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A regioselective synthesis of 3-alkyl-2-[(anthracen-9-yl)imino]thiazolidin-4-ones 2a-2e and
2-(alkylimino)-3-(anthracen-9-yl)thiazolidin-4-ones 3a-3e from appropriate thioureas using
methyl bromoacetate or bromoacetyl bromide, respectively, has been rationalized by DFT
calculations of model thiourea and its phenyl derivative. The proposed mechanism indicates
that the regioselective formation of the target thiazolidinones is a consequence of a different
reactivity of the reagents and a varying stability of the intermediates, 1-alkyl-3-(anthracen-
9-yl)-2-[(methoxycarbonyl)methyl]isothioureas 4a-4e and 1-alkyl-3-(anthracen-9-yl)-
2-(bromoacetyl)isothioureas 6a—6e.
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As a part of our ongoing project regarding the synthesis of novel inter-
calating thiazolidinones, the results of the treatment of thiourea 1 with
bromoacetic acid derivatives were reported (Scheme 1)12. The essence of
that study was that the regioselective formation of 2a or 3a depended on
the used reagent. Whilst the treatment of la with methyl bromoacetate
provided mostly 2-[(anthracen-9-yl)imino]-3-ethylthiazolidin-4-one (2a),
the reaction with bromoacetyl bromide contrastingly afforded major
3-(anthracen-9-yl)-2-(ethylimino)thiazolidin-4-one (3a) as confirmed by
X-ray analysis!. The high regioselectivity was underscored by the fact that
in both reactions only up to 10% of the other regioisomer was formed. A
controlled regioselective synthesis of biologically active 2,3-disubstituted
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2-iminothiazolidin-4-ones is still rather unattainable despite many papers
devoted to this problem. Our results, giving rise to the possibility of new
synthetic strategy for the predictable preparation of regioisomeric thiazol-
idin-4-ones, prompted us to explore in detail the regioselectivity based on
both experimental observations and computational chemical methods.
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ScHEME 1

An explanation of the regioselectivity has intuitively resulted from the
rules of the Pearson HSAB theory3#. As depicted in Scheme 1, the initial
assumption proposes the formation of isothioureas 4a-4e and 5a-5e as
a consequence of the anticipated initial soft attack by sulfur with subse-
quent cyclization owing to a hard interaction between the nitrogen nucleo-
phile and electrophilic carbonyl carbon. Notwithstanding, this concept
offers a reasonable explanation of the experimental observations but, none-
theless, is worth further detailed investigation. In continuation therefore,
we present here an assessment of the mechanistic hypotheses proposed to
explain the previous experimental results!, which is based on the density
functional theory (DFT) calculations.

RESULTS AND DISCUSSION

The observation of different products and, hence, probably different reac-
tion pathways focused our attention to the reactivity of bromoacetic acid
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derivatives. To gain insight into the regioselective formation of thiazolidin-
4-ones 2a and 3a, we monitored the structural changes of thiourea la sub-
strate during the course of its reaction with both methyl bromoacetate and
bromoacetyl bromide leading to the formation of 2a and 3a. Monitoring
was accomplished by *H NMR spectroscopy in CDCl; at room temperature
and the evaluation of the process was based on the changes in the intensi-
ties of the methylene signals of thiourea 1la, isothioureas 4a and 5a, and
thiazolidin-4-ones 2a and 3a. Although in Experimental one-pot prepara-
tion of thiazolidin-4-ones is described, we performed monitoring as a two-
step process to simplify 'TH NMR spectra with separate addition of triethyl-
amine enabling the second cyclization step.

In the reaction with methyl bromoacetate, the insight was also obtained
by observation of the NH proton signals. As the reaction progressed, the
NH proton signals disappeared as a consequence of the formation of
isothiouronium salt. However, after addition of triethylamine, the NH pro-
ton signal of free isothiourea 4a re-emerged near to its previous chemical
shift, but it again disappeared as the cyclization reaction progressed. The
preferred location of the NH hydrogen in free isothiourea 4a on the nitro-
gen bearing ethyl rather than on the nitrogen bearing anthracenyl might
be, in addition to resonance stabilization of the double bond with the aro-
matic anthracenyl moiety, due to a TeNH intramolecular hydrogen bond.
The presence of such intramolecular hydrogen bond would certainly ac-
count for the direct observation of the NH proton under conditions when
its likely rate of exchange would be expected to render it unobservable as
a distinct signal (i.e. after addition of triethylamine). As a consequence of
these observations, it is evident that the nitrogen atom bearing ethyl is
sp3-hybridized and that the nitrogen bearing anthracenyl is sp2-hybridized,
as portrayed in Fig. 1.

