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DFT Thermochemical Investigation of Rearrangement for 3-Hydroxy
Analogs of 2,3-Dihydrobenzothiophen-2- and -3-ones
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Abstract

Thermodynamic and kinetic controlled reaction coordinate for the rearrangement of 2-benzotriazol-1-yl-2-alkyl-3-

phenyl-2,3-dihydro-benzo[b]thiophen-3-ol derivatives have been predicted by using DFT calculated thermodynamic

properties and comparing DFT calculated NMR and IR spectroscopic properties with experimental ones.
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INTRODUCTION

2,3-Dihydrobenzothiophene-3-ones have been used
for the preparation of tetrahydro-1,2-benzothiazepin-
5-ones and 3-vinyl-1,2-benzoisothiazoles [1].
Several methods have been developed for the
synthesis of 2,3-dihydrobenzothiophene-3-ones 2a-
c in literature [2-6]. Recently, in Katritzky group, we
have prepared and described details for preparation
of 2-alkyl-2-aryl-substituted 2,3-dihydrobenzothio-
phen-3-ones 2a-c and 3-alkyl-3-aryl-substituted
2,3-dihydrobenzothiophene-2-ones 3a-c starting
from 3-hydroxy analogs 1a-c [7]. During the
experimental works, it was found that different
reaction conditions leads reaction to different
products. In  experimental works, X-ray
spectroscopy was used for the description of
structures. It is also possible to do this by using
computational approaches by comparing calculated
NMR and IR properties with experimental ones.
have used

Over the decades, chemists

computational approaches to predict reaction mec-
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hanisms and termodynamic properties of
compounds involved in reactionsn [8-14]. Now, we
disclose a computational work to describe
thermodynamic behaviour of rearrangement reac-

tion described in Scheme 1 below.

MATERIALS AND METHODS

Detailed preparation and characterisation data for
compounds 2a-c and 3a-c have been given in our
previously published work [7]. The experimental
procedure for the synthesis method and structure of
compounds are given in Scheme 1 and the selected
experimental NMR and IR data can be seen in Table
1 for selected carbonyl group on compounds. In
conclusion; at early stages of experimental work,
rearrangement reactions of 1a-c carried out
refluxing starting material at 100°C in open vessel
in presence of ZnBr, (method A). Under this
condition only 2a-b has been obtained as products.
Then, during the optimization of synthetic method,
compounds 1a-c were treated with ZnBr, in sealed
tube in THF at 90 to 100°C (method B). These
rearrangement reactions were resulted to give

mixture of both 2a-c and 3a-c as products.
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Scheme 1. Rearrangement reaction of 3-hydroxy analogs of 2,3-dihydrobenzothiophen-2- and 3-ones.

Because previously published similar work [15].
supported epoxide mechanism by successful
isolation of intermediate alkoxyoxiranes, it is
suggested that, in our experimental works, after the
addition of zinc bromide, compounds 1a-c were also

converted to oxiran intermediate 4a-c (Scheme 1).

Computational

Calculations were done using Gaussian03 program
package [16] implemented in Pentium 4, 3.20 GHz
computer. BALYP exchange functional hybrid DFT
method [17] was used to describe the systems by
using the 6-31G(d) [18] basis set. The B3LYP
method employs the Becke's three-parameter (B3)
gradient-corrected exchange functional along with
the gradient-corrected correlation functional of Lee,
Yang and Parr (LYP). Global minima and transition
structures (TS) in the optimizations were confirmed
via calculations.

frequency Thermodynamic

properties and IR frequencies were calculated using
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Readlsotope keyword in Frequency calculations
specifying a different temperature and pressure for
the reactions. Pressure for the reaction carried out in
sealed tube was estimated as 2.8 atm using the
Clausius-Clapeyron equation. Solvation was
calculated on the optimized geometries utilizing two
SCRF models, Onsager [19] method and isodensity
polarized continuum model (IPCM) [20] at the
B3LYP/6-31G(d) level. In Onsager method, it is
assumed that the solute occupies a fixed cavity of
radius within the solvent field. The IPCM model, on
the other hand, defines the cavity as an isodensity
surface of the molecule [21]. The Onsager solvation
results were used as a starting point to make

convergence faster for the IPCM calculations.

RESULTS AND DISCUSSION

The calculated and experimental NMR and IR data
for carbonyl group of 2-ones and 3-ones are given in
Table 1. The relative deviation for calculated NMR

and IR results from experimental ones are around
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7.45% and 4.76%, respectively. These relative
deviations show that calculated NMR and IR results
are in consistent with experimental ones (Table 1,
Figure 1-2). It is expected that NMR shift for
carbonyl carbon of compounds 3a-c (2-ones) should
be in lower frequencies (higher ppm values) than
compounds 2a-c (3-ones) because of thioester
carbonyl group in 2-ones. All calculated NMR
chemical shifts supported this idea (Table 1, Figure
1). On the other hand, as expected, IR frequencies
of carbonyl carbon for 2a-c are lower in frequency
than that of 3a-c in both calculated and experimental
results (Table 1, Figure 2). All calculated thermo
dynamic Gibbs free energies for compounds and
transition states, relative activation energies were
given below in Table 2.

Table 1. IR and NMR spectroscopic data for compounds

2a-c and 3a-c.

