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Abstract

The oxidation of thioamide methimazole (C4HgN>S) with molecular diiodine in water afforded the
ionic compound [2(CsHsN2S-SN>C4He)]1315 (1) in 1-triclinic and 1-monoclinic polymorphs. The
polymorphic nature of [C4HsN2S-SN2CsHe 21315 has been highlighted by comparing the structure of
the 1-triclinic form (CCDC-2242744) with that of the 1-monoclinic form, reported in the literature.
No significant geometric differences are observed for the cations in the two polymorphs. The
polymorphism is essentially due to a different arrangement in the polyiodide network of the [Is]~
and [I3]~ components. The FT-Raman spectrum of 1-triclinic shows the characteristic bands in the
range 200-50 cm™! which are in good agreement with the structural features of the polyiodide
network. The molecular electrostatic potential maps of the cation methimazole-disulfide [C4HsN2S-
SN2C4Hs]" and the bis-cation methimazole-disulfide {[C4HsN2S-SN2C4Hs]*}2 in 1-triclinic have
been studied to clearly identify the electrostatic potential energy distributions over the cations, and
the electron belt and o-hole areas responsible for the directionality of the non-covalent interactions
in the polyiodides. It is suggested that the cation methimazole-disulfide may be a reaction

intermediate in the inhibition of thyroid hormones by methimazole.

Introduction

The drug methimazole (1-methyl-imidazole-2-thione, C4He¢N>S)! (Chart 1) has been marketed for
the treatment of thyroid diseases since the 1950s, following Atwood's studies on molecules with the
thioamide function.? The mechanism of action of this drug has been the subject of numerous studies
over the years, but no definitive conclusion has yet been reached on the mechanism of action.
Uncertainty still exists as to which agent is the iodinating agent (I*, I, OI", ...) in the thyroid, and

what interactions methimazole may have with these agents.?
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Chart 1. Formula schemes of compounds considered in this paper.

The apparently simple reaction between small molecules containing the thioamide function (DS)

and I reveals that the typology of the products obtained in the solid state is significantly influenced

both by the intrinsic nature of DS as a Lewis base and by the reaction conditions (in particular: the

polarity of the solvent and/or the molar ratio of the reagents). Consequently, the large number of X-

ray characterised compounds reported in the literature reveals a varied and often unpredictable

nature of the products obtained. A selection of classes of compounds identified in the solid state is

shown in Scheme 1.

Solution
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DS + 1, (DS)°F LY —
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bridging adduct
amphoteric adduct
bridging amphoteric adduct

cations featuring an S-S bond
dications featuring an S-S bond
iodonium cations

iodides and polyiodides

Scheme 1. Schematic representation of a selection of classes of compounds obtainable from the
reaction of S-thioamide donor Lewis base (DS) and L. This scheme is intended to illustrate the
different classes of compounds that can be obtained without implying the nature of the chemical bond

involved.
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Our research group has contributed to this topic over the last decades by studying the reactivity of
sulphur-containing molecules of biological interest with diiodine, dihalogens and interhalogens and,
where possible, by carrying out structural and spectroscopic characterisation of the various
compounds obtained.* We have shown that the interaction of the drug methimazole (C4HsN2S) with
I in polar solvents can lead to the oxidation of methimazole with the formation of the cation-
methimazole-disulfide [C4HsN2S-SN>C4Hs]" or the dication methimazole-disulfide [C4HeN»S-
SN2C4Hs]**, which can also be seen as different protonated forms of the neutral methimazole-
disulfide [C4HsN>S-SN>C4Hs] (Chart 1). In particular, the reaction of methimazole with I in water
produced a black insoluble powder which, after recrystallization from CH2Cly, yielded crystals of
the salt [C4HsN>S-SN>C4Hg]21315 (1), as identified by X-ray diffraction analysis in the monoclinic
form (1-monoclinic).* In the present study, we have further investigated the study of the reaction in
water between methimazole and molecular diiodine using more controlled reaction conditions for
the oxidation of methimazole. We report here the synthesis and the crystal structure of the triclinic
polymorph (1-triclinic) of the salt [C4HsN2S-SN>C4He 21315 (1), which to our knowledge represents
a unique case of polymorphism in polyiodide networks. DFT calculations using the ®B97X-D/6-
31G* basis set were performed to determine the charge densities on the cations and anions. The
molecular electrostatic potential (MEP) maps are also discussed. Finally, some considerations on
the role of the cation methimazole-disulfide (Chart 1) in the inhibition process of the pro-hormones

monoiodotyrosine and diiodotyrosine by methimazole are reported.

