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Synthesis and Characterization of (PTU)I, (PTU = 6-n-propyl-2-thiouracil)
and (CMBZT)I, (CMBZT = 5-chloro-2-mercaptobenzothiazole) and Possible
Implications for the Mechanism of Action of Anti-Thyroid Drugs
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Direct reaction of 6-n-propyl-2-thiouracil (PTU), a widely
used anti-thyroid drug against hyperthyroidism (Graves' dis-
ease), or 5-chloro-2-mercaptobenzothiazole (CMBZTH) with
iodine in a molar ratio of 1:1 resulted in the formation of the
charge-transfer (CT) complexes [(PTU)I,] (1) or [(CMBZT)I,]
(2). All reactions were carried out in dichloromethane and
water solutions. Compounds 1 and 2 were characterized by
elemental analyses, FT-Raman, FT-IR, UV/Vis and 'H NMR
spectroscopy. The crystal structures of both complexes were
determined by X-ray diffraction at 120(1) K (1) and 293(2) K
(2). The charge-transfer nature of the bonds in the adducts 1
and 2 was verified by the lengthening of the I-I bond lengths
as compared to the S-I bond lengths and by the characteristic
CT bands observed in the UV spectra of the complexes.
Compound 1 [(C;H1oN,0OS)I,] [monoclinic with space group

P2,/c and a = 9.8501(7), b = 10.3101(7), ¢ = 12.0287(8) A, p =
99.707(6)°, Z = 4] consists of a propylthiouracil ligand bonded
with an iodine atom through sulfur. Extended intermolecular
N-H---O contacts link the molecules forming a supramolecu-
lar assembly. Compound 2 {(C;H4CINS,)I,} [orthorhombic,
space group P2,2,2,, a = 4.1650(10), b = 9.691(2), ¢ =
28.471(6) A zZ= 4] consists of a 5-chloro-2-mercaptobenzothi-
azole ligand bonded with an iodine atom through sulfur. An
extended intermolecular linkage via I---H-N bonds leads to
the formation of an extended structure. Attempts to draw
conclusions on the behavior of a thioamide — when used as
an anti-thyroidal drug — towards iodine have been made.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2003)

Introduction

The most commonly employed anti-thyroidal drugs for
the treatment of hyperthyroidism (Graves’ disease) are 6-
n-propyl-2-thiouracil (PTU), N-methylimidazoline-2-thione
(methimazole) (MMI) and 3-methyl-2-thioxo-4-imidazo-
line-1-carboxylate (carbimazole) (CBZ).'"2l They have
been found to inhibit the formation of 3,5,3’-triiodothyron-
ine (T3) and 3,5,3',5'- tetraiodothyronine (T4) hormones by
blocking the metabolism of iodine (Scheme 1).[3! Therefore,
there is an increasing interest in the study of charge-transfer
(CT) complexes of iodine with thioamides or thiones,>*~7!
not only for the clarification of the iodine binding mecha-
nism but also for the development of new anti-thyroidal ag-
ents.

Although much work has been carried out with these
drugs, structural data on their CT complexes with I, were
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only reported very recently for the complex with MMI.[®!
Herein we report the structural and spectroscopic charac-
terisation of two new iodine complexes with the heterocyclic
thioamides 6-n-propyl-2-thiouracil (PTU, I) and 5-chloro-
2-mercaptobenzothiazole (CMBZT, II) [(PTU)I,] (1) and
[(CMBZT)I,] (2). PTU is used in the treatment of hyper-
thyroidism while CMBZT was used for comparison pur-
poses.

NH cl NH
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Results and Discussion

Dark crystals of the complexes, suitable for single crystal
analysis by X-ray crystallography, were grown by slow evap-
oration of the filtrates resulting from the reaction of iodine
with the appropriate thioamide in 1:1 or 2:1 molar ratios in
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Scheme 1. Mechanism of TPO-catalyzed iodination reactions (MIT = 3-monoiodotyrosine and DIT = 3,5-diiodotyrosine)

200.0 -

|

i
180.” g

5

160.0 1 46 8

| 10 0 4 . g 3 .

