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From CO2 to CS2: a theoretical investigation of
the cycloaddition to aziridines mediated by metal-
free porphyrin-based catalytic systems†

Caterina Damiano, *a Nicola Panza, a Jakub Nagy,b Emma Gallo a and
Gabriele Manca *c

A detailed computational analysis of the synthesis of thiazolidine-2-thiones by CS2 insertion into three

membered aziridine rings is here reported. DFT studies highlighted the feasibility of the atom-efficient

process by employing either the metal-free binary TPPH2/TBACl system or bifunctional TPPH4Cl2
molecules as the catalytic species. Detailed investigations into the mechanism promoted by the TPPH2/

TBACl system indicated, as in the analogous cycloaddition of CO2, the pivotal role of the adduct

between TPPH2 and TBACl salts in the synthesis of both N-aryl and N-alkyl thiazolidine-2-thiones. The

latter species can be also obtained by using the eco-compatible TPPH4Cl2 catalyst, which is able to

simultaneously activate CS2 and aziridine molecules. The comparison of the overall energy gains of the

reaction between aziridines and CS2 with respect to the same process involving CO2 revealed that

the formation of thiazolidine-2-thiones is more favoured than the synthesis of oxazolidin-2-ones paving

the way to develop efficient and eco-compatible synthesis of thiazolidine-2-thiones.

Introduction

The synthesis of medium size N-heterocycles is one of the most
dynamic and constantly evolving areas of chemistry in view of the
widespread occurrence of N-heterocyclic fragments in various
biologically and pharmaceutically active molecules. Among all
the naturally and synthetically derived N-heterocycles, increasing
interest has been devoted to the sulphur containing ones, which
have proved to be very promising bioactive spiecies1 and chiral
auxiliaries in organic synthesis.2 In particular, the five-membered
thiazolidine-2-thione scaffold has aroused great attention due to
its activity as a regulator of cancer cells apoptosis,3 inhibitor of the
aldose reductase and xanthine oxidase4 and anti-inflammatory
and antifungal agents.5

Considering the potential applicability of thiazolidine-2-
thiones, many efforts have been devoted to developing synthetic
methodologies that are more efficient and sustainable than the
conventional ones. Traditionally, thiazolidine-2-thiones, which are
the sulphur analogous of oxazolidin-2-ones, can be synthesised by

reacting amino alcohols with high concentration of carbon
disulphide (CS2) under harsh reaction conditions (high tem-
peratures, strong alkaline solutions, and extended reaction
times).6 In order to overcome these experimental drawbacks
and increase the process sustainability, microwave-assisted
syntheses7 and various multicomponent reactions have been
developed. The latter include: (i) the iodocyclization of allyl
amines, carbon disulphide and iodine;8 (ii) the three-component
coupling of amines, alkynes and aldehydes followed by the
cyclization with CS2;9 (iii) the three-component one-pot reaction
of amines, CS2 and either a-bromoketones10 or a-chloro-b,g-
alkenoate esters11 and (iv) the phosphine-catalysed one-pot reac-
tion between dithiocarbamates (prepared in situ from amines and
CS2) and arylpropiolates.12 However, one of the most attractive
procedures in terms of atom-economy is the CS2 cycloaddition to
aziridine rings. It is important to note that this approach allows
the combination of a 100% atom-efficient process with an alter-
native disposal of carbon disulphide. In fact, CS2 plays a central
role in many industrial sectors, such as chemical fiber plants (e.g.
viscose production) or petroleum processing, but it is particularly
harmful13 and its common disposal requires an incineration with
the consequent emission in the atmosphere of pollutant gases (e.g.
CO2, SO2 or H2S) with many environmental negative effects.14

Even if the CS2 cycloaddition to aziridines offers several
advantages and shows analogous characteristics to the synth-
esis of oxazolidin-2-ones from aziridines and CO2, it has been
much less studied both from the experimental and theoretical

a Department of Chemistry, University of Milan, Via Golgi 19, I-20133, Milan, Italy.

