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e mechanisms governing the
thermal diastereomerization of bioactive chiral
1,3,4-thiadiazoline spiro-cyclohexyl derivatives
towards their anancomeric stereoisomers†

S. Menta,‡a S. Carradori,‡b G. Siani,b D. Secci,a L. Mannina,a A. P. Sobolev,c R. Cirilli*d

and M. Pierini*a

The kinetics of the thermal isomerization of some diastereomers of three chiral 1,3,4 thiadiazoline

derivatives, selected as case studies of structures resulting from mono-alkyl substitution of the

anancomeric 4-acetyl-2-acetamido-1,3,4-thiadiazolinyl-spiro-cyclohexane (TsC) framework, have been

investigated in order to elucidate the possible mechanistic pathways and the structural factors

responsible for the observed spiro-junction lability. The insertion of a methyl or a t-butyl group on the

C2 or C3 position with respect to the spiro junction generates two stereogenic centres, so that two pairs

of enantiomers exist. The first-order rate constants for the isomerization of the less stable enantiomers

into the most stable ones have been measured in different solvents and at different temperatures

through batch-wise kinetic determinations. The obtained data have been successfully rationalized by

DFT calculations and Linear Solvation Energy Relationships (LSER) analyses. The achieved elucidation

should make it possible to plan a more rational synthesis of this kind of pharmacologically active

compounds, thus affording a practical tool that is useful for controlling the involved stereochemistry and

spiro-junction lability.
Introduction

The biological activity expressed by natural or synthetic prod-
ucts can be frequently ascribed to specic molecular frame-
works, which are typically referred to as “pharmacophores”.
Among these, heterocyclic moieties are quite common, covering
a very wide range of pharmacological activities despite of their
rather essential structure.1–20

In addition to the electronic effects exerted by groups
substituting the heterocyclic moiety, the manifested biological
activity can also derive from the particular stereochemistry21

and structural rigidity characterizing the pharmacophoric
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portion that interacts with the target active site,22–25 as observed,
for example, for some classes of spiro-heterocycles.26–32

Spiro-1,3,4-thiadiazoline derivatives, endowed with anti-
inammatory, analgesic, antifungal and/or antimicrobial
activities,33–36 represent signicant examples of biologically
active heterocyclic compounds in which the 1,3,4-thiadiazoline
ring and the connected rigid spiro-structure act as a single
‘hybrid pharmacophore’ framework. We have recently re-
ported36 a quite in depth thermodynamic study focused to
clarify the thermodynamic and stereochemical properties
possessed by the chiral 1,3,4-thiadiazoline-spiro-cyclohexyl
derivatives 1–3, reported in Fig. 1, obtained by mono-alkyl
(methyl or t-butyl) substitution at the position 2 or 3 of the
cyclohexyl ring within the 4-acetyl-2-acetamido-1,3,4-
thiadiazolinyl-spiro-cyclohexane molecular framework (TsC,
Fig. 1). The insertion of the alkyl group generates two asym-
metric centres, i.e. the carbon atom on which the alkyl is bound
and the carbon involved in the spiro junction (hereaer
symbolized as Cspiro). We highlighted the anancomeric37,38

character possessed by the TsC portion when its sulphur atom
is bound in axial position (Sax) on the cyclohexyl moiety (TsC-Sax
conformation). The anancomerism of the TsC-Sax framework
was found to be at the origin of the very different energy stability
characterizing the two typologies of diastereomers M-x and L-x,
each of which exists as a couple of enantiomers (where M and L
This journal is © The Royal Society of Chemistry 2016
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Fig. 1 Structures and conformational preferences of the 1,3,4-thiadiazoline-spiro-cyclohexyl derivatives studied in this work and of their
common TsC framework.
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View Article Online
indicate the more and the less stable diastereomers, respec-
tively, with x referring to the species 1–3). The most stable
diastereomers M-x in their most favourable Sax conformation
also possess anancomeric character (100% of Boltzmann pop-
ulation, BP), with the alkyl group always disposed in equatorial
position (M-x-Sax). For the less stable diastereomers L-x, the Sax
conformation with the alkyl moiety in axial position (L-x-Sax) is
again energetically favoured on that generated by cyclohexyl-
ipping, with the sulphur atom in equatorial position (L-x-
Seq), although in this case BP is lesser than 100%. NMR, X-ray
determinations and Density Functional Theory (DFT) calcula-
tions36 conrmed the predominance of the Sax conformations in
compounds L-x even in the case of substitution with the steri-
cally much hindered t-butyl group37 (compound L-2).

The dominance of the Sax on the Seq conformations, due to
the S/H and O/H steric interactions more destabilizing the
latter structures than the former ones,36 is also visible in the X-
ray structures of some other 1,3,4-thiadiazolinyl-spiro-
cyclohexane derivatives reported in literature,33,34 so that such
This journal is © The Royal Society of Chemistry 2016
a conformational preference could be considered as a general
rule.

In the present study the previously highlighted tendency of
compounds L-x to lose the conguration of their asymmetric
spiro-carbon, to give rise to the relevant diastereomers M-x,36

has been in-depth investigated. This was made in order to
clarify the mechanistic pathway governing the isomerization
processes, and the structural factors (i.e. the nature and the
position of the alkyl substitution) responsible for the observed
stereolability. In our opinion, these informations could play an
important role in the development of the stereoselective
synthesis of M-x or L-x species, addressing the operative
conditions towards a thermodynamic or kinetic control of the
reaction, respectively. For this purpose, we carried out extensive
kinetic batch-wise determinations in different conditions of
solvent and temperature. The obtained results have been
rationalized by DFT molecular modeling calculations and LSER
analyses, which allowed to elucidate the specic solvent effect
on the kinetic of the studied isomerizations.
RSC Adv., 2016, 6, 71262–71272 | 71263
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Experimental
Organic synthesis of compounds L-1, L-2 and L-3

Compounds L-1, L-2 and L-3 have been synthesized according to
the procedure already reported in ref. 36 and schematized in
Scheme 1, adopting conditions suitable to favor a kinetic
control.