As depicted in Fig. 2, the treatment of thiourea 1a with an equimolar
amount of methyl bromoacetate was relatively slow with the reaction
half-time of ca. 300 min, reaching completion in ca. 3000 min. The forma-
tion of thiazolidin-4-one 2a proceeded at a considerably higher rate after
removal of hydrobromide from isothiourea 4a with triethylamine, with a
reaction half-time of ca. 40 min and completion in ca. 200 min. By con-
trast, the reaction of thiourea 1a with bromoacetyl bromide under the same
conditions was too fast to be monitored by 'H NMR. Such observation sug-
gests that, in comparison to methyl bromoacetate, the rate of the reaction
with bromoacetyl bromide, higher by orders of magnitude, is not result of
alkylation, but, rather of acylation.
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To verify this assertion, we examined the reaction pathways using com-
putational chemistry. As the model for our study, unsubstituted thiourea
was selected to enable the use of the highly accurate, but expensive, triple
zeta 6-311++(2d,2p) basis set exploiting DFT. Both alkylation and acylation
for both bromoacetic acid derivatives were considered. The results are sum-
marized in Table | and Figs 3 and 4. We have considered the most simple
approximation of acylation as a one-step process to obtain initial point for
the next precise elucidation including addition-elimination mechanism
and solvation model. For the same reason we have used thiourea as
a thione although the most preferred form in the reaction was probably
a thiol form. For acylation, the transition state was found to adopt a six-
membered structure incorporating a thione thiourea form (Fig. 4). From
these results it can be deduced that S-alkylation (AAG* = 44.2 k] mol™) is

Fic. 1

View of the proposed intramolecular T=NH interaction with subsequent differential hybridiza-
tion of the nitrogens (X, reagent; Y, alkyl substituent)
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FiG. 2

The formation of isothiourea (a) and thiazolidinone (b) in the reaction of thiourea 1a with
methyl bromoacetate. The concentrations of thiourea la (#), isothiourea 4a (®), and
thiazolidin-4-one 2a (A) versus time were determined by IH NMR
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the main pathway for the reaction of thiourea with methyl bromoacetate
(Table 1, Fig. 3).

The reaction of bromoacetyl bromide was studied similarly as in the pre-
vious case. As follows from the computational results, the reactivity of
bromoacetyl bromide affords the acylation product (AAG” = 56.9 kJ mol1).
The interesting point to note is that the alkylation activation energies are
relatively close (AAG” = 3.7 kJ mol?), reflecting only a minor influence of
different substituents on the carbonyl carbon. On the other hand, the large

TaBLE |
Relative Gibbs free energies (kJ mol™) of stationary points on the reaction coordinate of the
thiourea reaction with bromoacetyl bromide (bab) or methyl bromoacetate (mba) obtained
by B3LYP/6-311++G(2d,2p)

I—l

ReaCtanta AGalkylation AG;talkylation AGacylation AG#acylation AAG MG¢
bab 371 140.4 46.5 83.5 9.4 56.9
mba 42.8 144.1 97.9 188.3 55.1 44.2

8 Energy of reactants 0 kJ mol™,
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Fic. 3
Relative Gibbs free energies (B3LYP/6-311++G(2d,2p)) of the stationary points on the reaction
coordinate (for better comparison the energies of reactants are defined as equal) of the
thiourea reaction with bromoacetyl bromide (red line) and methyl bromoacetate (blue line)
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energy gap (AAG” = 104.8 kJ mol) of the acylation reaction barriers reflects
a large dependence on the electronic effects of the attached substituents
(see also data for AG”,yiation @Nd AG*eyjation)-

