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Information about the strength of donor—acceptor interactions in push—pull alkenes is valuable, as this
so-called "push—pull effect” influences their chemical reactivity and dynamic behaviour. In this paper,
we discuss the applicability of NMR spectral data and barriers to rotation around the C—C double bond
to quantify the push—pull effect in biologically important 2-alkylidene-4-oxothiazolidines. While olefinic
proton chemical shifts and differences in **C NMR chemical shifts of the two carbons constituting the
C=C double bond fail to give the correct trend in the electron withdrawing ability of the substituents
attached to the exocyclic carbon of the double bond, barriers to rotation prove to be a reliable quantity
in providing information about the extent of donor—acceptor interactions in the push—pull systems
studied. In particular all relevant kinetic data, that is the Arrhenius parameters (apparent activation energy
E, and frequency factor A) and activation parameters (AS*, AH* and AG®), were determined from the data
Received (in Montpellier, France) of the experimentally studied configurational isomerization of (E)-9a. These results were compared to
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previously published related data for other two compounds, (2)-1b and (2E,52)-7, showing that experi-
mentally determined AG* values are a good indicator of the strength of push—pull character. Theoretical
DOI: 10.1039/c6nj00901h calculations of the rotational barriers of eight selected derivatives excellently correlate with the calculated
C=C bond lengths and corroborate the applicability of AG* for estimation of the strength of the push—pull

www.rsc.org/njc effect in these and related systems.

2-Alkylidene-4-oxothiazolidine derivatives 1, which were
synthesized in our laboratory, have attracted attention owing

1. Introduction

Compounds containing a thiazolidine ring have a rich and diverse
chemistry and wide applications in the chemical industry and
medicine.! Interest in these compounds dates back to the 1940s,
when it was discovered that penicillin G and other penicillins
contain a bicyclic nucleus, which includes both a beta-lactam ring
and a thiazolidine ring. This finding initiated a still growing interest
in the synthesis, chemistry and detailed structure-biological activity
studies on thiazolidines and related compounds.*
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to their potential biological activity> and as substrates for a
number of selective transformations leading to various hetero-
cyclic systems,' such as 3,3a\* 4-trithia-1-azapentalenes 2,>*
1,3-thiazines 3° and other thiazolidine derivatives 4-7°" and
8> (Scheme 1).

An important feature of these compounds, that determines
their properties, dynamic behaviour and chemical reactivity, is
the electronic interaction between electron donating (Nying, Sring)
and electron withdrawing groups (R;CO in Scheme 1), which
occurs via the C—=C double bond. Thus, these compounds
belong to the class of push-pull alkenes,'® best represented by
the hybrid structure I, containing electron donating groups
(Don) at one end of the partial C—=C double bond and electron
withdrawing groups (EWG) at the other end (Scheme 2).

As a result of these electronic interactions (the push-pull
effect), the n-bond order of the double bond is reduced (decreas-
ing the rotational barrier AG"; B-E, Scheme 2) and, conversely,
the bond orders of the C-Don and C-EWG bonds are increased
(B-D in Scheme 2). Therefore, the barrier to rotation around the

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2016
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Scheme 1 2-Alkylidene-4-oxothiazolidines 1 as precursors for a number of selective transformations into various heterocyclic systems.
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Scheme 2 Resonance structures of push—pull alkenes.

C=C double bond in this type of compound could be employed
to quantify the push-pull effect.’**“ AG* is readily obtained by
dynamic NMR spectroscopy (DNMR) or can be theoretically
calculated. In addition to AG”, other parameters often used as a
measure of the push-pull effect are: (i) ">*C NMR chemical shift
difference Adc—c between the two carbon atoms of the C—C
double bond,'*”*¢ (ii) the bond length of the central partial
C=C double bond,'*" experimentally available by X-ray analysis
and (iii) the quotient of the occupation numbers of the m*
antibonding and = bonding orbitals (n*/r) of the C—C double
bond, available from theoretical calculations combined with
Natural Bond Orbital (NBO) analysis.'°* Although the occupation
quotient (n*/t) can be regarded as a sensitive parameter for
quantification of the push-pull effect with a broader scope than
the other quantities (AG”, Adc—c and bond length),'*’ a general
parameter to quantify the push—pull effect is not yet available due
to the (n*/n) parameter dependence on the type and number of
substituents at the push-pull C—C double bond.

We have recently shown that 4-oxothiazolidine-2-ylidene thio-
ketones 8 (Scheme 1), containing a cis-oriented S-C—C-C—S moiety,
represent an excellent model for investigating the influence of the
push-pull effect and 1,5-type weak noncovalent S- - -S interactions
on the ring-opening-closing mode of 4-oxothiazolidine to 3,3a)”,
4-trithia-1-azapentalene transformation (reaction A in Scheme 1).**