Chiral HPLC

HPLC enantioseparations and diastereoseparations were per-
formed by using the stainless-steel Chiralpak IC39–42 (250 mm �
4.6 mm I.D. and 250 mm � 10 mm I.D.) (Chiral Technologies
Europe, Illkirch, France) columns. All HPLC and spectral grade
solvents were purchased from Aldrich (Italy) and used without
further purication. The analytical HPLC apparatus consisted
of a PerkinElmer (Norwalk, CT, USA) 200 lc pump equipped with
a Rheodyne (Cotati, CA, USA) injector, a 20 mL sample loop,
a HPLC Dionex CC-100 oven (Sunnyvale, CA, USA) and a Jasco
(Jasco, Tokyo, Japan) Model CD 2095 Plus UV/CD detector. For
semipreparative separations a PerkinElmer 200 LC pump
equipped with a Rheodyne injector, a 500 mL sample loop,
a PerkinElmer LC 101 oven and Waters 484 detector (Waters
Corporation, Milford, MA, USA) were used. The signal was
acquired and processed by Clarity soware (DataApex, Prague,
The Czech Republic).

Off-column diastereomerization studies

In off-column diastereomerization studies, solutions of stereo-
isomers of 1–3 (concentration about 0.1 mg ml�1) were kept at
a xed temperature in a closed vessel. The temperature was
monitored by a Julabo (Julabo Labortechnik, Seelbach, Ger-
many) Model HP-4 thermostat. Samples were withdrawn at xed
time intervals and analyzed by HPLC on the Chiralpak IC (250
mm � 4.6 mm I.D) column.

Stereochemical lability (rate constants determination):
experimental procedure

Starting from the (5S,6R)-L-2 isomer, the L-2 / M-2 isomeri-
zations in EA and IPA at the temperature of 55 �C were moni-
tored almost until the respective thermodynamic equilibrium
was achieved. This was done following the same procedure
adopted for the analogous determinations, reported in ref. 36,
which were performed in CHCl3 and AA solutions at 55 �C for
the L-1, L-2 and L-3 isomers. Accordingly, the collection of
Scheme 1 Synthetic procedure adopted to obtain compounds L-1, L-
2 and L-3.

71264 | RSC Adv., 2016, 6, 71262–71272
kinetic data was interrupted when the [M]eq/[L]eq ratio became
lesser than 0.5, because of the difficulty to obtain accurate
values of area subtended by the decreasing peak. Therefore, the
sought constants Keq were derived through careful extrapolation
procedure, by maximizing the correlation coefficient (R2 always
greater than 0.999) of graphs traced according to eqn (1) (see
below), in which the term�Keq/(Keq + 1)� ln([L]0 � [L]eq)/([L]t �
[L]eq) was plotted against the reaction time. From the slope of
the same plots the values of the kL/M rate constants were also
obtained, as well as the relevant backward rate constants kM/L

by resorting to the relation kM/L ¼ kL/M/Keq. Instead, in order
to limit the very expensive time required by this kind of deter-
minations, for (5S,6S)-L-1 and (5R,7S)-L-3 and in the two
solvents EA and IPA the off-columnmeasurements at 55 �C were
carried out by restricting the collection of isomerisation data to
a minimal number, quite far from the thermodynamic equi-
librium. In this way, only kL/M rate constants could be
measured through suitable analysis of the initial reaction steps.
These were obtained through graphs in which the ln([L]0/[L]t)
quantities were plotted versus the reaction times, according to
the following equation: ln([L]0/[L]t)¼�kL/M� t, which governs
irreversible rst-order kinetic pathways.

Finally, this same last simplied approach was also
employed to determine the kL/M rate constants in experiments
performed on (5S,6S)-L-1, (5S,6R)-L-2 and (5R,7S)-L-3 in AA at
temperatures greater than 55 �C (see Table 1). Starting from all
the measured L / M and M / L diastereomerization rate
constants, they were then calculated the related free energy
activation barriers (i.e. the DG#

L/M(T) and DG#
M/L(T) quantities)

(Table 1 in main text).

LSER analyses

LSER analyses of the activation energy data DG#
L/M calculated

for compounds L-1, L-2 and L-3, were performed according to
the Kamlet–Ta type eqn (2) (see below) taking into account one
or two of the chosen three descriptors p*, 3 and dH

2 of solvent
effect. A statistic analysis (F-test and t-test) was carried out, in
order to exclude casualness (index-F) and quantify the statistical
weight of each employed descriptor (factors ti compared to
index-T used as the reference). The analyses were performed by
the dedicated functions implemented in the Microso Office
Excel 2003 program. Probability related to the t-Student distri-
bution in the t-test was set to 0.15. The obtained results,
collected in Table S3 of ESI† clearly show that good correlations
(R2 values ranging from 0.823 to 0.938) can be obtained for all
the three compounds L-1, L-2 and L-3, when the descriptor p* is
used as unique parameter. Statistical analysis highlighted that
signicant results are obtained when the couple of descriptors
p*, 3 or 3, dH

2 are taking into account in eqn (2) only when the
regression analysis is carried out on DG#

L/M data of compounds
L-1 and L-3.