Results and discussion

Reactivity of methimazole with I in water.

The reaction in water between I, and methimazole was carried out by simultaneous mixing of
identical volumes of dilute equimolar solutions of each reagent to maintain a molar ratio of the two
species close to 1:1 throughout the mixing. The reaction resulted in the precipitation of a black
powder accompanied by the formation of a small number of microcrystals, both characterised by an
elemental analysis suitable for a methimazole/I» ratio of approximately 1:1. Crystallisation of the
black powder in CH>Cl; yielded the monoclinic form of [C4HsN>S-SN>C4Hg]21315 (1-monoclinic),
the X-ray crystal structure of which was briefly reported and discussed by us in a previous
communication article.** X-ray diffraction study of the microcrystals formed together with the
black powder showed them to be the triclinic polymorph of the same compound (1-triclinic), (ESI-
Table S1, -Table S2).

The overall reaction leading to the formation of both polymorphs can be written as follows:
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4 (methimazole) + 5 I = [C4HsN2S-SN>CsHs 21315 (1) + 2 HI

A possible oxidation pathway of methimazole in H>O by I> is shown in Scheme 2. One diiodine
molecule oxidises two methimazole molecules to give the methimazole-disulfide, two anions I, and

two H* ions.® The subsequent mono-protonation of methimazole-disulfide leads to the formation of

the cation methimazole-disulfide [C4HsN2S-SN>C4He]".

[% [% %]

-

[;}H@

Scheme 2. Oxidation process of methimazole by > in H,O. Formation of the cation methimazole-
disulfide [C4HsN2S-SN>CsHs]".

Crystal structure of (1-triclinic)

A view of the structure of the triclinic polymorph of [C4HsN>S-SN>C4Hg]21315 (1-triclinic) (space
group P-1), seen almost along [100], is shown in Figure 1. In the asymmetric unit there are two
independent [C4HsN2S-SN>CsHg]" monocations interacting via hydrogen bonds to form a dimeric
unit with a total charge 2+ (Figure 2). These cationic dimers {[C4HsN2S-SN>C4He]"}> are hosted
within the poly-iodide framework, which is composed of pentaiodides and triiodides units (Figure 3).
Each pentaiodide anion is close to a crystallographic inversion center and interacts with its symmetry
related counterpart through its central iodine atom [16---16b distance of 3.8254(11) A]. An analogous
situation occurs for the triiodide anion, again close to another crystallographic inversion center, with
an 13---13a distance between the two symmetry-related triiodides of 3.8282(11) A. Additional
interactions below the sum of the van der Waals radii of iodine (about 4.20 A)° are that between a
pentaiodide and a triiodide [I1---18 4.1238(10) A] and that between two symmetry pentaiodides
related by another inversion center [14---14c 3.5752(11) A]. The triiodide anions are nearly symmetric

and linear with an average I-1 distance of 2.928 A and an 11-12-13 angle of 178.98(2)°. The

pentaiodide anions can be described as deriving from two diiodine molecules interacting with an I
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anion, with two longer distances involving the central I [15-16 3.1134(9) and 16-17 3.0207(8) A] and
two shorter [14-15 2.7936(9) and 17-18 2.8255(8) A] and an 15-16—17 angle of 96.26(2)°.

oNOYTULT D WN =

28 Figure 1. Perspective view of the triclinic polymorph of [C4HsN2S-SN2CsHs 21315 (1-triclinic) seen
29 almost along [100].

47 Figure 2. View of the {[C4HsN2S-SN>C4Hg]*}» dimeric unit formed by the two hydrogen-bonded
49 independent [C4HsN>S-SN>C4Hg]" cations in 1-triclinic. N11-H-"N32 2.690(9), N12—H--"N31
50 2.712(8) A.
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Figure 3. Polyiodide network in 1-triclinic. I---I interactions below 4.2 A are shown as dashed lines.

