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Abstract

NMR spectroscopy indicates that the structure of methimazole is best represented as a thione rather than as
a thiol. This structure is predicted by molecular orbital calculations to be the more stable form both in aqu-
eous solution and in lipid. As a consequence, the use of Carbimazole and Propylthiouracil in the threatment
of Graves’ disease may rely on the hitherto unconsidered chemistry of thiones rather than thiols.

Introduction

Carbimazole (I) and propylthiouracil (II) are thiones widley used in therapy for Graves' disease. In-vitro,
many studies make use of the generic compound 2-mercaptomethylimidazole (methimazole, IIIa) as a model
for the action of these two species (I, II) [1-3]. With little evidence however, methimazoles' action is be-
lieved to centre on the thiol form (IIIa) of the compound rather than the thione tautomer (IIIb) {1-3]. During
recent clinical studies using NMR spectroscopy on the effect of carbimazole on the erythrocyte [4], we
observed a major change in oxidation-reduction balance of cellular glutathione. However, we also observed
a change in ergothioneine (IV). This is also a thione, but one which is present naturally in the cytosol of the
erythrocyte. An analogous clinical study on penicillamine in rheumatoid arthritis revealed a similar change
in glutathione but no effect on erythrocyte ergothioneine [S]. Although, there are major differences between
these two disease states, if both therapies centre on thiolate chemistry, they might be expected to operate
through similar mechanisms.
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In the study of Graves' patients [4] treated with Carbimazole, we did not find any behaviour indicative of an
active thiolate when erythrocytes were challenged with methimazole. Closer inspection of the current accep-
ted philosophy indicated that there is little chemical evidence to support the hypothesis that methimazole
adopts the thiol structure (IlIa) in preference to the thione form (IIIb) under physiological conditions. This
dilemma is compounded by the report that in aprotic solvents such as chloroform, methimazole is found to
adopt the thione form (IIlb) [7]. This has led us to look more closely at the solution phase structures of
methimazole at physiological pH using high field NMR spectroscopy coupled with molecular orbital calcula-
tions.

NMR Spectroscopy:

The solution structure of methimazole was identified using a combination of 'H, '*C and SN NMR spectro-
scopy {8]. Both the proton spectrum (§3.63ppm: singlet 3H; Me-, §7.04ppm: multiplet 2H; -CH) and the
carbon spectrum (§35.7ppm Me-, §116.8ppm CH, 8122.3ppm CH, 158.1ppm C=S$) can be assigned in an
ambiguous manner. Of major significance is the resonance found at 158.1ppm which could be interpreted as
either the thione (> C=S8) or thiol. By comparison with mercaptobenzoic acid (C-S-, 140ppm) and thiourea
(>C=S, 185ppm) it could be suggested that the thione tautomer is more likely. Of major importance are
the *N spectra. In DMSO we observe two resonances (NH, 5163.6ppm; J=97.7Hz: Me-N, 5158.6ppm;
I=2.0Hz) which are in a region of the spectrum characteristic with tertiary and quaternary aliphatic amines.
The strong coupling observed (98Hz) for the N-H resonance in DMSO is indicative of a one bond N-H
coupling, i.e. the thione tautomer. Thus, consistent with the reported spectrum of Balestrero et al. [7]
methimazole adopts the thione structure. In a physiological buffer, although the larger high frequency coup-
ling constant is removed due to exchange or deprotonation to the anionic form, the resonances shift only
slightly to 8165.2ppm (NH) and §162.3ppm (Me-N) indicating that there is no solvent effect which tauto-
merises the structure.

Reactivit

NMR spectroscopy clearly demonstrates that the predominant form adopted by methimazole in aqueous
solution is the thionate tautomer (I1Ib). With the large dynamic range of 3C NMR any contribution from the
thiolate form would be detected as an additional set of resonances at a concentration down to 0.1%. Should
the thiol (IITa) be present at concentrations less than those detectible by '*C-NMR spectroscopy it could still
determine the reactivity of methimazole due a dynamic equilibrium betweeen Iz and IIb. As such, a
chemical test of the nature of the thiol function using thiol-disulphide exchange with Ellmans reagent was
carried out (equation 1) [9]. This would allow the minor thiol component to dominate the chemistry of
methimazole.