Molecular modeling calculations

All calculations were performed with the soware package
SPARTAN 10, v. 1.1.0. The structures of the transition states of
the spiro-thiadiazoline derivatives L-1, L-2 and L-3, as well as
This journal is © The Royal Society of Chemistry 2016
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Table 1 Kinetic results of the thermal diastereomerization of L-1, L-2 and L-3 monitored by stereoselective HPLC

# Solvent T (�C) kL/M (s�1) kM/L (s
�1) DG#

L/M (kcal mol�1) DG#
M/L (kcal mol�1) DG

�
M$L (kcal mol�1) t1/2 L / Ma

1 CHCl3
b 55 8.22 � 10�6 1.23 � 10�8 26.90 31.14 �4.24 1 d

EA 55 9.43 � 10�7 — 28.32 — — 9 d
IPA 55 2.42 � 10�7 — 29.20 — — 33 d
AAb 55 2.11 � 10�6 1.68 � 10�8 27.79 30.94 �3.15 4 d
AA 65 9.09 � 10�6 — 27.68 — — 21 h
AA 75 2.54 � 10�5 — 27.79 — — 455 min
AA 85 8.47 � 10�5 — 27.77 — — 136 min
AA 95 2.34 � 10�4 — 27.82 — — 49 min

2 CHCl3
b 55 6.68 � 10�5 2.67 � 10�9 25.54 32.14 �6.60 174 min

EA 55 9.00 � 10�6 5.40 � 10�9 26.85 31.68 �4.83 21 h
IPA 55 2.16 � 10�6 3.96 � 10�8 27.78 30.38 �2.60 93 h
AAb 55 5.06 � 10�5 1.57 � 10�7 25.72 29.48 �3.76 248 min
AA 65 1.67 � 10�4 — 25.72 — — 69 min
AA 75 4.72 � 10�4 — 25.78 — — 25 min
AA 85 1.45 � 10�3 — 25.75 — — 8 min

3 CHCl3
b 55 6.97 � 10�5 2.80 � 10�7 25.51 29.11 �3.60 163 min

EA 55 6.99 � 10�6 — 27.01 — — 1 d
IPA 55 1.54 � 10�6 — 28.00 — — 5 d
AAb 55 2.72 � 10�5 2.58 � 10�7 26.12 29.16 �3.04 533 min
AA 65 7.34 � 10�5 — 26.27 — — 157 min
AA 75 2.20 � 10�4 — 26.31 — — 52 min
AA 85 6.99 � 10�4 — 26.26 — — 17 min
AA 95 1.60 � 10�3 — 26.41 — — 7 min

a t1/2 L / M: half-life time of the L / M isomerization. b Data by ref. 36.
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View Article Online
those of the TsC framework, involved in the Step I of the general
reaction pathway, were modelled in two steps. In the rst one
SCF structure optimizations were performed at the HF/3-21G
level of theory. In the second step, the obtained geometries
were rened through further optimization at the B3LYP/6-
31G(d) level of theory and validated as saddle points by check-
ing the presence among the computed vibrational modes of
only one imaginary frequency, just corresponding to the
rupture-formation of the S–Cspiro bonds. The structures of the
ground and the transition states relevant to Step II of the
general reaction pathway and referred to the species L-1-ZW-Seq,
L-1-ZW-Sax, L-2-ZW-Seq, L-2-ZW-Sax, TsC-ZW-Seq and TsC-ZW-Sax,
were modelled by driving the progressive change of the
torsional angle N–N–Cspiro–CH as a function of the energy,
according to the relevant algorithm implemented in SPARTAN
10 (i.e. the “Energy Prole” option inside the “Calculate”
window). The rotation of the dihedral angle was performed by
imposing an overall variation of 180� trough a number of steps
ranging from 15 to 17. The optimization of the single structures,
with imposed constraint for each set dihedral angle, was
initially performed at the HF/3-21G level of theory. Aerwards,
the achieved geometries corresponding to the minimum and
maximum of the assessed energy proles have also been
submitted to further optimization through the B3LYP/6-31G(d)
method. In all cases, the optimization procedure was carried
out by simulating chloroform as the medium, according to the
SM8 solvation model implemented in Spartan. Only for the GS
and TS structures of L-2-ZW-Seq the optimization was also per-
formed by simulating the presence of ethyl acetate or 2-prop-
anol as the solvent, again according to the SM8 solvation model
This journal is © The Royal Society of Chemistry 2016
implemented in Spartan. Finally, in order to take into suitable
account non-bonding interactions, all the obtained GS and TS
geometries were also submitted to single point energy calcula-
tions, each one carried out in the same solvent used in their
optimization (chloroform, ethyl acetate or 2-propanol), at the
higher level of theory M06-2X/6-31+G(d). The use of the M06-2X
method was suggested by the need to take into suitable account
in the assessed total energy of the structures the not negligible
contribution coming from dispersive forces, being, in fact, M06-
2X a meta-hybrid GGA DFT functional known to have a very
good response under dispersion forces.43–46 The diastereomeri-
zation barriers of compounds L-1, L-2 and L-3 in aqueous
medium were assessed by directly reoptimizing in water
(according to the SM8 solvation model), at the B3LYP/6-31G(d)
level of theory, the GS and TS geometries already found
responsible for the rate-limiting steps in chloroform. The so
obtained structures were then submitted to single point energy
calculations at the higher level of theory M06-2X/6-31+G(d).
Results and discussion

The fact that in the compounds M-x and L-x the TsC fragment
takes the Sax conformation implies that the alkyl groups bound
on the cyclohexane moiety have necessarily to assume the
equatorial position in case of the most stable diastereomers M-
x-Sax, and the axial position in case of the less stable diaste-
reomers L-x-Sax. This was found true even in the case of the very
highly hindered t-butyl group in compound L-2.36

It is useful to stress that the lower stability of the L-x-Sax
stereoisomers (of 3.2, 3.8 and 3.0 kcal mol�1 in acetic
RSC Adv., 2016, 6, 71262–71272 | 71265

http://dx.doi.org/10.1039/c6ra13727j


RSC Advances Paper

Pu
bl

is
he

d 
on

 2
0 

Ju
ly

 2
01

6.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ita
 d

i C
hi

et
i -

Pe
sc

ar
a 

on
 2

3/
11

/2
01

6 
08

:1
6:

26
. 