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2016

As a continuation of our studies related to evaluating the strength
of the push-pull character in 2-alkylidene-4-oxothiazolidine
derivatives and its influence on their chemical reactivity and
dynamic behaviour, we report herein a study on: (i) NMR
spectroscopic data of thiazolidine thioamide derivatives 9a-c,
not yet reported, compared to data for previously synthesized
compounds 1 and 8, with the aim of finding out whether both
Adc—c parameters and =—(C2')-H proton chemical shifts could
be applied for the quantification of their push-pull effect,
(ii) experimentally determined barrier to rotation around the
C=—C double bond in (E)-(5-ethoxycarbonylmethyl-4-oxothiazolidin-
2-ylidene)ethanthioamide 9a (Fig. 1) and its relation to our
previously reported experimental rotational barriers'" of related
analogs and (iii) having found the correct trend, eight deriva-
tives were selected for computational studies. Seven of them
differ in the R;CX substituent attached to the C(2) atom, for
which we expect the strongest influence on C(2)=—C(2') charge
polarization. They are: 1b (R;CX = COPh), 1d (R;CX = CONHPh),
1le (R;CX = CONH(CH,),Ph), 1g (R;CX = CO,Et), 8a (R,CX =
CSPh), 9a (R,CX = CSNH,) and 9¢ (R;CX = CSNH(CH,),Ph)
(Table 2). In addition, compound 7, which has the same R;CX
as 1g, but a C(5)—=C(5’) double bond instead of the C(5)-C(5’)
single bond in 1g was included to find if subtle effects coming
from a remote group are reflected in the barrier values.

New J. Chem., 2016, 40, 6364-6373 | 6365
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Fig. 1 The configurational isomerization of 2-alkylidene-4-oxothiazolidine
derivative (E)-9a.

We also wish to note that the literature is rather scarce on a
description of a method for the isolation of pure E isomers of
these compounds and their spectral properties. Interestingly
and surprisingly,"** thiazolidine derivative 9a was isolated from
the reaction mixture by filtration (ethanol solution) and recrys-
tallized from 96% ethanol to provide a final product as the pure
E isomer.

2. Methodology

2.1. Experimental

(4-Oxothiazolidin-2-ylidene)ethanethioamides 9a-c (Table 2)
were synthesized according to our previously reported proce-
dure," including a slight modification: the catalyst (K,CO5) was
used in 4.5 mol% of the starting material.

Variable temperature "H NMR measurements were carried
out on a Bruker AC-300 spectrometer. The NMR probe tem-
peratures were calibrated using a non-magnetic digital thermo-
couple with the lead inserted in the sample tube at receiver coil
level. Hence, the achieved accuracy of the temperature calibration
was better than +0.5 degrees. The samples were equilibrated at
the given temperatures.

The "H NMR and "*C NMR data of the configurational isomers
(E)9a and (2)9a, fully shown below, provide a fairly complete
picture of this isomeric equilibrium. Monitoring of the stereo-
dynamic behaviour associated with the isomerization rate of (E)-9a
to (2)9a was performed in DMSO-d, solutions at 298, 303 and
308 K. The E/Z ratios were determined by the integration of the
signals at J 5.64 and J 6.15 ppm, assigned to the C(2’)-H protons of
(E)-9a and (Z)-9a, respectively. The facile E to Z isomerization at
298 K is illustrated in Fig. 2 by the three "H NMR spectra recorded
5, 170 and 1380 minutes after the dissolution of (E)-9a. Typical
conditions for recording "H NMR spectra were as follows: sixteen
scans, spectral width of 10 330 Hz with 65 536 data points, relaxa-
tion delay of 1 s and acquisition time of 3.17 s.

Structural assignments of the isolated products (E)-9a, (Z)-9b
and (2)-9c were made on the basis of spectroscopic data (IR,
'H NMR and "*C NMR, MS) and elemental analysis. For example,
compared to the Z-isomers the  values of the C(2")-H proton for
the E-isomers appear at a higher field. On the other hand, the NH
lactam proton of the E-counterparts is observed at a lower field
(Fig. 2).

NMR spectral data of thiazolidine derivatives 9a-c

(E)-(5-Ethoxycarbonylmethyl-4-oxothiazolidin-2-ylidene)ethanthio-
amide (9a). 'H NMR (DMSO-de): 6 1.18 (3H, t, J = 7.2 Hz, CH;),
3.05-3.09 (2H, m, CH,HzCOO), 4.09 (2H, q, J = 7.2 Hz, CH,0),

6366 | New J. Chem., 2016, 40, 6364-6373
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Fig. 2 Partial *H NMR spectra of 9a in DMSO-dg at 298 K, recorded 5 min,
170 min and 1380 min after dissolution of the E isomer.

4.45-4.51 (1H, m, CHyS), 5.64 (1H, s, =—CH), 8.81-8.87 (2H, d,
NHamide), 13.28 (1H, s, NHjzctam); °C NMR (DMSO-dg): 6 14.2
(CH3), 36.3 (CH,COO), 41.8 (CHxS), 61.0 (CH,0), 97.2 (<=CH),
154.9 (C=), 170.4 (COester), 174.4 (COtactam), 191.4 (C=S); MS
(CD): m/z 261 (M +1)".

(Z)-(5-Ethoxycarbonylmethyl-4-oxothiazolidin-2-ylidene)ethanthio-
amide (9a). "H NMR (DMSO-d): 6 1.19 (3H, t, J = 7.0 Hz, CH,),
2.89 (1H, dd, J = 18.0 Hz, CH,HzCOO), 2.99 (1H, dd, J = 18.0 Hz,
CH,H3COO), 4.09 (2H, q, J = 7.0 Hz, CH,0), 4.04-4.15 (1H, m,
CHxS) overlapped with the signal assigned to the CH,O pro-
tons, 6.15 (1H, s, =CH), 8.48-8.68 (2H, d, NH,midc), 11.58 (1H,
S, NHactam); "C NMR (DMSO-dg): 6 14.2 (CH3), 36.4 (CH,COO),
42.5 (CHxS), 60.8 (CH,O), 100.8 (=CH), 156.9 (C=), 170.6
(COester)y 175.3 (COlaetam), 193.2 (C=S).