E-mail: caterina.damiano@unimi.it
b Faculty of Science in Department of Chemistry, Masaryk University, Czech

Republic
c Istituto di Chimica dei Composti OrganoMetallici, CNR-ICCOM, Via Madonna del

Piano 10, I-50019, Sesto Fiorentino, Italy. E-mail: gabriele.manca@iccom.cnr.it

† Electronic supplementary information (ESI) available. See DOI: https://doi.org/

10.1039/d2nj05479e

Received 7th November 2022,
Accepted 19th January 2023

DOI: 10.1039/d2nj05479e

rsc.li/njc

NJC

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
Ja

nu
ar

y 
20

23
. D

ow
nl

oa
de

d 
on

 5
/1

0/
20

26
 6

:1
3:

44
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue

https://orcid.org/0000-0001-5903-238X
https://orcid.org/0000-0002-9627-9741
https://orcid.org/0000-0002-2905-434X
https://orcid.org/0000-0003-2068-1731
http://crossmark.crossref.org/dialog/?doi=10.1039/d2nj05479e&domain=pdf&date_stamp=2023-02-02
https://doi.org/10.1039/d2nj05479e
https://doi.org/10.1039/d2nj05479e
https://rsc.li/njc
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2nj05479e
https://pubs.rsc.org/en/journals/journal/NJ
https://pubs.rsc.org/en/journals/journal/NJ?issueid=NJ047009


This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023 New J. Chem., 2023, 47, 4306–4312 |  4307

point of view. To date, only a few examples of organo- and metal-
based catalytic systems capable of promoting this reaction have
been reported in the literature and they usually require high
catalytic loadings of alkali metal halides,15 tributylphosphine,16

pyrrolidine,17 pyridinecarboxaldehyde oxime,18 amidato diva-
lent lanthanide complexes19 or MOFs based on the trivalent
dysprosium center.20

Considering the analogy between CO2 and CS2, it is reason-
able to think that catalytic systems, optimised for the synthesis
of oxazolidin-2-ones, could be equally efficient in the synthesis
of thiazolidine-2-thiones from aziridines and CS2.

In the recent years we have investigated the catalytic activity of
porphyrin-based systems in the CO2 cycloaddition to aziridines21–24

and the symbiotic computational/experimental approach has high-
lighted the high efficiency of the metal-free TPPH2/TBACl binary
catalyst (TPP = dianion of tetraphenyl porphyrin, TBACl = tetrabutyl
ammonium chloride) in promoting the synthesis of N-alkyl and
N-aryl oxazolidine-2-ones under both homogenous and heteroge-
neous conditions.25 DFT calculations pointed out the formation of
the active adduct 1 (Scheme 1) where the butyl substituents
of the TBA+ cation are perfectly hosted in the crib formed by
the peripheral meso substituents of the porphyrin macro-
cycle. Adduct 1 has been estimated to be more stable by ca.
�7.5 kcal mol�1 in free energy than the separated components
due to the cooperative effects of the dispersion and weak forces
between the alkyl chains of TBA+ and the aromatic framework of
TPPH2. Adduct 1 is the real catalyst of the process by weakening
the ionic interactions between TBA+ and the chloride anion,

which makes the latter more prone to attack the aziridine ring
with the following formation of intermediate 3.

At this point, the former aziridine nitrogen atom has
acquired a sufficient basic character to activate carbon dioxide
with the consequent synthesis of N-alkyl and N-aryl oxazolidin-
2-ones.

The nature of the R substituents (alkyl or aryl) does not
affect the reaction mechanism and only small variations in the
height of the barriers or in the energy stabilization of the
encountered intermediates were observed.

It is worth noting that additional experimental studies
revealed the possibility of replacing the binary TPPH2/TBACl
system with the more convenient bifunctional TPPH4Cl2 catalyst
to promote CO2 cycloaddition (Scheme 1).26 The very cheap and
eco-compatible latter catalyst, simply obtained by treating TPPH2

with HCl, efficiently mediated the synthesis of N-alkyl oxazolidin-
2-ones in the absence of any Lewis acid or additive. DFT studies
of the reaction mechanism revealed that the TPPH4Cl2 catalyst
allows the synthesis of N-alkyl oxazolidin-2-ones through the
simultaneous activation of aziridine and CO2 molecules by
forming an adduct between all the three species involved in the
reaction (TPPH4Cl2, aziridine and CO2). This synergic activation
can occur thanks to the co-presence of the porphyrin skeleton
and the nucleophilic chloride anion, which are responsible for
the reaction regioselectivity and the ring-opening of the aziridine
moiety, respectively.