The polymorphic nature observed for [C4HsN2S-SN2CsHs 21315 (1) can be highlighted by comparing
the structure of the triclinic form with that of the monoclinic one.** From Figures 1 and 4 it is clear
that the polymorphism is essentially due to the different polyiodide network. The asymmetric unit
of 1-monoclinic also contains two independent [CsHsN2S-SN>C4Hs]" cations, but in this case they
are located around two different two-fold axes at 1/2,y, 3/4 and 0, y, 1/4, respectively, and do not
interact with each other through N-H:--N hydrogen bonds, but with their symmetry equivalent;
giving rise to two different dimeric units, each with a total charge 2+ each (Figure 5). The charge
balance is achieved by the presence of [I5s]” and [I3] ions in the general position. The pentaiodides
are essentially arranged in layers stacked along the [010] direction and interact each other with I---1
contacts of 3.681 A (Figure 6). The triiodides are located almost normal to these layers with I---1
contacts with the pentaiodides of 3.66 and 4.28 A. The resulting tridimensional polyiodide network

shows channels along [100] and [001] where the dimeric cationic units are hosted (ESI-Figure S1).
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Figure 4. Perspective view of the monoclinic polymorph of [C4HsN>S-SN>CasHg]21315 (1-
24 monoclinic) seen along [100].

Figure 5. One of the two independent [C4HsN2S-SN>C4Hs]" monocations of the asymmetric unit
44 present in 1-monoclinic, interacting via hydrogen bonding with its symmetry-related counterpart (a
45 crystallographic two-fold axis relates the two molecules) to give a dimeric dication.
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Figure 6. Partial view of a layer of [Is]~ in 1-monoclinic seen along [010]. I---I contact of 3.681 A,
below the sum of the van der Waals radii (4.200 A), are shown as dashed lines.

Structure analysis of 1-triclinic shows that the two methimazole units, A (N-protonated), and B (V-
non-protonated) (Figure 7), linked by a disulfide bond, have different bond distances.

For example, the C—S— (thiol) bond length of 1.739(7) and 1.750(7) A observed in A and B,
respectively (ESI-Table S2), is slightly longer than the C=S (thione) bond of 1.682/1.686 A found
in methimazole.” Also the bond distances in unit A of N11-C11, C11-N21 (1.317 and 1.341 A,
respectively) and in unit B of N31-C51, C51-N41 (1.317 and 1.346 A, respectively) are shorter
than in methimazole (1.348, 1.358 A) due to the increased conjugation of the electronic lone pairs

on the nitrogen atoms to the CS carbon atom.

\21 RN 41/N 3
-0.510 -0.491 /__p+0.264
eS0Ty Wr0253HTTAN | 8la
. 40276 H/41 41c " s‘\\810 H+0260 .
O 1] I e Blb et
A B

Figure 7. Cation methimazole-disulfide: atom numbering scheme; electron density (e) (see also ESI-

Table S3); selected bond lengths: C11-S11 1.739(7), C11-N11 1.317(8), C11-N21 1.341(8), N11-C31

1.350(9), N21-C211.354(10), C21-C31 1.350(11), S11-822 2.088(3), C51-S21 1.750(7) , C51-N31
1.317(8), C51-N41 1.346(8), N31-C61 1.357(10), N41-C71 1.341(10), C61-C71 1.342(11) A;
N11-C11-N21 107.3(6), N31-C51-N41 111.1(6) °.



Page 11 of 30 New Journal of Chemistry

oNOYTULT D WN =

Determination of the electronic charges of the elements by density functional theory (DFT)
calculations shows that the +1 charge of the cation methimazole-disulfide is unequally distributed
between the A and B units, +0.86 e and +0.14 e, respectively (ESI-Figure S2, ESI-Table S3). In unit
A the C—S— group and all C—H hydrogens have higher positive values than the corresponding
elements in unit B (C + S charges in C—S bonds: +0.437 e vs +0.366 ¢ in units A and B,
respectively; Hs charges in C—H bonds, +1.411 e vs +1.300 e, in units A and B, respectively).
Noteworthy is the significant charge difference between the two units due to the N—H hydrogen
contribution (+0.488 ¢) in A (Figure 7).