(2)-(4-Oxothiazolidin-2-ylidene)ethanthioamide (9b). "H NMR
(DMSO-dq): 6 3.61 (2H, s, CH,S), 6.16 (1H, s, =—CH), 8.44-8.65
(2H, d, NH,miqe), 11.51 (1H, S, NHjaetam); - C NMR (DMSO-dq):
J 32.9 (CH,S), 100.6 (=CH), 158.4 (C=), 174.4 (COamidc), 193.2
(C=S); MS (CI): m/z 175 M + 1)".

(Z)-(4-Oxothiazolidin-2-ylidene)-N-(2-phenylethyl)ethanthioamide
(9¢). "H NMR (DMSO-d,): 6 2.86 (2H, t, J = 7.0 Hz, CH,Ph), 3.62-
3.73 (2H, m, NCH,), the (2H, s, CH,S) signal is overlaped with
the signal assigned to the (NCH,) protons, 6.21 (1H, s, =—CH),
7.16-7.35 (5H, m, Ph), 9.58 (1H, t, ] = 5.2 Hz, NH,miqc), 11.51 (1H,
S, NHjactam); >C NMR (DMSO-dq): & 32.9 (CH,S), 33.8 (CH,Ph),
45.5 (NCH,), 101.2 (=CH), 126.4 (p-Ph), 128.7 (0-Ph), 128.8
(m-Ph), 139.6 (Cjpso-Ph), 156.1 (C=), 174.3 (COjactam), 190.4
(C=S); MS (CI): m/z 279 (M + 1)".

2.2. Computational details

Geometry optimization and frequency analysis of the Z and
E isomers of the compounds studied was conducted at the

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2016
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MO06-2X/6-311G** level,""® using the Gaussian 09 program
package.'” Transition state structures were determined using
the Synchronous Transit-Guided Quasi-Newton method'®'® at the
MO06-2X/6-311G** level. To account for solvent effects, the struc-
tures of the three derivatives, 1b, 7 and 9a, were re-optimized in
chloroform and dimethylsulfoxide along with their TS, using the
continuum solvation COSMO model (conductor-like screening
model).*® All transition state structures were characterized by an
imaginary frequency, the vibrational mode of which corresponded
to the rotation around the C(2)-C(2’) bond.

The calculated and experimentally determined barriers to
rotation for 1b, 7 and 9a show an excellent correlation with a
correlation coefficient of 0.996 (Table 1 and Fig. 3). The fact that
the calculated barriers overestimate the experimental ones can
be rationalized by taking into account that the effects of solute-
solute and solute-solvent direct interactions were not comple-
tely considered by the theoretical calculations. Additionally, for
these compounds, in the correlation of the calculated barriers
to rotation with experimentally determined ones, other levels
tried including B3LYP and MP2 methods with a 6-31G** basis
set, as well as a M06-2X method with 6-31G** and cc-pvtz*’
basis sets, led to similar results. However, in these calculations
the use of the newly developed functional M06-2X reached the
best agreement with experimental data.

Table 1 Experimental and calculated barriers to rotation (AG* in kJ mol™?;
T = 298 K) for the configurational isomerization of compounds 1b,
7 and 9a

Compound Solvent Isomerization direction AG* exp. AG” calc.”
1b Chloroform Z — E 98.5  154.4
7 DMSO-ds E — Z 100.2  169.1
9a DMSO-d, E — Z 96.6°  134.1

@ Ref. 12. ? This work.

180 -
y=09.741x-806.31
170 - R*=0.996
E 160 -
=
S 150 -
[
(&)
140 -
130 T T T T 1
96 97 98 99 100 101
experimental

Fig. 3 Correlation between calculated and experimental barriers to
rotation for compounds 1b, 7 and 9a. The respective values are given
in Table 1.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2016
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3. Results and discussion

3.1. General considerations

This section is organized as follows. We first discuss the relia-
bility of experimental NMR data, Adgp)—c(y parameters and
C(2)H proton chemical shift, to correctly reproduce the trend
in push-pull activity as a function of the electronic properties of
substituents attached to the thiazolidine ring. We will first
concentrate on those at the exocyclic carbon of the C(2)=—C(2')
double bond, since their influence is expected to be the strongest.
This is followed by an analysis of experimentally obtained kinetic
activation parameters for the configurational isomerization of
(E)-(9a) in DMSO-ds and comparison with our previously reported
data for thiazolidine enamino ketone (Z)-1b and thiazolidine
enamino ester (2E,5Z)-7. Subsequently, we discuss the optimized
geometries of ground and transition structures, which is followed
by an analysis of the calculated rotational barriers for selected
thiazolidines 1b, 1d, 1e, 1g, 7, 8a, 9a and 9c. In particular, our
interest concerns whether the relative magnitudes of the barriers
to rotation correspond to changes in the strength of the push-
pull effect. For this purpose, we correlate the computed rotational
barriers with the lengths of the C—C bonds, which we previously
showed to reflect changes in the extent of donor-acceptor inter-
actions in comparable groups of compounds.'®