View Article Online
anhydride, for compound 1, 2 and 3, respectively36) may
potentially act as a driving force to the spontaneous conversion
of the species to the related M-x-Sax diastereomers. This was
actually observed in both acetic anhydride (AA) and chloroform
(CHCl3), at the temperature of 55 �C.36 With the aim to gain
a larger and complete mechanistic picture, the kinetic investi-
gation was extended to a large number of solvents and
temperatures.
Stereochemical lability of the species L-x: experimental
investigation

The kinetic analysis of the stereolability of the species L-1, L-2
and L-3 at 55 �C has been extended to ethyl acetate (EA) and
isopropyl alcohol (IPA) as the solvents, while in AA the range of
temperatures was extended from 65 �C to 95 �C. The time-
dependent decay of the diastereomeric excess of the L-x
stereoisomers was evaluated by classical batch-wise kinetic
approach, as previously reported,36 using the stereoselective
HPLC technique as the monitoring tool.19,47–49

All the reactions proceeded according to a reversible rst-
order kinetic (eqn (1)):

ln([L]0 � [L]eq)/([L]t � [L]eq) ¼ �kL/M � (Keq + 1)/Keq � t (1)

in which: Keq is the equilibrium constant for the L $ M inter-
conversion (i.e. Keq ¼ [M]eq/[L]eq, with [M]eq and [L]eq being the
concentrations of the species at equilibrium); kL/M is the rst
order rate constant for the forward reaction; [L]0 and [L]t are the
concentrations of the L isomer at time zero and time t,
respectively. The graph of Fig. 2b, obtained by plotting the
percentage-amount of (5S,6S)-L-1 against the reaction time,
shows the typical trend of a reversible rst-order process that
achieve a nal equilibrium position strongly favorable to the M
product (virtually, an irreversible process). The forward and
backward rate constants, kL/M and kM/L, and the related
activation energies, for the species L-1, L-2 and L-3 have been
collected in Table 1. In all cases it was found that the conver-
sions of L-x in M-x occur without any concomitant racemization,
Fig. 2 (a) Off-column diastereomerization at 55 �C in chloroform by
HPLC (see also ref. 36) and (b) time-dependent decay of the amount of
(5S,6S)-L-1.

71266 | RSC Adv., 2016, 6, 71262–71272
i.e. the isomerization process involves only the stereogenic
center Cspiro, while the asymmetric carbon atom of the cyclo-
hexyl fragment retains its absolute conguration. This conclu-
sion was supported by the analysis of the chromatograms
recorded as a function of time in the course of the performed
off-column isomerizations. As an example, the distereomeriza-
tion in chloroform solution at 55 �C of the isomer (5S,6S)-L-1,
the fourth in order of elution, is reported in Fig. 2a.

As the peak corresponding to (5S,6S)-L-1 decreases, the peak
corresponding to its diastereoisomer (5R,6S)-M-1, the rst in
order of elution, increases, and the diastereomeric ratio
progressively changes over the reaction time. The lack in all the
chromatographic patterns of the peaks corresponding to the
two stereoisomers (5S,6R)-M-1 and (5R,6R)-L-1, excludes the
occurrence of an inversion of conguration at the asymmetric
carbon C6.

The same trend was observed in all the performed off-
column L-x / M-x kinetic determinations, for all the
analyzed compound, L-x, and solvent (CHCl3 AA,36 EA or IPA).

From the data collected in Table 1 some other conclusions
could be also inferred:

(i) the related barriers for L-x/M-x diastereomerization are
virtually temperature-independent (see data obtained in AA),
which indicates a negligible entropy contribution. This suggests
that the isomerizationmechanisms are based on true rst-order
kinetics50–55 (i.e. a monomolecular step must be the slow-stage
of the reactions);

(ii) for all the three compounds L-x, regardless of the solvent
and temperature, the activation barriers of the L-x / M-x
processes are signicantly high, with values equal or greater
than 25.5 kcal mol�1. Obviously, the energy barriers for the
backward M-x / L-x reactions are even higher (from �3 to �7
additional kcal mol�1, depending on compound and solvent).
This means that, due to the large difference in energy stability
that in all the cases has been found between the L-x-Sax and the
anancomeric M-x-Sax diastereomers, all the L-x / M-x investi-
gated processes may be considered virtually irreversible
(Table 1). Considering the temperature-independence of the
DG#

L/M, we can assess that at 25 �C, in AA, these isomerizations
have very long half-life times (t1/2): 9 months for L-1, 9 days for
L-2 and 22 days for L-3. In other words, all the above three
species can be considered reasonably stereo-stable at room
temperature;

(iii) the rate of the diastereomerization process critically
depends on the steric hindrance of the alkyl group bonded to
the cyclohexane ring, as well as by the position of this group
with respect to the spiro-centre. The comparison between the
kinetic data relative to compounds L-1 and L-2 shows that, in
the presence of the more bulky t-butyl group as the substituent,
the isomerisation process is about ten times faster than in the
presence of the much less bulky methyl group. Actually, the
half-life times of the L-1 / M-1 and M-1 / L-1 processes in
chloroform at 55 �C are 1 day and 483 days, respectively, and 3
hours and 30 days for the L-2 / M-2 and M-2 / L-2 processes
in the same experimental conditions. As far as the effect of the
position of the alkyl substitution, the obtained results were
really surprising. In fact, despite of the greater distance from
This journal is © The Royal Society of Chemistry 2016
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the reaction centre that the alkyl substituent has in L-3, the rate
constants of the isomerization reaction of the compound L-3
were found very close to those obtained for the compound L-2,
and markedly higher than those measured for the constitu-
tional isomer L-1.

