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Activating harmful small molecules under
mild conditions: theoretical insights into
cinchonine-based valorization of CO2, CS2,
and COS

Lucia Invernizzi,a Caterina Damiano, *a Gabriele Manca*b and Emma Gallo a

DFT calculations have been employed to deeply investigate the mechanism of CO2 cycloaddition to aziridines

catalyzed by cinchonine hydrochloride salt, forming oxazolidin-2-ones under ambient conditions (room

temperature, 0.1 MPa CO2). Computed energy barriers align with experimental observations and support a dual

activation mechanism involving hydrogen bonding and nucleophilic attack at the aziridine carbon atom. The

theoretical study also accounts for the observed regioselectivity, rationalizing the preference for nucleophilic

attack at the more substituted aziridine carbon atom. Consistent with experimental findings, the calculations

reveal that the reaction efficiency is influenced by the nature of the substituent at the aziridine nitrogen atom,

explaining the lack of reactivity observed with N-aryl aziridines due to steric and electronic factors that hamper

the reaction. Furthermore, the DFT study suggests that COS and CS2 can be activated for analogous

cycloaddition reactions. Although these transformations involve higher energy barriers compared to CO2

cycloaddition, the formation of oxazolidin-2-thiones and thiazolidin-2-thiones is predicted to be feasible under

slightly elevated temperatures (for CS2) or near-ambient conditions (for COS). These findings highlight the

potential of cinchonine hydrochloride salt as an efficient, biocompatible and cost-effective catalyst for the

sustainable valorization of small harmful molecules under mild conditions.

Introduction

The activation of small molecules has long been a central
theme in chemical research, driven by the challenge of break-
ing strong bonds in simple, thermodynamically stable species.
Historically, much of this work has focused on inert molecules
such as N2, O2 and CH4, which are starting materials in
processes like nitrogen fixation, oxidation reactions, and hydro-
carbon functionalization.1,2 During the last decades, scientific
interest has progressively moved toward carbon dioxide.
Although CO2 is similarly unreactive, it presents a distinctive
combination of scientific and environmental urgency. Its mas-
sive atmospheric abundance, mainly due to anthropogenic
emissions, and its well-established role in global warming have
made its activation a priority in the context of sustainable
chemistry. As a result, CO2 is now viewed not only as a waste
product but also as a potential carbon feedstock, whose

efficient transformation could contribute to both climate miti-
gation and resource circularity.

Advances in catalytic3–5 and electrochemical methods6–8

have enabled the efficient conversion of CO2 into a variety of
useful chemicals9 and fuels10 such as carbon monoxide, formic
acid, methanol, methane, and a range of value-added com-
pounds. In light of the development of a circular and sustain-
able economy, the establishment of new and efficient processes
for CO2 valorization has become interesting for the synthesis of
fine chemicals. One particularly intriguing reaction is the 100%
atom-efficient cycloaddition of CO2 into organic substrates,
such as epoxides11,12 and aziridines,13–20 to produce high-
value chemicals like cyclic carbonates and oxazolidin-2-ones,
respectively, which have several applications including as
pharmaceutical agents.21–23 Classic CO2 activation typically
requires the co-presence of an electrophilic and a nucleophilic
promoter. In the synthesis of oxazolidin-2-ones, the electro-
phile, generally a metal center, interacts with the nitrogen
aziridine atom to render one of the two carbon atoms more
susceptible to nucleophilic attack. The consequent cleavage of
the C–N bond transfers electron density to the nitrogen atom,
which in turn becomes capable of activating the CO2 molecule
(Scheme 1). The need for both electrophilic and nucleophilic
functionalities led to the development of various binary and
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bifunctional metal-based catalysts for the CO2 cycloaddition to
aziridines.4–10,13 More recently, metal-free systems,14,15,18,19,24

which integrate both functional components enabling efficient
aziridine activation and ring-opening without the use of exter-
nal metal catalysts, have also been extensively developed.

Although CO2 has received widespread attention as a plat-
form molecule for sustainable synthesis, its thio-analogues,
carbon disulfide (CS2) and carbonyl sulfide (COS), have
remained largely overlooked.