3.2. NMR parameters as a measure of the push-pull effect in
2-alkylidene-4-oxothiazolidine derivatives

The selected experimental '"H NMR and >C NMR chemical
shifts for thiazolidine enamino thioamides 9a-c are presented
in Table 2 (entries 13-17). For comparison purposes, the NMR
spectral data of the closely related thiazolidine enamino thio-
ketones 8a-c (entries 10-12), enamino ketones 1la—c (entries 1-3),
enamino amides 1d-e (entries 4-6) and enamino esters 1f-g and 7
(entries 8 and 9) are included (the NMR spectral data for thiazo-
lidines 1a-g,”'>'*?* 7** and 8a-c’ have already been published).
The data in Table 2 show that all compounds exhibit similar
3C NMR spectral characteristics: the low field position of
the signal corresponding to the C(2) atom at the donor side
(0 151.9-166.0 ppm) and the high field position of the signal
assigned to the C(2’) atom at the acceptor side of the C—C
double bond (0 88.6-113.9 ppm). This large difference in the
chemical shift values, Adcp)—c(2) ranging from 50.8 ppm to
70.6 ppm, proves to be indicative of their push—pull character,
that is significant charge polarization within the C—=C double
bond. The Adgp)—(c2) values should increase with the increasing
push-pull character of the double bond, as has been proven by
previous calculations on several other push-pull systems.**”“ In
addition, due to the enhanced shielding of the C(2’) atom, the
chemical shift of the hydrogen attached to it, 6 (C(2')-H), should
actually decrease with an increasing push-pull effect.

However, as the data in Table 2 show, the olefinic '"H NMR
chemical shifts deviate from expectations, which is also the case with
the Adqp)—cry parameters. Generally, the C(2'}-H proton chemical
shift values for enamino ketones 1a—c (6.78-6.95 ppm) and enamino
thioketones 8a-c (7.43-7.61 ppm) are higher than those for
enamino amides 1d-e (5.36-5.79 ppm), enamino thioamides

New J. Chem., 2016, 40, 6364-6373 | 6367
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Table 2 Selected experimental *H NMR and **C NMR (DMSO-ds) chemical shifts (ppm) of compounds la—g, 7, 8a—c and 9a—c
R,y
L3
G
Y II\] R,
R,
1a-g, 7, 8a-c, 9a-c
Entry Compound X(Y) =S, O R, R, R; C(2")-H C(2) c(2") Adc—ce)
1 (2F1a (X=0; Y = 0) ph CH, H 6.80 160.6 94.5 66.1
2 (Z)-lb (X =0;Y = O) Ph CH,COOEt H 6.78 161.6 94.9 66.7
3 (Z01c (X=0;Y = 0) Ph CH,COOEt CH, 6.95 161.2 95.5 65.7
4 (2)1d (X = 0; Y = O) NHPh CH,COOEt H 5.79 153.5 93.3 60.2
5 (E}1d (X = 0; Y = O) NHPh CH,COOEt H 5.36 — — —
6 (Z-1e (X = 0; Y = O) NH(CH),Ph H H 5.59 151.9 92.7 59.2
7 (2)1f (X = 0; Y = 0) OEt H H 5.44 159.2 88.6 70.6
8 (ZF1g (X=0;Y=0) OEt CH,COOEt H 5.44 157.8 88.9 69.0
9 (2E,52)7 (X = 0; Y = 0) OEt —CHCOOEt H 5.64 149.9 93.1 56.8
10 (Z)8a (X=S; Y= 0) Ph CH, H 7.58 166.0 111.6 54.4
11 (Z)—Sb (X =S;Y= O) Ph CH,COOEt CHj; 7.43 162.8 112.0 50.8
12 (Z)-SC (X =S;Y= S) Ph CH,COOEt CHj; 7.61 164.9 113.9 51.1
13 (Z)9a (X =S; Y = O) NH, CH,COOEt H 6.15 156.9 100.8 56.1
14 (E)9a (X = S; Y = O) NH, CH,COOEt H 5.64 154.9 97.2 57.6
15 (2)-9b (X = $; Y = 0) NH, H H 6.16 158.4 100.2 58.2
16 (Z)9¢ (X=S; Y = O) NH(CH),Ph H H 6.21 156.1 101.2 54.9
17 (E)9¢ (X=S;Y = O) NH(CH),Ph H H 5.64 — — —