Diastereomerization mechanism

The evidence that the isomerisation reaction follows a rst-
order kinetic suggests that molecules of solvent are not
directly involved in the slow-stage, nor are active bimolecular
autocatalytic phenomena. Therefore, we designed a series of
deepened DFT molecular modelling calculations (carried out
using chloroform as solvent of reference) with the aim to relate
the experimental DG#

L/M data determined for compounds L-x
(Table 1) with monomolecular processes able to explain the
observed change of conguration of the Cspiro centres. A
mechanistic pathway that meets this requirement should take
place in two sequential steps:

(Step I) an initial opening of the thiadiazoline-cycle at the N–
Cspiro or S–Cspiro bond, which generates a zwitterionic fragment
(the thiadiazo-arm moiety hereaer denoted as ZW-F), still
linked to Cspiro;

(Step II) the rotation of about 180� of the ZW-F fragment
followed by a reclosing of the heterocyclic ring through a new
N–Cspiro or S–Cspiro bond formation that inverts the original
conguration of Cspiro.

In this pathway, the slow step of the whole process could be
the ring-opening (Step I) or the ZW-F-rotation (Step II, Schemes
2 and S1 in ESI†). The DFT analysis was carried out by assessing
the energy barriers for Step I and Step II. A detailed description
of the computational procedures is reported in the ESI†
together with the obtained results (Tables S1 and S2†). The
calculations pointed out that the break of the S–Cspiro bond is
advantaged on that of the N–Cspiro bond for not less than 32 kcal
Scheme 2 Possible slow steps involved in the L / M diastereomeri-
zation mechanisms of compounds L-x.

This journal is © The Royal Society of Chemistry 2016
mol�1 (Table S1†). The higher DE#L/M barrier for the S–Cspiro

breaking was that estimated starting from the unsubstituted
TsC framework in its anancomeric Sax conformation (DE#L/M ¼
29.3 kcal mol�1, Table S2† and Schemes 3a and S2 in ESI†). In
compounds L-1, L-2 and L-3 the presence of a methyl or t-butyl
group leads to signicant structure perturbations that strongly
compress the differences of energy stability existing between
the two conformational ground states (GS) of L-x-Seq and L-x-Sax
(from 5.25 kcal mol�1 for TsC to 1.83, 0.24 and 1.89 kcal mol�1

for L-1, L-2 and L-3, respectively). These results suggest that,
inside the L-x species, the alkyl substitution has the effect to
cancel the anancomeric character of the TsC-Sax fragment. On
the contrary, the same alkyl substitution increases the differ-
ence of energy stability between the related transition states, TS
(ETS-L-x-Seq � ETS-L-x-Sax, from �0.30 kcal mol�1 for TsC to 4.39,
5.63 and �2.98 kcal mol�1 for L-1, L-2 and L-3, respectively).
Obviously, these different effects of steric perturbation have
also signicant reex on the related barriers with which the L-x
species undergo ring-opening. In particular, with respect to
what found for TsC-Sax used as the reference, the assessed
values of DE#

L/M for the S–Cspiro breaking in almost all the
considered L-x-Sax and L-x-Seq species, are smaller.

The estimated reduction of the barrier ranges from small for
L-3-Sax (0.4 kcal mol�1), to medium for L-2-Seq and L-1-Sax (1.6
Scheme 3 L / M diastereomerization mechanisms of compounds
TsC, L-1 and L-3 derived by DFT calculations. In parentheses are re-
ported the relative energy stabilities in kcal mol�1 of the species with
respect to that of the relevant anancomeric M-x-Sax isomers.
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and 2.2 kcal mol�1, respectively) to very marked for L-2-Sax and
L-3-Seq (7.0 and 5.2 kcal mol�1, respectively), while a little
increase was observed for L-1-Seq (�0.4 kcal mol�1). In the case
of the TsC-Sax and TsC-Seq conformers, calculations have also
suggested that a negligible barrier opposes to the nal reclou-
sure of the thiadiazoline-cycle, starting from the related ZW-F
structures (about 1 kcal mol�1, Table S2†). Thus, for the
purposes of the undertaken kinetic analyses, it seems logical to
assume that also for the more complexes L-x / M-x processes
such conclusive stage of the studied isomerizations can be
reasonably disregarded. As it will be claried in detail below, the
S–Cspiro bond breaking in Step I was found responsible for the
L / M diastereomerization in both compounds L-1 and L-3,
while the ZW-F rotation was found to govern the slow step of the
L / M process for compound L-2.
Diastereomerization mechanism of compounds L-1 and L-3

