Dalton
Transactions

Accepted Manuscript

I R P This is an Accepted Manuscript, which has been through the
Dalton Royal Society of Chemistry peer review process and has been

u accepted for publication.
Transactions o

ot norgn crs a Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.

Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited

article. We will replace this Accepted Manuscript with the edited

and formatted Advance Article as soon as it is available.

A

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's

standard Terms & Conditions and the Ethical guidelines still

g;mm apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript

or any consequences arising from the use of any information it

contains.

ROYAL SOCIETY
OF CHEMISTRY www.rsc.org/dalton


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 49

Dalton Transactions

Graphical Abstract

Fundamental chemistry of iodine. The reaction of di-iodine towards thiourea and its methyl-
derivative; formation of aminothiazoles and aminothiadiazoles through dicationic disulfides.

M. Biesiada, N. Kourkoumelis, M. Kubicki, A. Owczarzak, V. Balas, S.K. Hadjikakou

The reactivity of di-iodine towards thiourea (TU) and its derivative methylthiourea (MeTU)
is studied. A diversity of products was obtained from these reactions which includes compounds of
dicationic disulfides as counterparts; [(TU,)*" 2(I-H,0] (1), [2(TU,) *(CI)-2(I')-(I:)] (2), [(TUH)"
(1] (3) [(TU2)™ (Br) (I5)] (4), [(TU2)*" 2(Br)H;0] (5) and [2(MeTUy) *"(2Br)-(Is")] (7) and
heterocyclic iocnic compounds; [(DAThdH)(I)] (6) (DAThd=3,5-diamino-1,2,4-thiadiazole),
[(DMeAThH")(I)(H,0)] (8). [(AMeAThdH)(I3)] (9) (AMeAThdH= 5-amino-3-methylamino-4-
methyl-1,2,4-thiadiazolium).
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Abstract

The reactivity of di-iodine towards thiourea (TU) and its derivative methylthiourea (MeTU)
is studied. A diversity of products was obtained from these reactions. TU reacts with di-iodine in
the absence or presence of hydroiodic or hydrochloric acids in 1:1, 1:1:1 or 1:1:2 (TU:I,:HX(X=I,
Cl)) molar ratios to form the ionic compounds [(TU,)*" 2(I')-H,0] (1), [2(TU,) *"(C1)-2(I):(I)] (2)
and [(TUH)" (I3)] (3). The compounds [(TU,)*" (Br) (I5)] (4) and [(TU,)*" 2(Br)-H,0] (5) were
derived from the reactions of TU with di-iodine in the presence of hydrobromic acid in 1:1:1 or
1:2:1 (TU:I,:HBr) molar ratios. However, when the product of the reaction between TU and di-
iodine in 2:1 (TU:I;) molar ratio is crystallized in acetone/ethyl-ether media the ionic salt of
formula [(DAThdH )(I')] (6) (DAThd=3,5-diamino-1,2,4-thiadiazole) is obtained. Methylthiourea
(MeTU) reacts with di-iodine in the presence of hydrobromic acid (1:1:1, MeTU:I;:HBr) in
dichloromethane to form a solid product which gives the [2(MeTU,) 2+-(2Br')-(I42')] (7). Moreover,
MeTU reacts with I, in 2:1 (MeTU:I;) to form an intermediate powder product which was
crystallized in acetone to give the 2-amino-3,4-dimethylthiazolium cation in [(DMeAThH )(I"
)(H,0)] (8). Upon changing of the crystallization media to ethanol, instead of acetone, the cationic
5-amino-3-methylamino-4-methyl-1,2,4-thiadiazolium (AMeAThdH)" in [(AMeAThdH")(15)] (9)
is formed. The compounds were characterized by m.p, FT-IR, UV-Vis, '"H-NMR spectroscopy and
mass spectrometry. The crystal structures of compounds 1-9 were determined by X-ray

crystallography.

Keywords:
Iodine chemistry, charge transfer complexes, thiourea, methylthiourea aminothiazoles crystal

structures.
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Introduction

Direct reactions of di-iodine with thioamides are known to lead to a variety of products.
These include: Charge Transfer (CT) complexes known as “spoke structures” (LS-I,) and “extended
spoke structures” (LS-I-I,) ). Apart from them, iodonium salts [(L,I)"(I,)7], neutral disulfides
[LS-SL], mono-cationic disulfides ([LS-SL]"(I,)) and dicationic disulfides ([LS-SL]*"2(I,)) with
iodide or polyiodides as counter anions were also obtained !'”!. T-shape adducts, in which two
iodine atoms are connected with sulfur creating linear motive I-S-I are also reported ©*!. The
common ligands of these compounds contain thiocarbamide group !'*. One of the simplest
thiocarbamides is thiourea (TU), and its derivative N-methylthiourea (MeTU).

Thioamides, like carbimazole (CBZ, 3-methyl-2-thioxo-4-imidazoline-1-carboxylate and
methimazole (MMI, N-methylimidazoline-2-thione), are used as clinical drugs for the treatment of
hyperthyroidism disease ). Moreover, iodine compounds can be applied in semiconductors or

[7-10

superconductors depending on the number of iodine in these materials I''%. Also these compounds

[4

were used as oxidation agents, oxidizing the metals, even noble ones [*" and they were investigated

for their magnetic properties ['”. Both these applications result from the ability of the elements of
the Group 16 of the periodic table, like sulfur, to form charge transfer complexes ',

During 1947 King ef.al " demonstrated that ketones react with thiourea and halogens-or

certain oxidizing agents to give substituted 2-aminothiazoles (Reaction 1).

NH,
NH," Br

T/KNH; BY R4 o \N% Br H2NYSH
H,O
Br +H2N S + T . — S + + 2
NH,
Y " N

NH; R,

Reaction 1

Due to the importance of aminothiazoles and their derivatives in synthetic organic chemistry
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Metwally et.al have reviewed the preparation routes for them 1. Substituted 2-aminothiazoles and

[14a]

their derivatives have been used as biologically active molecules , as antibacterial, antifungal

[14b-14e [141]

1 anthelmintic agents '*, as inhibitors ['*¢! and as activators of many biological processes

[14h [15b,15¢]

1. 2-Aminothiazole derivatives are used in treatment of head twitches [15a]’ tumors , malaria

[15d [15¢] 16a-16¢

[15g] [15h]

1 ulcers , anoxia [1° f], tuberculosis , anxieties , chelating agents [ 1 They are also

17a]

used in syntheses of dyes ' and as chemosensors '7*'7*). They also found application in jet fuels

[17d] [17¢]

as anticorrosive additive and in radiochemistry as protective compounds

1,2,4-thiadiazole (Thd) and its derivatives, on the other hand, exhibit many application and

therefore the synthesis of these compounds has been developed for many years !'®. Thd and its

derivatives are essentially biological active compounds. They reveal actions in antihypertensive /'

and cardioprotective treatment '”°'°?. They have a potential activity as G-protein coupled receptors

[19d [19

], Thd inactivates enzymes with active cysteine residues !'*? (e.g. bacterial enzymes !'*") and

they are constituents of non-steroidal anti-inflammatory agents ["”¢!. The everyday antibiotic drug

[19h]

cefozopram is also a Thd derivative. Moreover there are indications that it possesses an

. . . . 19i
effective influence on Alzheimer’s disease !,

One of the synthetic routes developed for 1,2,4-thiadiazole derivatives involves the reaction

[18b

of arylothioamides with chloride or bromide anions and acid in DMSO solution "' (Reaction

Scheme 2).

Y

Ar S
DMSO, H', X- N
2 / Ar + 1/8 Sg

NH, N
Ar

X=Cl, Br; Ar = phenyl, 3-pirydyl

Reaction Scheme 2

In this paper we report the synthesis, structural and spectroscopic characterization of the

compounds 1-5 and 7 resulting from the reaction between thiourea (TU) or methylthiourea (MeTU)
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with di-iodine in the presence or absences of hydrochloric, hydrobromic or hydroiodic acids
towards dicationic disulfides with mono- or poly- iodides as counter anions. The ionic salts 6 and 8-
9 which contain substituted aminothiazole or thiadiazole rings were obtained by modifying the
stoichiometry of the reaction between thiourea or methylthiourea (MeTU) and di-iodine followed

by crystallization in acetone or ethanol.

Results and Discussion

Reactions: It is well known that interesting products with a variety of nuclearities could be isolated
when chalcogen donors (D) were reacted with halogen independently to the molar ratios of the
reactants !, For example the poly-iodide chain [I,7] is formed in {{(PYOH)s [(PYOH),]*"} 0.5I
1.51; 1I,} when 2-pyridone reacts with di-iodine in 1:2 molar ratio . Conductivity titration
experiments confirm that even poly-iodides of very high nuclearities were obtained at 1:2 (D:12)

2dee]l To ascertain the number of the ionic species derived by the di-

molar ratio of the reactants !
iodine and TU or MeTU interaction, conductivity titrations in acetonitrile solution were carried out
(Figure 1). At zero I, concentration, the solutions of either TU or MeTU exhibit almost zero
conductivity. The conductivity of the solutions increases to a rate value when the [I,]:[ligand] molar
ratio is 2:1 where a stable specie is formed in the solution. Further addition of di-iodine increases

the conductivity of the solution to higher values indicating that many type ionic species could also

obtained in higher ratios.