9a—c (5.64-6.21 ppm) and enaminoesters 1f-g and 7 (5.44-5.64 ppm),
despite the expected CO(S)Ph > CO(S)NHR/CO,R order of electron
withdrawing power of the substituent R;CO(S)."" In addition,
the C(2')-H signals of compounds containing the R;CS sub-
stituent are found at a lower field than the signals of com-
pounds that have the R;CO group (6 7.43-7.61/6.78-6.95 ppm
for enamino thioketones 8a-c¢/enamino ketones la-¢, 6 5.64—
6.21/5.36-5.79 ppm for enamino thioamides 9a-c/enamino
amides 1d-e), and thus predict the wrong order of electron
accepting ability of the carbonyl and thiocarbonyl groups.
Likewise, the "*C NMR chemical shift differences Adcy—=c(2n
point to the stronger electron withdrawing ability of R;CO
(Adcy—c(2ry = 59.2-70.6 ppm) with respect to that of R,CS
(Adcy—=crery = 50.8-58.2 ppm), and also predict thioamides
9a—c (Adcp)—c(e) = 54.9-58.2 ppm) to show a larger push-pull
effect than thioketones 8a-c¢ (Ad¢(z)—c(2') = 50.8-54.4 ppm). This
is more evident when related systems are compared. Thus,
for example, values for ketone (Z)-1a and thioketone (Z)-8a,
differing only in O/S contained in the EWG substituent, are as
follows: C(2)-H at ¢ 6.80 ppm and 7.58 ppm, respectively, and
Adcz)—c(2y 66.1 ppm and 54.40 ppm, respectively. The inability
of proton chemical shifts to correctly reproduce the trend in the
strength of the push-pull effect is easily rationalized by their
high sensitivity to proton environment (solvent effect, aniso-
tropic effects from substituents). Obviously, the C NMR
chemical shifts of the two carbon atoms in the double bond
are influenced not only by the strength of the push-pull effect,
but by other factors too. Among them, influences coming from
substituents directly attached to the double bond are the most
prominent ones. For example, the stronger (-I) effect of the
R;CX substituent in oxygen analogues (X = O) than in sulfur
ones (X = S) could be a reasonable explanation of the opposite
trend of the Adc)—c(2’) values observed for these compounds.

6368 | New J. Chem. 2016, 40, 6364-6373

However, when comparing the push-pull effect of thiazolidine
enaminoesters (Z)-1f, (2)-1g and (2E,5Z)-7, with different sub-
stituents at the C(5) position and the same ones at the double
bond, both the C(2')-H chemical shifts (5.44/5.63 ppm for 1f,
1g/7) and the Ad¢()—c(e’) parameters (69-70.6/56.8 ppm for 1f,
1g/7) correctly indicate a lowering of the push-pull effect asso-
ciated with the electron withdrawing effect of the C(5)—C(5")CO,Et
substituent in 7.'* The C(2')-H chemical shifts, as well as
Adcz)—c(2 also correctly represent a slightly increased push-
pull effect for intramolecularly hydrogen bonded E isomers
with respect to the Z ones.'® For example, C(2')-H protons of
(E)-1d and (E)-9a resonate at a higher field than the C(2')-H
protons of (2)-1d and (2)-9a, while Adc(z)—c(21) is larger for the
E isomer of 9a (entries 4 and 5, 13 and 14). The same is true for
the C(2')-H chemical shifts of derivatives (Z)-8b (6 7.43 ppm)
and (Z)-8c (6 7.61 ppm), which correctly indicate a drop in the
push-pull character due to the replacement of the ring carbonyl
group in 8b by a thiocarbonyl group in 8c. The Adcp)—c(2),
however, does not show the same trend.

Despite the above mentioned limitations of the quantification
of the push-pull effect, the Ad¢(»)—cpy values strongly suggest that
the structure of 2-alkylidene-4-oxothiazolidines can be described
by the hybrid structure F as an equivalent of the general dipole
type structure I of the push-pull alkenes presented in Scheme 2.
We also wish to note that the full zwitterionic structure has
been confirmed experimentally by very low temperature X-ray
diffraction analysis of 3-(1,3-diisopropyl-2-imidazolidinylidene)-
2,4-pentanedione.>*

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2016
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3.3. Stereodynamic behaviour of 2-alkylidene-4-
oxothiazolidine derivatives

Over the past few decades, investigations into the static and
dynamic stereochemistry of push-pull alkenes published up to
1983 have been reviewed by Sandstrom'® and recently by
Kleinpeter et al.'°° who showed that donor-acceptor electronic
interactions occurring via the C=C double bond (resonance
structures B-E and hybrid structure I in Scheme 2; resonance
structure D and hybrid structure G in Scheme 3) are the main
factor responsible for the lowering of the rotational barrier
around the C—C bond. Recent theoretical studies'*” have found
that in a fragment shown in Scheme 3, these electronic interactions
increase in the order: O < S.

In the case of our stereodefined push-pull thiazolidine deri-
vatives 1 (Scheme 1), the above mentioned electronic interactions,
that occur here between two electron donors (Nying and Siine) and
one electron acceptor (R;CX; R; = Ph, OEt, NHPh, NH(CH,),Ph;
X = 0), have been evidenced by the facile Z/E configurational
isomerization that takes place spontaneously in solution, at
room temperature (Scheme 4).""'* The direction of this iso-
merization is dictated by solvent polarity. Polar solvents break
the intramolecular hydrogen bonding in the E isomer and shift
the equilibrium to the Z isomer, by forming stable solvent-
solute intermolecular interactions. On the other hand, in non-
polar solvents, the intramolecularly hydrogen bonded E isomer
becomes the dominant species (Scheme 4).