*
140.04[ o7 4
120.0
100.0 ,
27700 2.800 2900  3.000  3.100

Figure 1. Correlation between v(I-I) Raman bands of the adducts
[{(bztzdtH)I,}1,]"4 (3; bztzdtH = benzothiazole-2-thione) v(SI-I):
143.7 em™!; [(bztzdtH)1,]74 (4) v(I-1) = 147 cm™!, [pte-L,]PY (5;
ptc = 1,3-dithiacyclohexane-2-thione) v(I-I)= 164 cm™!; [ttb-L,]?!
(6; ttb = 4 5-ethylenedithio-1,3-dithiole-2-thione) v(I-I) = 162
cm™!; [mdtt-1,]5¢ [7; mdtt = 4,5-bis(methylsulfanyl)-1,3-dithiole-2-
thione] v(I-I) = 136 cm™'; [mbit-I,]®¥ [8; mbit = 1,1-methyl-
enebis(3-methyl-4-imidazoline-2-thione)] v(I-[) = 152 cm™ %
[bzoxtH-L,]I?!" (9; bzoxtH = benzoxazole-2-thione) v(I-1) = 176
cm™!; [dmimdtH-1,]*9 (10; dmimdtH = 5,5-dimethylimidazoline-
2.4-dithione) v(I-I) = 152 cm~! and compounds 1 and 2

dichloromethane. The reactions were also carried out in
H,O. The insoluble dark brown powders obtained were
recrystallized from dichloromethane.

The structure of compound 1 shows that the PTU ligand,
with anti-thyroidal activity, is able to retain one iodine mol-
ecule. The formulae of complexes 1 and 2 were first deduced
from elemental analysis and spectroscopic data. Both com-
plexes are highly soluble in organic solvents and their crys-
tals are stable in air, although they were stored in darkness
in a refrigerator.

Spectroscopy

Vibrational Spectroscopy

New bands appearing at 153 and 152 cm ™! in the far-IR
spectra of compounds 1 and 2, respectively, were assigned
to the v(I—I) stretching vibration modes.’ The v(I—S)
bond vibration for the [{(bztzdtH)I,}*1,],[* [(bztzdtH)1,]["3]
and [{(bzimtH)I,},'I,-H,O]"8 complexes was observed at
281—280 cm ™! and 255—254 cm~!. Here, new bands ap-
pear at 250 and 247 cm ™! for compounds 1 and 2, respec-
tively, which can be assigned similarly.

1636

The Raman spectra of complexes 1 and 2, recorded in
the 300—50 cm ! region, show an intense band at 150.9
cm~! for 1 and 148.9, 123.9 cm™! for 2; these bands are
attributed to the v,(I—1I) vibration of coordinated I, moiet-
ies.l’8l Jodine gives a band at 180 cm™! v(I-I) in the solid
state.[’?] This shifts to lower frequencies upon coordination
to a donor atom because of the reduction of the I—I bond
strength. According to Deplano’s classificationt! com-
pound 1 can be classified as being of type A, with a weak
sulfur-iodine interaction (D-+-I—1I), while compound 2 is of
type B, with a stronger such interaction (D—I-1I). Ad-
ditionally, complexes 1 and 2 confirm the linear correlation
of the d(I—1) bond lengths vs. v(I-I) FT-Raman frequencies
proposed by Deplano et.al.’! (Figure 1).

UVIVis Spectroscopy

The visible spectra of the thione-iodine adducts in di-
chloromethane or chloroform exhibit one distinct absorp-
tion band at 495—505 nm, assigned to the “blue shift” band
of I, which appears at 504 nm in free I, in CH,Cl,.[6¢]

A shoulder in the range 310—360 nm could be assigned
to a charge-transfer band from the HOMO of the donor to
the iodine LUMO (o, *).[?2-%8.5d.6a] Tt should be noted that
the CT (charge transfer) bands are not recognizable for
complexes 1 and 2, as they are most probably covered by
the intra-ligand transitions (1* < © or ©* <« n) occurring
at almost the same wavelength. The bands, however, are
enhanced in intensity, with increased coefficients, in the
complexes. The absorption bands at 285.5 nm in the spec-
trum of complex 1 and at 336 nm in the case of complex 2
were attributed to intra-ligand (n*<m) transitions.