Figure 1

Since the presence of hydro-halogens in the reaction mixtures might be lead to different
products (see Reaction 1 and Reaction Scheme 2), we extend our studies to the redox reactions of
thiourea (TU) or methylthiourea (MeTU) with di-iodine in 2:1, 1:2 and 1:1 (TU:I,) molar ratios in

the presence or absence of HX (X= Cl, Br, I). All products derived from the reactions were
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characterized by X-ray analysis. Crystals growth from the reaction solutions were refined, even
those of the same products. Crystals of [(TU,)*" 2(I')-H,0] (1), were grown from the crystallization
of the product derived from the reaction of TU with di-iodine (Reaction Scheme 3a). It was also
directly formed in the presence of hydroiodic or hydrochloric acids in 1:1:1 (TU:I,:HX X= 1, CI)
ratio (Reaction Scheme 3b and 3cl), since hydrohalogens enhance the oxidizing potential of the
solution leading to the cationic disulfide formation. Crystals of [2(TU,)*"(C)-2()(Is)] (2)
(Reaction Scheme 3¢2), [(TU,)*" (Br) (I3)] (4) (Reaction Scheme 3el or 3f) and [(TU,)*" 2(Br
)-H,0] (5) (Reaction Scheme 3e2) were formed accordingly. Excess of hydroiodic acid leads to the
[(TUH)" (I5)] (3) when TU reacts with di-iodine in 1:1:2 (TU:I,:HI) ratio (Reaction Scheme 3d).
The proton excess prevents the redox reaction by stabilising the cationic specie TUH'. When the
product of the reaction between TU with an excess of di-iodine is crystallized in aceton/ethylether
solution media, the ionic salt of formula [(DAThdH")(I')] (6) (DAThd=5-diamino-1,2,4-thiadiazole)
is obtained (Reaction Scheme 3g) in a similar manner to the Reaction shown in Scheme 2 (see

(18] This reaction involves oxidation of TU to a cationic disulphide which

introduction part above)
then turns to the cyclic ionic compound 6 by desulfuration.

Similarly to TU, methylthiourea (MeTU) is oxidized to [2(MeTU,)*"2(Br)(Li*)] (7)
(Reaction Scheme 3h). The ionic salt [(DMeAThH )(I')(H,0)] (8) (Reaction Scheme 3i, 3k) which
contains the cationic 2-amino-3,4-dimethylthiazole (DMeAThH"), was growth from acetone
solution when MeTU react with excess of di-iodine, while when ethanol was used the
[(AMeAThdH")(13)] (9) compound (Reaction Scheme 3m) which contains the cationic 5-amino-3-
methylamino-4-methyl-1,2,4-thiadiazole (AMe2AThdH)", was isolated. Compound 8, was derived,
possibly through de-oxygenation of acetone which simultaneous reacts with the MeTU residue
formed from the degradation of the corresponding disulfide di-cation in a similar manner to the
synthetic pathway, shown in Reaction 1 2. However, the isolation of compound 6 and 9 might be

due to the reaction between the residues formed from the degradation of the corresponding di-

cationic disulfides which have been desulfurated previously (Reaction Scheme 4). Crystals of
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elemental Sg were also isolated from the Reaction Scheme 3m. The isolation of elemental sulfur

further supports our assumption.

HaN + 1, CHCL,
2 : s W powder ?ryStallization
BN reaction a in CH,Cl,

+ 1, HI/ CH,Cl,, filtrate H)N, NH,
%S—S% 219 a)
reaction b
H,N NH,

filtrate (c1),
+ I, HCVCH,Cl,,

H,N
\Fs
H,N
H,N
2 /E S reaction ¢
H,N
H,N
/\ts
H,N

crysallization
CH,Cl, H,N, NH,
powder @

precipitation (¢2)

w
w
(©)
.
Q

+ L, HU CH,CL,, filtrate N o
\st Jr——1]®

reaction d

H,N
H,N, NH,
e ©
filtrate (el, f) ©) S—S ® *Br . ’ | — — 0)
HN n=2, 2HBr/CH,Cl, reaction e N NH,
2 +nly -4 JHBI/CH,CI, reaction f
2 S
H)N crystallization HN NH,
precipitation (e2) in CH,Cl, o
powder @ S—s ® e2Br ®)
H,N NH,
NH, ®

HoN crystallization
I, CH,Cl, reaction g in aceton/ethylether HN
2 S powder ————89 s 1 €] (6)
HoN \N/

H,N
r
HoN crystallixation LN NH
> I,, HBr/CH,Cl, reaction h in acetonitrile S 2-
2 S powder ©) s—S ® e 2Br o|FT —1—1 "(7)
HN HN NH,
| 2
CHs CHs
NH,®
H3C.
crystallization N \N %
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Reactions Scheme 3.
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The formation of Sg is in accordance with the stoichiometry of the reaction and is also
observed during the synthesis which involved arylothioamides in DMSO solution (Reaction

Scheme 2) 8!,

NH,®
NH,*
HaC
HaN HaC N I
3 S H +1

2 /‘&S + 12 ——— \” S/ \CH3 e S + I |_|_|]@ Q)]
HN -1/8 Sg-HI \N/

| NH,* HN

CH;, |

CH,

Reaction Scheme 4

20a]

Johnson and Edens ** reacted ethylenethiourea with di-iodine in water and they formulated

the (red crystalline) product as the di-sulfide. The repetition of this reaction by Herbstein and

Schwotzert 2%

showed that a condensation product was unexpectedly formed, by the N-
substitution of ethylenethiourea, from its de-sulfurated species, indicating that a desulfuration of the
thiol had taken place.

We have also recently shown that selenium analogues of the anti-thyroid drug 6-n-propyl-2-
thiouracil (PTU), of formulae RSeU, [R= methyl- (Me-), ethyl- (Et-), n-propyl- (n-Pr-) and i-
propyl- (i-Pr-)], reacted with diiodine in a 1:1 molar ratio in dichloromethane solutions and resulted
to the formation of [(RSeU)I,] &\ Crystallization in chloroform led to the formation of the CT
complex [(n-PrSeU)l,]. Re-crystallization of the [(RSeU)l,] compounds in acetone gave the di-
selenides of formulae [N-(6-Et-4-pyrimidone)(6-Et-SeU),] and [N-(6-n-Pr-4-pyrimidone)(6-n-Pr-
SeU),]. Re-crystallization in methanol/acetonitrile solutions, on the other hand, led to the

]

deselenation with the formation of 6-n-propyl-2-uracil (n-Pr-U) ¢ The formation of these

products indicated that deselenation occurred upon reaction of selenoamides with di-iodine 2.
Similar to deselenation, the desulfuration of 2-mercapto-5-nitrobenzimidazole upon reaction

with di-iodine was also observed, producing 2-hydroxy-5-nitrobenzimidazole **\. This was the first

reported example of such a reaction of a thiol in the presence of I, (Reaction Scheme 5).
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ON ¥ O,N H
+1,
S — >:O +H,S+1,
N FeCl3 6H20 N
H H

Reaction Scheme 5

Solution Studies: Solution studies (UV and "H-NMR) were employed for the interprintation of the
species formed in solution, based to the solid-state compounds observed by XRD.

NMR Spectroscopy: The "H-NMR spectrum of the free ligand TU (Figure S1) shows resonance
signals for the amine protons at 7.06 ppm (br, H(NH,)) in DMSO-ds solution. The spectra of
compound 1-5, however are dominated by two broad resonances based on the preparation
procedures applied; (1_a): 7.6-7.1 and 6.19 ppm, (1_b): 8.2-7.6 and 6.19 ppm, (1_c1): 8.4-7.2 and
6.19 ppm, (2_¢2): 8.4-7.7 and 6.19 ppm, (4_el): 8.8-7.8 and 6.19, (4 _f): 9.1-8.1 and 6.19, (5_e2):
8.1-7.5 and 6.19 (Figure S1-S2). It is therefore concluded the existences of two types of hydrogen
atoms in solution in case of 1-5 (which are varied accordingly to the preparation method). The
formation of the disulfide dication (TU),*" derived by the lengthening of the C-S bond and
subsequently of the S-S bond (Scheme 6). Therefore, the resonance signal 6.19 ppm is attributed to
the neutral H(NH,) while signal at higher values are assigned to the H'(NH,) group (Scheme 6).
Moreover, variations in the resonance signals are also due to the hydrogen bonds established in
solution with the oxygen of water molecules in case 1 and 5 or halogen anion in all cases and those

which are interacting with iodides (see crystal structures).