/N
_N\(;D_J/@X
H H
G (X=0, S)
A
4 A
VAN ®/
Ny ,/~X —— —N>\_/2*Xe
H H H H
A D

Scheme 3 The push-pull effect of vinylogous amides and thioamides
X=0,9).
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X
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3.4. Kinetic and thermodynamic aspects of configurational
isomerization

To extend our knowledge on the solvent dependent Z/E configu-
rational equilibrium of 2-alkylidene-4-oxothiazolidines and the
strength of their push—pull character, we studied the isomeriza-
tion of (E)-(5-ethoxycarbonylmethyl-4-oxothiazolidin-2-ylidene)-
ethanthioamide (E)-9a. For this purpose, variable temperature
NMR determination of the dynamics of the configurational
isomerism was done in DMSO-d, (Fig. 4), as well as studies of the
rotational barrier AG* around the C(2)=C(2’) bond (Table 3). In
Table 3 are also included the values for the other two activation
parameters AH* and ASY, the data for the two Arrhenius para-
meters (apparent activation energy E, and frequency factor 4), the
overall rate constant k and the equilibrium constant K* between
the TS and GS. The results are compared with those for (Z)-1b
determined in CDCl; (Scheme 5A) and (2E,5Z)-7 determined in
DMSO-dg (Scheme 5B), previously reported by us."*

The mechanism of the (E)-9a = (Z)-9a isomerization can be

proposed as follows:

BB C
‘—1

On the basis of the steady state approximation and assuming
that k_; < ki, the reaction is further approximated to a first
order reaction. The overall rate constant, k, is determined as the
slope of the best straight line fitted through ten points, when
In[B/B,] is plotted against time (¢). The slope of the Arrhenius
plot gives the apparent energy of activation and the intercept at
1/T = 0 yields the frequency factor A (Fig. S7 in the ESI;T Table 3).
Additionally, the AH" and AS* values were evaluated using the
Eyring equation by plotting In k/T versus 1/T and, as a result, the
free energy of activation was calculated to be 96.5 k] mol ™ * (Fig. S8
in the ESI;t Table 3). Thus, for the (E)-9a = (Z)-9a transformation,
first order kinetics has been established.

The magnitudes of AH* and AS* represent the differences in
enthalpy and entropy between transition and ground state struc-
tures. During configurational isomerization, enthalpy increases
and on reaching the transition state becomes equal to AH"

R R
e \
% H
o N)&)\Rl o N
H H |
XU R

(Z)-D2
(E)-D2
R2 R
Is - IS
H
) A +z H
X7 Ry N x_ R
(E)-isomer (A) (E)-D1

dominantin
nonpolar solvents

Scheme 4 Proposed mechanism for 2-alkylidene-4-oxothiazolidine configurational isomerization.
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Fig. 4 Plot of E/Z ratio versus reaction time for thiazolidine derivative 9a
determined at 298, 303 and 308 K.

when the C(2)=C(2') double bond is broken. As the data
in Table 3 show, the activation enthalpies span a range from
39.3 k] mol™" (1b) to 80.9 k] mol™* (7) and are endothermic.
These values are influenced by structural changes within the
molecule and by the solvent. Generally, solvents decrease AH
values because the more polar TS (due to the full charge separa-
tion) is more solvated than the less polar GS. On the other hand,
AS*, measuring the degree of ordering, can be negative or positive
if translational, vibrational, or rotational degrees of freedom are
lost or gained on moving to the transition state. The negative AS*
values determined for the isomerization of (Z)-1b, (2E,52)-7 and
(E)-9a indicate an increased ordering when the molecule reaches
a transition state, more prominent for 1b and 9a, than for 7. A
part of it has to be ascribed to increased ordering in a solvent
(mostly those molecules directly interacting with the solute) so to
make AH® more favourable (less positive). The resulting AG*,
spanning a rather narrow range of 3.6 k] mol %, concurs with our
previous estimation of the electron withdrawing ability of
substituents as CSNH, > COPh > CO,Et.'” Although this correct
trend may perhaps not be reproduced under different experi-
mental conditions, since rotational barriers depend on the
direction of isomerization (E — Z or Z — E) and the solvent,
the following results strongly support it.

Thus, if we compare £ — Z isomerization of 7 and 9a in the
same solvent (DMSO-d,) and at the same temperature (298 K),
all activation parameters E,, AH* and AG* indicate a decreased
push-pull character in 7, related to both the electronic proper-
ties of the EWG and additional barrier-increasing effect of the
C(5)—C(5")CO,Et moiety. The isomerization rate is 4.3 times
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faster for 9a than for 7 and 2.2 times faster than that deter-
mined for 1b in CDClj3, as can be seen from the rate constants k.

The two related quantities, E, and AH*, show a somewhat
different trend, that is, a reversed order of electron accepting
ability of keto and thioamide substituents: COPh > CSNH,,
corresponding to the easier isomerization of 1b with respect to
9a. This could be attributed to the solvent polarity (CDCl; in the
case of 1b instead of DMSO-d, for 9a) and direction of isomer-
ization (Z — E for 1b instead of E — Z in the case of 9a).
Therefore, the change from CDCI; to the more polar DMSO-ds and
the opposite isomerization direction would possibly increase both
E, and AH®, and show the correct trend in electron-accepting
ability of substituents for these compounds. As we were unable to
isolate the E isomer of 1b, this was checked by computation of
AH* and AG* in DMSO for the E — Z direction for all three
compounds, as shown in Table 4. The table also includes calcu-
lated barrier energies for the Z — E isomerization in CHCI;. All
calculated values show the correct trend in decreasing rotational
barriers: 7 > 1b > 9a. This also means that the push-pull effect is
not affected by the solvent (at least the two solvents studied) and
the direction of isomerization. The observation that calculated
AH* and AG" are almost identical (entries 1-3), or differ slightly
(entries 5 and 6), supports our explanation that the experimentally
obtained negative entropy values (Table 3) can be associated with
the ordering of solvent molecules, which is not taken into account
in computations.

