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AM1 calculations on equilibrium and transition state geometries of keto and enol forms of glitazones were carried out 
and compared with those of some carbonyl compounds. The results show that the energy requirements for enolisation of 
glitazones are much higher than the standard carbonyl systems. Neither the ring system, nor the additional functional groups 
in thiazolidinedione terminal ring facilitate the keto-enol tautomerisation, hence keto-enol tautomerisation cannot be 
considered as the cause for rapid racemisation in glitazones. Thio compounds are known to undergo reversible oxidation and 
the barrier for 1, 3-H shift in S-oxide form of thiazolidinediones is significantly lower than all the other agents studied. This 
study strongly indicates the involvement of S-oxidation in the enhanced rate of racemisation of thiazolidinediones.  

IPC: Int.Cl.7 C 07 D 283/02 

Chiral sulfoxides have been shown to be important in 
synthesizing chemicals with higher stereoselectivity1-3. 
Sulfoxide functional groups increase the acidity at the 
adjacent chiral carbon centre with –CH bond. Since 
the sulfoxides can be easily eliminated under thermal 
conditions and they can be enzymatically reduced 
under biological conditions, the reversible S-oxide 
formation has been recognised as a chiral relay 
process. 

Glitazones (I) are a class of insulin sensitizers, 
which contain sulphur atom in the five membered 
thiazolidinedione terminal ring. They are agonists for 
the peroxisome proliferator activated receptor gamma 
(PPAR-γ) ⎯ a member of the nuclear receptor 
superfamily involved in lipid homeostasis4. Several 
hundreds of glitazones have been synthesised and 
tested for antidiabetic activity and of them two 
compounds i.e. Rosiglitazone5 1 and Pioglitazone6 2 
are presently in clinical use in US and Japan.  

These agents contain a chiral centre at the 5th 
position in the thiazolidinedione terminal ring. S-
Enantiomer has been found to be more potent than the 
R-enantiomer7. But utilisation of the pure eutomer for 
therapeutic purpose turned futile when it was 
observed that it underwent rapid racemisation under 
physiological conditions, giving no net advantage of 
the tedious racemic deconvolusion. Sohda et al8. have 
attributed the process of rapid racemization observed 
in glitazones to occur by enolisation process, however 

there is no evidence available to show the existence of 
enols of thiazolidinediones.  

Similar studies on non-thiazolidinedione insulin 
sensitizers like oxazolidinediones9, alkoxypropionic 
acid derivatives10 and tyrosine based11 PPAR-γ 
agonists have revealed the differential activity of the 
two enantiomers. In fact, the racemisation problem in 
glitazones led to the diversion of drug design efforts 
towards non-thiazolidinedione agents, which do not 
undergo such rapid racemisation.  

Hulin et al.12 have proposed that reversible S-oxide 
formation in vivo enzymatically in thiazolidinediones 
to form sulfoxides or sulfones may be causing the 
observed difference. Hence, it is important to know 
which of these processes, enolisation or sulfoxide 
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formation in glitazones is responsible for rapid 
racemisation. We have carried out semi-empirical 
AM1 calculations on glitazones and some non-
thiazolidinedione derivatives to understand the 
importance of sulfoxides in the rapid racemisation. 
This is in continuation of our work on electronic 
structure studies of organo-sulfur compounds. 

Computational methods 

Semi-empirical AM113 calculations have been 
carried out on a series of glitazones using MOPAC 
package. AM1 method is ideally suited for studying 
the systems under consideration because it accounts 
for the electronic effect as well as the study becomes 
cost-effective in terms of computer time. The other 
alternate choices (i) ab initio and density functional 
methods are very costly for the molecules of this size 
and (ii) force field methods do not account for 
electronic effects. The racemisation study is a study of 
bond breaking and bond formation and thus involves 
the electronic changes and hence demands the use of 
electronic structure methods. So, we opted for the 
semi-empirical AM1 method for the calculations. 
However, since the semi-empirical methods involve 
approximations, it is ideal to verify whether they are 
applicable in a given situation. For this purpose, we 
have studied the keto-enol tautomerisation in the 
model compound methyl thiazolidinedione using 
AM1, HF/6-31+G* and B3LYP/6-31+G* methods 
(Table I). The results indicate that the estimated 
energy differences between the tautomers and the 1,3-
H shift barriers obtained using AM1 method are quite 

comparable to the results obtained using HF/6-31+G* 
and B3LYP/6-31+G* levels. Hence, this study was 
continued using AM1 method. The structural features 
of important structures, their keto and enol tautomers 
and the 1,3-H shift transition states are given in 
Figure 1.  