Thermal Analysis

Thermal analysis in flowing nitrogen shows that complex
2 decomposes in two stages. The TGA and DTA data
curves for complex 2 show that the first stage of its de-
composition (90—120 °C) is connected with an endo-
thermic effect and involves a 54.7% mass loss consistent
with the loss of iodine (calculated mass loss 55.7%). The
second stage of its decomposition (180—200 °C) connected
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with an endothermic effect and involving a 31.1% mass loss
is consistent with the loss of the thione.

Crystal and MolecularStructures of [(PTU)I,] (1) and
[((CMBZT)1,] (2)

ORTEP diagrams of molecules 1 and 2, as well as selec-
ted bond lengths and angles, are shown in Figure 2 and
3, respectively.

Figure 2. ORTEP diagram of molecule 1 together with the atomic
numbering scheme; selected bond lengths (A), angles [°] and tor-
sion angles [°]: 1(21)—1(22) 2.8264(4), S(2)—1(21) 2.7805(10),
C(2)—S(2) 1.696(4), C(2)—N(3) 1.358(4), N(1)—C(2) 1.342(5),
N(1)—C(6) 1.382(4), N(3)—C(4) 1.396(4) C(4)—0O(4) 1.244(4),
C4)—C(5) 1.430(5), C(5—-C(6) 1.362(5); C(2)—S(2)—I(21)
96.05(12), S(2)—I21)—1(22) 175.85(2), N(3)—C(2)—S(2)—1(21)
85.0(3), N(1)—-C(2)—S(2)-1(21) —95.9(3), C(2)—-S(2)—
121)—-1(22) —177.0(3)

Figure 3. ORTEP diagram of molecule 2 together with the atomic
numbering scheme; selected bond lengths (A), angles [°] and tor-
sion angles [°]: I(1)—1(2) 2.9205(7), I(1)—S(2) 2.634(2), S(2)—C(2)
1.680(6), N(3)—C(2) 1.344(7), S(1)—C(2) 1.746(5), S(1)—C(7A)
1.753(5); S(2)—I(1)—1(2) 173.78(4), C(2)—S(2)—I(1) 105.07(19),
12)—1(1)=S(2)—C(2) —157.1(4), I(1)—S(2)—C(2)—N(3) 167.9(4),
I(1)—-S(2)—C(2)—S(1) —13.7(4)

The crystal structures of 1 and 2 consist of a thione li-
gand bonded to an iodine atom through sulfur, with S—1
values of 2.7805(10) A in 1 (Figure 2), and2.634(2) A in 2
(Figure 3). The corresponding I—I bond lengths [2.8264(4)
A in 1 and 2.9205(7) A in 2] are longer than in iodine itself
[gas phase: 2.677 A;l% crystal: 2.715 A at 110 KI®I] as a
result of the S--I interaction.

Extended intermolecular hydrogen bonding
N(1)—H(1)~-O(4)#1 [1.96 A, with N(1)--O(4)#1 = 2.791(4)

Eur. J. Inorg. Chem. 2003, 1635—1640

A (x, —y + 1/2, z — 1/2)] and N(3)—H(3)~-O(4)#2 [2.02 A,
with N3)~O@)#2 = 2.881(4)#2 A (—x + 1, -y, —z + 1)]
is found in complex 1 (Figure 4a). The absence of I---H—N
hydrogen bonding in complex (1) is due to the perpendicu-
lar arrangement of iodine towards the plane of the C=S
bond of PTU (vide infra). Since the presence of I---H—N
hydrogen bonding in methimazole (MMI) and other related
anti-thyroid drugs such as thiazolidine-2-thione (tzdtH) has
been shown to play a crucial role in the inhibition’*# this
indicates that the inhibition of tyrosil iodination by anti-
thyroid drugs should be different in the case of PTU than
MMI or thzdtH. In the case of complex 2, an intermolecu-
lar  I(2)#2---H(3)—N(3) interaction [2.76 A, with
IQ)#2:-N(3) = 3.573(4) A (—x + 1, p + 112, —z + 3/2)]
leads to the formation of a supramolecular assembly (Fig-
ure 4b).