The intriguing results that were obtained on CO2 cycloaddi-
tions pushed us to investigate, from the computational point of
view, the feasibility of the CS2 cycloaddition to N-alkyl and N-
aryl aziridines in the presence of either the binary TPPH2/TBACl
system or the bifunctional TPPH4Cl2 catalyst (Scheme 1) in
order to pave the way for future experimental studies.

According to the reported studies of the CO2 cycloaddition
to aziridines, the catalytic activity of the binary TPPH2/TBACl
system was theoretically evaluated in the synthesis of both N-
alkyl and N-aryl aziridines while the catalytic performance of
the bifunctional TPPH4Cl2 catalyst was assessed in the sole CS2

cycloaddition to N-alkyl aziridines.

Results and discussion
Binary TPPH2/TBACl system for the CS2 cycloaddition to
aziridines

The precedent analysis of cycloaddition reactions involving CO2

revealed that no productive reactions occurred between CO2

and aziridine or TPPH2 and that the first part of the mechanism
is the formation of intermediate 3 (with R = alkyl or aryl
substituent) that is responsible for the CO2 activation. Thus,
in order to confirm that this intermediate is the key-species
also in the reaction between CS2 and aziridines, preliminary
studies were carried out on the reactivity of CS2 towards either
aziridine or TPPH2.

The quasi null interaction between aziridine and CS2, con-
firmed by the Naz–C(CS2) distance longer than 3.2 Å, excluded
any possible reaction between these two species in the early

Scheme 1 Catalytic activity of the TPPH2/TBACl adduct (1) and the
bifunctional TPPH4Cl2 catalyst in the reaction of aziridines with either
CO2 or CS2.
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stage of the process. The formation of a possible adduct between
porphyrin and the incoming CS2 (Fig. 1) was also discharged for
both structural (too long distance, 3.6 Å, between one N–H moiety
and the carbon atom of CS2) and disfavouring energy features
(free energy cost of +3.4 kcal mol�1). As shown in Fig. 1, CS2

maintains the starting linear arrangement and any kind of
perturbations are highlighted.

Once the possibility of a preliminary activation of CS2

through an interaction with either aziridine or TPPH2 macrocycle
was discarded, we assumed that, as occurred in the case of CO2,
the catalytic cycle should evolve through the formation of the
adduct 1 that interacts with the aziridine cycle forming the
active species 3. As pointed out in the previous articles on CO2

activation, the encountered free energy barriers are high up to
40 kcal mol�1, in agreement with the requested experimental
conditions (T 4 80 1C). Two different typologies of N-substituted-
2-phenylaziridines were modelled, which show on the nitrogen
atom either the nbutyl or the 3,5(CF3)2C6H3 aromatic substituent.
The electrophilicity of the two aziridines was estimated by apply-
ing the procedure developed by Domingo et al.27–30 In particular,
the electrophilicity of N-aryl aziridine was estimated to be
particularly greater than that of N-butyl one, with the electro-
philicity index o value of 2.28 vs. 1.3 eV that was calculated for
N-butyl aziridine. This trend is in accordance with the higher free
energy barrier (by ca. 10 kcal mol�1) associated with the nucleo-
philic attack of chloride to N-butyl aziridine compared to that of
Cl� to the aryl one. In both cases, the local electrophilicity index,
o+

K, of the two aziridinic carbon atoms was estimated and it was
found that the C1 electrophilicity was double than that of C2. In
particular, while the o+

C1 and o+
C2 values of the N-aryl aziridine are

0.53 and 0.22, these values of N-butyl one are 0.31 and 0.14,
respectively. These theoretical results are in agreement with the
observed stereoselectivity as well as with the computed lower free
energy barrier (ca. 8.5 kcal mol�1) that was obtained for the
chloride attack to C1 rather than to C2 atom.