Since the early 1970s, when the reactivity of CS2 toward
aziridines was first investigated,25,26 research on COS and
CS2 has primarily focused on their interactions with metal
complexes.27,28 Only in recent years, the interest in these
triatomic molecules has expanded, with growing attention to
their cycloaddition reactions with epoxides and aziridines,
particularly via metal–organic framework (MOF)-based catalytic
systems in combination with nucleophilic co-catalysts.29–32 The
limited experimental examples reported for the CS2 cycloaddi-
tion to aziridines rely on expensive binary systems involving
amidato divalent lanthanide complexes, among which the most
active is represented by the europium derivative used in combi-
nation with DBU (1,8-diazabicyclo[5.4.0]undec-7-ene).29 Other
examples include a cerium-based framework,30 a porous 3D
cobalt–organic framework assembled by [Co15] and [Co18]
nanocages31 and a 3D material assembled by twisted cylindrical
[Dy24] cages.32 In all cases, TBAB (tetrabutylammonium bro-
mide) was the co-catalyst; either the metal centre or the positive
channel of the MOF-based material acts as a Lewis acid to
activate the aziridine, while the external nucleophile promotes
the ring-opening reaction enabling CS2 insertion and product
formation. To date, no examples of active bifunctional organo-
catalytic systems have been reported. The above-described
behavior aligns with the structural and electronic similarities

between COS, CS2, and CO2, highlighting their potential for
analogous activation and transformation pathways.27,29,33 It is
important to note that CS2 and COS not only cause environ-
mental effects but can also contribute to various health dis-
orders, particularly affecting the human reproductive and
nervous systems.34,35 Therefore, rather than eliminating them
through traditional combustion methods, treating and reusing
these compounds as carbon and sulfur resources offers an
attractive alternative to reduce the presence of toxic sulfur-
containing pollutants in the atmosphere. In this view, CS2 and
COS could serve as valuable C1-building blocks for the synth-
esis of sulfur-containing heterocycles,36–38 such as thiazolidin-
2-thiones and oxazolidin-2-thiones (Scheme 1), and other func-
tionalized materials,39 offering new opportunities in the field of
small-molecule activation and sustainable sulfur chemistry.

It is important to underline that the activation of small
molecules, such as CO2, CS2, and COS, should occur under
mild reaction conditions to ensure a favorable balance between
the energy required for the transformation and the amount of
CO2 effectively utilized. If harsh conditions are employed, such
as high temperatures, elevated pressures, or energy-intensive
inputs, the environmental benefit of using these molecules as
feedstocks may be offset by additional CO2 emissions generated
during the process. For this reason, the development of cata-
lytic systems capable of operating efficiently under ambient or
near-ambient conditions is essential to maximize the net
carbon benefit and make these transformations truly viable
from both an energetic and environmental standpoint.

Given the growing demand for low-toxicity synthetic proce-
dures, the use of eco-friendly bifunctional organocatalysts has
become increasingly attractive. Recently, we reported a com-
bined experimental and computational investigation of the
catalytic properties of the metal-free bis-protonated porphyrin

Scheme 1 General reaction mechanism of CO2 cycloaddition to aziridines (left); CO2, COS and CS2 cycloaddition products to aziridines (right).
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TPPH4Cl2 (TPP = dianion of tetraphenylporphyrin) in promot-
ing the cycloaddition of CO2 into N-alkyl aziridines to produce
N-alkyl oxazolidin-2-ones at 100 1C and 1.2 MPa of CO2

pressure.16 Computational analysis revealed that the reaction
occurred, thanks to porphyrin/aziridine synergic CO2 activation
in which the protonated core of porphyrin acts, by establishing
hydrogen bonding with the CO2 oxygen atom, as an electro-
philic center to facilitate the nucleophilic attack of the aziridine
nitrogen atom to the CO2 carbon atom. The study paved the way
for developing other bifunctional organocatalytic systems, bear-
ing the same nucleophilic moiety (chloride anion) but different
electrophilic NH+-containing species, to promote the synthesis
of N-alkyl oxazolidin-2-ones under milder experimental
conditions.40 In this context, some of us recently published a
study on the catalytic activity of hydrochloride salts of DBU,
quinine, and cinchonine,40 which were active at room tempera-
ture and 0.1 MPa of CO2 pressure. In view of the very good
results achieved, we decided to investigate the electronic/ener-
getic features of the mechanism of these reactions by using
DFT calculations. In addition, the potential catalytic activity of
cinchonine hydrochloride salt to promote the cycloaddition of
other triatomic harmful molecules such as CS2 and COS
has been investigated in silico. The obtained computational
results pave the way for developing future efficient and eco-
compatible catalytic processes for the synthesis of fine chemi-
cals by recycling waste.