The X—C=S--1 torsion angles for the complexes are
N(1)-C(2)-S(2)—1(21) = —959(3)° and N(3)-C(2)—
S(2)—I(21) = 85.0(3)° for 1, and I(1)—S(2)—C(2)—S(1) =
—13.7(4)° and 1(1)—S(2)—C(2)—N@3) = 167.94) for 2.
Thus, compound 1 can be considered to contain an almost
perpendicular arrangement of iodine atoms with respect to
the X—C=S plane. To the best of our knowledge this is
the second structurally characterised molecule with such an
arrangement, the second being [mbit-1,].[° Examples in-
clude {I-S-C-S = —2.3(12)° and I-S-C-N = 174.7(13) in
[{(bztzdtH)I,}*1,];7* I-S-C-S = —15.6(14)° and I-S-C-N =
166.5(15)° in [(bztzdtH)L,;’d 1-S-C-N = 3.0(19)° and
I-S-C-N’ = —179.7(13)° in [{(bzimtH)L,}, I,-H,0];l"8
[-S-C-X = —1.509)° in [mdttL,;?7 and I-S-C-X =
—96.4(4)° in [mbit-1,]l}. Compound 2, on the other hand,
can be considered as having an almost co-planar arrange-
ment. Finally, the values for the S—I—1I angles also imply
an almost linear arrangement [S(2)—I(21)—1(22) =
175.85(2)° in (1) and S(2)—I(1)—1(2) = 173.78(4)° in (2)].

According to the value of the I—1 bond order (n) defined
by Pauling’s equation:!102

d(I-T) = d, — 0.85-log(n)

where d, is the I—1I bond length of I, in the gas phase
(2.67 A),11%! Bigoli et al.l8] have classified I, adducts into
three classes: types A, B and C. When the value of the I-1
bond order (n) is greater than or equal to 0.6 [d(I-1) <
2.85 /0\] the adduct is classified as type A, while if 7 is less
than or equal to 0.4 [d(I-1) > 3.01 A] the compound is of
type C;1° compounds with intermediate values are of type
B.[% The 1—-I bond-order values calculated for the com-
plexes studied in this work are 0.654 and 0.507 for com-
plexes 1 and 2, respectively. Therefore, complex 1 can be
classified as type A, with a weak S—I interaction, while
complex 2 is of type B. This is consistent with the classifi-
cation derived from the spectroscopic data above. Thus,
PTU forms a weak CT complex with iodine, in contrast to
CMBZT or thiazolidine-2-thione (tzdtH). TzdtH has also
been used as anti-thyroidal agent.l'! This molecule reacts
with iodine in a molar ratio of 1:2 to form the strong CT
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Figure 4. Intramolecular linkages via: (a) N—H-+O interactions in 1 and (b) N—H-*I interactions in 2

complex [{(tzdtH),I*}I5-21,],78 and is able to retain a to-
tal of four iodine molecules per two ligand molecules. On
the other hand, MMI reacts with iodine to yield a CT com-
plex which consists of the dication of the disulfite of MMI
and 13~ counteranions [(C4HgN,S),]Is.[®l These findings
also confirm that the inhibition of tyrosil iodination by
anti-thyroid drugs should be different in the case of PTU
than MMI or tzdtH, as proposed by Nakataka et.al.['!]

Conclusions
In conclusion, thioamides exhibiting anti-thyroidal ac-
tivity against hyperthyroidism (Graves’ disease) can be

classified into two categories: (i) thioamides, such as
MMI® or tzdtH,[’3 which are strong donors to iodine and

1638

form ionic salts, and (ii) thioamides like PTU, which are
able to form weak charge-transfer molecules with iodine.
Thioamides with intermediate donor activity to iodine —
CMBZT, benzothiazole-2-thione (bztdtH)!"#! or benzimida-
zole-2-thione (bzimtH)78l — are able to bind only one I,
molecule strongly and show no anti-thyroid activity. Thus,
it seems that whereas drugs like MMI etc. interfere with the
iodination mechanism by forming active iodine species in
competition with the tyrosil residues of thyroglobu-
linef®12:131 (Scheme 1), drugs like PTU appear to interfere
either in the formation of the thyroid peroxide (TPO)-
iodonium complex!!'>!3] or inhibit the activity of iodothy-
ronine deiodinase (ID-1-SeH), an enzyme responsible for
the monodeiodination of the T4 prohormone to the T3 hor-
mone, as proposed by Berry et al.l'3 and later supported
by du Mont et al.['3® (Scheme 1). This is in agreement with

Eur. J. Inorg. Chem. 2003, 1635—1640
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the proposal of Nakataka et al.,[''! supporting the differ-
ence in the inhibition mechanism of these type of drugs.