Considering that the formation of intermediate 3 is not
affected by the nature of the other involved reagent (CO2 or CS2)
the theoretical investigation of the formation of 3Bu (TPPH2/TBACl +
N-butyl-2-phenylaziridine) and 3Ar (TPPH2/TBACl + N-aryl-2-
phenylaziridine) has not been reported again but only indicated
in the final free energy pathways of Fig. 4 and 6. All the
calculations were performed by considering the tetrahydrofuran

(THF) as the reaction solvent, according to the experiments
already performed for the CO2 activation process.

CS2 cycloaddition to N-alkyl aziridine. Computational investiga-
tions of the reactivity of CS2 towards N-butyl-2-phenylaziridine
were performed by analysing the electronic structure of the inter-
mediate 3Bu species. The nucleophilicity of the nitrogen atom of
the open species 3Bu was compared to that of the primary adduct
2Bu (Scheme 1). The obtained data revealed a nucleophilicity index
of 1.8 eV and a local nucleophilic character (NuNaz) for the nitrogen
atom of 0.9 eV. The nucleophilic character of Naz in 3Bu was also
certified by the plot of the HOMO-1 of 3Bu (Fig. S1, ESI†) showing
the presence of an out-pointing lone pair at the Naz.

The direct interaction of the out-pointing lobe of Naz with the
carbon atom of CS2, named C3, is responsible for the desymme-
trisation of carbon disulphide and the consequent formation of
intermediate 4 (Fig. 2) with an energy gain of �17.1 kcal mol�1.

It is important to note that the free energy gain estimated for
the formation of 4 is comparable to that obtained for the CO2

activation (estimated to be exergonic by �20.3 kcal mol�1) and
it suggests the suitability of the CS2 cycloaddition to N-butyl-2-
phenylaziridine. As reported in Fig. 3, intermediate 4 presents
an already formed Naz–C3 bond of 1.39 Å thanks to which the
non-linear CS2 moiety reaches a new SCS angle of 1211. The lack
of linearity causes the appearance of an IR band at 552 cm�1

associated with the in phase C–S stretching, which is 100 cm�1

ca. red shifted with respect to the value computationally pre-
dicted for the free CS2.

A Transition State, namely 4TS shown in Fig. 2 with a free
energy barrier of +8.4 kcal mol�1 was isolated for the approaching
of the CS2 moiety to 3Bu species. The structure features the

Fig. 1 Optimised structure of the hypothetical adduct between TPPH2

and CS2.

Fig. 2 Optimised structure of adduct 4 and the Transition State 4TS.
Hydrogen atoms were omitted for clarity.

Fig. 3 Optimised structure of transition state 5TS.
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formation of the Naz–C3 bonding with a distance of 2.26 Å
together with a corresponding 311 bent of the firstly linear
CS2. After the Transition State, the complete formation of the
Naz–C3 bonding in 4 occurred with a large free energy gain of
�25.5 kcal mol�1.

Due to the loss of symmetry, the original neutral CS2 moiety
acquires a net charge of ca. �1 e� on the sulphur atoms, which
are enough electron-rich to perform a nucleophilic attack at the
C1 atom of the opened aziridine of 3Bu. This process occurs
by-passing a very small free energy barrier of +3.7 kcal mol�1

that allows achieving the Transition State 5TS (Fig. 3).
Even if the sulphur is particularly distant from C1 (the S–C1

distance is 2.93 Å) in the transition state 5TS, it can exert its
nucleophilic action toward the C1 centre in a SN2 fashion
forming an S–C1–Cl angle of 1561. The approach of the sulphur
atom to the C1 centre allows a weakening of the corresponding
C1–Cl distance by ca. 0.2 Å, which elongates up to 2.05 Å. The
Transition State nature of 5TS was confirmed by the detection of
a single imaginary frequency at �60.3 cm�1 associated with the
approach of the sulphur atom to C1 and the cleavage of the
C1–Cl bond. It is noteworthy that the resulting energy barrier
required for the formation of 5TS is quasi three times smaller
than that calculated in the same process involving CO2 (3.7 vs.
9.4 kcal mol�1). After the accomplishment of 5TS, the system
evolves forming the final thiazolidine-2-thione 5 with a free
energy gain of �39.2 kcal mol�1 and releasing the chloride
anion and the adduct 1, which can restart the catalytic cycle.