Results and discussion
Cycloaddition of CO2 to 1-butyl-2-phenylaziridine (1butyl)
promoted by cinchonine hydrochloride (3)

In light of remarkable data published for the synthesis N-alkyl
oxazolidin-2-ones under mild experimental conditions,40 detailed
computational analysis was carried out on the model CO2 cycload-
dition to 1-butyl-2-phenylaziridine (1butyl) yielding 3-butyl-5-phenyl
oxazolidin-2-ones (2Abutyl + 2Bbutyl) (Scheme 2), catalyzed by the
naturally derived cinchonine hydrochloride salt (3). Although
particular emphasis was placed on elucidating the reaction mecha-
nism catalyzed by 3, the mechanisms involving hydrochloride salts
of DBU and quinine, organocatalysts 4 and 5 respectively, were also
investigated and the collected data are reported in the SI. The
structures of 3, 4, and 5 organocatalysts were optimized at the
B97D-DFT level of theory,41 and are shown in Fig. 1. The solvent
effects have been taken into account by using the CPCM model42,43

for acetonitrile that is the solvent employed in experimental studies
already published on the CO2 cycloaddition to aziridines.40 Addi-
tional methodological details are provided in the SI.

According to the published experimental results,40 1-butyl-2-
phenylaziridine (1butyl) was chosen as the model substrate to
investigate the catalytic mechanism of the reaction promoted
by 3, and CH3CN was the modeled reaction solvent.

Drawing from prior data on the TPPH4Cl2-mediated
reaction,16 the first step of the computational analysis focused
on the possible formation of adduct 6butyl in which CO2 is
positioned between hydrochloride salt 3 and aziridine 1butyl. As

shown in Fig. 2, 6butyl was computationally identified with a free
energy cost of +15.0 kcal mol�1 resulting from a balance between
the favorable enthalpic contribution of �6.5 kcal mol�1 and a
severe unfavorable entropic contribution. The local electrophilicity
index (oK

+) of the two aziridine carbon atoms, namely C2 and C3,
was estimated by using the method developed by Domingo et al.44

The calculations revealed that the oK
+ value for C2 is twofold

higher than that of C3, suggesting a more favored nucleophilic
attack at C2 rather than at the C3 carbon atom. This is in
line with the experimentally observed reaction regio-
selectivity,40 as 3-butyl-5-phenyloxazolidin-2-one (compound
2Abutyl in Scheme 2) was always detected as the major isomer.
Consequently, the mechanism yielding isomer 2Bbutyl, deriving
from the nucleophilic attack on C3, was not further studied by
DFT calculations.

In adduct 6butyl, aziridine nitrogen atom N2 acts as a
nucleophile toward CO2, which loses its linearity with the
O–C1–O angle reduced to 1351, as confirmed by the appearance
of an IR-active vibration at 1759 cm�1, associated with the

Scheme 2 Synthesis of 3-butyl-5-phenyloxazolidin-2-ones 2Abutyl and
2Bbutyl by CO2 cycloaddition to 1-butyl-2-phenylaziridine (1butyl).

Fig. 1 Optimized structure of hydrochloride salts 3, 4 and 5. The hydro-
gen atoms were hidden for the sake of clarity, except for those linked to
heteroatoms. Selected distances are given in Å.

Fig. 2 Optimized structure of adduct 6butyl. The hydrogen atoms were
hidden for the sake of clarity, except for those linked to a heteroatom.
Selected distances are given in Å and O–C1–O angle in degrees (1).
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asymmetric stretching of the C–O bonds. The chloride anion
remains distant from the C2 center, with a Cl� � �C2 distance of
3.76 Å whose reduction to 2.80 Å revealed the presence of a
transition state, designated TS6-7butyl (Fig. 3).

In TS6-7butyl, the approaching chloride anion weakens the
N2–C2 bond, which is elongated by 0.15 Å compared to adduct
6butyl. This facilitates the initial shift of electron density toward
the aziridine nitrogen N2, enhancing its nucleophilicity toward
CO2. This effect is further supported by a 0.07 Å shortening of
the N2� � �C1 distance and a more pronounced bending of the
CO2 moiety, with the O–C–O angle reduced by 41 with respect to
adduct 6butyl. From an energetic perspective, the transition
from 6butyl to TS6-7butyl involves an estimated free energy barrier
of +4.3 kcal mol�1. The transition-state nature of TS6-7butyl was
confirmed by the presence of a single imaginary frequency at
�170 cm�1, corresponding to the approach of the chloride ion
to the C2 atom and the complete cleavage of the C2–N2 bond.
Following TS6-7butyl, the system evolves toward the minimum-
energy structure 7butyl (Fig. 3) that displays the complete
formation of the C2–Cl bond (1.90 Å) and the corresponding
cleavage of the N2� � �C2 bond (2.48 Å). The C1–N2 bond is also
fully formed, with a length of 1.42 Å. The formation of inter-
mediate 7butyl was estimated to be exergonic, with a free energy
change of �12.6 kcal mol�1. At this point, the electron density
originally localized on the N2 center has shifted toward the
oxygen atoms of the original CO2 moiety, leading to a strength-
ening of the O� � �H hydrogen bond, as indicated by a 0.23 Å
shortening compared to the corresponding distance in
TS6-7butyl.