+

H2N \‘\ L L /NH2
C—S—S—C,
\
H,N *NH,
Scheme 6

The 'H-NMR spectrum of [(DMeAThH)(I)(H,0)] (8) (Figure S3) is dominated by two
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resonance signals at (8 i): 9.28 (s) and 6.69 (s) ppm and (8 k): 9.30 (s) and 6.70 (s) ppm which

attributed to the H(NH,"=) and to the H(->’CH-). While the 'H-NMR spectrum of the cation of
[(AMeAThdH")(15)] (9) (Figure S3) is dominated by two resonance signals at 9.72 (s) and 7.64 (q)

ppm which attributed to the H(NH, =) and to H(-NH"-) respectively.

UV-Vis Spectroscopy: Figure 2A shows UV spectra of thiourea and complexes 1-6. The UV-vis
spectra of the complexes were recorded in diluted dichloromethane solution (5 10 M). Methanol
(5 pL) was added in each stock solution (10 M) in order to increase the solubility of the samples in
the concentrated solution (10% M). The UV spectrum of TU shows an intense band at 256 nm (e=
3.44 mol™ cm'l) in CH,Cl,. The addition of di-iodine in dichloromethane solution of TU causes an
absorbance decrease of this band and a new band at 300 nm (Figure 2A) is appeared. In case of
compounds 2, 3, 4 and 5, a third band or shoulder is also appears at 365 nm. The spectra of
compounds MeTU, 7, 8 and 9 are shown in Figure 2B. The addition of di-iodine in dichloromethane
solution of MeTU causes the appearance of a new band at 300 nm, which is accompanied by an

additional band at 365-367 nm in 7-9.

Figure 2

The band at 255 nm is attributed to the intra-ligand transition (n* <) (for both TU and
MeTU). The absorption bands at 365 and 300 nm in the UV spectra of iodine compounds could be
assigned to the I species (Amax= 360 and 295 nm) . Based on a large body of data on the CT
bands of di-iodine complexes with cyclic thiourea derivatives, Laurence et.al have shown that their
UV spectra constitute by a CT band in the 294-302 nm range typical of planar complexes or a CT
band absorbs at significantly longer wavelengths (321-350 nm) characterizing perpendicular
complexes "), Thus, among TU and MeTU complexes 1-9, the spectra of compounds 2, 3, 4, 7 and

9 show the presence of the poly-iodides anions I,™ (n=3 or 4 and x= -1 or -2 respectively) with a
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band at 300 nm accompanied by one band or shoulder at 365 nm. The two absorptions bands at
Amax 257 and 301 nm in the spectrum of compound 1 where only iodide anions are presents as
counter parts of a dicationic disulfide is attributed to the dication. This is further supported by the
presence of this absorption in all spectra of 1, 2, 4 and 5 which are salts containing the same
dication and different anions. The spectra of the ionic heterocyclic compounds 6 8 and 9 contains
absorptions at 255 and 370 nm (6), at 267, 299 and 367 nm (8) and at 299 and 365 nm (9) due to the
delocalized double bonds of the heterocyclic cationing ring (see crystal structure). However the
spectrum 5 is dominated by three absorption bands at 267, 296 and 366 nm which might be due to
the stronger cation-anion interaction because of the precedence of the bromide anion instead of

iodide.

Crystal and molecular structures of [(TU,)’" 2(I)-H,O] (1), [{(TU) *"}«(C[)-2(I)(I5)] (2),
[(TUH)" (I5)] (3), [(TUY"" (Br) (I5)] (4), [(TUY"" 2(Br)-H:0] (5), [(DAThdH')(T)] (6),
[2(MeTU>) **(2Br)-(1i)] (7), [(DMeAThH )(T)(H-0)] (8) and [(AMeAThdH " )(I5)] (9): ORTEP
diagrams of compounds 1-9 are shown in Figures 3-11, while selected bond distances and angles

for 1-9 are summarized in Tables 1-2.

Figure 3-11

Tables 1-2

Compounds 1, 2, 4 and 5 consist of one dicationic disulfide [(H,N),CS],*" and a counter
anions, depending on the preparation conditions. Variations in both, the cationic disulfide and its
counter parts are observed. Compound 3, on the other hand, has a protonated TU ligand in the form
of [(H2N)2CSH]+ cation and a I3~ counter anion.

Crystals of 1 derived either by Reaction Scheme a, b or ¢l are identical (Figure 3A) (small

differences in the unit cell parameters in space group Pccn are caused by different data collection
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temperatures, and are in the range of real experimental errors: from Reaction Scheme 3a: a=
16.3940(2), b= 5.1170(7), c= 13.3380(5) A, R= 2.74%; from Reaction Scheme 3b: a= 16.3810(5),
b= 5.106(1), c= 13.3220(4) A, R= 2.18 % and from Reaction Scheme 3cl: a= 16.5130(3), b=
5.1450(1), c= 13.3880(2) A, R= 4.02%). The crystal structure of complex 1 is similar to the one
reported 50 years ago (space group Pcen with a= 5.15, b= 16.52, c= 13.39 A and R= 8.9 % **)).
However, the structure of 1 reported here, is superior in quality (R factor 2.18% as compared to
8.9%, the former structure was based on photographic method, hydrogen atoms positions were not
determined etc.), so we decided to include its analysis here as well. Also, crystals of 4 derived from
Reactions Schemes 3el or 3f are identical (with the same reservation as above: crystals from
Reaction Scheme 3el: a= 9.8700(3), b= 12.0780(3), c= 12.9330(3)A, = 109.830(3)°, R= 4.55 %;
crystals from Reaction Scheme 3f: a= 9.8610(8), b= 11.8750(9), c= 12.812(1) A, p= 109.250(9)°,
R=9.24 %). Finally, crystals of 8 derived from Reaction Schemes 3i or 3k are identical as well
(crystals from Reaction Scheme 3i: a= 7.1147(5), b= 8.5354(7), c= 8.7585(7) A, a= 114.807(8), p=
91.836(6), y= 99.090(6)°, R= 3.48 %, crystals from Reaction Scheme 3k: a= 7.0530(4), b=
8.5000(5), c= 8.6960(5) A, a=114.890(5), p=91.954(5), y=99.007(5)°, R=2.31 %).

The structure of compound 1 contains one symmetrical (C,; symmetry) dicationic disulfide
[(H,N),CS],*, two iodide ions as counterparts and a co-crystallized water molecule (which also lies
at the twofold axis, Figure 3A). Strong hydrogen bonds N11[H]---O1W= 2.950(4) A link the
disulfide species constructing parallel 1D infinite chains (Figure 3B). Between these chains the
iodide anions are packed. In the case of 1 intermolecular S---S interactions of 3.481(2) A are also
established (Figure 3B). The C-S bond distance in 1 (C1-S1=1.783(3)A) is lengthened in regards to
the free ligand (1.71(1) A %) as expected but close to the corresponding bond distance in the
dicationic specie [(HoN),CS],>" consisting the {[(NH2),CSSC(NH,),]JCl [ReCIs{SC(NH,),}]
complex (1.75-1.76 A *?*1). Thiourea moieties are planar.

The asymmetric part of the unit cell of the structure of compound 2 (Figure 4A) contains a

dicationic disulfide [(H,N),CS],>" and different anions: a mono-iodide, a half of a chloride and a
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half of tri-iodide, which occupy special positions at two different centers of inversion: chloride at
(0, 0, 0) and triiodide at (0, 1/2, 0). The dicationic disulfide species lie in parallel layers with the
anions packed between these layers (Figure 4B). The tri-iodide anion is symmetric, due to the
special position it occupies, (I-I-I= 180°) with typical length of bonds (I-I= 2.9246(4) A) °!. Both
simple anions (Cl" and I') are involved in relatively strong (Cl) or weaker (I) N-H---X" hydrogen
bonds, while I3 are restrained in cavities between disulfide molecules, and do not take part in strong
intermolecular interactions. It is noteworthy to mention that each chloride anion is bonded with
hydrogen of four independent disulfides forming a square planar geometry around the Cl anion
while I' anion interacts with six N-H groups (Figure 4B). Chloride anions are also interacting
weakly with sulfur (Cl1---S1= 3.374(2) A, Cl1---S2= 3.423(2) A, (S1:--Cl1---S2= 77.8(1)°))
(Figure 4B). The C-S bonds in 2 (S1-Cl= 1.780(6), S2-C2= 1.778(6) A), are similar to the
corresponding ones found in complex 1. The C-N bond distances in 2 (C1-N11= 1.307(8), C1-
N12=1.303(7), C2-N21=1.316(8), C2-N22 = 1.300(8) A) are in accordance to those measured in 1
(C1-N11=1.305(4) A, C1-N12=1.306(4) A).