The overall free energy gain for the cycloaddition reaction of
CS2 to N-butyl-2-phenylaziridine forming 5 is of �14.5 kcal mol�1.
A complete schematic representation of the overall mechanism
with all the main intermediates and Transition States that are
involved in the CS2 cycloaddition to N-butyl-2-phenylaziridine is
shown in Fig. 4.

CS2 cycloaddition to N-aryl aziridine. Even if the CS2 cyclo-
addition to N-aryl aziridines was less experimentally explored
than the same reaction involving N-alkyl or N-benzyl deriva-
tives, this process deserves to be theoretically investigated in
view of potential biological and pharmaceutical properties of
analogous molecules obtained from N-aryl aziridines and CO2

(e.g. Linezolid,31 Tedizolid32 and Toloxatone33 are oxazolidi-
nones already used in therapy).

Analogously to what was discussed above for the reaction
involving N-butyl-2-phenylaziridine, the starting point of the
computational analysis is the analysis of the structure of
intermediate 3Ar.

As a general consideration for all the steps precedent to the
formation of 3Ar, the encountered free energy barrier associated
with the achievement of 3Ar

TS (the rate determining step of the
reaction) is lower than that found for the formation of 3Bu

TS due to
the presence of CF3 substituents, which render the aziridine ring
very electron-poor, as also confirmed by the calculated electrophi-
licity index. The EWGs placed onto the aromatic substituent of the
aziridine nitrogen atom (called Naz) are also responsible for a
limited availability of its electron pair in the activation of inert
substrates such as CO2 and CS2. The nucleophilicity index for the
species 3Ar was evaluated, revealing a nucleophilicity Nu index of
1.2 eV and a local nucleophilic character for the nitrogen NuNaz of
0.43 eV smaller with respect to that obtained by modelling N-butyl
species. This assumption is confirmed by the higher encountered
free energy barrier for the very limited free energy gain associated
with the formation of the corresponding 3Ar/CO2 (1.7 kcal mol�1)
and 3Ar/CS2 (�1.0 kcal mol�1) adducts.

The optimised structure of the adduct 6 between 3Ar and CS2

(Fig. 5) shows a bent alignment of the CS2 moiety and a new
Naz–C3 bond of 1.46 Å, which results in an increase in the
length by 0.07 Å with respect to that calculated by modelling N-
butyl-2-phenylaziridine, suggesting again the weaker donor
power of the lone pair placed on the Naz centre.

As occurred for the reaction involving N-butyl-2-phenylaziridine,
also in this case an IR peak related to the symmetric stretching of
the CS2 appears at 582 cm�1, 30 cm�1 blue shifted with respect to
that observed for adduct 4, to confirm the less donor power of Naz

when linked to aryl CF3-substituted groups. As stated for 4, also for
the formation of the intermediate 6 we isolated a Transition State,
namely 6TS, (Fig. 5) with a free energy barrier of +12.4 kcal mol�1.
After that, the system gains �13.4 kcal mol�1 for the complete
formation of the C3–Naz bonding in 6. In 6TS, the CS2 approaching
Naz becomes bent by ca. 281 already at a long distance of 2.43 Å. The
Transition State nature was confirmed by the detachment of a single
imaginary frequency at �181.7 cm�1.

In 6 the electron donation from the nitrogen centre confers a
sufficient nucleophilicity to sulphur atoms for attacking C1 in a
SN2 mechanism. The so-formed Transition State 7TS (Fig. 6)
shows a quasi-linear S–C1–Cl bond with an angle of 1661.

Fig. 4 Free energy profile (kcal mol�1) associated with the synthesis of 5
catalysed by the TPPH2/TBACl system. Fig. 5 Optimised structure of the adduct 6 and the transition state 6TS.

Paper NJC

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
Ja

nu
ar

y 
20

23
. D

ow
nl

oa
de

d 
on

 5
/1

0/
20

26
 6

:1
3:

44
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2nj05479e


4310 |  New J. Chem., 2023, 47, 4306–4312 This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023

The free energy barrier required for the achievement of 7TS is
estimated to be +7.8 kcal mol�1 and it is associated with an
imaginary IR frequency at �40 cm�1. At this point, N-aryl-
thiazolidine-2-thione 7 is formed and the adduct 1 regenerated
with a free energy gain of �30.9 kcal mol�1.