Thus, we offer the following explanation for the observed
deviation of experimental AH* in the case of Z — E isomeriza-
tion of 1b in CDCI, and its most negative AS* (Table 3, entry 4).
First, we have to recall that the TS is more polar than the GS due
to larger charge polarization. Thus, the studied isomerization of 1b
requires a higher ordering in the weakly polar CDCl; molecules at
the moment the TS is reached, so as to stabilize the TS as
efficiently as possible. This reduces both AS* and AH*. By contrast,
polar DMSO-d; stabilizes TS with less molecular ordering, result-
ing in lower absolute entropy values.

3.5. Computational approach for studying rotational barriers
and their relation to the push-pull effect

3.5.1. Ground state and transition state structures of studied
2-alkylidene-4-oxothiazolidines. The GS and TS structures of 7
are presented in Fig. 5, and of all other compounds in Fig. S9 in
the ESL{ In the ground state of both Z and E isomers, the
4-oxothiazolidine ring and exocyclic carbon atom of the double
bond with its C=X substituent are in the same plane. When
the R, part of R,CX is NHPh (1d), OEt (1g) and NH, (9a), the
whole EWG is in plane with the ring. When R; = Ph, as in

Table 3 Apparent activation energy (E,), frequency factor (A), overall rate constant (k), TS/GS equilibrium constant (k%) and activation parameters (AH?,
AS* and AG¥) for rotation around the C(2)=C(2’) double bond in 4-oxothiazolidines (2)-1b, (2E,52)-7 and (E)-9a

Entry Compound Solvent T [K] E,[k]mol™'] InA[s™'] k[s '] AH* [k mol™] AS*[Jmol™ K] AG* [k] mol™'] K*

1 (E)-9a DMSO-ds 298 60.3 14.80 7.26 x 107° 57.4 —131.2 96.5 1.17 x 107V
2 (E)-9a DMSO-ds 303  60.3 14.80 111 x 107" 57.4 —131.2 96.5 1.76 x 107"
3 (E)-9a DMSO-ds, 308 60.3 14.80 1.60 x 107" 57.4 —131.2 96.5 2.50 x 107"
4 (2)-1b CDCly 298 41.8 6.91 3.38 x 107> 39.3 —198.7 98.5 5.45 x 107'8
5 (2E,5Z)-7  DMSO-ds 298 83.3 22.74 1.70 x 107> 80.9 —64.7 100.2 2.74 x 1078
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Scheme 5 Configurational isomerization of (2)-1b and (2E,52)-7 thiazolidine derivatives.

Table 4 Calculated values of H* and AG* conducted at the M06-2X/
6-311G** level of theory (in kJ mol ™ for £ — Z isomerization of 1b, 7 and 9a
in DMSO, and for Z — E isomerization in CHClz

Entry Compound  Solvent AH'[kJ mol™]  AG* [kJ mol™]
1 1b DMSO 147.0 146.4
2 1b CHClI; 155.1 154.4
3 7 DMSO 168.5 169.1
4 7 CHCl; 167.3 173.4
5 9a DMSO 132.5 134.1
6 9a CHCl, 129.7 132.7

1b (R;CX = COPh) and 8a (R;CX = CSPh), the fully planar
thiazolidine/double bond/CO(S) moiety and the phenyl ring form
angles of ~16° and ~40°, respectively, due to steric hindrance
between the Ph and the CX part. In the case of R, = NH(CH,),Ph, a
fully planar structure was obtained for 9¢ (R,CX = CSNH(CH,),Ph).
However, in the case of 1e (R,CX = CONH(CH,),Ph), the conforma-
tion around the H,CH,C-C,, bond is such that the phenyl ring
and the neighbouring C-C bond form an angle of ~80°. The C(5)
substituent (CH,CO,Et) is out of plane when attached to the
sp®>-hybridized carbon atom. In the case of 7, possessing
another exocyclic C—C double bond at the C(5) position, the
structure is fully planar (Fig. 5).

In the transition state structures, the thiazolidine ring as the
donor part and the acceptor moiety are nearly perpendicular to
each other. The C(2)C(2") bond is elongated, becoming a single
bond in TS, while the C(2)-S;ing, C(2)-Nying and C(2')-C bonds
are shortened. Calculated C(2)C(2) bond lengths in GS and TS
are given in Table 5.

3.5.2. Calculated barriers to rotation as a means to quan-
tify the push-pull effect in 2-alkylidene-4-oxothiazolidines. The
gas phase calculated AH* and AG* values for the E — Z and
Z — E isomerizations of selected thiazolidine derivatives do not
differ by more than 7 k] mol™" and they show the same trend.
Thus, only AG* values are presented in Table 5, along with the
calculated C(2)—C(2') bond lengths in the ground and transition
state structures. The barriers span a broad range of ~ 144 kJ mol %,

(2E,52)-1
Fig. 5 Optimized GS and TS structures of compound 7.
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being the lowest for 8a and the highest for 7 (entries 5 and 6). It is
evident that £ — Z isomerizations encounter higher barriers
than the reverse Z — E isomerizations. This is easily rationa-
lized by the lower energy of E isomers due to their stabilization
by intramolecular hydrogen bonding, which exceeds that com-
ing from non-bonded 1,5-Sing" - “O(S)substituent iNteractions. On
the basis of the data in Table 5, R;CX substituents can be
ordered according to their electron accepting ability as follows:
CSPh > CSNH, CSNHCH,CH,Ph > COPh > CO,Et >
CONH(CH,),Ph > CONHPh. The obtained trend is in agreement
with our understanding of the electronic properties of substi-
tuents and also concurs with our previously reported trend,
which was established on the basis of occupation quotient
values.'”"*® The data in Table 5 show that the remote substi-
tuent effect (compound 7) places the barrier to be the highest.
The barrier in 7 is affected by two effects, acting in opposite
directions: the C(2') ester group withdraws = electrons from the
C(2)=—C(2’) double bond and decreases the barrier, while the
C(5)—=C(5")CO,Et moiety withdraws electron density from the ring
sulfur atom, thus reducing its ability to donate a lone pair to the
C(2)=—C(2") double bond which increases the barrier.