All the atoms involved in the disulfide fragment C11-S11-S21-C51 have a positive charge density
with values of +0.252, +0.185, +0.239 and +0.127 |e| respectively. Conversely, the other elements
forming the rest of the imidazole framework have a negative charge distribution: N11/N31 -0.520/-
0.503, N21/N41 -0.350/-0.380, C31 /C61 -0.043/-0.061, and C21 /C71 -0.050/-0.096 |e|.

The bis-cation methimazole-disulfide {[C4sHsN2S-SN>C4Hs]"}2 (see ESI-Figure S3, ESI-Table S4
for the calculated charge distribution) is characterised by the presence of two intermolecular
hydrogen bonds N11-H---N32 (2.690(9) A) and N12-H---N31 (2.712(8) A), respectively, (Figure
2) connecting the mono cation units. Neglecting basis set superposition errors, the calculated energy
gain of the bis-cation methimazole-disulfide process formation from two cation methimazole-
disulfide units is Epis-cat. = 2 Emono-cat. = 121.140 kJ/mol.

In the quasi-symmetric triiodide ion 11-12—-13, the charge is concentrated on the terminal iodine
atoms I1 and I3 (-0.440 e, -0.485 |e|, respectively) while the central iodine I, is practically neutral (-
0.019 |e]). In the V-shaped pentaiodide ion 14-I15-16—17—-I8, the apical iodine 16 has a charge of -
0.344 |e|, the rest of the charge is distributed between the terminal iodine atoms 14 (-0.281 |e|) and I8
(-0.341 |e|), while the iodine atoms I5 and 17 are considered almost neutral (ESI-Figure S5, ESI-
Table S5).

Molecular electrostatic potential (MEP) maps

The electrostatic potential V(r) generated in the space around a molecule by its nuclei and electrons
is a useful indicator for interpreting and/or predicting its chemical reactivity. It has proved particularly
useful in the analysis of non-covalent interactions such as hydrogen bonding.® The electrostatic
potential ¥(r) is a physical observable that can be determined computationally.® It is now common
practice to calculate it at the DFT level and analyse V(r) (kJ/mol) on an appropriate three-dimensional

electron density surface of the molecule, called Vs(r) to indicate areas of electron excess and
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deficiency. These are usually represented by different colours: red indicates the region with the most
negative potential, while blue indicates the most positive region. In the case of cationic or anionic
species, the colour scale reflects the range between the minimum and maximum value of the

electrostatic potential energy present.

596.284

94.3593

596.284

94.3593

Figure 8. Views of the molecular electrostatic potential (MEP) map of the cation methimazole-
disulfide, calculated at the ®B97X-D/6-31G* level, mapped onto the 0.002 au isodensity surface.
The colour ranges, in kJ/mol, are from red (94.3) to blue (596.2).

The MEP maps of the cation methimazole-disulfide (Figure 8, and ESI-Figure S2) show that the
electrostatic potential, which ranges from 94 to 596 kJ/mol, is distributed over the whole molecule.
The lower energy value (Vsmin) refers to the area (dark blue) above the nitrogen N3, while the
hydrogens in N-CH—CH-N and in the NCH3 group show light blue areas. The upper value of the

electrostatic potential (Vsmax) (red colour) refers to the area above the N1H group. The energy

10
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difference Vsmax - Vsmin between the NHs (acting as hydrogen bond donors) and N3/N (acting as
hydrogen bond acceptors) allows the formation of an NH:--N hydrogen bond between two cation
units,% as it is found in the crystal-packing of the bis-cation methimazole-disulfide (Figure 9).

With the formation of the hydrogen bonds, the difference between the potentials at the nitrogens N1H
and N3, which are the driving-force of the non-covalent interaction, is reduced® (from 155 kJ/mol in
the cation methimazole-disulfide to 117 kJ/mol in the bis-cation methimazole-disulfide, see ESI-

Figure S3, ESI-Table S4).

Figure 9. The molecular electrostatic potential (MEP) map of the bis-cation methimazole-disulfide,
calculated at the ®B97X-D/6-31G* level, has been mapped onto the 0.002 au isodensity surface.
MEP range 400—733 kJ/mol.