Result and Discussion 

Extensive studies on tautomerism in carbonyl 
compounds, imines, acetylenic linkages etc. have 
been carried out and a large number of reports 
related to gas phase calculations on tautomerism and 
related proton transfer reactions are present in 
literature14-24. Table II shows the diverse range of 
proton transfer reactions in which ab initio studies at 
G2 level have been reported. AM1 estimated 
tautomerisation energies of the tautomeric processes 
reported in Table II also are comparable to the 
higher level estimates, confirming the validity of the 
AM1 method for the current study. The energy 
difference (ΔE) between the two tautomers is 
generally correlated to the extent of tautomerisation, 
lower ΔE representing higher tautomerisation, and 
feasibility is indicated by overall lower 1,3-H shift 
barrier (Ea). The energy estimates support the 
correlation between ΔE of the tautomers and the 
percentage enol content. Experimentally the 
percentage enol content is taken as a measure of 
keto-enol tautomerisation. Table III shows a 
correlation between the percentage enol content and 
the ΔE between keto-enol tautomers of some 
carbonyl compounds obtained using AM1 method.  

It is in general, expected that the rate of racemisa-
tion in thiazolidinediones would be directly 
proportional to the feasibility of keto-enol 
tautomerism. Similar energy estimations at semi-
empirical AM1 level were carried out on a set of 
glitazones G1-G8 (Figure 2). The relative energies of 
keto–enol tautomers of glitazones G1-G8 are 9.8, 
10.0, 9.7, 11.1, 10.0, 9.4, 9.4 and 10.9 kcal/mol 
 

 

Table II ⎯ Comparison of energy difference between tautomers (ΔHf, ΔE) and activation energy for 
 1,3-H shift (Ea) of some tautomeric pairs at AM1 and MP2(full)/6-31G* and G2 levels (in kcal/mol) 

 
Tautomeric process Model system AM1 MP2/6-31G* G2 
  ΔHf Ea ΔE Ea ΔE 

Keto – enol CH3-CHO ⇄ CH2CHOH 08.03 81.69 16.82 76.09 10.8 

Imine – enamine CH3-CH=NH ⇄ CH2=CH-NH2 00.55 74.59 07.83 74.24 3.9 

Amide – imidic NH2-CHO ⇄ NH=CHOH 13.48 62.68 13.74 48.34 11.5 

Nitro - aci-nitro CH3-NO2 ⇄ CH2=NOH 12.18 72.57 22.89 73.64 14.1 
 

Table I ⎯ Relative energies (ΔE), 1,3-H shift barrier in kcal/mol 
at AM1, HF and B3LYP methods using 6-31+G* basis set for

5-methylthiazolidinedione (G1) 
 

Energy parameters AM1 HF B3LYP 
ΔE 13.20 27.92 23.35 
1,3-H shift barrier 85.77 98.20 79.23 
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Figure 1 ⎯ Structural parameters during 1,3-H shift in acetaldehyde (A), glitazone (B), oxazolidinedione (C), alkoxypropionic acid (D) 
and tyrosine derivative (E) with their keto form (1), enol form (2) and their transition state (3). 
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respectively (Table IV). These values are comparable 
to keto-enol tautomer differences in acetaldehyde (8 
kcal/mol) and acetophenone (10.2 kcal/mol), 
indicating that the energy requirement of the keto-
enol tautomerism in glitazones is similar to that of 
simple aldehydes and ketones which do not show 
rapid racemization. The energy barriers for 1,3-H shift 
in G1-G8 are 83.1, 83.2, 81.2, 83.5, 83.0, 84.6, 83.4 
and 83.5 kcal/mol respectively. These values are high 
enough to prevent unimolecular hydrogen shift. Also 
these values are comparable to the 1,3-shift barrier in 
acetaldehyde (81.7 kcal/mol) and acetophenone (79.6 
kcal/mol), whose enol content is very very small 
(Table III). This indicates that neither ring strain due 
to five membered ring nor the presence of active 
centres (two C=O groups and one NH group) in 
thiazolidinediones, accelerate tautomerism in 
glitazones. The ΔHf and the 1,3-H shift barriers of 
glitazones G1-G8 are much higher than that of 
dimethylacetaldehyde (ΔHf =2.9, ΔHbar =78.3 
kcal/mol) and diphenylacetaldehyde (ΔHf = -0.36, 
ΔHbar =72.4 kcal/mol) whose enol content is relatively 
high, indicating that the enol content of glitazones 
should not be expected to be significant.  