The asymmetric part of the crystal structure of compound 4, which was derived from
Reaction Schemes 3el and 3f, also contains one dicationic disulfide [(HzN)gCS]z2+ moiety and two
kinds of counter mono-anions; one bromide and two halves of tri-iodides (Figure 5A). The
trilodides are C;-symmetrical, their central iodine atoms lie on the centers of symmetry at (0,0,1/2)
for I1 and (1/2,1/2,1/2) for 13. The bond lengths and angles between the carbon and sulfur atoms in
4 are similar to those of complex 1. The C-S bond distances in 4 (C1-S1= 1.759(6), S2-C2=
1.777(6) A) are longer than in the free ligand (1.71(1) A ®*) as expected **. Tri-iodides are
perfectly linear, due to the symmetry (I-I-I= 180°) with typical I-I bond distances (I1-12= 2.9172(5)
and 13-I4= 2.9220(6) A) ') Thiourea moieties are planar, with C1-S1-S2-C2 torsion angle
102.7(3)°. This value is closer to the corresponding one reported earlier for [TU,]X, (X= Cl, Br, I)
by Foss et.al (104.8°) %! but larger than the one found in 1 (C1-S1-S1-Cl= 94.7(2)°). The

N[H]--Br hydrogen bonds (H:--Br distances of ca. 2.6A (Table 1)) lead to an infinity plane
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architecture (Figure 5B). Weaker N[H]--'I1 and halogen-sulfur interactions are also established.

The asymmetric part of the unit cell of compound 5 contains a half of the dicationic
disulfide [(H,N),CS],*", a bromide ion and half of a water molecule (Figure 6A). The oxygen atom
and the middlepoint of the S-S distance lie on a two-fold axis, so the symmetry of these two species
is C,. The structure of 5 is similar to 1, with bromide counter anions instead of iodides. Strong
hydrogen interactions among water molecules, bromide anions and N-H groups create a 3D
supramolecular assembly (Figure 6B). Water molecule accepts two N-H---O hydrogen bonds and
acts as a donor in two O-H---Br™ hydrogen-bond interactions (Figure 11A). Amine groups also take
part in four hydrogen-bond type interaction with bromide anion. Bromide lies in close contact with
carbon (C1--Brl= 3.578(4) A) and interacts with m electrons localized on N-C-N moiety (Figure
11B).

The S-S bond distances found in 1-5 lie between 2.0244(14) and 2.038(2) A (while the C-S-
S-C torsion angles vary from 86.4(3) to 102.7(5)°. The S-S bond distances in 1-5 are shorter than
those in neutral disulfides {(2-mercapto-benzoic acid),-1/2(CH3CN)}, {(2-mercato-nicotinic
acid),"(H,0)} ) and (2-mercapto-pyrimidine), which lie in the range of 2.043-2.045 A 4,
However, these bond lengths are closer to the corresponding S-S distances determined in the
[(PYS—PYSH)" 15 ] (PYSH= 2-mercaptopyridine) *Y where the mean value of the S-S bond length
in the four symmetry-independent cation/anion pairs is 0 2.032 A Y. We have previously shown

(2] Computational studies have

that the torsion angles are well correlated with the S-S bond lengths
also shown that the S-S bonds of the disulfide molecules for the lowest energy conformation were
shorter when the C-S-S-C torsion angles were between 85.1 and 90° 1*). This general trend seems to
be followed also in case of the structures 1-5. However, unconformities are observed for 5 which
has the lowest torsion angle and for 2 with the longest bond length. These might be due to the
strong S---O interaction (S1:-*O1W contact of 3.320(1) A) in case of 5 and to the Cl---S

interactions around 3.4 A (in case of 2 (Figure 4B).

Asymmetric part of the crystal structure of 7 contains a half of a C,-symmetrical dicationic
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disulfide (middlepoint of the S-S bond is on the twofold axis) of (MeTU),>, one quarter of the

tetraiodide dianion — all iodine atoms lie on the mirror plane of symmetry, and the middlepoint of
the central I-I bond is on the center of symmetry at (0,0,0), and a half of the bromide which lies on
the mirror plane of symmetry anion (Figure 9A). Tetraiodide is very close to linearity (I2-I11-I11=
178.46(4)A). Disulfides are built of two methylthiourea moieties, which are planar (max deviation
from the least-squares plane is 0.081(6)A). The S1-S1 bond length (2.011(4) A) is similar to the one
in 1 (2.022(2)A), but the S-C-C-S torsion angle (98.0(5)°) is slightly larger than the appropriate
value in 1 (94.7(2)°). This might be due to the presence of additional methyl group. Hydrogen
bonding interactions of N-H---Br and N-H- - ‘I type stabilize the crystal structure (Figure 9B).

The structure of compound 3 consists of a protonated thiourea TU [(H,N),CSH]" and tri-
iodide counter anion [I57] (Figure 5A). The bond lengths and angles are generally in accordance
with those reported for the free ligand **, but the C-S bond, of 1.739(3) A, is longer than that of
free ligand (1.71(1) A **)) due to the protonation of the sulfur atom. The C-N bonds are almost
equal, and shorter than the corresponding bonds in free ligand (1.33(1) A *). The tri-iodide anion
is highly asymmetrical and strictly linear (I1-12= 2.8558(3) A, I2-13= 2.9961(3) A, I1-12-13=
179.102(9)°).. In the crystal, a number of hydrogen bonds accepted by the terminal iodine atoms are
observed (Figure 5B).

Crystals of 6 contains the protonated 3,5-diamino-1,2,4-thiadiazole cation (DAThd)" and an
iodide counter anion (Figure 6A). The same product was also obtained by reacting (1-
diaminomethylene)thiourea with either copper(Il) chloride or chromium trichloride >,
Comparative study of C-N bonds in the neutral ligand (1.367(2), 1.377(2)A, 1.339(2) A
respectively [25b]) are significantly longer than in 6 (1.334(3), 1.328(3), 1.327(3) A). All atoms of
(DAThd)" have insignificant deviations from plane (max deviation of 0.015(2) A). Strong hydrogen
bonds N31---N4 (/-x,1-y,2-z) link two (DAThd)" ions into centrosymmetrical pairs, while other,
weaker interactions: N-H---1 hydrogen bonds, S---S contacts (3.423(1)A) create the three-

dimensional structure of cations and anions.
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Crystals of 8 contain 3,4-dimethyl-2-aminothiazole (DMeAThH)" cation, an iodine anion

and a water molecule (Figure 10A). The neutral 3,4-dimethyl-2-aminothiazole (DMeATh) was
obtained previously by treatment benzothiazol-2-ylamine of F;CSO;Me and KH, and its crystal

[26]

structure was reported Significant differences are observed between the protonated

(DMeAThH") and the neutral species: the two C-N bonds (C2-N21= 1.323(4), N3-C31= 1.469(4)
A) in 8 are longer than the corresponding ones found in DMeATh (1.280(3), 1.455(3) A) %, while
the third C-N bond and the C-S bonds in 8 (C2-N3= 1.341(4), S1-C2= (1.731(3) A), are shorter
than the corresponding ones in DMeATh (1.372(4), 1.781(3) A) 261 This indicates that the positive
charge is located on [S-C(NH,)=N]" moiety (Scheme 7). However, the cation is essentially planar
(max. deviation of 0.063(5) A), which may suggest that in fact the charge is delocalized over the

whole molecule.

Scheme 7.

Strong N---I, O--*N and O--‘I interactions join the 2D layers of cations with water
molecules and iodide anions, which fill the space between these layers is (Figure 10B).

The crystal structure of 9 contains protonated 5-amino-3-methylamino-4-methyl-1,2,4-
thiadiazole [(AMeAThdH)'] and tri-iodide anion (Figure 11A). The anion is linear (I1-12-13=
176.70(2)°) and highly asymmetrical (I11-12= 2.9718(6) A, 12-13= 2.8710(6) A). Two equal C-N
bonds (1.335(8), 1.336(8) A) and one longer 1.398(8) A are found in thiadiazole ring. The positive
charge is located on imidamide group of N2-C3-N31 and N4-C5-N51 (Scheme 8), where the
shortest bonds are observed Thiadiazole moiety are planar (max. deviation of 0.032(6)A). The N2-

S1-C5 angle (93.0(3)°) in 9 is larger to the corresponding one of 5 (C2-S1-C5=90.0(2)°).
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Strong hydrogen bond N51[H]-"N3= 2.96(1) A create infinite chains of cations (Figure
11B)., and between the chains there are anions, interacting with the cations by means of weak
hydrogen bond and S---I interactions (Figure 11B).

