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Rapid Racemization in Thiazolidinediones: A Quantum Chemical Study
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Ab initio molecular orbital (MO) and density functional studies have been carried out on the ewib
tautomerization process in thiazolidinediones to understand the mechanism of rapid racemization observed in
these systems. MP2(full)/6-31G* results on model thiazolidinediorieindicate that the energy difference
between keto and enol tautomers is 24.04 kcal/mol, which is larger than that in acetaldehyde (16.23 kcal/
mol). Neither the ring strain il nor the electron delocalization in its tautomers is significant enough to
facilitate rapid racemization through this mechanism. Reversible S-oxide formation increases the acidity of
the hydrogen at the chiral center as well as provides an alternative path for tautomerization, suggesting that
such a mechanism is responsible for the rapid racemization observed under physiological conditions.

Introduction CHART 1

Glitazones (l) are insulin sensitizers useful for the treatment 7 it
of Type-ll Diabetes Mellitu$=5 They are agonists for the 7 Nu /@A*H(NH
peroxisome proliferator activated receptor gamma (PBAR- Reo «S\\é Rso °\§
a member of the nuclear hormone receptor superfamily involved I ° I °©
in lipid homeostasi§. Several hundreds of derivatives of O
thiazolidinediones have been synthesized and tested for antidia- o
betic activity and of them two compounds, i.e., rosiglitaZone , H
and pioglitazoné,are presently in clinical use. /©/Y O

Glitazones contain a stereogenic center at the C5 position of Rso oM
the thiazolidone-2,4-dione ring, the two enantiomers show mn
differential activity with theS-enantiomer being more active 0 0
than theR-enantiomef2 The two enantiomers of rosiglitazone G x
have been separated by chiral HPLC (high performance liquid Re N R s.
chromatography). Competitive binding assay to PPARcep- ° v R 0 . R

tor indicated higher affinity for th&-enantiomer as compared
to theR-enantiomer. The finding has been further strengthened o . o
by the crystal structure analysis of the bound receptor with the "ates of racemization between thiazolidinediones and other
S-enantiomer of rosiglitazoriélt has also been established that insulin sensitizers havg be_en attributed to the differential rates
the higher binding affinity of th&-enantiomer correlates with ~ Of keto—enol tautomerism in these compourfd: However,
better antidiabetic activityBut attempts to use only the eutomer O the best of our knowledge, there is no evidence available to
for therapeutic purpose turned futile when it was observed that show th_e existence o_f enols of thiazolidinediones and no studies
the pure enantiomer underwent rapid racemization under physi-aré available reporting the percentage enol content in these
ological conditions, giving no net advantage of the tedious SYStems. Ther donating substituents in GHCXO (X = F,
separation or synthesis of enantiomerically pure compoinds. NH2) have been shown to reduce the probability of ketaol
The 1G5 (inhibitory concentration 50 is the concentration of tautomerisr® and hence the tautomerization in glitazones may
the material estimated to inhibit the biological endpoint of MOt be a very favorable process.
interest by 50%) values for rosiglitazone in the assay referred Hulin et al. have rationalized the observed rapid racemization
above, were monitored over the course to estimate the rate ofin ciglitazone by comparing the activity of) and () isomers
racemization. They, for racemization was determined to be 3  of (alkylthio)propionic acids V with that of the alkoxypropionic
h at pH 7.242 Several nonthiazolidinedione insulin sensitizers acids IV}72*They have observed (alkylthio)propionic acids are
such as oxazolidinediones (RJyrosine based PPAR-agonists less active than the corresponding alkoxypropionic acids because
(1) 1°and alkoxypropionic acid derivatives (I$*Chart 1) have the former can undergo rapid racemization whereas the latter
shown no tendency for racemization unlike glitazones and as adoes not. They proposed that reversible S-oxide formation in
result show better activity of the pure compouné? vivol’® may be causing the observed difference. They also
It has been proposed that the 1,3-H shift leading to the Pointed out that thex-sulfinyl carboxylic acid shows greater
formation of the enol isomer of the thiazolidinedione ring is acidity by losing the chiral hydrogen. Hence it is important to

mainly responsible for rapid racemizatid#-15 The differential verify whether enolization or sulfoxide formation in glitazones
is of importance in the mechanism for rapid racemization. A
T NIPER communication no 275. clear understanding of the mechanism of racemization would

* Corresponding author. E-mail: pvbharatam@niper.ac.in. help in designing new molecules with controlled racemization
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Figure 1. Geometries of, 1t, 1a, 1ts, 2, 2t1, 2a, and2ts1 The top
bold and underlined values Inare obtained from the crystal structure.
The normal text values in all geometries are MP2(full)/6-&* values.