The two DE#L/M barriers calculated for the compound L-1,
starting from the conformers L-1-Seq and L-1-Sax, are very
different (29.7 and 27.1 kcal mol�1, respectively). Thus, we
could expect that the more stable geometry (i.e. the L-1-Sax
conformer, for which has been calculated a 96% of BP) is the
one involved in the predicted ring-opening of Step I (Schemes
3b and S3 in ESI†). It is noteworthy to emphasize that the so
calculated datum differs from the experimental one (26.90 kcal
mol�1) for just 0.2 kcal mol�1. Differently, in the L-3 / M-3
isomerization process, the less stable conformer L-3-Seq (BP ¼
4%, see ESI†) undergoes the ring-opening with an activation
energy of only 24.1 kcal mol�1, while for the more stable ring-
ipped conformer L-3-Sax (BP ¼ 96%, Schemes 3c and S4 in
ESI†) the estimated barrier is of 28.9 kcal mol�1. Thus, for the
species L-3 the most favourable S–Cspiro breaking should involve
the less stable isomer L-3-Seq, which, in turn, through a fast
conformational ring-ipping, should be continuous regen-
erated from the most abundant conformer L-3-Sax. The different
behaviour observed for compounds L-1 and L-3 is attributable
to the different effect exerted by the methyl group on the tran-
sition states of the ring-opening steps. Indeed, as already
stressed above, for compound L-3 the difference of energy
stability decreases of 2.98 kcal mol�1 on passing from the TS
geometry relative to L-3-Sax to that relative to L-3-Seq while for
compound L-1 the same energy difference increases of 4.39 kcal
mol�1. On the contrary, the estimated differences of energy
stability between the Sax and Seq ground state geometries appear
very similar (1.89 kcal mol�1 for L-3, and 1.83 kcal mol�1 for L-1)
so that no signicant differential steric effect is evidenced for
them. Additional details have been highlighted and discussed
in ESI,† in the section “The differential role played by the
methyl group in compounds L-1 and L-3”. On the basis of the
above considerations, the nal assessment of the energy barrier
for the Step I of the L-3 / M-3 diastereomerization process
requires to take into suitable consideration both the barrier of
ring-opening for the geometry L-3-Seq (24.1 kcal mol�1) and the
relative abundances of the conformers L-3-Sax and L-3-Seq (96%
and 4% of BP, respectively; see ESI†). Therefore, starting from
such data, the time-dependent decay of L-3 (Fig. S2 in ESI†) was
71268 | RSC Adv., 2016, 6, 71262–71272
successfully simulated through the soware Achem,56 thus
allowing the nal assessment of the associated S–Cspiro

breaking activation energy, amounting to 26.0 kcal mol�1.
Then, as found for L-1, also for L-3 the difference between
calculated DE#

L/M (26.0 kcal mol�1) and experimental
DG#

L/M (25.5 kcal mol�1) barriers appears very moderate.
Interestingly, for both compounds L-1 and L-3, a signicant
increase of dipole moment (+1.5 and +1.8 Debyes for L-1 and L-
3, respectively) and molecular volume (+4.8 Å3 for L-1 and.+ 4.6
Å3 for L-3) occurs on passing from the GS to the TS geometries,
as a consequence of the ring-opening process. Therefore, it
seems reasonable to expect a signicant solvent effect on the
reaction rates, depending on the different permittivity and
cohesive pressure of the solvents.
Diastereomerization mechanism of compound L-2

The theoretical analysis performed on Step I of the isomerisation
reaction of the compound L-2, led to results very different to
those achieved for L-1 and L-3. Starting from the most abundant
conformer L-2-Sax (BP ¼ 60%), in which the axial t-butyl group
increases the energy instability of GS much more than on the
relevant TS, calculations estimated the very low ring-opening
barrier of 22.3 kcal mol�1. This is a much lower value than that
calculated for its ipped and minoritarian (BP ¼ 40%) counter-
part L-2-Seq (DE

#
L/M ¼ 27.7 kcal mol�1), but also too far from the

value experimentally measured for the L-2 / M-2 process (25.5
kcal mol�1). This result suggests that, for the compound L-2, the
rate-limiting step of the isomerisation reaction should be the ZW-
F-rotation involved in Step II rather than the breaking of the
S–Cspiro bond (Schemes 4 and S5 in ESI†). In order to support this
hypothesis, the barrier related to the ZW-F-rotation was esti-
mated by assessing the energy prole resulting from the
progressive change of the dihedral angle related to the N–N–
Cspiro–CH torsional of the ZW-F structure, as shown in Fig. S1 of
ESI.† More details on this approach are given in ESI.† A barrier
energy value of 26.3 kcal mol�1 for the most convenient rotation,
deriving from the L-2-ZW-Seq conformer, was calculated, while an
energy value of 26.9 kcal mol�1 was obtained from the ring-
ipped conformer L-2-ZW-Sax. These, in respect of the principle
of the bottleneck (see ESI†), are signicantly close to the experi-
mental value, within a difference of only 0.8–1.4 kcal mol�1. The
same calculations on the ZW-F-rotation involved in Step II were
carried out also for the compound L-1 and the TsC framework, in
which the effect of the alkyl substituent on the cyclohexane
moiety was expected to be less important or completely absent,
respectively. In agreement with these expectations, the assessed
lower energy barriers were 23.4 kcal mol�1 for L-1 and 23.1 kcal
mol�1 for TsC, thus conrming that only for compound L-2 the
ZW-F-rotation is decisive in determining thenalDG#

L/Mquantity.
Furthermore, a progressive increase of surface area (+6.5 Å2)
and a modest increase of molecular volume (+1.2 Å3, see Table
S2 of ESI†) were assessed by calculation on passing from the
ground to the relevant transition states in the Step II. Thus, we
could expect that the diastereomerization rate of L-2 should be
differently affected by a change of solvent with respect to
compounds L-1 and L-3.
This journal is © The Royal Society of Chemistry 2016
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Scheme 4 L / M diastereomerization mechanism of compound L-2 derived by DFT calculations. In parentheses are reported the relative
energy stabilities in kcal mol�1 of the species with respect to that of the anancomeric M-2-Sax.