With regard to the anions in the 1-triclinic compound, the charge in the slightly asymmetric [I3]~
[1-12—-I3 shows similar values for the terminal iodine atoms (-0.440 and -0.495 |e| in Il and I3,
respectively) and a value of -0.019 |e| for the central one. The V-shaped [Is]™ [4—15-16—17-18 can be
described as the apical iodine 16 perturbing the iodine molecules 14—15 and 17-I8 bound to it. The
iodine 16 has a charge of -0.344 |e|, the rest of the negative charge is distributed between the terminal
iodine atoms 14 (-0.281 |e|) and I8 (-0.341 |e|); the iodine atoms I5 and 17 can be considered almost
neutral.

The MEP map of [I3]” shows distinct regions with electrostatic potential values ranging from -320
kJ/mol (deep blue) to -420 kJ/mol (red). The least negative electrostatic potential characterises the tip
of the terminal iodine atoms (-324.9 and -322.0 kJ/mol), an area known as the -hole which plays an

important role in the strength and directionality of the secondary interaction.’

11
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The more negative energy regions (red areas) form an area known as the 'electronic belt' around the
iodine atoms 11 and I3, perpendicular to the o-hole. The electrostatic potential energy values of the
electron belt, for the iodine atoms I1 and I3, are -418.2 and -413.0 kJ/mol, respectively. For iodine
12, whose surface is bounded on both sides by the two electron belts, the value is -402.2 kJ/mol
(orange colour). When an I, molecule is involved in a donor-acceptor interaction, there is an
elongation of the I-1 bond with respect to that observed in crystalline I> (2.715 A).”> As a result, there
is a redistribution of the electronic density, leading to an anisotropy in the electrostatic potential of
the molecule.’

In the MEP map of [Is]", all iodine atoms in the perturbed molecules 14-I5 and 17-18 show the
electron belt (-321.0, -344.0. kJ/mol and -324.1, -359.2 kJ/mol, respectively), and on the terminal
iodine 14 and I8 the o-hole regions (-208.2 and -198.3 kJ/mol, respectively) (Figure 10 and ESI-
Figures S4 and S5, -Table S5). The highest value of the molecular electrostatic energy is found on
iodine 16 (-360.0 kJ/mol), in an area perpendicular to the plane of the anion. The c-hole on 14 and I8
makes these areas suitable for to the formation of non-covalent interactions with electron-rich
species.’d This observation is reflected in the crystal packing of the compound 1-triclinic, where an
attractive electrostatic interaction between the o-hole of iodine 14 of a pentaiodide anion and the

electron belt of the terminal iodine 11 (donor) of the adjacent triiodide, results in an L-shaped

arrangement [4.123(8) A].

" r
1=
a. - -°

Figure. 10. The molecular electrostatic potential (MEP) map of the anions [I3]™ and [Is], calculated
at the ®B97X-D/6-31G* level, has been mapped onto the 0.002 au isodensity surface.
MEP range -420 —-320 kJ/mol.

12
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FT-Raman spectroscopy

FT-Raman spectroscopy is a powerful tool for the study of compounds with I-I bonds. FT-Raman
spectroscopy allows the identification of typical polyiodide species such as triiodide, pentaiodide
and molecular iodine in donor-acceptor systems.'?

Since the structural data of the 1-triclinic and 1-moneoclinic polymorphs were available, we thought
it would be interesting to record the Raman spectrum of these compounds in order to characterise
them further.

The I3~ ions can be divided into two types, symmetric or asymmetric according to the bond distances
in the two d(I-1).!! In the linear and symmetric [I3]~ ion, the only Raman-active mode is the symmetric
stretching (v1) which occurs around 110 cm™. In the case of the asymmetric [I3]~ ion, in addition to
the Raman mode (v1), the bending deformation (v;) and the antisymmetric stretching (vs) become
Raman-active. The values of (v3) and (v,) are found around 134 and 80 cm™!, respectively. In the case
of highly asymmetric [I3]™ ions, these can be considered as weak adducts between I~ (donor) and I»
(acceptor) [I"+(I2)], in which case the Raman mode, observed at 180 cm™ in I5(s), is expected to shift
to lower frequencies (typically in the range of 180-140 cm™!). 1°

The [Is]” pentaiodides occur in three different forms: V-shaped [I7-(I2):2], L-shaped [I3]*(I2), and
linear [I"(I2)2]. Consequently, each type of pentaiodide will have a corresponding Raman spectrum
as originating from the discrete units [I3]~ and/or I».!!