2ts1

property; computational studies are ideally suited for this
purposeis—28

In this paper we report ab initio MR and density func-
tionaP?3! studies on the keteenol tautomerism in thiazo-
lidinedionel and its S-oxide derivativedand3 by estimating
acidity at the chiral carbon, the barrier for 1,3-H shift, etc.

Methods of Calculations

Ab initio MO and DFT calculations were performed with
the GAUSSIAN98? suite of programs. Geometry of 5-meth-
ylthiazolidinedione 1), its tautomeric form1t), its anion (a),
and the corresponding transition state structure for 1,3-H shift
(1ts) were optimized at HF, MP2(full) and B3LYP levels of
theory using 6-3%G* basis set® all the representative
structures are displayed with their important geometrical

parameters in Figure 1. Analytical frequencies were calculated

on all systems at HF/6-31G* and B3LYP/6-31%+G* levels to

J. Phys. Chem. A, Vol. 108, No. 17, 2008785

TABLE 1: Energy Parameters (kcal/mol) Associated with
Tautomerization in 1, 2, and 3 in the Gas Phase at B3LYP/
6-31+G* and MP2(full)/6-31+G* and the Solvent Phase
(Solvent Water e = 78.6) at B3LYP/6-3H-G* and
MP2(full)/6-31+G*//B3LYP/6-31+G* 2

AE Ex IE
molecules B3LYP MP2(full) B3LYP MP2(full) B3LYP MP2(full)
Gas Phase
1=1t 22.54 24.04 75.49 77.41 345.32 344.72
2=2t1 14.55 15.66 38.38 39.65 33157 330.68
2=2t2 23.34 25.27 75.96 78.02 33157 330.68
3=3t1 30.87 34.67 52.16 55.76 323.25 323.22
Solvent Phase
1=1t 19.27 20.8 75.45 77.64 34551 344.93
2=2t1 15.87 17.01 39.34 40.59 332.44 331.32
2=2t2 19.02 20.9 74.62 76.66 332.44 331.32
3=3t1 2951 33.00 53.96 57.49 324.92 324.53

a All the values are ZPE correctedE: energy difference between
the tautomersE, activation energy for 1,3-H shift. IE: ionization
energy for deprotonating chiral center.

SCHEME 1. Two Tautomeric Forms of Derivatives of 2
(X=:) and 3 (X=0) of 5-Methylthiazolidinedione
H
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scaling factor of 0.915%' The relative energiesAE), 1,3-H

shift barriers Eg), and the ionization energies (IE) are tabulated
in Table 1. The natural population analysis (NPA) method was
used in estimating partial atomic chargéSimilar calculations
have also been carried out on the sulfoxide derivatives of
5-methylthiazolidinedione(and3), their two tautomeric forms
(2t1, 3tl1 and 2t2, 3t2), anions Ra and 3a), and their corre-
sponding transition state®t61, 3tsland?2ts2, 3ts3 (Scheme

1). To understand the influence of solvent on the tautomerization
process, self-consistent reaction solvent fifll¢SCRF) calcula-
tions have been carried out in water mediwr=(78.39) using

the Onsager method. Earlier computational work on the-keto
enol tautomerism showed that the energy difference between
the two tautomers is highly dependent on the method used, high-
accuracy methods showing small®E, though the trends are
independent of the method employ®&d?* G2MP2 calculations
performed ori, 1t, 1ts,andlaconfirmed the same observation.
The AE betweenl and la is 19.11 kcal/mol according to
G2MP2, which is smaller (by4.93 kcal/mol) than that obtained

at the MP2 level. Similarly, the barrier for the 1,3-H shift is
smaller by 4.19 kcal/mol and the ionization energy is larger by
3.47 kcal/mol. These deviations indicate that the relative energies
reported in Table 1 need to be scaled by about 0.80, 0.95, and
1.01 to obtain numerically accurate estimates of the tautomer-
ization energies. In this work trends in the energy values are
more important than the absolute energies. MP2(full)/6-G1
geometries and energies are employed in the discussion unless
otherwise specifically mentioned.

