -0.020 S(32) -0.027 I(1AA)c -0.107
S(1) +0.358 C(32) -0.155 I(3AA)c -0.250
C(2) -0.383 N(31), N(33) -0.329,-0.349 S(12), S(22) -0.043,-0.021
N(3) -0.105 H,d Hd +0.348,+0.364 C(12), C(22) -0.092,-0.153

C(32a) +0.252 C(17a), C(27a) +0.247,+0.242
C(37a) +0.257 C(13a), C(23a) +0.248,+0.243

N(11), N(21) -0.356,-0.256
H,d Hd +0.351,+0.242
N(13), N(23) -0.337,-0.292
H,d Hd +0.333,+0.280

a Atomic labeling given is in agreement with the corresponding labeling showing in Figure 2A.b Atomic labeling given is in agreement with the corresponding
labeling showing in Figure 4A.c These atomic charges correspond to the (I‚‚‚I-I)- counteranion.d Amidic hydrogen.

Scheme 2
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I‚‚‚I intramolecular coupling and suggesting the type of
intermolecular interactions, on the basis of the atomic
charges, between different molecular units which produce
the conformations obtained in the solid state. More specif-
ically, hydrogen bonding is suggested to be responsible for
the solid-state conformations in the case of “spoke” type
complexes, while electrostatic type attractions are suggested
to produce the solid-state conformations in the case of the
iodonium salts. Finally, the theoretical calculations predict
the considerable stabilization for the ionic{[MBZIM) 2I+]I 3

-}
(3b) compound in the disproportionation showing in Scheme
2 on the basis of the calculated electronic energy values.

Conclusions

Boyle et al.,4b on the basis of Raman spectroscopy and
X-ray crystal structure determinations, concluded that the
formation of “spoke” structures of thiones with I2 depends
solely on the donor strength of thione. Thus, weak donors
such as thiourea (tu) form ionic compounds, while stronger
donors such asN-methyl-2-mercaptobenzothiazole (NMBZT)
form “spoke” structures alone. However, Deplano et al.7a

isolated and characterized the iodonium salt{[NMBZT)2I]+-
[I 7

-]}. In the present study, complex3, of formula
{[(MBZIM) 2I]+}‚[I 3

-}‚[(MBZIM)I 2], isolated from the reac-
tion 2-mercaptobenzimidazole and I2, reveals the cocrystal-
lization of both a “spoke” structure and an iodonium
structure. This leads to the conclusion that the equilibrium
shown in Scheme 2 is established in solution. Thus, on
passing initially from the “spoke” structure, the iodonium
salt in excess of I2 results. This is also supported by the
conductivity measurements. It has also been shown that the
disproportionation reaction, with the generation of the ionic
compound from thioamide-iodine complexes, exhibits pres-
sure dependence.1b A pressure increase leads to the ionic
iodonium salt (iii) from (ii) (Scheme 2). The favoring of
{[MBZIM) 2I] +[I 3]-} formation is also proved by computa-
tional studies, on the basis of energetic grounds.

Computational studies also confirm (a) the lengthening of
the I-I bond distance as compared to the I-I bond length
in free iodine molecule, (b) the intramolecular hydrogen-
bonding effect in [(MBZT)I2] and [(MBZIM)I2] geometries,
and (c) the possible intermolecular interactions that may be
responsible for the type of conformations obtained in the
solid state.

Scheme 3 summarizes a possible inhibition mechanism
of TPO-catalyzed iodination reactions.1c,4a,12Thus, thioamides
exhibiting antithyroidal activity against hyperthyroidism
(Graves’ disease) can be classified now into two categories:
(i) thioamides which react with diiodine, forming mono- and
dicationic salts, like MMI4a and (ii) thioamides able to form
weak charge-transfer compounds with diiodine, like PTU.1c

Thus, it seems that drugs such as MMI, etc., proposed to
interfere with the iodination mechanism in their ability to
form the active iodine species, compete with tyrosil residues
of thyroglobuline for the active iodine4a,12 (Scheme 3).
2-Mercaptopyridine (PYSH) may also be a molecule that
functions similarly.1d Drugs such as PTU, on the other hand,
function instead by their ability to inhibit the activity of

iodothyronine deiodinase (ID-1), an enzyme responsible for
the monodeiodination of the T4 prohormone to the T3
hormone (Scheme 3). In this category of drug, NMBZT may
also be active.

Experimental Section

Materials and Instruments. All solvents used were of reagent
grade. Diiodine (Aldrich),N-methylbenzothiazole-2-thione, and
benzimidazole-2-thione (Aldrich, Merk) were used with no further
purification. Elemental analyses for C, H, N, and S were carried
out with a Carlo Erba EA model 1108 elemental analyzer. Melting
points were measured in open tubes with a Stuart scientific
apparatus and are uncorrected. Infrared spectra in the region of
4000-370 cm-1 were obtained in KBr disks while far-infrared
spectra in the region of 400-50 cm-1 were obtained in polyethylene
disks, with a Perkin-Elmer Spectrum GX FT-IR spectrophotometer.
A Jasco UV/vis/NIR V 570 series spectrophotometer was used to
obtain the electronic absorption spectra. The1H NMR spectra were
recorded on a Bruker AC250 MHFT-NMR instrument in CDCl3

solutions. Chemical shiftsδ are given in ppm with internal1H-
TMS. Conductivity titrations were caried out atT ) 293 K in
acetonitrile solutions with a WTF LF-91 conductivity meter.