The elemental Sg crystals which happened to result from one of the reactions turned out to
be those of a-sulfur polymorphic form (Fddd space group, a= 10.319(1), b= 12.669(1), c=

24.321(2) A)

Conclusions

A variety of products were obtained from the reaction of di-iodine with thiourea or
methylthiourea. Reaction of TU or MeTU with di-iodine in the absence or presence of hydroiodic,
hydrobromic or hydrochloric acids in 1:1, 1:1:1 or 1:1:2 yields ionic salts which contains dicationic
disulfides (compounds 1, 2, 4, 5, 7), while the type of the counter anions and the whole crystal
structure of these compounds is depended on the reaction conditions (stoichiometry, presence or
absence of acid etc). The anionic species in the crystal structures of compounds 1, 2, 4, 5 contains
iodide, tri-iodide and/or chloride and/or bromide. In case of compound 7 the counter anion consists
by the di-anionic tetra-iodide 1,>. By increasing the acidity however, of the media the formation of
the di-cationic disulfide is prevented and the mono-cationic TUH" specie precipitates (3). Cyclic
compounds 6, 8 and 9 were also derived by the reaction of TU or MeTU with diiodine followed by
crystallization in polar solvent media: Thus the use of acetone lead to the formation of the

compound 8 which contains the 2-amino-3,4-dimethylthiazole cation from the interaction of the
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MeTU with the de-oxygenated solvent while by using ethanol instead, the compounds 6 and 9 are
obtained which contains the 5-amino-3-methylamino-4-methyl-1,2,4-thiadiazole cation from the
interaction of TU or MeTU with desulfurated reagents.

King etal ", demonstrate that ketones react with thiourea and halogens, or certain
oxidizing agents to give substituted 2-aminothiazoles through dicationic disulfide intermediate
(Reaction 1). Since dicationic disulfides were isolated when TU or MeTU react with di-iodine
(Reaction Schemes a-¢, e-f) a similar mechanism could be assumed for the preparation of 8. Florani
et.al were also reported the formation of 1,2,4-thiadiazole derivatives from the reaction of
arylothioamides and chloride or bromide anions and acid in DMSO (Reaction Scheme 2) ["**). This
further supports our assumption for the formation of 6 and 9 through a dicationic disulfide
intermediate followed by the formation of reactive radicals.

We have previously shown that a relationship between S-S distance and torsion C-S-S-C
exist ¥ which also supported by the reported computational studies on small molecules !,
Experimental data (Figure 12) are shown that a hyperbola correlation is taken by comparing d(S-S)
vs <(C-S-S-C). The closer S-S distance, is adopted for the best molecule conformation (minimum
energy state) which in case of [(HN),CS],> corresponds to the torsion angle C-S-S-C of 94.05°,
and for S-S bond length of 2.0215 A. The exceptions observed in 2_¢2 is attributed to the strong

intermolecular interactions S---Cl which are lengthening the S-S bond distance, while in 3_e to the

low refinement (big R factor) of 9.24%.

Figure 12

Experimental
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Materials and instruments: All solvents used were reagent grade. Di-iodine (Aldrich), hydroiodic
acid (57%) (Aldrich), hydrobromic acid (48 %) (Fluka), hydrochloric acid (38%) (Merck), thiourea
methylthiourea (Merck) were used with no further purification. Melting points were measured in
open tubes with a Stuart scientific apparatus and are uncorrected. Infra-red spectra in the region of
4000-400 cm™' were obtained from KBr with a Perkin - Elmer Spectrum GX FT-IR
spectrophotometer. The '"H NMR spectra were recorded with a Bruker AC250 MHFT NMR
instrument in DMSO-d¢ solutions. Mass Spectra (MHRMS) were recorded in MeOH/CH,Cl,
solutions 200 pL/800 uL on LTQ-ORBITRAP-XL (Thermoscientific USA) with resolution 10000 .
Synthesis and crystallization of [(TUy)*" 2(I)-H,0] (1), [2(TUy)*" 2(I') (I3)-(CI)] (2), [TUH"I5]
(3), [(TU2*" (I)-(Br)] (4), [(TU»)*" 2(Br)-H,0] (5), [(DAThdH")-(I')'H,0] (6) [2(MeTU,)*" (1)
2(Br)] (7), [(DMeAThH )(I')(H,0)] (8), [(AMeAThdH")(15)] (9):

Compound 1 was prepared by mixing dichloromethane solutions of di-iodine and TU in 1:1
molar ratio (Reaction Scheme 3a) or di-iodine, TU with hydriodic acid 1:1:1 ratio (Reaction
Scheme b) or di-iodine, TU with hydrochloric acid (Reaction Scheme 3cl) in 1:1:1 molar ratio
under aerobic conditions at 0°C with continuous stirring for 2-3 h. The solution was then filtered
and the resulting powder (a, b, c¢1) and dark crystals (b, c1) suitable for single-crystal analysis by
X-ray crystallography of the complex 1 are obtained. Powder from Reaction Scheme 3a was
crystallized and also dark crystals suitable for single-crystal analysis by X-ray crystallography of
complex 1 was obtained.

1: (a) yield 87% corresponding to 22 mg of product; m.p. 77-80°C. Elemental analysis found: C:
5,72; H: 2,86; N: 13.81; S: 15,21 %; calculated for C,H;0I,N4OS,: C: 5.67; H: 2.37; N: 13.21; S:
15.12 %. MID-IR (KBr) (cm'l): 3372.44 vs, 3306.99 vs, 3162.28 vs, 3083.46 vs, 1643.41 vs,
1615.15 vs, 1527.38 sh, 1409.22 s, 1029.92w, 734.71w, 698.99 m, 599.77 m, 552.77w, 521.86 w,
459.75 m (Figure S4). UV/Vis (CH,Cl,): Amax (loge) = 257 nm (2.52), 300 nm (2.91). 'H-NMR
(DMSO-dg) (8 ppm): 6.186 [s, 1.0], 7.1-7.6 [br, 1.0] (Figure S1). MS m/z: 151.01 [(NH,),C-S-S-

C(NH,)(=NH)]" (Figure S12)



Page 21 of 49 Dalton Transactions

20
(b) yield 91% corresponding to 48 mg of product; MID-IR (KBr) (cm™): 3318.17 vs, 3268.85 vs,

3090.44 vs 3043.21 vs, 1656.11 vs, 1403.69m, 1073.03 w, 697.47 w, 602.08 m 466.99 w (Figure
S4). UV/Vis (CH,Cl,): Amax (loge) =(3.14), 300 nm (3.39). '"H-NMR (DMSO-ds) (8 ppm): 6.194
[s, 1.0], 7.6-8.2 [br, 4.0] (Figure S1).

(¢1) yield 81% corresponding to 43 mg of product;. MID-IR (KBr) (cm™): 3270.29 vs, 3091.48 s,
1656.96 vs, 1403.06 s, 1068.73 w, 701.47 w, 666.71 w, 602.72 m, 464.86 w (Figure S4). UV/Vis
(CH,Cl,): Amax (loge) =255 nm (3.23), 300 nm (3.50). "H-NMR (DMSO-ds) (8 ppm): 6.185 [s,
1.1], 7.2-8.4 [br, 1.0] (Figure S1).

Compound 2 was prepared by crystallization in dichloromethane of the powder precipitates

initially from Reaction Scheme 3c¢l. Dark crystals of the complexes suitable for single-crystal
analysis by X-ray crystallography were then grown and filtered off.
2: (¢2) yield 68% corresponding to 19 mg of product; m.p. 70-75°C. Elemental analysis found: C:
5.12; H: 1.73; N: 11.41; S: 13.34 %; calculated for C4H¢CIIsNgS4: C: 4.93; H: 1.65; N: 11.50; S:
13.16 %. MID-IR (KBr) (cm™): 3311.44 vs, 3256.71 vs, 3089.54 s, 2994.70 s, 1658.78 vs, 1403.77
m, 1191.98 w, 1080.00 m, 715.25 w, 666.23 w, 610.20 m, 462.79 w, 412.04 w (Figure S5). UV/Vis
(CH,Cly): Amax (loge) = 257 nm (2.69), 301 nm (2.95). 'H-NMR (DMSO-dy) (8 ppm): 6.189 [s,
1.0], 7.7-8.4 [s, 4.7] (Figure S2). MS m/z: 170.97 {[(NH,),C-S-S-C(NH,),] H,O}" (Figure S13).

Compound 3 was prepared by mixing dichloromethane solutions of di-iodine with TU with
hydrobiodic acid in 1:1:2 (Reaction Scheme 3d) molar ratio under aerobic conditions at 0 °C with
continuous stirring for 2-3 h. The solution was then filtered and dark crystals suitable for single-
crystal analysis by X-ray crystallography of the complex 3 are obtained.

3: (d) yield 30% corresponding to 68 mg of product; m.p. 54-55 °C. Elemental analysis found: C:
2.76; H: 1.29; N: 6.21; S: 6.78 %; calculated for CHsI3N,S: C: 2.62; H: 1.10; N: 6.12; S: 7.00 %.
MID-IR (KBr) (cm'l): 3311 vs, 3256.71 vs, 1658.78 vs, 1403.77 s, 1191.98 w, 1080.00 m, (Figure
S6). UV/Vis (CH,Cly): Amax (loge) = 257 nm (2.59), 300 nm (2.95). MS m/z: 115.03

[(NH,),C=SH]" (Figure S14).