Results and Discussion

Keto—Enol Tautomerism in 1. Complete optimizations have

recognize minima (zero negative frequency)/transition state (onebeen carried out oft, 1t, 1a, and1ts at B3LYP/6-341-G* and
negative frequency) on the potential energy (PE) surface andMP2(full)/6-31+G* levels to understand the tautomerization in

to estimate zero point vibrational energies (ZP&JPE values
obtained using HF/6-3&#G* are scaled by the corresponding

glitazones. Figure 1 gives the important geometric parameters
of 1, 1t, 1a, and 1ts at various levels. The calculated bond
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lengths and geometric data are comparable to that reported for 100

the thiazolidinedione ring in various crystal structures such as

those of thiazolidinedion&2Pphenyl thiazolidinedioné’¢ and 80

troglitazone¥”d A significant deviation is seen in the estimation 3

of C—S bond lengths at the B3LYP/6-3G* level. This is in % 60 - ——1

accordance with the known limitations of the B3LYP method & 2

in estimating %-S bond lengthg? 5 40 | —A—3
The TZD ring has been found to adopt a planar arrangementL%’

at all the computational levels, as in the case of related crystal 29 |

structures. The C5 center is expected to be highly acidic because

the loss of H from this center would induce?sharacter to C5 0

and increaser-delocalization.

The geometric changes betwekrmnd its enol tautomett
are according to the expectations in a typical kezaol pair.
1tsis a nonplanar transition state similar to that in the keto
enol tautomer of acetaldehyde, with the migrating H slightly

above the molecular plane. All parameters (Figure 1) suggest

that transition statéts is a true transition state connecting the
minimal and1t and this has been verified by performing IRC
(intrinsic reaction coordinate) calculation.

ts enol

Figure 2. Potential energy (PE) surface representing> 1t, 2 =
2t1, and 3 = 3t1 tautomeric processes at MP2(full)/6-BG* level.

polarization as most of the chargela gets delocalized in the
ring. Upon ionization, O7 attracts some electron density (0.213
e) but much less than that of acetaldehyde (0.298 e). Upon
ionization, C5 also gains electron density, though less than that
at O7. The difference in the charges gained by O7 and C5 is
0.213 — 0.067 = 0.146 e; the corresponding value for

keto

Energy estimations have been carried out for these Compoundsacetaldehyde is much higher (0.187 e). Hence the relative

at HF, B3LYP, and MP2 levels (Table 1), the keto form is more
stable than the enol form at all levels. The energy difference
(AE) between the two tautometsand1t at B3LYP/6-3HG*

and MP2/6-3%G* levels are 22.54 and 24.04 kcal/mol,
respectively. The energy barrier for the 1,3-H shift estimated

at the same levels are 75.49 and 77.41 kcal/mol, respectively.

The keto-enol energy difference at the MP2(full)/6-BG*
level in 1 (24.04 kcal/mol) is much larger than the same in
acetaldehyde (16.23 kcal/mol). The 1,3-H shift barrier (77.41
kcal/mol) inlis also larger than that in acetaldehyde (71.4 kcal/
mol) at the MP2(full)/6-3%+G* level. Even under solvent
conditions,AE and 1,3-H shift barriers are higher in(20.80

and 77.64 kcal/mol) than that of acetaldehyde (18.27 and 72.50

kcal/mol) at the MP2(full)/6-31G* level. Higher values oAE
and 1,3-H shift barriers suggest the enol conterit §hould be
less than that of acetaldehyde. Hence, ketool tautomerism
in glitazones is not expected to be a very favorable process.
The ionization energy id to give la has been estimated to
be 344.72 kcal/mol at the MP2(full)/6-31G* level. This value

probability of proton attack at oxygen ftais less than that of
acetaldehyde, and thus the relative enol contefitinexpected

to be less than that of acetaldehyde. As a result it can be
confirmed that the keteenol tautomerization is a much less
pronounced process in thiazolidinediones, compared to that of
acetaldehyde.