Table 2 Descriptor of solvation interactions employed in the LSER
analyses

Epsilon dH
2 p*

CHCl3 4.8 9.3 0.76
AA 20.7 10.3 0.742
EA 6 9.1 0.545
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Solvent effect on the diastereomerization barriers: LSER and
DFT analysis

The nal step of our analysis was focused to get information
on the solvent effects on the DG#

L/M values. The data
collected in Table 1 show that, on changing the solvent, the
DG#

L/M values change according to the following trend:
DG#CHCl3

L/M \DG#ΑΑ
L/M\DG#ΕΑ

L/M\DG#ΙPA
L/M. From its inspection it

is clear that cannot be derived any simple correlation between
the differential solvation of ground and transition states gov-
erning the L-x / M-x interconversion and a single property of
the solvent, such as permittivity or ability in establishing elec-
trostatic, H-bond or dispersive interactions.

Therefore, we performed a Linear Solvation Energy Rela-
tionships (LSER) analysis,22,57–60 based on a set of multiparam-
eter equations of the type

DG#
L/M ¼ DG#const

L/M +
P

fiDi (2)

where DG#
L/M is the activation energy relative to the studied

diastereomerizations in a given solvent (CHCl3, EA, AA and
IPA), DG#const

L/M is the activation energy for the reaction in
absence of solvent effect, Di is the descriptor of solvation
interactions, and fi its regression coefficient. As suggested by
the already discussed calculations, concerning the stages of
ring-opening (Step I) and subsequent ZW-F-rotation (Step II) of
the overall distereomerization processes, the descriptors Di

were selected in order to take into suitable account the effects
referable to changes of dipole moment (DmTS-GS), molecular
volume (DVTS-GS) and molecular surface (DSTS-GS) of the isom-
erizing species. On this basis, three different descriptors were
used in the LSER regressions:

(i) the solvatochromic parameter p*, sensible in monitoring
solute–solvent dispersive, inductive and electrostatic interac-
tions, directly related to the dipolarity and polarizability of the
solvent, and thus to the extension of contact surface between
solvent and solute;
This journal is © The Royal Society of Chemistry 2016
(ii) the solvent permittivity, 3, which is able to properly
modulate merely electrostatic effects of aspecic type;

(iii) the Hildebrand parameter, dH
2, which expresses the

cohesive pressure of the solvent and thus the energy changes
due to the generation of solvent cavities in which hosting the
species involved into the analysed process.

We expected that the DmTS-GS variations would be specically
monitored by the rst two kinds of descriptors, while the DVTS-
GS changes by the highly specialized dH

2 parameter. The values
of the three selected solvent parameters are collected in Table 2.
More details on the performed LSER analyses are given in
Experimental section and ESI.†
LSER results obtained on compounds L-1 and L-3

Good correlations were obtained from the kinetic data for
compounds L-1 (R2 ¼ 0.9992, entry 4 of Table S3†) and L-3 (R2 ¼
0.9956, entry 14 of Table S3†) when both descriptors p* and dH

2

were used, according to eqn (3) and (4), respectively:

DG#
L/M ¼ 25.60 � 7.04 � p* + 0.72 � dH

2 (3)

DG#
L/M ¼ 26.15 � 8.18 � p* + 0.59 � dH

2 (4)

The DG#
L/M value decreases on increasing the dispersive,

inductive and electrostatic solute–solvent interactions (negative
value of the coefficient of the parameter p*) while the increase
of cavitational energy has the effect to increase the energy
IPA 19.9 10 0.505

RSC Adv., 2016, 6, 71262–71272 | 71269
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barrier (positive value of the coefficient of the parameter dH
2).

This is coherent with the increase, in the ring-opening stage, of
dipolarity and molecular volume of the TS with respect to the
GS, as suggested by DFT calculations.

In a next step the solvent permittivity, 3, has been taken into
account, instead of the p* descriptor, in the multiparametric
analysis (eqn (5) and (6) for compound L-1 and L-3, respectively)
and good correlations have been obtained, although lower than
in eqn (3) and (4) (Table S3 in ESI†).

DG#
L/M ¼ 74.37 + 0.40 � 3 � 5.32 � dH

2 (R2 ¼ 0.9942) (5)

DG#
L/M ¼ 82.18 + 0.46 � 3 � 6.35 � dH

2 (R2 ¼ 0.9701) (6)

It is important to stress as, in spite of their ineffectiveness as
isolated descriptors of the solvent effects in monitoring the
barrier, the parameters 3 and dH

2 can instead act effectively and
in complementary fashion when employed together.

In fact, both the descriptors were evaluated as statistically
signicant, with ti values very close one to each other (i.e. of
similar statistical weight, see entries 5 and 15 of Table S3†).

In conclusion, the greater is the ability of the solvent to
establish good aspecic electrostatic interactions with the
solute and to keep down the cost of energy need to host the
solubilized molecules, the greater is the rate of the diaster-
eomerization of the compounds L-1 and L-3. In this context,
evidently, dispersive and inductive interactions play a minor
role and act in a similar extent in all solvents.

Eventually, an approximate quantication of the role played by
the four considered solvents in affecting the relevant L-x / M-x
isomerization barriers has been achieved as the percentage contri-
bution that the

P
fiDi amount affords to the DG#

L/M quantities.
Thus, for the case of the L-1 / M-1 and L-3 / M-3 processes the
P

fiDi contribution was assessed in the average value of �30%.

LSER and DFT results obtained on compound L-2

For compound L-2, the employment of the couples of p*–dH
2

and 3–dH
2 descriptors inside equations of type 2 was not suffi-

ciently signicant under a statistical point of view (entry 9 and
10 of Table S3 in ESI†). This is in agreement with the different
mechanism suggested by the theoretical investigation for the
diastereomerization of L-2 with respect to L-1 and L-3.

However, the good correlation obtained from the LSER
analysis when p* was used as the unique descriptor (R2 ¼
0.9378, entry 6 of Table S3†) suggests the involvement, in the
slow step of the L-2 / M-2 isomerization reaction, of generic
electrostatic, dispersive and inductive solute–solvent interac-
tions which, evidently, act in a different way on the GS and TS
structures.