Synthesis and Crystallization of the Compounds. Complexes
[(NMBZT)I 2] (1) and [{MBZIM)I 2}‚{(MBZIM) 2‚I +‚I 3

-}] (3)
were prepared by mixing dichloromethane solutions of iodine with
a suspension of the appropriate thione in dichloromethane solutions
in molar ratios of 1:1 or 2:1 (L:I2), in air, at 0°C, with continuous
stirring for 24 h. The mixtures were then filtered, and the resulting
clear solutions were kept in the refrigerator for several days. Dark
crystals of the complexes suitable for single-crystal analysis by
X-ray crystallography were then grown and isolated by filtration.
The reactions were also carried out in H2O. The insoluble dark
brown powders obtained were recrystallized from dichloromethane
to yield the same products as previously.

Complex 1. Mw: 435.070. Mp: 90-92 °C. Anal. Found: C,
23.48; H, 1.61; N, 3.74; S, 14.86. Calcd for C8H7I2NS2: C, 22.09;
H, 1.62; N, 3.22; S, 14.74. UV/vis (CH2Cl2): λmax (log ε) ) 476
nm (1.98), 326 nm (3.67), 240 nm (3.37).1H NMR (CDCl3): δ )
7.62-7.34 {m, 4H, aromatic), 3.90 [s, 3H, methylic] ppm.

Complex 3. Mw: 1211.990. Mp: 145-150 °C. Anal. Found:
C, 21.16; H, 1.25; N, 7.26; S, 7.96. Calcd for C21H18I6N6S3: C,
20.86; H, 1.25; N, 6.95; S, 7.96. UV/vis (CH2Cl2): λmax (log ε) )

Scheme 3. Possible Inhibition Mechanism of TPO-Catalyzed
Iodination Reactions (MIT) 3-Monoiodotyrosine and DIT)
3,5-Diiodotyrosine)
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496 nm (3.02), 310 nm (5.05), 251 nm (4.46), 224 nm (4.87).1H
NMR (CDCl3): δ ) 7.40-7.28 [m, 4 H, aromatic) ppm.

Complex{[(NMBZT) 2I+}‚[FeCl4]- (2) was prepared by adding
0.5 mmol of FeCl3‚6H2O and 1.5 mmol of the thione ligand (N-
methyl-2-mercaptobenzothiazole) to a 30 mL iodine solution
(0.1 M) in dichloromethane in molar ratios of 1:3:6 (Fe3+:L:I 2), in
air, with continuous stirring for 4 h. The mixture was then filtered,
and the resulting clear solution was kept for several days, at room
temperature. Two types of small greenish black and thin pinlike
shaped brown crystals were isolated. The greenish black ones were
suitable for analysis by X-ray crystallography and proven to con-
tain this compound. The pinlike crystals corresponded to the
{[(NMBZT)2I+}‚[I 7]- (2a) compound, with a known structure.7a

Complex 2.Mw: 813.995. Anal. Found: C, 20.55; H, 1.83; N,
3.30; S, 15.43. Calcd for C16H14Cl4FeIN2S4: C, 20.61; H, 1.73; N,
3.44; S, 15.75. IR (cm-1): 3449 m, 1655 w, 1460 s, 1426 s, 1370
vs, 1317 m, 1265 m, 1138 w, 1089 s, 1060 w, 981 s, 752 s, 631 m,
534 s. Far-IR (cm-1): 280 m, 255 m, 160 m, 145 m, 125 m, 93 s,
79 s. UV/vis (CH2Cl2): λmax (log ε) ) 476 nm (1.98), 326 (3.67),
240 (3.37). Thermal analysis (% mass lost): 59.4 (I2), 30.4 (thione).

Computational Details.The theoretical calculations have been
performed using the Hartree-Fock (HF) quantum mechanical
approach20a and density functional theory techniques (DFT).20b

Because of the large number of electrons involved in the present
systems, full geometry optimizations have been carried out only
using DFT methodologies and, in particular, the B3LYP level of
theory20c,d in combination with the LANL2DZ basis set.20e,g The
HF approach combined with the same basis set was used for single-
point energy computations at the B3LYP-optimized geometries.

All calculations have been performed with the Gaussian 98 series
of programs.21

Crystal Data. Data were collected by theω-scan technique in
theθ-2θ range 3.2-24.0° for 1 and 2.9-27.1° for 3 on a KUMA
KM4CCD four-circle diffractometer,22a using graphite-monochro-
mated Mo KR (λ ) 0.710 73 Å). Data for2 were collected at 223
K on a Bruker SMART CCD diffractometer, also with Mo KR
radiation, so thatθmax ) 30.0°. Cell parameters were determined
by a least-squares fit.22b All data were corrected for Lorentz-
polarization effects and absorption..22b The structures were solved
by direct-methods with SHELXS-9723 and refined by full-matrix
least-squares procedures onF2. All non-hydrogen atoms were

refined anisotropically, and hydrogen atoms were located at
calculated positions and refined as a ‘‘riding model” with isotropic
thermal parameters fixed at 1.2× theUeq’s of the appropriate carrier
atom. During the refinement of3, it was noted that one of the two
independent I3- anions comprising the asymmetric unit was
disordered about a center of inversion. Three atoms were included
in the model, each assigned a site occupancy factor) 0.5.
Symmetry expansion of this anion leads to a chain of iodide atoms
(of half-weight) running parallel to theb-axis. The absolute structure
of 1 was confirmed on the basis of the near zero value for the
Flack parameter.

Reports CCDC-252519 (1), -253655 (2), and -252518 (3) contain
the supplementary crystallographic data for this paper. These data
can be obtained free of charge at www.ccdc.cam.ac.uk/conts/
retrieving.html [or from the Cambridge Crystallographic Data
Centre, 12 Union Road, Cambridge CB2 1EZ, U.K.; fax (internat.)
+44-1223/336-033; e-mail deposit@ccdc.cam.ac.uk].
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