The planar structure of causes the electron cloud to be
m-delocalized over the whole system. This delocalization
increases the acidity of the hydrogen atom at the chiral center,
as indicated by the lower values of ionization energies calculated
for 1in comparison to acetaldehyde. Hence atidse catalyzed
ionization of glitazones is expected to play a crucial role in
racemization process; however, the energy and charge consid-
erations indicate less feasibility for tautomerizationlinThe
tautomerization energies ih are more comparable to that in
acetamide AE = 31.1 kcal/mol) where Ck—C(=O)NH, =
CH,=C(OH)—NH, tautomerization is not expected to take
place’® All these factors indicate that the ketenol tautomerism
in the thiazolidinedione ring is much less feasible than that in

is much less than that of acetaldehyde (363.90 kcal/mol) at the acetaldehyde and hence ketnol tautomerism is not the

same level, indicating that the ionization dfby removing
hydrogen at C5 is much more facile than ionization of

driving force for the rapid racemization in glitazones, though
greater acidity is observed at C5.

acetaldehyde. The calculated ionization energies in the gas phase Keto—Enol Tautomerism in 2 and 3 Hulin et al. proposed

(344.72 kcal/mol) and water medium (344.93 kcal/mol) are

that a reversible S-oxidation path might be playing a role in

comparable and hence the observed greater acidity at C5 isthe rapid racemization in glitazon&sSingle S-oxidation ofl

expected in all media. This further indicates that the acidity at

C5 is much higher than that of the methyl group in acetaldehyde.

would give 2, and double oxidation would givd. The MP2
estimated energy release during the S-oxide formatich i

The greater acidity at C5 may be attributed to the planar structure~128.8 kcal/mol. Double oxidation at sulfur ih showed a

of 1 and to the extra stability ofa due to enhanced electron

release 0f~290.2 kcal/mol. Complete optimizations on the

delocalization. These data indicate that the higher acidity at C5 s-oxide derivative? showed that it can exist in two structural

indeed can be implicated in the rapid racemization of thiazo-
lidinediones, as suggested by Sohda €t ahd Gaupp and
Effenbergef* But considering the largeAE between the
tautomersdl and1t, it appears that the higher acidity at the chiral
center in thiazolidinediones may not contribute to ket¢ool
tautomerism.

Atomic charges on various elementslirit, 1a,and1ts have
been estimated using the NPA method with MP2(full)/6-8&t*
geometries and MP2 densities (Figure 2). The-O¥ bond in
1is highly polarized as indicated by the differences in the atomic
charges at these centersg(= 1.522 e), which is much higher
than that of acetaldehydA@ = 1.131 e). Upon ionization, this
strongly polarized bond il does not show any increase in

forms differing in the pyramidalization at S1. TheR5S
diastereomer is marginally more stable and it is also convenient
for 1,3-H shift; hence this structure was considered in the
following discussion. Enolization in the sulfoxide derivatives
is possible in two ways (Scheme 1): either the sulfoxide is
involved 2 == 2t1 (3 = 3t1) or the carbonyl group is involved
2 = 2t2, (3 = 3t2) in tautomerism. However, the tautomer-
ization involving carbonyl carbon has been found not to be
effected by the S-oxide, as indicated by tautomerization energies
of (2 = 2t2) path (Table 1) and this path was not considered
further.

The calculatedAE between2 and its tautomeRtl is 15.66
kcal/mol and the 1,3 H-shift barrier is 39.65 kcal/mol at MP2-
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TABLE 2: Comparison of lonization Energies of Acetic glitazones enhances the desirable acidic character of glitazones.
Acid, 1, 2, and 3 for C5-H and the N—H Proton in kcal/mol But the crystal structure of rosiglitazone with PPARloes not
at the MP2(full)/6-31+G* Level show the involvement of any of the oxide derivatiVesdence,
molecule IE (C) IE (N) the rapid racemization should involve only a reversible S-
acetic acid 368.14 338.50 oxidation, i.e., single oxidatiok®
1 344.72 324.87 AM1 calculations were performed on some important mol-
2 330.68 313.77 ecules of glitazones series (I). TAE 1,3-H shift barriers and
3 323.22 308.02 the study on corresponding sulfoxides support the ab initio
2 COOH group ionization energy. studies onl—3.