Dalton Transactions Page 22 of 49

21

Compound 4 was prepared by mixing dichloromethane solutions of di-iodine with TU with
hydrobromic acid in 1:1:1 (Reaction Scheme 3el) or 2:1:1 (Reaction Scheme 3f) under aerobic
conditions at 0°C with continuous stirring for 2-3 h. The solution was then filtered and the resulting
powder (el) and dark crystals (el, f) suitable for single-crystal analysis by X-ray crystallography of
the complex 4 are obtained.

4: (el) yield 81% corresponding to 87 mg of product; m.p. 32-35 °C. Elemental analysis found: C:
3.84; H: 1.45; N: 9.55; S: 10.20 %; calculated for C,HgBrIsN4S,: C: 3.92; H: 1.31; N: 9.14; S: 10.46
%. MID-IR (KBr) (cm™): 3329.00 vs, 3080.72 s, 1653.97 vs, 1403.60 m, 1097.44 w, 1049.64 w,
704.67 w, 665.93 w, 602.79 m, 551.06 w, 464.52 w (Figure S7). UV/Vis (CH,Cl,): Amax (loge) =
255 nm (2.55), 300 nm (2.94). "H-NMR (DMSO-d¢) (& ppm): 6.192 [s, 1.0], 7.8-8.8 [br, 7.8]
(Figure S2). MS m/z: 170.97 {[(NH,),C-S-S-C(NH,),] H,O}" (Figure S15).

(f) yield 83% corresponding to 43 mg of product; MID-IR (KBr) (cm™): 3343.82 vs, 3279.12 vs,
1656.99 m, 1403.59 m, 1098.99 w, 1050.37 w, 710.30 w, 608.40 w, 466.29 w (Figure S7). UV/Vis
(CH,Cly): Amax (loge) =257 nm (2.61), 300 nm (2.91). 'H-NMR (DMSO-dg) (8 ppm): 6.194 [s,
1.0], 8.1-9.1 [br, 8.3] (Figure S2).

Compound 5 was prepared by crystallization in dichloromethane of the powder precipitates

initially from Reaction Scheme 3e2. Dark crystals of the complexes suitable for single-crystal
analysis by X-ray crystallography were then grown and filtered off.
5: (e2) yield 49% corresponding to 18 mg of product; m.p. 107-114 °C. Elemental analysis found:
C:7.69; H: 3.19; N: 17.14; S: 19.65 %, calculated for C,H;oBr,N4OS,: C: 7.28; H: 3.05; N: 16.98;
S: 19.43%. MID-IR (KBr) (cm™): 3326.84 s, 3257.30 vs, 2995.56 s, 1658.62 vs, 1403.05 s, 1098.47
w, 1050,49 m, 711.27 m, 605.88 m, 465.97 m ,413.21 w (Figure S8). UV/Vis (CH,Cl,): Amax
(loge) = 257 nm (1.69), 298 nm (2.10), 365 nm (1.70). 'H-NMR (DMSO-de) (8 ppm): 6.184 [s, 1.0],
7.5-8.1 [br, 1.3] (Figure S2). MS m/z: 151.01 [(NH,),C-S-S-C(NH,)(=NH)]" (Figure S16).

Compound 6 was prepared by mixing dichloromethane solutions of di-iodine and TU in 1:2

molar ratio (Reaction Scheme 3g). The solution was than filtered and the resulting brown powder
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was obtained. The powder was dissolved in ethanol afterwards and orange crystals of the compound
6 were then grown suitable for single-crystal analysis by X-ray crystallography.
6: (g) yield 46% corresponding 13 mg of product; m.p. 126-128 °C. Elemental analysis found: C:
9.43; H: 2.16; N: 23.14; S: 13.01 %; calculated for CoH5IN,4S: C: 9.84; H: 2.06; N: 22.96; S:
13.14%. MID-IR (KBr) (cm™): 3320.24 s, 3230.71 s, 3176.51 s, 3105.52 m, 2975.46 m, 2917.35 m,
2855.77 m, 1621.22 vs, 1423.49 m, 1073.30 w, 968.45 w, 749.99 m, 721.66 w, 594.38 m, 527.64 m,
502.34 w, 408.56 w (Figure S9). UV/Vis (CH,Cl,): Amax (loge) =260 nm (3.03), 362 nm (1.78).

Compound 7 was prepared by mixing dichloromethane solutions of di-iodine and TU with
hydrobromic acid in 1:1:1 molar ratio (Reaction Scheme 3h). The solution was than filtered and the
resulting brown powder was obtained. The powder was dissolved in acetonitrile afterwards and red
crystals of the compound 7 were then grown suitable for single-crystal analysis by X-ray
crystallography.
7: (h) yield 79% corresponding 17 mg of product; m.p. 138-140 °C. Elemental analysis found: C:
9.93; H: 2.27; N: 10.72; S: 12.55 %; calculated for C4H,BrI,N4S,,: C: 9.35; H: 2.35; N: 10.90; S:
12.48%. MID-IR (KBr) (cm™): 3157.82 s, 3082.58 s, 2995.07 vs, 1661.64 vs 1626.53 sh, 1486.42
w, 1448.41 w, 1413.71 w 1308.80 w 1164.63 w, 1111.21 w, 758.82 w, 412.24 w (Figure S10).
UV/Vis (CH,Cl,): Amax (loge) =297 nm (2.97), 366 nm (2.71).

Compound 8 was prepared by mixing dichloromethane solutions of di-iodine and MeTU in
1:2 molar ratio (Reaction Scheme 3i) or MeTU with hydrobromic acid with 1:1:1 molar ratio
(Reaction Scheme 3k). The solution was then filtered and the resulting brown powder was obtained.
The powder was dissolved in acetone afterwards and bright yellow crystals of the compound 8
were then grown suitable for single-crystal analysis by X-ray crystallography.
8: (i) yield 71% corresponding to 22 mg of product; m.p. 74-81°C. Elemental analysis found: C:
22.19; H: 3.90; N: 10.29; S: 11.83 %; calculated for CsH;;IN,OS: C: 21.91; H: 4.04; N: 10.22; S:
11.70%. MID-IR (KBr) (cm™): 3470.30 vs, 3405.04 vs, 3079.95, 2011.37 w, 1647.15 vs, 1560.76

vs, 1429.22 m, 1402.09 w, 1295.66 m, 1177.88 m, 1153.32 m, 1126.36 w, 973.57 w, 834.64 m,
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771.43 m, 716.06 w, 600.33 m, 514.40 m (Figure S9). UV/Vis (CH,ClL): Amax (loge) =254 nm

(3.07), 293 nm (2.08). "H-NMR (DMSO-de) (8 ppm): 2.226 [s, 3.3], 3.459 [s, 2.9], 6.694 [s, 1.0],
9.282 [s, 1.9] (Figure S3). MS m/z: 129.05 [CsHoN,S]" (Figure S17).
(k) yield 67% corresponding to 20 mg of product; MID-IR (KBr) (cm™): 3456.88 vs, 3209.17 s,
3083.26 s, 2021.25 w, 1650.08 s, 1605.21 m, 1561.87 s, 1428.63 m, 1398.46 m, 1178.36 m,
1127.19 w, 834.25 m, 773.86 m, 718.28 m, 667.35 m, 606.42 m, 518.19 m (Figure S9). UV/Vis
(CH,Cl,): Amax (loge)= 297 nm (3.15), 366 nm (2.89). "H-NMR (DMSO-ds) (8 ppm): 2.229 [s,
3.2],3.464 [s, 2.9], 6.698 [s, 1.0], 9.299 [s. 1.9] (Figure S3).

Compound 9 was prepared by mixing dichloromethane solutions of di-iodine and MeTU in
1:1 molar ratio (Reaction Scheme 3m). The solution was then filtered and the resulting brown
powder was obtained. The powder was dissolved in ethanol afterwards and red crystals of the
compound 9 suitable for single-crystal analysis by X-ray crystallography were grown among with
crystals of Sg as well.
9: (m) yield 94% corresponding to 28 mg of product; m.p. 154-158 °C. Elemental analysis found:
C:23.51; H: 3.67; N: 10.91; S: 12.27 %,; calculated for CsHoIN,S: C: 23.45; H: 3.54; N: 10.94; S:
12.52%. MID-IR (KBr) (cm™): 3295.96 m, 3075.21 m, 1620.63 vs, 1522.51 m, 1410.62 m, 1383.62
w, 1225.88 w, 1151.58 w, 1000.05 w, 889.23 m, 696.16 m, 588.46 w, 522.65 m (Figure S11).
UV/Vis (CH,Cly): Amax (loge)= 297 nm (2.25), 365 nm (1.93). 'H-NMR (DMSO-de) (& ppm):
2.821[d, 3.5], 3.413 [s, 3.3], 7.637 [q, 1.0], 9.726 [s, 2.1] (Figure S3). MS m/z: 145.05 [C4HoN4S]"

(Figure S18).