A detailed free energy pathway for the synthesis of N-aryl-
thiazolidine-2-thione 7 catalysed by the TPPH2/TBACl system is
depicted in Fig. 7. The estimated free energy associated with
the formation of 7, starting from CS2 and the model N-aryl-2-
phenylaziridine, is �7.8 kcal mol�1.

Bifunctional TPPH4Cl2 catalyst for the CS2 cycloaddition to
N-alkyl aziridines

In view of the already reported DFT studies describing the CO2

activation by the bifunctional TPPH4Cl2 catalysts,26 the CS2

cycloaddition to N-alkyl aziridines in the presence of the same
catalyst was theoretically investigated.

The chlorohydrate TPPH4Cl2 porphyrin, whose formation by
the protonation of TPPH2 in THF has been estimated to be exergonic
of �31.5 kcal mol�1, can interact with N-butyl-2-phenylaziridine
and CS2 forming adduct 8 (Fig. 8) with a free energy cost of
+29.6 kcal mol�1. This high energy barrier is mainly due to
entropic factors since the enthalpy cost is only +4.3 kcal mol�1.

As shown in Fig. 8, the structure of adduct 8 shows a non-
linear CS2 molecule with a S–C–S angle of 1311 and a new Naz–C3

bond of 1.54 Å is formed. The transition state 8TS for the
obtainment of intermediate 8 was also isolated with a free energy

barrier of 33.7 kcal mol�1 after which the system gains
�4.3 kcal mol�1. Even if the energy barrier was particularly high,
the formation of 8 could reasonably occur by employing the
same experimental conditions (temperatures higher than 80 1C)
required for CO2 activation.21–26 The high temperature reason-
ably allows overcoming the high estimated energy barrier.

As shown in Fig. 8, in the Transition State 8TS the CS2 moiety
is approaching the aziridine nitrogen at a N2� � �C3 distance of
2.25 Å. The CS2 in 8TS appears already bent by ca. 301 compared to
the starting linear arrangement. The Transition State nature of
8TS has been confirmed by the detection of a unique imaginary
frequency at �144 cm�1 associated with the CS2 approaching as
well as the bending of the triatomics. The interaction between the
Naz centre and the CS2 moiety is also responsible for the electro-
nic depletion of the aziridine ring that makes more favourable
the nucleophilic attack of the chloride anion on the more
substituted carbon (C1) of the three-membered ring. The less
rich electron feature of the aziridine ring after the interaction
with CS2 is confirmed by the detection of the transition state 9TS
(Fig. 9) in which the chloride anion can approach the C1 centre
overcoming the low free energy barrier of 5.9 kcal mol�1.
Comparing the structure of 9TS with a similar Transition State
observed in the process involving CO2, the chloride anion seems
to be a less efficient nucleophile due to the presence of a Cl–C1

distance shorter by 0.2 Å with respect to that detected in the case
of CO2 (1.88 Å). These data suggest a lower electron transfer from
the aziridine Naz to the CS2 moiety, as also confirmed by the
higher free energy barrier required for the formation of 9TS

(5.9 vs. 1.5 kcal mol�1 for CS2 and CO2 cases, respectively).
After the obtainment of the Transition State 9TS, the system
evolves to the intermediate 9 (Fig. 9) with a free energy gain of
�25.1 kcal mol�1. The process is associated with the formation of
a new Cl–C1 bond and the complete cleavage of the Naz–C1

Fig. 6 Optimised structure of transition state 7TS.

Fig. 7 Free energy profile (kcal mol�1) associated with the synthesis of 7
catalysed by adduct 1.

Fig. 8 Optimised structure of adduct 8 and the Transition State 8TS.
Hydrogen atoms were omitted for clarity.

Fig. 9 Optimised structures of transition state 9TS and intermediate 9.
Hydrogen atoms are omitted for clarity.
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linkage. At this point the sulphur atoms of intermediate 9 are
nucleophilic enough to attack the C1 atom allowing the ring-
closing reaction required for the formation of product 5.

The ring-closing reaction and the release of the chloride
anion occur through the formation of transition state 10TS (Fig. 10)
reached by-passing a low free energy barrier of 2.8 kcal mol�1.