The above energy analysis suggests that keto-enol 
tautomerism might not be responsible for the rapid 
racemization observed in glitazones based anti-
hyperglycemic agents. Racemisation is not known to 
occur in non-thiazolidinediones. In order to find the 
differences in the energy parameters between race-
mising and non-racemising systems similar calcula-
tions were performed on some representative 
examples of non-thiazolidinediones II-V (Figure 3). 

Oxazolidinediones (II), are the oxygen analogs of 
thiazolidinediones. The energy estimates show a 
considerable increase in relative energies between the 
two tautomers of oxazolidinediones as compared to 
glitazones. The relative energies of oxazolidinediones 
O1-O5 are of the order of 22.0 kcal/mol (Table S-I) 

almost 12 units more than glitazones. The 1,3-H shift 
barriers also show an increase in the energy values up 
to 96.5 kcal/mol. This indicates that replacement of 
sulfur with the oxygen atom in the ring decreases the 
probability of keto-enol tautomerism in oxazo-
lidinediones making them less vulnerable to 
racemization. The results are consistent with the fact 

 

Table III ⎯ Relative energies (ΔHf), enolisation barriers (E B) 
in kcal/mol with enol content for some carbonyl compounds using AM1 method 

 
Sl No Molecule % Enol content log (Enol content) ΔHf E  B 

1 Acetophenone 6 × 10-7 -6.22 10.26 79.62 
2 Acetaldehyde 6 × 10-5 -4.22 8.04 81.69 
3 Cyclohexanone 4 × 10-5 -4.40 7.44 80.28 
4 Dimethylacetaldehyde 1.4 × 10-2 -1.85 2.92 78.33 
5 Diphenylacetaldehyde 9.1 0.96 -0.37 72.37 
6 Acetylacetone 80 1.9 -1.09 66.79 

 
Table IV ⎯ Relative energies (ΔHf), 1,3-H shift barriers 

(E  B) in kcal/mol for glitazones 
 

Sr No Molecule ΔHf E B 

1 G1 9.82 83.11 
2 G2 10.04 83.25 
3 G3 9.69 81.16 
4 G4 11.11 83.47 
5 G5 10.02 83.02 
6  G6 9.40 84.62 
7 G7 9.38 83.43 
8 G8 10.99 83.53 
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that they show lesser tendency for racemization9b 
when compared to glitazones. Semi-empirical 
calculations on some representative non-thiazolidine-
dione tyrosine derivatives (III) T1-T5 showed 
relative energies to be ~8 kcal/mol, energy barriers to 
be ~72 kcal/mol (Table S-II). The ΔHf values 
determined for a set of five different alkoxy propionic 
acid derivatives, dual activators of PPAR-γ and 
PPAR-α, A1-A5 are ~15 kcal/mol, and energy 
barriers are ~78 kcal/mol (Table S-III). From the data 
in Table IV and Tables S-I to S-III it is clear that 
there is no direct correlation between tautomerisation 
energies and rapid racemisation in the anti-
hyperglycemic agents. For example, tyrosine 
derivatives, which show no racemisation, show less 
ΔHf between tautomers of glitazones, which show 
rapid racemisation. Hence, it may be concluded that 
inter/intramolecular keto-enol tautomerisation in 
glitazones is not responsible for the rapid 
racemisation in these systems.  