Crystal data: Data for compounds studied were collected by the ® scan technique: for 1a, 1b, 1cl,
2¢2, 4el, 4f, Se2 and 8i on an Supernova diffractometer with Atlas CCD detector using graphite-
filtered CuK, (A = 1.5418A) radiation and for 3d, 6g, 7h, 8k, 9m, andSg on an XCALIBUR
diffractometer with EOS CCD detector using graphite-filtered MoK, (A = 0.71073A) radiation.

Cell parameters for 1-9 were determined by least-squares fit. All data were corrected for
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(28a] 'The structures were solved with direct methods

Lorentz-polarization effects and absorption
with SIR92 **! and refined by full-matrix least-squares procedures on F~ with SHELXL97 %1, All
non-hydrogen atoms were refined anisotropically, hydrogen atoms were located at calculated
positions and refined as a ‘riding model’ with isotropic thermal parameters fixed at 1.2 times the
Ueq’s of appropriate carrier atom. The structure of 2 has been refined as twinned (using HKLF 5
command), the data were reduced as twinned. BASF factor refined at 0.78.

1: (a) formula C,H;[,N4OS,, MW=424.06, orthorhombic, space group Pccn, a=16.3810(5),
b=5.106(1), c=13.3220(4)A, V=1114.27(5)A°, Z=4, T=120(1)K, p(calc)=2.53g cm™, p=47.57mm",
F(000)=784. 2598 reflections measured up to 20=75.5°, of which 1128 symmetry independent
(Rint=1.80%) and 1068 with I > 26(I). The refinement converged to final R=2.18% [I > 26(1)],
wR2 = 5.90% (all reflections), S=1.064. Max/min Ap in the final AF map: 0.79/-1.08¢°A".

(b) formula C,H;oIN4OS,;, MW=424.06, orthorombic, space group Pccn, a=16.3810(5),
b=5.106(1), c=13.3220(4)A, 0=90, B=90, v=90°, V=111427(5)A3, Z=4, T=130.0(1)K,
p(calc)=2.476g cm™, u=47.573mm"', F(000)=784. The refinement converged to final R=2.18% [for
1137 reflections with I > 26(I)] =, wR = 5.90% (all 1178 reflections).

(c1) formula C,H;¢I,N4OS,, MW=424.06, orthorombic, space group Pccn, a=16.5130(3),
b=5.1450(1), c=13.3880(2)A, «=90, B=90, v=90°, V=1137.44(3)A3, Z=4, T=293(2)K,
p(calc)=2.476g cm™, u=46.604mm™', F(000)=784. The refinement converged to final R=4.02% [for
1068 reflections with I > 26(I)] =, wR =10.11% (all 1128 reflections).

2: (¢2) formula C4H;cCIlIsNgSs, MW=974.44, monoclinic, space group P2(1)/n, a=9.6516(3),
b=9.7546(2), ¢=13.8230(5), p=109.653(4)°, V=1225.59(6) A’, Z=2, T=130(1)K, p(calc)=2.64g cm’
3, u=54.08mm", F(000)=884. 8852 reflections measured up to 26=75.5°, of which 2538 symmetry
independent (Rint=3.52%) and 2400 with I > 26(I). The refinement converged to final R=4.44% [I
> 26(1)], wR2 = 13.78% (all reflections), S=1.099. Max/min Ap in the final AF map: 2.74/-1.40e°A"

3

3: (d) formula CHsI3N,S, MW=457.83, monoclinic, space group P2,/c, a= 7.5529(2), b=
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13.2275(4), c= 9.1452(2), = 98.689(2)°, V= 903.17(4) A3, Z=4, T=295(2)K, p(calc)=3.37 em™, p=

10.53mm™, F(000)=800. 10478 reflections measured up to 20=28.3°, of which 2060 symmetry
independent (Rint=2.22%) and 1931 with I > 26(I). The refinement converged to final R=1.67% [I
> 20(I)], wR2 = 3.83% (all reflections), S=1.180. Max/min Ap in the final AF map: 0.72/-0.78e°A"
3.

4: (el) formula C,HsBrI3N4S,, MW=612.85, monoclinic, space group P21/c, a=9.8698(2),
b=12.0775(3), c=12.9332(3) A, p=109.830(3), V=1450.25(6) A3, Z=4, T=293(2)K, p(calc)= 2.807
g cm>, p=56.46 mm™', F(000)= 1096. 13296 reflections measured up to 26=75.5°, of which 2968
symmetry independent (Rint=5.43%) and 2800 with I > 2¢5(I). The refinement converged to final
R=4.27% [I > 26(I)], wR2 = 11.79% (all reflections), S=1.050. Max/min Ap in the final AF map:
1.77/-1.67e°A™.

(f) formula C,HsBrlsN4S,, MW=612.85, monoclinic, space group P21/c, a=9.8610(8),
b=11.8750(9), c=12.812(1) A, B=109.250(9)°, V=1416.4(2) A3, Z=4, T=130K, p(calc)= 2.874 g
cm”, ],L=57.815mm'1, F(000)= 1096. The refinement converged to final R= 9.24% [for 2303
reflections with I > 26(I)] =, wR = 24.73% (all 2795 reflections).

5: (e2) formula C,H,;(Br,N4OS,;, MW=330.08, monoclinic, space group P2/c, a=8.6389(11),
b=5.0436(6), c=12.3817(16) A, p=99.551(12)°, V=532.01(12) A3, Z=2, T=130(1)K, p(calc)=2.061
g cm>, p=13.05mm™, F(000)=320. 3184 reflections measured up to 26=75.75°, of which 1098
symmetry independent (Rint=2.70%) and 1047 with I > 26(I). The refinement converged to final
R=3.96% [I > 26(I)], wR2 = 12.21% (all reflections), S=1.185. Max/min Ap in the final AF map:
0.82/-1.12¢°A”,

6: (g) formula C,HsIN4S, MW=244.06, monoclinic, space group P-1, a= 4.5455(2), b= 8.6436(3),
c=9.5497(3) A, o= 113.700(3), B= 94.020(3), y= 103.347(3)°, V= 328.64(2) A3, Z=2, T=100(1)K,
p(calc)= 2.466 g cm™, p= 5.09mm™, F(000)= 228. 4992 reflections measured up to 26=28.0°, of
which 1433 symmetry independent (Rint=1.99%) and 1362 with I > 2c(I). The refinement

converged to final R=1.73% [I > 26(I)], wR2 = 4.19% (all reflections), S=1.073. Max/min Ap in
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the final AF map: 1.15/-0.51¢°A".

7: (h) formula C4H;,Brl,N4S,, MW= 514.01, orthorhombic, space group Cmca, a= 11.3150(13), b=
11.134(2), c= 21.9321(15) A, V= 2763.0(7) A3, Z=8, T=295Q2)K, p(calc)= 2.471 g cm>, p=
7.72mm™, F(000)= 1896. 8716 reflections measured up to 260=29.2°, of which 1799 symmetry
independent (Rint=4.95%) and 1345 with I > 26(I). The refinement converged to final R=4.88% [I
> 20(I)], wR2 = 13.11% (all reflections), S=1.087. Max/min Ap in the final AF map: 1.96/-
1.07e°A”.

8: (i) formula CsH;;IN,OS, MW= 274.12, triclinic, space group P-1, a=7.0530(4), b=8.5003(5),
c=8.6957(5) A, a=114.890(5), P=91.954(5), y=99.007(5) °, V=464.16(5) A3, Z=2 , T=100(1)K,
p(calc)=1.961g cm™, p= 3.62mm™, F(000)=264. 3173 reflections measured up to 20=28.0°, of
which 1893 symmetry independent (Rint=1.94%) and 1814 with 1 > 2¢(I). The refinement
converged to final R=2.29% [I > 26(I)], wR2 = 6.10% (all reflections), S=1.081. Max/min Ap in
the final AF map: 0.77/-0.55¢°A™..

(k) formula CsH;;IN,OS, MW=274.12, triclinic, space group P-1, a=7.0530(4), b=8.5000(5),
c=8.6960(5) A, a=114.890(5), B=91.954(5), y=99.007(5) °, V=464.16(5) A3, Z=2 , T=100.0(1)K,
p(calc)=1.961¢g cm’”, u= 3.619mm™, F(000)=264. The refinement converged to final R=2.31% [for
1814 reflections with I > 26(I)] =, wR =6.22% (all 1893 reflections).