(full)/6-31+G* level (Table 1). On the other hand tiad= and Conclusions

Ea valugs betvyegri and 22 are 25'_2,7 and 78.02 k_c»al/mol, Computational studies on the model thiazolidinedidne

respectively, similar to that of the = 1t process2 == 2t1 showed that the\E between the tautomers and 1t is ~24

tautomerization values are much smaller than the tautomerization L : -

energy values il = 1t and2 = 2t2 processes. Hence it can kcal/mol, which is much h|gher than that in qcetaldehydéé(

be concluded tha? = 2t1 tautomerization is a much freely kcal/mol). Even the barrier for the 1,3-H shift has been found
. R A to be much higher than that in acetaldehyde. The ionization

accessible path after S-oxidation. The MP2(full)/6+8x energy for the loss of Hat the chiral center is-345 kcal/mol,

calculated ionization i2 at the chiral center C5 is 330.68 kcal/ e ;
mol, which is much less than that in(344.72 kcalimol) at the ~ WNich is much less than that in acetaldehyd@63 kcal/mol,
indicating greater acidity of thiazolidinediones at the chiral

same level. Also NPA (Figure 2) showed that O11 is the most center. The greater acidity does not seem to contribute toward
negative center iga. Thus S-oxidation ol leads to an increase : 9 ty d .
the keto-enol tautomerization because of the high®E

In the probability of the 1,3-H shift atSO group as well as an between the tautomers as well as the relatively reduced charge
increase in the acidity at the chiral center, thus increasing the . : ) IVely re 9
Y T . gain at enolic oxygen as a function of ionization Inas

probability of tautomerization in this system. The lowsE compared to that in acetaldehyde. Solvent phase studies also
values betweei and2tl indicate much larger percentage of su port the above observationsy Hénce the I[r)obabilit ofketo
S—OH tautomer content in solution compared to that offhe englp tautomerization is ver Iéss in thiach))Iidinedioﬁes The
smallerE, in 2 == 2t1 process indicates the kinetic control on ) IS very . o C

. - . computational study indicates that higher acidity at the chiral
this process is high. Hence, thermodynamically as well as center but not rapid keteenol tautomerization is responsible
kinetically the reversible single S-oxidation increases the P L .  resp -

for the observed racemization. Reversible S-oxidation of thia-

probability of racemization. This observation leads to the zolidinediones greatly enhances the acidity at chiral center as
conclusion that rapid racemization in thiazolidinediones appear ; 9 y Y

to involve the formation oR. The 3 <= 3t1 tautomerization indicated by the smaller ic_)nizatior_1 energy Bi(~330 kealf
process requires slightly higher energy (Figure 2) for the g]hc:f? gs I%(\)Nrgﬁire?htezg?)te'tﬁ/(ir?x'sdgm_f];lsggat\é%rtso éerH
tautomerization in terms of both 1,3-H shift barrier (55.76 kcal/ y 91 . N ;
mol) andAE (34.67 kcal/mol), in comparison to thz== 2t1 and also by _Iowe_rlng the barrier for 1_,3-H shift. I_n concl_usu_)n,
process Henceé = 31 tau'tomerization is not a highly the mechanism involving the formation of S-oxide derivative

favorable path in the rapid racemization of thiazolidinediones. (2) is thermodynamically and kinetically more favorable in the

Also, considering that the double oxidation at sulfur is irrevers- rapid racemization of thiazolidinediones.
ible under in vivo conditions, the mechanistic path involvig

in the rapid racemization of thiazolidinediones does not seem 2, and related structures at MP2(full)/6-8&*, in the gas phase.

to plgy. any rolg. S - . Geometries 08, 3t1, 3a and3ts. NPA estimated atomic charges

. Aud}ty of Thiazolidinediones. The aC|d|ty.of the thiazo- . of 1, 2, 3, and their isomeric forms using MP2(full)/6-3G*