Hulin et al.12,25 have reported α-alkylthio carbo-
xylic acid and α-alkoxy carboxylic acid derivatives as 
PPAR-γ agonists. The ether series was apparently 
more potent than the thioether series. To reason out 
the same they tried to find out the effect of 
stereochemistry at the α-position to the carboxylic 
acid. Individual enantiomers of one compound of 
each series were examined. The two enantiomers of 
St3, for which the absolute configuration was not 
established for α-alkylthio carboxylic acid, were 
found to be equipotent in their ability to lower glucose 
in vivo. It is ascribed that the inactive antipode readily 
racemizes either directly by in vivo proton exchange 
as observed in englitazone25 and 2-arylpropionic acids 
like ibuprofen26 or by indirect racemization via 
reversible in vivo oxidation of sulphide to sulfoxide at 
physiological pH. Examination of the intrinsic 
potency of the two enantiomers indicated (-)St3 to be 
more potent than (+)St3 with EC50 of 0.2 and 20nM 
respectively. The result is consistent with the 
racemization taking place in vivo in case of sulfur 
compounds. The drug candidate Ot2 from the α-
alkoxy carboxylic acid series for which racemization 
would not be expected, its activity was found to reside 
entirely in (S) enantiomer. The EC50 value for (S) 
antipode was estimated to be 5nM and 100nM for the 
(R) antipode. The same phenomenon is observed for 
thiazolidinediones, which have greater tendency for 
racemization compared to oxazolidinediones. This 
finding strongly indicates the obvious role of S atom 
in the rapid rate of racemisation. Thus, Hulin 

et al.12,25, have indicated the proneness of the sulphide 
to reversible S-oxidation under physiological 
conditions and have anticipated the enhancement of 
racemisation in the oxidized state.  

To explore the role of S-oxidation in thiazolidine-
diones, a set of semi-empirical AM1 calculations 
were carried out on oxidized form of glitazones G1-
G8 (i.e. Gs1-Gs8) (Table V). Owing to the pyrami-
dality of the S atom in the oxidized form, it is chiral 
and the more stable 1R, 5S diastereomer is considered 
in further calculations. In this series the enolisation 
process can occur two ways; either with adjacent 
carbonyl group or with the sulfoxide group 
(Figure 4). The results obtained are strongly biased 
for enolisation of the sulfoxide group (Table V). 
Enolisation of the sulfoxide group brings down the 
relative energies to 5 kcal/mol and more prominently 
the barrier for enolisation, to as low as 45 kcal/mol. 
On the other hand, the results for enolisation of the 
carbonyl group do not show as much variation from 
the non-oxidized form. The relative energies between 
the two tautomers are found to be 10 kcal/mol. The 
1,3-H shift barriers also remain unaffected with a 
value of 77 kcal/mol. This suggests that reversible  
S-oxidation as proposed by Hulin et al.12,25 seems to 

O
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NO
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Table V⎯Relative energies (ΔHf), 1,3-H shift barriers (E B) in 
kcal/mol for sulfoxide derivatives of glitazones  

G1-G8 (X=O) 
 

Sulfoxides ΔHf enol-

keto 
ΔHf SO-

SOH 
E B enol E B SOH 

Gs1 8.84 5.22 76.87 40.89 
Gs2 9.63 4.91 76.62 44.23 
Gs3 9.29 4.28 76.69 47.63 
Gs4 9.52 4.98 77.48 43.17 
Gs5 9.82 5.12 77.53 43.59 
Gs6 9.28 5.06 77.49 44.72 
Gs7 9.63 4.89 77.32 46.17 
Gs8 9.65 4.87 77.96 46.86 
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play a major role in making feasible in vivo rapid 
racemization observed in glitazones. Further 
verification for the probable role of S-oxidation was 
done by carrying out semi-empirical AM1 level 
calculations on sulfoxides of α-alkylthio carboxylic 
acid series St1-St6 (Table S-IV) as proposed by 
Hulin et al.12,25 and compared to the alkyl ether 
carboxylic acids Ot1-Ot6. The results achieved for 
this series were akin to those obtained for G1-G8. 
Hence, reversible in vivo oxidation of sulphur to 
sulfoxides seems to be a logical reasoning for the 
rapid racemization observed in glitazones. 

 

Supplementary material consisting of four Tables 
S-I to S-IV can be obtained from the authors. 

Conclusions 

Semi-empirical AM1 calculations on a representa-
tive set of glitazones and related anti-hyperglycemic 
agents indicate that keto-enol tautomerisation does 
not play role in the rapid racemisation of glitazones, 
contrary to the general expectations. The racemisation 
process most likely occurs by the sulfoxide pathway, 
which is found to reduce the energy estimates 
considerably so as to make it feasible under physiolo-
gical conditions.  
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