In the 1-triclinic and 1-monoclinic polymorphs, the triiodide ion I1-12—13 shows a difference in the
two d(I-1) distances of 0.0513 A, and 0.006 A, respectively. This indicates that there are two types
of triiodide ion: asymmetric in the 1-triclinic and symmetric in the 1-monoclinic. The [Is]”
polyiodide unit in the 1-triclinic and 1-monoclinic compounds (iodine atoms 14-18) is
characterized by the iodine 16, which interacts with the molecules 14—I5 and I7-I8. The bond
distances in 16-15 (3.113 A and 3.118 A, respectively) and 16-17 (3.020 and 3.245 A, respectively)
are indicative of a V-shaped I = 2(I2) type system with an angle I5-16-17 of 96.35° in 1-triclinic
and 100.87° in 1-monoclinic. Solid-state FT-Raman spectra of the 1-triclinic and 1-monoclinic
compounds (Figure 11) were recorded in the 50-500 cm™! region. They show a series of bands
below 250 cm™! the assignment of which have been assigned according to the above considerations.
In the 1-triclinic compound the bands at 112 and 132 cm'are assigned to the (v1) and (v3) modes of
the asymmetric [I3]™ ions. The band at 160 and the shoulder at 172 cm™! can be attributed to the
vi(I-1) stretching vibration of the perturbed diiodine molecules I(7)-I(8) (d = 2.8255 A) and 1(5)-
1(4) (d =2.7936 A), which together with iodine 16 form the V-shaped [Is]” ion. For the 1-

monoclinic compound, the band at 113 cm™! is assigned to the stretching mode (v1) of the

13
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symmetric [I3]” ion. The bands at 153 and 166 cm™! are related to the vi(I-I) stretching vibration of
the diiodine molecules 17-18 (d = 2.742 A) and 14-15 (d =2.811 A) slightly perturbed by the

interaction with iodine 16.

153
166

113

| T T T T T I T 1
[ T T T T T T I T 1
450 400 350 300 250 200 150 100 50 500 450 400 350 300 250 200 150 100 50

-1
cm’ cm’!

Figure. 11 Raman spectra in the range 500-50 cm™!. Left: compound 1-triclinic. Right: compound
1-monoclinic.

Conclusions

The reaction of thioamide methimazole in water with molecular iodine (molar ratio 1:1) leads to the
formation of the solid compound [C4HsN2S-SN>C4He]21315 (1) in two polymorphic forms 1-triclinic
and 1-monoclinic. The use of a polar solvent promotes a redox process leading to the oxidation of
the thioamide group and the formation of iodide ions. These can interact with free iodine in
solution, if present, to form triiodide, pentaiodide, or more complex polyiodide species in the solid
state.!! To the best of our knowledge, this is the first example of polymorphism in extended
polyiodide networks resulting from a different 3D spatial arrangement of the same basic
constituents ([I3]” and [Is]™ ions).

In both polymorphs the monocations [C4HsN2S-SN2C4Hg]" are arranged to form dimeric units held
together by hydrogen bonds with an overall 2+ charge. Such units are formed by two independent
monocations in 1-triclinic whereas in 1-monoclinic we have two different dications formed by a
couple of two-fold symmetry-related monocations. No significant geometrical differences features
are observed for the cations in the two polymorphs. It is evident that the polymorphism is
essentially due to a different polyiodide network. In 1-triclinic we observe channels, hosting the
dications, extending along [100] formed by triiodides normal to [011] and pentaiodides stacked
along [100]. In 1-monoclinic the pentaiodides are essentially arranged in layers stacked along the

[010] direction and the triiodides are located almost normal to these layers. The resulting

14
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tridimensional iodide framework shows channels along [100] and [001] where the dimeric cationic
units are located.