Lﬁéngﬂggzso?Zﬁtgggnesshi?lvmet(;?t?v?gi Q%?ggggggg;;gtor n geqmetries_. Ta}bles o_f absolute energies and_ energy parameters.
. - This material is available free of charge via the Internet at

reported that the transfer of H from the-Wl of thiazolidine- http://pubs.acs.org

dione ring in rosiglitazone to the Arg-286 takes place when it ' T

binds with PPARy. Also mutation of Arg-286 in PPAR-with

methioniné® as well as the methylation of NH of 5-(naph-

halenvisulfonvl)-2.4-thiazolidinedione h n shown (1) (a) Sohda, T.; Mizuno K.; Imamiya, E.; Sugiyama, Y.; Fujita, T.;
thalenylsulfonyl)-2,4-thiazolidinedione has been shown to cause Kawamatsu, YChem. Pharm. Bull1982 3580-3600. (b) Wrobel, J.; Li,

complete loss of activity? Hence it is important to compare " biatrich. A.- McCaleb. M.- Mihan. B.- Sredy, J.; Sullivan, D. Med.
the N—H acidity vs C-H acidity (Table 2). Chem.1998 41, 1084-1091. (c) Prabhakar, C.; Madhusudhan, G.; Sahadev,

The ionization energy of the NH unit in 1 is 324.87 kcal/ K.; Reddy, Ch. M.; Sarma, M. R.; Reddy, G. O.; Chakrabarti, R.; Rao, C.

. ; .. S.; Kumar, T. D.; Rajagopalan, Bioorg. Med. Chem1998 8, 2725~
mol, which is much less than that of the COOH group in acetic 2730 (d) Lohray, B. B.; Bhushan V.; Reddy, S.; Rao, P. B.; Reddy, N. J.;

acid (338.50 kcal/mol) at the MP2(full)/6-31G* level, indicat- Harikishore, P.; Haritha, N.; Vikramadityan, R. K.; Chakrabarti, R.;
ing greater acidity ofl. Upon oxidation in2 the acidity of the Rajagopalan, R.; Katneni, KI. Med. Chem1999 42, 2569-2581. (e)

_ it indi Hulin, B.; Clark, D. A.; Goldstein, S. W.; McDermott, R. E.; Dambek, P.
N—H unit increases as indicated by about a 12 kcal/mol decreaseJ.; Kappeler, W. H.. Lamphere, C. H.: Lewis, D. M.: Rizzi. J.JPMed.

in the ionization energy. Upon double oxidatiorBirthe acidity  chem 1992 35, 1853-1864. (f) Madhavan, G. R.; Chakrabarti, R.; Kumar,
of glitazone increases further. Similarly, the-8 acidity at S. K. B.; Misra, P.; Mamidi, R. N. V. S.; Balraju, V.; Kasiram, K.; Babu,

the chiral center also increases upon single and double oxidation,FE?l-Jf-j SM;edShéﬁgn'ﬁgéiyég-GE;-%_ng;ay, V. B.; Igbal, J.; Rajagopalan, R.
from 344.72 to 330.68 and 323.22 kcal/mol, respectively. In (2) Cantello, B. C. C. Cawthorne, M. A.: Cottam, G. P.: Duff, P. T.;

fact, the C-H ionization energy in3 is smaller than N-H Haigh, D.; Hindley, R. M.; Lister, C. A.; Smith, S. A.; Thurlby, P. L.
ionization inl. The data indicate that the reversible S-oxidation Med. Chem1994 37, 3977-3985.

; ; At (3) Sohda, T.; Momose, Y.; Meguro, K.; Kawamatsu, Y.; Sogiyama,
contributes not only for the enhanced rapid racemization but v Ikeda, H.Arzneim.-Forsch/ Drug Red99q 40, 37-42.

also to improve the acidity of the NH unit. From this (4) (a) Parks, D. J.; Tomkinson, N. C. O.; Villeneuve, M. S.; Blanchard,
discussion it may be inferred that the SO or,Sferivative of S. G.; Willson, T. M.Bioorg. Med. Chem. Letfl998 8, 3657-3658. (b)
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