IR NMR
Compound | IR(exp.)® IR(calc.)®* NMR(exp.) NMR(cal.)® (RD%)* (RD%)
2a 1701 1773.32 2027 186.98 419 7.75
Ja 1712 1802.33 207.4 192.73 527 T7.07
2b 1694 1767.34 201.2 184.9 4.3 8.1
3b 1707 1800.65 207.4 193.29 5.48 6.8
2c 1696 1764.02 2027 188.25 4.02 712
3¢ 1711 1801.99 208 191.61 53 7.87

# Experimental IR frequencies (emT)

b DFT calculated IR frequencies (cm'')

< Experimental NMR chemical shifts (ppm)

4 DFT calculated MMR chemical shifts (ppm)

* Relative IR frequency deviation, RD% = [IR{calc. }-IR{exp. }IR(exp.)]. 100

1 Relative NMR shift deviation, RD% = [NMR{calc.)-NMR{exp./NMR(exp.)].100

Since ZnBr, was used as a catalyst for formation of
oxiran ring 4a-c and thermodynamic activation
energies were calculated between oxiran
intermediate and transition structures, we did not
take ZnBr, into account during the calculations.
Thus, all

investigated reactions are described as the energy

calculated activation energies for

gap between intermediates 4a-c and transition
structures a-cTS-1 and a-cTS-2 which are the
transition structure for aryl migration and the

transition structure for alkyl migration, respectively.
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Figure 1. Correlation graph of the experimental versus

calculated NMR chemical shifts for the investigated

compounds.
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Figure 2. Correlation graph of the experimental versus

calculated IR frequencies for the investigated

compounds.

The oxiran ring 4a-c disclosed to give two different
results in two different conditions: in method A, aryl
migration occurred and only compounds 2a-c (3-
ones) were observed. On the other hand, in method
B, not only aryl migration but also alkyl migration
took placed on intermediate 4a-c, thus together with
aryl migrated products 2a-c (3-ones), alkyl migrated
products 3a-c (2-ones) were also observed. This
means that, under harsher conditions (high
pressure, sealed tube) the rearrangement reaction
has been pushed to alkyl migration. It is well known
that aryl migration is much more favorable than alkyl

migration.
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In our calculations given in Table 2, calculated free
energy of a-cTS-1 is lower than a-cTS-2 and
activation energy for the formation of 2a-c (aryl
migration, 3-ones) is lower than that of 3a-c (alkyl
migration, 2-ones). Thus, it is suggested that 2a-c is
kinetic controlled and 3a-c is thermodynamic
controlled products. Additionally, compared free
energy level of products 2a-c and 3a-c has

supported this idea (Figure 3).

-C
intermediate

reaction coordinate

Figure 3. Energy diagram for rearrangement reaction in
method B.

CONCLUSION

Kinetic and thermodynamic controlled products of
rearrangement for 3-Hydroxy analogs of 2,3-
dihydrobenzothiophene-2- and 3-ones were
investigated using computational thermodynamic
properties. Calculated results showed that refluxing
compounds 1a-c at 90 to 100 %¥2C in open vessel
gave only kinetic controlled products 2a-c (3-ones),
and rearrangement reaction in sealed tube, in THF
under 2.8 atm pressure at 90 to 100 ¥£C gives both
kinetic controlled 2a-c and thermodynamic

controlled 3a-c.
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Table 2. Calculated thermodynamic data for investigated compounds.

Onsager IPCM

G G AG* D G G AG*D
Structure (hartree)? (kcalmol-) (kcalmol) (hartree)? (kcalmol-1) (kcalmol-)
1a -1487.102741  -933171.8410 -1492.014911 -936254.2768
2a -1091.356393  -684837.0502 -1094.324470 -686699.5482
3a -1091.359285 -684838.8649 -1094.424517 -686762.3287
4a -1091.327776  -684819.0927 -1094.422182 -686760.8634
aTsS-1 -1091.251344  -684771.1309 | 47.96 -1094.297681 -686682.7379 78.12
aTs-2 -1091.231342  -684758.5794 | 60.51 -1094.272853  -686667.1578 93.70
1b -1601.598522  -1005019.089 -1609.518615 -1009989.026
2b -1205.851167 -756683.6658 -1214.550462  -762142.5604
3b -1205.856337 -756686.9100 -1214.579324 -762160.6716
4b -1205.817176  -756662.3358 -1214.501413 -762111.7817
bTS-1 -1205.636366 -756548.8760 | 113.46 -1214.315886 -761995.3616 116.42
bTS-2 -1205.631919  -756546.0855 | 116.25 -1214.308125  -761990.4915 121.29
1c -1593.505332  -999940.5309 -1601.130322  -1004725.288
2c -1169.930264  -734142.9400 -1182.640314 -742118.6234
3c -1169.936432 -734146.8104 -1182.654426 -742127.4789
4c -1169.911335  -734131.0618 -1182.600343 -742093.5412
cTS-1 -1169.810347  -734067.6908 | 63.37 -1182.512042 -742038.1315 55.41
cTS-2 -1169.797145  -734059.4065 | 71.65 -1182.498675 -742029.7435 63.79

2 1 Hartree = 627.51 kealmol-!

b Activation energy, AG” o) = GacTs-1) - O (420 AG” 320) = GaeTs2) - O (4a0)
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