Several studies have shown that methimazole can inhibit thyroid peroxidase (TPO) directly, and
that it can act as a competitive substrate for TPO in vivo, becoming iodinated itself and interfering
with thyroglobulin iodination. In the latter case methimazole proceeds with the formation of the
intermediate methimazole-disulfide which subsequently evolves into 1-methylimidazole, sulfate,
sulfite, and other products (Scheme in ESI)!®¢24, As the cation methimazole-disulfide, together with
the dication methimazole-disulfide are species closely related to methimazole-disulfide, it is
possible to hypothesise that they may play some role in the mechanism of inhibition of TPO-
catalysed iodination by methimazole. The possibility of polymorphism in their polyiodide salts

increases the possibility of a fine tuning in the inhibitory effects of methimazole.

Experimental

All reactants and solvents were used as purchased from Aldrich. The concentration of iodine-
saturated solution in water (1.142x103 M, 7= 20 °C) was standardized against sodium thiosulfate
0.05 M titration.!* FT-Raman spectra were recorded as solid samples on a Bruker FRS 100/s Fourier
transform Raman spectrometer, operating with a diode-pumped Nd:YAG excitation laser emitting
at 1064 nm.

Synthesis of the [(C4HsN2S-SN2C4Hg)]21315 polymorphs 1-triclinic and 1-monoclinic. Solutions
in water of methimazole (52.0 mg, 4.568 x10-* mol, 400 mL) and I, (116.0 mg, 4.568 x10* mol,
400 mL) at 7= 20 °C were added simultaneously, 10 mL at a time, to 50 mL of H>O over a period
of 2 hr to 50 mL of H>O to give a reddish solution. The solution was then allowed to stand for 2
days at 7= 10 °C and filtered through a G3 glass filter. Small dark red crystals (1-triclinic) were
collected along with a dark red powder, washed with H>O and stored at low temperature.
Compound (1-triclinic): Yield: 0.0174 g, 13.0 % Ci6H22IsNgS4 M (1469.85 g/mol): caled % C
13.07, H 1.51, N 7.62, S 8.72. Found: C 13.0, H 1.4, N 7.5, S 8.5. Crystals of (1-monoclinic) were
obtained by crystallization of the dark red powder from CH>Cl> (30 mL) and slow evaporation of
the solvent at low temperature. Yield: 0.069 g, 52.0 % Ci6H221sNgS4 M (1469.85 g/mol): calcd %
caled % C 13.07, H 1.51, N 7.62, S 8.72. Found: C 12.9,H 1.4, N 7.4, S 8.6.

X-ray structure determination of 1-triclinic
A summary of the crystal data and refinement details for the triclinic polymorph of [2(CsHsNS-
SN2C4Hpe)]I315 is given in ESI-Table S1. Intensity data were collected at room temperature on a Bruker

Apex 1 CCD diffractometer using graphite-monochromatized Mo-Ka. radiation (A = 0.71073 A).
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Datasets were corrected for Lorentz-polarization effects and for absorption (SADABS)!4. The
structure was solved by direct methods (SIR-97)!* and completed by iterative cycles of full-matrix
least squares refinement on Fo? and AF synthesis using the SHELXL-2017'¢ program (WinGX
suite)!”. Hydrogen atoms, located on the AF maps, were also included in the structure model riding
on the atom to which they are attached. Selected interatomic distances, angles, torsion angles and
hydrogen bonds are reported in the supplementary information ESI-Table S2. Crystallographic data
have been deposited with the Cambridge Crystallographic Data Centre as supplementary publication
no. CCDC-2242744. These data can be obtained free of  charge
fromwww.ccdc.cam.ac.uk/conts/retrieving.html (or from CCDC, 12 Union Road, Cambridge CB2

1EZ, UK; fax: +44 1223 336033; e-mail: deposit@ccdc.cam.ac.uk.

Computational studies

The geometry of the molecules was optimized on an Intel-i9 based system using Spartan’20
(Wavefunction Inc.) by DFT calculations using the ®B97X-D density functional, including a
Grimme’s dispersion correction term'® and the split-valence 6-31G* as the basis set. Relativistic
effective core potentials were adopted for heavy atoms. IR frequency calculations were performed to
verify the nature of the minima at each optimisation step, by evaluating the absence of calculated
negative frequencies. Heat of formation, electron density surface, atomic, electrostatic,'” natural,

and Mulliken charges,?! and the HOMO and LUMO energies were also calculated.
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