Taking into account all the above, the following conclusion is drawn.
The formation of thiazolidinones 2a-2e proceeds by intramolecular
cyclization via the sp3-hybridized nitrogen of the unstable S-alkylisothio-
urea obtained by the attack of the sulfur atom on the methylene carbon of
methyl bromoacetate (Scheme 1). On the other hand, the reactions of
bromoacetyl bromide with thioureas la-1le progress as acylations via car-
bonyl carbon, in good agreement with 'H NMR experiments and the com-
putational results. The next step in this reaction might be anticipated to be
cyclization, in analogy to the methyl bromoacetate reaction, which leads to
products 8a-8e. However, these products have never been detected, thus
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Fic. 4
Geometries of the transition states in the thiourea reaction with bromoacetyl bromide and
methyl bromoacetate as obtained by DFT calculations using the B3LYP/6-311G++(2d,2p) basis
set

Collect. Czech. Chem. Commun. 2007, Vol. 72, No. 10, pp. 1435-1445



Regioselective Formation of Thiazolidin-4-one 1441

implying the presence of a further reaction step to account correctly for the
regioselective formation of compounds 3a-3e (Scheme 2). The additional
step which fulfils the requirement of regioselectivity is an S—-N rear-
rangement!, which preferentially occurs on an sp2-hybridized nitrogen®®
(Scheme 2).
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SCHEME 2

In accordance with our proposed mechanism, the underlying premise
directing the regioselectivity of the bromoacetyl bromide reaction is the
rearrangement itself. We assumed the rearrangement proceeded onto an
isothiourea imino nitrogen correspondingly to other authors®®. To evaluate
the migration of the bromoacetyl moiety to this sp?-hybridized nitrogen,
only theoretical description by DFT calculations (B3LYP/6-31G(d,p)) could
be utilized because immediate intramolecular cyclization occurring after re-
arrangement precluded experimental observation by 'H NMR. To save the
computational time we chose to replace in calculations the anthracenyl
moiety with a phenyl. So we obtained the model compound, S-(bromo-
acetyl)-1-phenyl-3-propylisothiourea. The following criteria for geometry
optimization of the calculated structures were used:

— an E configuration of the C=N double bond between the substituent at
the sp2-hybridized nitrogen and the sulfur atom, as only in this case the re-
arrangement is possible;
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- an s-cis conformation between the carbonyl carbon and the sp2-hybrid-
ized nitrogen atom;

— the placement of the substituents, to limit steric hindrance, at the sp?-
and sp3-hybridized nitrogen atoms on the opposite the sides of the plane
formed by the Nsp?-C-Nsp? atoms.

The results shown in Table Il indicate that the regioselectivity of the
3a-3e formation is neither a consequence of the thermodynamic (AAG =
-1.2 kJ mol™) nor kinetic (AAG* = 2.2 kJ mol?) advantage of the R1-P1

TasLE 1l
Relative Gibbs free energies (kJ mol‘l) of stationary points on the reaction coordinate of
the bromoacetyl migration of S-(bromoacetyl)-1-phenyl-3-propylisothiourea in s-cis phenyl-
imino (Ph) and s-trans propylimino form (Pr) obtained by B3LYP/6-31G(d,p) method for
combined (I) and separated (Il) reaction comparisons

Comparison | AGyecrant AG”  AGpoquee COMParison Il AGigaciane  AG™  AGpoduct
Ph 0 40.9 -52.9 Ph 0 40.9 -52.9
Pr 18.7 61.8 -35.4 Pr 0 43.1 -54.1

Relative
Gibbs
free
energy
[kJ/mol]
1 D
I
-35.4
Products TS Reactants TS Products

Fic. 5
Relative Gibbs free energies (B3LYP/6-311++G(2d,2p)) of the stationary points on the reaction
coordinate of the S-(bromoacetyl)-1-phenyl-3-propylisothiourea rearrangement in s-cis
phenylimino (C-S, red line) and s-trans propylimino (C-S, blue line) conformation
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route in comparison with the R2-P2 path. The DFT calculations indicate
that the regioselectivity is a consequence of the isothiourea propensity to
preferably adopt the R1 conformation stabilized (AG(R2-R1) = 18.7 ki mol?)
by resonance of the C=N double bond with the anthracenyl moiety and
the TtHN intramolecular bond mentioned before (Figs 5 and 6, Table II).