In the transition state 10TS the C1 centre achieves a bipyr-
amidal trigonal arrangement with the chloride and one sulphur
atom lying quasi co-linear (the S–C1–Cl angle is 1621) at the two
apical positions.

The free energy gain from 10TS to achieve the N-butyl-
thiazolidine-2-thione 5, together with the restoration of TPPH4Cl2,
is of �28.9 kcal mol�1. A detailed free energy reaction pathway for
the CS2 cycloaddition to N-butyl-2-phenylaziridine catalysed by the
bifunctional TPPH4Cl2 molecule is summarised in Fig. 10.

It is interesting to note that despite the use of different catalytic
systems (the binary TPPH2/TBACl or the bifunctional TPPH4Cl2
catalyst), the overall free energy gain to provide thiazolidine-2-
thione 5 is comparable. In fact, the energy gain to achieve 5 is
�14.7 kcal mol�1 when TPPH4Cl2 is employed as the catalyst
(Fig. 11) and�14.5 kcal mol�1 if the binary TPPH2/TBACl system is
used (Fig. 4). The energetic similarity between the two catalytic
processes is also in agreement with the values previously estimated
for the synthesis of N-alkyl oxazolidin-2-ones in which the result-
ing energy gain for the CO2 cycloaddition to the N-butyl-2-

phenylaziridine is equal to 4.7 kcal mol�1 using either the
TPPH4Cl2

26 or the TPPH2/TBACl system.22

Experimental
Computational details

All the compounds along the reaction pathway were isolated at
the B97D-DFT level of theory34 within Gaussian 16 package.35 All
the obtained structures were validated as minima or transition
states by the vibrational frequencies calculations. The experi-
mental solvent, tetrahydrofuran, has been considered within the
CPCM model.36 The 6-31G basis set, with the addition of the
polarization functions (d,p), was adopted. The coordinates of all
the optimised structures as well as their main energetic features
are reported in the ESI.†

Conclusions

The present manuscript describes a detailed theoretical investiga-
tion on the feasibility of the CS2 cycloaddition to N-alkyl and N-aryl
aziridines promoted by metal-free porphyrin-based systems. The
performed DFT studies highlighted that either the binary TPPH2/
TBACl system or the bifunctional TPPH4Cl2 catalyst could be
competent for the synthesis of thiazolidine-2-thiones. The exhaus-
tive study of the possible involved intermediates and Transition
States has shown that thiazolidine-2-thiones can be synthesised
through reaction mechanisms quite similar to those already
suggested in the case of CO2 cycloaddition to aziridines. The
TPPH2/TBACl system can promote the synthesis of both N-alkyl
and N-aryl thiazolidine-2-thiones with an overall energy gain of
�14.5 kcal mol�1 and �7.8 kcal mol�1, respectively. The acquired
data are in accordance with the lower reactivity of N-aryl aziridines
with respect to the N-alkyl ones.

In view of the possibility of replacing the TPPH2/TBACl binary
system with a cheaper system, eco-compatible bifunctional
TPPH4Cl2 species, the CS2 cycloaddition to N-alkyl aziridines in
the presence of this catalyst was also theoretically investigated. The
obtained data revealed the formation of an active intermediate in
which the protonated porphyrin can simultaneously activate CS2

and N-alkyl aziridine. The overall energy gain of the process was
estimated to be 14.7 kcal mol�1. This value is comparable to that
calculated for the reaction catalysed by the TPPH2/TBACl binary
system to confirm the possibility of employing either the binary
porphyrin-based system or the bifunctional porphyrin-based
catalyst for the synthesis of N-alkyl thiazolidine-2-thiones.

In all the investigated cases, the CS2 cycloaddition to the
aziridine rings yielded better results than the same process
involving carbon dioxide suggesting the synthetic applicability
of the procedure. Future efforts need to be focused on testing
the TPPH2/TBACl system and the TPPH4Cl2 catalyst as promo-
ters for the synthesis of thiazolidine-2-thiones.
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Fig. 10 Optimised structure of transition state 10TS.

Fig. 11 Free energy profile (in kcal mol�1) associated with the synthesis of
5, catalysed by the bifunctional TPPH4Cl2.
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