Experimental Section

Synthesis and Crystallisation of the Molecules: Complexes 1 and 2
were prepared by mixing dichloromethane solutions of iodine with
a suspension of the appropriate thione in dichloromethane solution
in molar ratios of 1:1 or 2:1, in air, at 0 °C, with continuous stirring,
for 24 hours. The mixtures were then filtered and the resulting clear
solutions were kept in the refrigerator for several days. Dark crys-
tals of the complexes suitable for single-crystal analysis by X-ray
crystallography were then grown and isolated by filtration. The re-
actions were also carried out in H,O. The insoluble dark brown
powders obtained were recrystallized from dichloromethane to
yield the same products as previously.

Complex 1: Yield 0.085 g, (20%); m.p. 144—146 °C. C;H(N,I,OS
(424.0): caled. C 19.83, H 2.37, N 6.61, S 7.56; found C 20.29, H
2.43, N 6.68, S 7.79. UV/Vis (CH,Cl,): Apax (loge) = 512.5 nm
(3.12), 287.5 (4.25). '"H NMR (CDCl3): & = 10.05 [s, 1 H,
HN@B3)—-C(2)], 9.74 [s, 1 H, HN(1)-C(2)], 2.41-2.35 [t, 2 H,
H,C(61)-C(6) of n-Pr], 1.73—1.26 [m, 2 H, H,C(62)-C(61) of n-Pr],
1.06—1.00 [t, 3 H, H3C(63)-C(62) of n-Pr] ppm.

Complex 2: Yield 0.050 g, (22%); m.p. 160—165 °C. C;H4CII;NS,
(455.5): caled. C 18.46, H 0.88, N 3.08, S 14.08; found C 17.90, H
0.63, N 2.80, S 14.07. UV/Vis (CH,CL): Apax (loge) = 504 nm
(2.93), 336 (4.36), 229 (4.41). '"H NMR (CDCls): § = 8.02 (s, 2 H,
NH), 7.41-7.31 (m, 4 H, aromatic) ppm.

Crystal Data: Data were collected by the w-scan technique in the
0—26 range 3.53 to 29.30° for 1 and 3.55 to 29.24° for 2 on a
KUMA KM4CCD four-circle diffractometer!* with CCD detec-
tor, using graphite-monochromated Mo-K, (A = 0.71073 A). Cell
parameters were determined by a least-squares fit.['*®] All data were
corrected for Lorentz-polarization effects and absorption.['4?! The
structures were solved by direct methods with SHELXS-97'3! and
refined by full-matrix least-squares procedures on F2. All non-hy-
drogen 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 Ugy’s of the ap-
propriate carrier atom.

1: C;H,(I,N>0S, mol. wt. = 424.03, monoclinic space group P2,/
¢, a=9.8501(7), b = 10.3101(7), ¢ = 12.0287(8) A, B = 99.707(6)°,
V = 1204.09(14) A3, Z = 4, T = 120(1) K, p(caled.) = 2.339 g
cm 3, pu = 5.365 mm™!, reflections collected 2997. Final R indices
[ > 2o6(D]: R1 = 0.0323, wR2 = 0.0745.

2: C;H,CILNS,, mol. wt. = 455.48, orthorhombic space group
P2,2,2;, a = 4.1650(10), b = 9.691(2), ¢ = 28.471(6) A, V =
1149.2(4) A3, Z = 4, T = 293(2) K, p(caled.) = 2.633 gem 3, p =
6.023 mm ™!, reflections collected 7301. Final R indices [ > 2c()]:
R1 = 0.0275, wR2 = 0.0528.

CCDC-189659 (1) and -189660 (2) contain the supplementary crys-
tallographic 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, Cam-
bridge CB2 1EZ, UK; Fax: (internat.) +44-1223/336-033; E-mail:
deposit@ccdc.cam.ac.uk].
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