[Met=S8T

[Met-SI + ESSE Met-SSE + ES- -(1)
Where Met = methimazole and ESSE = Ellmans reagents

Even when the methimazole was present at a ten fold excess over the Elimans reagent, little Ellmans anion
is generated. This is in contrast to glutathione where almost stoichiometric conversion of Ellmans reagent to
Ellmans anion is achieved. Thus even if the thiol form represents less than 0.1% of the methimazole in
aqueous solution it has minimal reactivity.
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Ab-initio molecular orbital calculations

Ab-initio calculations which include geometry optimistation proceedures [10] were carried out using a 6-
31G basis set [11] plus a set of d functions on sulphur for the three forms of methimazole, i.e. the thiol, the
thione and the anionic form in the gas phase. In the latter case no preference was introduced into the calcu-
lation for the thiolate or thionate form. Consistent with the NMR study of Balestrero et al. [7] the thione
(lIb) tautomer is found to energetically more favourable compared to the thiol (IIIa) by 21.7kcal/mol.
Repeating these calculations using factors which mimic solvents of low (e.g. lipid) and high (e.g. water)
dielectric constants indicates that the environment of the molecule is unimportant to its preferred structure,
the thione form. This form is calculated to be 23.2 kcal/mol and 25.4 kcal/mol more stable in non-polar and
polar domains respectively. In a similar manner the introduction of electron correlation effects via the
Moller Plesset method [12] at the MP2 level also showed that thione configuration is preferred by
16.8kcal/mol.

By removing the acidic proton and re-optimising the structure, it is possible to gain some impression of any
re-organisation to attain the thiolate\thionate form. All the parameters (table 1) indicate that the methimazole
framework does not re-organise to form a thiolate, but that the charge remains distributed over the three
atoms (S-C,-N,). This interpretation is consistant with the observed unreactivity of methimazole to Ellmans
reagent (equation 1).

Bond lengths Charges Bond indices Predicted
Cl-S Cl-Nl Nl—Hl S Cl Nl C1~S Cl-Nl Nl_Hl v(XH)

Thiol 1.757 1.306 =-- +0.02 0.42 -0.56| 1,13 1.69 --- 2,650 em~1

Thione| 1.687 1.357 0.990| -0.36 0.66 -0.92] 1.49 1.27 0.86 3,510 em~1

Anion 1.742 1.339 ~--—- ~0.59 0.50 ~0.63§ 1.28 1.61 === || ==———=

Table 1. The bond lengths, charges on eacﬁ atom, the bond indices and the predicted stretching frequencies
(Raman) for methimazole in the thiol, thione and anionic form, derived from SCF calculations.

To re-confirm the conclusion derived from the above calculations, further calculations were carried out to
predict the position of the intense bands in the Raman spectra. Both spectra are predicted to have 17 intense
bands. The key feature which confirms the conclusions drawn on the basis of NMR and calculations is the
absence of a band between 2,300-2,900 cm™ (-SH) but the prescence of a band (3,550 cm™) indicative of an
NH stretch.

Conclusions

The thesis presented here that the active form of methimazole is the thione tautomer has two basic implica-
tions. Interpretations of the action of methimazole in relation to thiolate chemistry (i.e. oxidation-reduction
chemistry and free radical scavenging) although numerous [1-3] may be incorrect, misleading and may arise
from artifactual chemistry. Furthermore, the ab-initio calculations predict that the thione form will predomi-
nate irrespective of the biological environment that methimazole adopts. Thus, it is unlikely that the thiolate
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form will be produced in any biological environment. The proposal that the activity propylthiouracil and
carbimazole (I, 1) as pro-drugs which generate a reactive thiol seems to be unlikely as even if a thiolate
were produced in small quantities, its reactivity could at best be described as poor (equation 1), Assigning
methimazole as a thione creates a more realistic series of compounds, suggesting that chemical transforma-
tion of 1 and II prior to or during therapeutic action is not necessary. However, it re-opens the debate as to
whether there is a biochemical function of thiones such as ergothioneine (V) and with what biochemical
pathways thiones such as propylthiouracil, carbimazole and methimazole interact.
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