Indeed, the assessed increase of the surface area on passing
from the GS geometry L-2-ZW-Seq to the related TS by ZW-F-
rotation (see the last part of the subsection “Diastereomeriza-
tion mechanism of compound L-2”), is coherent with the
establishment of more extensive inductive and dispersive
solute–solvent interactions for TS than for GS. This can account
for the decrease of the DG#

L/M barrier experimentally observed
in response to an increase of the polarizability of the solvent, as
71270 | RSC Adv., 2016, 6, 71262–71272
suggested by the descriptor p* in the LSER analysis. In order to
rationalize, by theoretical approach, the experimental kinetic
trend of the L-2 / M-2 isomerization in the different solvents,
the GS and TS geometries involved in Step II of the process and
modelled in chloroform, were optimized also in ethyl acetate
and 2-propanol (Table S2 in ESI†). The calculated values of
energy barriers in these additional solvents (DG#EA

L/M ¼ 26.49
kcal mol�1 and DG#IPA

L/M ¼ 28.00 kcal mol�1) are in very good
agreement with the experimental data, differing by only �0.35
and +0.22 kcal mol�1, respectively. These results, again, play in
favour of a different slow step for the L-2 / M-2 isomerization,
which do not involve the ring-opening. Finally, in comparison
with the equivalent kind of information already achieved for the
L-1 / M-1 and L-3 / M-3 processes, the percentage contri-
bution that the fp* term of each solvent provides to the relevant
DG#

L/M barrier is a bit smaller, within the range 14–23%.
Assessment of the stereolability affecting compounds L-1, L-2
and L-3 in water

In consideration of the possible applications that the here
studied spiro-1,3,4-thiadiazoline derivatives could have as
potential drugs, we found interesting to perform a nal esti-
mation of their tendency to undergo irreversible diastereome-
rization from the L to the M forms in water, that is to say, in the
solvent that any drug met in physiological conditions. The
intent was achieved by re-optimizing through DFT calculations
in water the geometries of the GS and TS states involved in the
same rate-limiting steps already identied for each of them in
chloroform solution. The achieved ndings (Table S2†) sug-
gested that, with respect to what experimentally observed in the
four investigated media, water may appreciably decrease the
activation barrier characterizing the Step I of the irreversible
L / M interconversion of compound L-1 (DE#L/M ¼ 26.6 kcal
mol�1) and compound L-3 (DE#L/M ¼ 24.9 kcal mol�1, passing
through the continuous conversion of L-3-Sax in L-3-Seq).
Instead, for the species L-2 amoderate reduction of the assessed
DE#L/M quantity was found in water only with respect to the
equivalent data measured in the solvents EA and IPA (DE#L/M ¼
26.3 kcal mol�1). The substantial reliability of the estimated
barriers is conrmed by their compatibility with the relevant
trends assessable through the equations derived by LSER
analyses that involve or not the new activation data calculated in
water (i.e. eqn (3) and (4) or the new ones obtainable through
multiple regressions inclusive of the just discussed barriers in
water). In the whole, then, it seems possible to generalize that
also in water, at room temperature, the studied L-x compounds
are expected to effectively retain their conguration at Cspiro

carbon, being the shorter half-life time of diastereomerization
(i.e. that of L-3) evaluable as amounting to 4.6 days.
Conclusions

An experimental and theoretical in-depth study has been per-
formed in order to achieve kinetic andmechanistic information
about the stereolability of three chiral 1,3,4-thiadiazoline-spiro-
cyclohexyl derivatives (L-1, L-2 and L-3 of Fig. 1).
This journal is © The Royal Society of Chemistry 2016
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The rationalization of the obtained kinetic data has been
supported by DFT calculations, pointing out that two different
slow steps for the diastereomerization reaction could be
involved, depending on type and position of the substituent
alkyl group on the cyclohexane moiety.

The slow step can be identied with the heterocycle ring-
opening, for the compounds L-1 and L-3 (i.e. the Step I of the
overall process) or with the 180� rotation of the zwitterionic
framework resulting from the heterocycle ring-opening (still
linked to the Cspiro atom) for the compound L-2 (i.e. the Step II
of the overall process).

The solvent effects on the rate of the isomerisation reactions
have been rationalized by LSER analyses and DFT calculations.
The obtained results suggest that for compounds L-1 and L-3
the increase of dipolarity and molecular volume resulting from
the heterocycle ring-opening acts in opposition one to each
other in affecting the DG#x

L/M barrier, with the second one
(which slows down the process) slightly prevailing over the rst
one. Overall, in apolar solvents the stereolability of the inves-
tigated compounds increases while in protic solvents the acti-
vation barriers of the diastereomerization reactions increases.
The compound L-2 behaves differently. LSER data suggested
that, for this species, the increase in stereolability, by changing
from less to more polarizable solvents, depends on differential
dispersive and inductive interactions established by the solvent
with the ground and the transition state geometries of the slow
Step II of the reaction pathway. As indicated by calculations,
probably this is due to the increase of surface area suffered by
the GS structure when it approaches its related TS.

We believe that the here presented elucidation of the reac-
tion mechanism, of the effects that structural factors can exert
over it, as well as of the inuence that a change of solvent may
have on the diastereomerization barrier of the species formed
under kinetic control, may be of great importance in the
perspective to make rational the design of new chiral bioactive
thiadiazoline-spiro-cyclohexyl derivatives. Indeed, a stereo-
selective synthesis of their diastereomeric forms become
possible simply switching the reaction conditions from
a kinetic to a thermodynamic control, and vice versa, making
also possible an effective modulation of their spiro-junction
lability by planning appropriate substitutions on the cyclo-
hexane ring.
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