In our previous work, we have shown that the two para-
meters, that is, the occupation quotient and the C(2)—C(2)
bond length in 2-alkylidene-4-oxothiazolidines, show a good
linear correlation,'® which means that they can be considered
reliable for quantification of the push-pull effect. Therefore, we
correlated the calculated barriers to rotation with the C=C
bond lengths of the ground state structures, as shown in Fig. 6.
A good linear correlation, obtained for both isomerization
directions, indicates that the magnitudes of rotational barriers
reflect changes in the strength of the push-pull effect in the
studied compounds. An important observation is that their
relative order is not affected by hydrogen bonding stabilization
in E isomers and 1,5-Sying - “O(S)substituent iNteractions present
in Z isomers. Thus, this quantity can be regarded as a reliable
measure of the push-pull effect in the studied, and possibly in
related heterocycles, as well.

s

~
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e

TS-7 (22,52)-1
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Table 5 Calculated C(2)C(2) bond lengths (A) in GS and TS and barriers to rotation (AG*, kJ mol™) around the C=C double bond for the studied

thiazolidine derivatives

Ry

ISZ X

o N)\;JLRI
H

.

AG* de—c (GS)

Entry Compound R, R, Z - E E->Z E isomer Z isomer do-c (TS)
1 1b (X =0) Ph CH,COOEt 171.5 186.1 1.353 1.352 1.427
2 1d (X=0) NHPh CH,COOEt 185.0 198.6 1.349 1.347 1.424
3 le (X =0) NH(CH),Ph H 179.3 196.8 1.347 1.346 1.425
4 1g (X=0) OEt CH,COOEt 175.8 187.6 1.349 1.347 1.428
5 7 (X=0) OEt —CHCOOEt 207.9 221.6 1.347 1.344 1.424
6 8a(X=15) Ph CH;3 64.5 77.8 1.366 1.363 1.503
7 9a (X =5) NH, CH,COOEt 128.6 147.8 1.355 1.354 1.445
8 9c (X =5) NH(CH),Ph H 129.5 146.3 1.353 1.352 1.440

250 - e ZtoE On the other hand, the experimentally determined and the

gas-phase calculated rotational barriers show the correct order

210 | . ¢ *+ EtoZ of acceptor substituents with respect to their electron accepting

ability, which was not affected by ground state influences such as

B _ intramolecular hydrogen bonding and non-bonded 1,5-S---O(S)

Lg‘ 170 1 interactions. The calculated barriers also show a good correlation

E:S with C—=C bond lengths, which have been proven previously to

— 130 A provide reliable information about the strength of the push-pull

5;3] R2=0917 effect in related thiazolidine systems. Thus, the relative magni-

90 - tudes of barriers to rotation can give us information about the

RZ=0.024 changes in the push-pull character of studied and related com-

" T pounds. The subtle effects coming from a remote group were

50 ’ . reflected in the barrier values, too.
1.340 1.350 1.360 1.370 . . Lo
The importance of the computational results also lies in the
dec/ A fact that rotational barriers are not always experimentally acces-

Fig. 6 Correlation between the calculated barriers to rotation (AG*) and
the C—C bond lengths of GS structures.

4. Conclusions

Bearing in mind the importance of knowledge about the strength
of the push-pull effect in push-pull alkenes, we have examined
the reliability of NMR spectroscopic data and barriers to rotation
around the C—=C double bond to provide information about
the push-pull character in the case of biologically important
2-alkylidene-4-oxothiazolidine derivatives with various electron
withdrawing groups at the C(2') position. Due to the larger
sensitivity of the olefinic "H NMR chemical shifts to proton
environmental effects (substituent anisotropic effects being the
most pronounced) than to changes in the push-pull effect, these
data fail to show the correct trend in electron withdrawing ability
of the substituents. Although, the large *C NMR chemical shift
differences between the two carbon atoms contained in the C=C
double bond are indicative of a significant charge polarization
within the bond, this NMR parameter shows sensitivity not only
to the electron-withdrawing power of the substituents but to
other factors also. Therefore, NMR chemical shifts do not provide
a reliable picture of the strength of push-pull character.

6372 | New J. Chem. 2016, 40, 6364-6373

sible, as in cases when the isomerization rate falls beyond the
timescale of an NMR experiment or when the double bond is part
of a ring.

The fact that the continuum solvation COSMO model used for
the solution-state calculations was not able to reproduce the large
negative activation entropy observed in experiments, supported
our assumption that the sign and the value of experimental AS*
reflects an increased ordering of solvent molecules as a transition
state is reached, rather than ordering within the solute molecules.
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