9: (m) formula CsHoIN,S, MW= 256.10, orthorombic, space group Pbca, a= 12.6402(4), b=
13.7770(8), c= 14.1348(5) A, V= 2461.49(18) A3, Z=8 , T=100(1)K, p(calc)= 2.838g cm™, p=
7.75mm’™, F(000)= 1888. 6414 reflections measured up to 20=28.1°, of which 2547 symmetry
independent (Rint=4.27%) and 1990 with I > 26(I). The refinement converged to final R=3.67% [I
> 26(1)], wR2 = 7.16% (all reflections), S=1.040. Max/min Ap in the final AF map: 1.38/-0.96e°A
3

Sg: (m) formula Sg, MW= 256.48, orthorombic, space group Fddd, a a= 10.319(1), b= 12.669(1), c=
24.321(2) A, 0=90.0, B=90.0, y=90.0 °, V=3179.4(5) A3, Z=16 , T=100.0(1)K, p(calc)=2.143g cm’

3, p=2.142mm™", F(000)= 2048. The refinement converged to final R=3.13% [for 900 reflections
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with [ > 26(I)] =, wR =8.44% (all 779 reflections).

Crystallographic data (excluding structure factors) for the structural analysis have been
deposited with the Cambridge Crystallographic Data Centre, Nos. 924828 (1), 924829 (2) 939693
(3), 924830 (4), 924831 (5), 939694 (6), 939695 (7), 924832 (8), and 924833 (9). Copies of this
information may be obtained free of charge from: The Director, CCDC, 12 Union Road,
Cambridge, CB2 1EZ, UK. Fax: +44(1223)336-033, e-mail: deposit@ccdc.cam.ac.uk, or www:

www.ccde.cam.ac.uk. The cif files for the structures determined more than once (e.g. 1a, 1b, 1cl)

are available on request form the Authors (MK, AO, MB)
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Figure Captions

Figure 1 Conductivity titration of TU or MeTU (10> M) with I, in acetonitrile (T= 293 K).

Figure 2 (A) UV spectra of TU and its complexes 1-4 in dichloromethane (4.3 10 M (TU),

2.0 10 M (1a, 1¢), 2.9 10™ M (1b), 7.0 10* M (2), 6.1 10* M (3), 3.1 10 M (4)).
(B) UV spectra of MeTU and its the complexes 5-6 in dichloromethane..

Figure 3 (A) ORTEP diagram together with atomic numbering scheme of 1. Thermal ellipsoids
drawn at the 75% probability level, hydrogen atoms are represented by spheres of
arbitrary radii. Thin lines represent hydrogen bonds. The unlabeled part of the cation
is related with the labeled one by symmetry operation 3/2-x,3/2-y,z. (B) Hydrogen
bonds and S-S interactions in the crystal structure of 1.

Figure 4 (A) ORTEP diagram together with atomic numbering scheme of 2. Thermal ellipsoids
drawn at the 50% probability level. hydrogen atoms are represented by spheres of
arbitrary radii. Thin lines represent hydrogen bonds. The unlabeled part of the triodide
is related with the labeled one by symmetry operation /-x, -y/-,z. (B). Packing along y
direction in 2 with hydrogen bonds.

Figure 5 (A) ORTEP diagram together with atomic numbering scheme of 3. Thermal ellipsoids
drawn at the 75% probability level, hydrogen atoms are represented by spheres of
arbitrary radii.. (B) Packing along z direction in 3 with hydrogen bonds. and S--‘I
intermolecular interactions.

Figure 6 (A) ORTEP diagram together with atomic numbering scheme of 4. Thermal ellipsoids
drawn at the 50% probability level, hydrogen atoms are represented by spheres of
arbitrary radii. The unlabeled iodine atoms are related with the labeled one by
symmetry operations 2-x, 2-y, I-,z (12) and /-x, -y, -z (14).. (B) Packing diagram of 4
as seen along y direction; hydrogen bonds and short intermolecular contacts are drawn

as dashed lines.



Page 35 of 49

Figure 7

Figure 8

Figure 9

Figure 10

Figure 11

Figure 12

Dalton Transactions

34
(A) ORTEP diagram together with atomic numbering scheme of 5. Thermal ellipsoids

drawn at the 50% probability level, hydrogen atoms are represented by spheres of
arbitrary radii. Thin lines represent hydrogen bonds. The unlabeled part of the triodide
is related with the labeled one by symmetry operation -x,-y3/2-,z.(B) Packing diagram
of 4 as seen along y direction; hydrogen bonds are drawn as dashed lines.

(A) ORTEP diagram together with atomic numbering scheme of 6, hydrogen atoms
are represented by spheres of arbitrary radii.. Thermal ellipsoids drawn at the 75%
probability level. (B) Packing diagram of 6 as seen along y direction; hydrogen bonds
and short intermolecular contacts are drawn as dashed lines.

(A) ORTEP diagram together with atomic numbering scheme of 7. Thermal ellipsoids
drawn at the 50% probability level, hydrogen atoms are represented by spheres of
arbitrary radii. Thin lines represent weaker I...I bond, dashed lines represent
hydrogen bonds. The unlabeled part of the cation is related with the unlabeled one -
by symmetry operation x+1/2,y,-z+1/2 while that of tetraiodide - by -x,-y,-,z. (B)
Packing diagram of 7 as seen along y direction; hydrogen bonds and short
intermolecular contacts are drawn as dashed lines.

(A) ORTEP diagram together with atomic numbering scheme of 8. Thermal ellipsoids
drawn at the 75% probability level, hydrogen atoms are represented by spheres of
arbitrary radii.. (B) Packing diagram of 8 as seen along y direction; hydrogen bonds
and short intermolecular contacts are drawn as dashed lines

(A). ORTEP diagram together with atomic numbering scheme of 9. Thermal
ellipsoids drawn at the 50% probability level, hydrogen atoms are represented by
spheres of arbitrary radii.. (B) Packing diagram of 9 as seen along x direction;
hydrogen bonds and short intermolecular contacts are drawn as dashed lines.
Relationship between S-S bond distance vs C-S-S-C torsion angle in compounds 1, 2,

4,5 (y=1.18-10"x7+2.23-10x+3.07; R*= 0.972),
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Table 2. Selected bond distances and angles of 6, 8 and 9.

complex 6 | complex 8 | complex 9
bond lengths [A]

S1-N2 | 1.696(2) S1-C2 | 1.731(3) S1-N2 | 1.684(6)
S1-C5 | 1.744(3) S1-C5 | 1.740(3) S1-C5 | 1.704(7)
N2-C3 | 1.334(3) C2-N3 | 1.341(4) N2-C3 | 1.321(8)
C3-N4 | 1.342(3) N3-C4 | 1.409(4) C3-N4 | 1.398(8)
C3-N31 | 1.328(3) C4-C5 | 1.343(5) C3-N31 | 1.320(8)
N4-C5 | 1.327(3) C2-N21 | 1.323(4) N31-C32 | 1.456(8)
C5-N51 | 1.310(4) N3-C31 | 1.469(4) N4-C5 | 1.335(8)
C4-C41 | 1.493(4) N4-C41 | 1.481(8)

C5-N51 | 1.336(8)

11-12 | 2.9718(6)

12-13 | 2.8710(6)

angles [°]
N2-S1-C5 | 87.06(12) C2-S1-C5 | 90.02(16) N2-S1-C5 | 93.0(3)
S1-N2-C3 | 112.62(19 S1-C2-N3 | 111.7(2) S1-N2-C3 | 109.6(5)
)
N2-C3-N4 | 115.9(2) C2-N3-C4 | 113.9(3) N2-C3-N4 | 115.1(6)
C3-N4-C5 | 109.5(2) N3-C4-C5 | 112.0(3) C3-N4-C5 | 111.9(6)
S1-C5-N4 | 114.9(2) S1-C5-C4 | 112.4(3) S1-C5-N4 | 110.3(5)
N2-C3-N31 | 122.9(3) S1-C2-N21 | 124.0(3) N2-C3-N31 | 125.7(6)
N31-C3-N4 | 121.2(2) N21-C2-N3 | 124.3(3) N31-C3-N4 | 119.2(6)
N4-C5-N51 | 123.7(2) C2-N3-C31 | 120.9(3) C3-N31-C32 | 121.5(6)
S1-C5-N51 | 121.4(2) C31-N3-C4 | 125.2(3) C3-N4-C41 | 121.8(6)
N3-C4-C41 | 120.2(3) C41-N4-C5 | 125.8(5)
C41-C4-C5 | 127.7(3) N4-C5-N51 | 124.8(6)
S1-C5-N51 | 125.0(6)
hydrogen bonds [A] and angles [°]
N31[H]--"N4 | 2.974(3) N21[H]---O1W | 2.811(4) N51[H]--"N2 | 2.954(10)

NS51[H]---11 | 3.513(2) N21[H]---11 | 3.492(3)

O1W[H] 11 | 3.555(3)

O1W[H] 11 | 3.539(3)

N31-H31B---N4 | 174 N21-H21A---O1W | 163 N51-H51---N2 | 161
N51-H51B---I1 | 155 N21-H21B---I1 | 158

O1W-HIWA---I1 | 172

O1W-HIWB---I1 | 171

close contacts

S1---S1 [ 3.423(1) S1--11 [ 3.6421(9) S1---11 [ 3.560(2)

S1---11% | 3.703(2)

= 1x, 1-y, 1-z
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