In consideration of the influence of steric hindrance on the regio-
selectivity, it was ascertained on the basis of 'H NMR measurements of the
crude reaction mixtures of compounds 3a-3e, that the bulkiness of the
alkyl substituents has no significant effect on the ratio of the regioisomers.
The transition state structures readily provide an explanation for this obser-
vation (Fig. 6) as the substituents are located away from and out of the
range of the reaction site. Similar behavior was also observed for the reac-
tions with methyl bromoacetate.

In conclusion, the reaction model based on experimental data and com-
putational studies properly describes the observed regioisomerization of
thiazolidinones 2a-2e and 3a-3e. Very simple model used here as a first ap-
proximation, rationalizes our own experimental results and can thus be
used as a suitable tool for the design of new synthetic routes in the prepara-
tion of analogous heterocyclic compounds.

FiG. 6
Geometries of the reactants, products, and transition states of the bromoacetyl migration of
the S-(bromoacetyl)-1-phenyl-3-propylisothiourea obtained by B3LYP/6-31G(d,p) optimization
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EXPERIMENTAL

Melting points were determined with a Boetius hot-stage apparatus and are uncorrected. H
(300 MHz) and 3¢ (75 MHz) NMR spectra were measured using a Varian Gemini 2000 NMR
spectrometer, at room temperature in CDCI; using TMS as an internal standard (0 ppm for
both nuclei). Elemental analysis was done on a Perkin-Elmer analyzer CHN 2400. The reac-
tions were monitored by thin-layer chromatography (TLC) using Silufol plates with detec-
tion at 254 nm. Preparative column chromatography was performed using silica gel Merck
(pore volume 60 A, particle size 63-200 pum). IR spectra were measured using a Specord 75 IR
spectrophotometer (Zeiss) in CDCl;. Bromoacetyl bromide and methyl bromoacetate were
commercial products (Aldrich) whilst the starting thioureas l1a-1e were prepared according
to literature’. For computational studies, the Gaussian program was used® with DFT based
on Becke’s three-parameter exchange correlation functional B3LYP 9. The transition states
were confirmed by vibrational analysis of the optimized geometries whereby only one nega-
tive vibration was obtained in each case. The thermochemistry was computed at 298.15 K
with a scale factor of 1.

Improved Method for the Preparation of 3-Alkyl-2-[(anthracen-9-yl)imino]-
thiazolidin-4-ones 2a-2e

Methyl bromoacetate (0.41 mmol) was added to a stirred solution of thiourea 1a-1le (0.34 mmol)
and triethylamine (0.34 mmol) in dichloromethane (5 ml). After the reaction was complete
as determined by TLC (eluent benzene-acetone 5:2), the precipitate formed was filtered off,
washed with diethyl ether and purified by column chromatography on silica gel using
benzene as mobile phase. The reaction was carried out as a one-pot reaction and was more
simple and time-saving in comparison with a previous two-step onel. All physicochemical
characteristics of compounds 3a-3e were in accordance with the published results®.

Improved Method for the Preparation of 3-(Anthracen-9-yl)-2-(alkylimino)-
thiazolidin-4-ones 3a-3e

To a solution of bromoacetyl bromide (0.41 mmol) in dry chloroform (5 ml), triethylamine
(0.68 mmol) was added dropwise at -10 °C, followed by the addition of thiourea la-le
(0.34 mmol). After 40 min, triethylammonium bromide formed was removed by flash chro-
matography on silica gel using benzene as mobile phase. The solvent was removed from ap-
propriate fractions by evaporation in vacuo and the product was purified by recrystallization
from a dichloromethane-n-heptane (ca. 3:1 v/v) mixture. Similarly to previous, such one-pot
procedure simplified obtaining of products with a comparable regioselectivity.

The present work was supported by the Grant Agency of the Ministry of Education, Slovak Republic
(grant No. 1/2471/05) and the State Programme NMR No. 20035P200280203/2.
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