As confirmed by this O� � �H shortening, the oxygen atom of
intermediate 7butyl becomes electron-rich and capable of per-
forming a nucleophilic attack to the C2 center yielding
oxazolidin-2-one 2Abutyl by a ring-closure step and the regen-
eration of catalyst 3. Intermediate 8butyl (Fig. 4) was achieved
through the formation of the transition state TS7-8butyl, whose
structure was computationally identified (Fig. 4).

In TS7-8butyl, the O–C2–Cl moiety adopts a quasi-l
inear arrangement with an angle of 1651, and the C2 atom
approaches a quasi-planar geometry. The nucleophilic
approach of oxygen atom to C2 initiates the displacement of
the chloride ion with an associated free energy barrier of
+7.4 kcal mol�1. The transition state nature of TS7-8butyl is
supported by the presence of a single imaginary frequency at
�216 cm�1, corresponding to the formation of the O–C2 bond

and the cleavage of the C2–Cl bond. Subsequently, intermedi-
ate 8butyl is obtained with a free energy gain of �20.1 kcal mol�1

(Fig. 4).
The complete release of 3-butyl-5-phenyloxazolidin-2-one

(2Abutyl) from 8butyl is exergonic by �5.1 kcal mol�1 accompa-
nied by the restoration of the salt 3, able to perform the
activation of a new aziridine moiety. The overall free energy
gain, associated with the complete catalytic cycloaddition of
CO2 to 1-butyl-2-phenyl aziridine 1butyl yielding 2Abutyl, was
estimated to be exergonic by �11.2 kcal mol�1 (Fig. 5).

The energy profile of the reaction (Fig. 5) reveals that the
largest cost for the synthesis of 2Abutyl is +19.3 kcal mol�1, with
the main disfavoring contribution associated with the for-
mation of the initial adduct 6butyl. For comparison purposes,
the cycloaddition of CO2 to 1butyl was also investigated in the
presence of catalysts 4 and 5. The free energy pathways for the
three catalytic processes are reported in the SI (Fig. S1). No
substantial changes in free energy were identified, except for
the free energy stabilization of compounds analogous to inter-
mediate 7butyl, namely 7’butyl (involving catalyst 4) and 7’’butyl

(involving catalyst 5) within 6 kcal mol�1. The maximum free
energy costs are within +20.8 kcal mol�1, corresponding to the
formation of compounds 6’butyl and 6’’butyl, analogous to the
initial adduct 6butyl, and to the subsequent transition states

Fig. 3 Optimized structure of transition state TS6-7butyl and intermediate
7butyl. The hydrogen atoms were hidden for the sake of clarity, except
for those linked to a heteroatom. Selected distances are given in Å and
O–C1–O angle in degrees (1).

Fig. 4 Optimized structure of transition state TS7-8butyl, intermediate
8butyl and product 2Abutyl. The hydrogen atoms were hidden for the sake
of clarity, except for those linked to a heteroatom. Selected distances are
given in Å and O–C1–O angle in degrees (1).

Fig. 5 Free energy (kcal mol�1) pathway for the cycloaddition reaction of CO2

to 1-butyl-2-phenyl aziridine 1butyl yielding 3-butyl-5-phenyloxazolidin-2-one
2Abutyl.
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TS6’-7’butyl and TS6’’-7’’butyl. The energy barriers for TS6’-7’butyl and
TS6’’-7’’butyl fall within the range of +6.2 to +9.2 kcal mol�1. All
the free energy values associated with the single step of the
processes are listed in Fig. S2.

Effect of the N-aziridine substituent on the reaction efficiency

Already published experimental data40 highlighted that the
steric and electronic nature of the substituent on the aziridine
nitrogen center may drastically influence the reaction effi-
ciency. No conversion was observed when 1-(3,5-bis(trifluoro-
methyl)phenyl)-2-phenyl aziridine (1aryl) was used in the CO2

cycloaddition catalyzed by 3. In contrast, when a cyclohexyl
substituent was present at the nitrogen atom, the reaction
proceeded with a low efficiency, affording the corresponding
oxazolidin-2-one in 21% yield.40 To clarify the influence of the
substituent at the aziridine nitrogen atom on the reaction
efficiency, DFT computational analysis was carried out. The
study was run as already described for the reaction involving
1-butyl-2-phenylaziridine 1butyl. First, two adducts with struc-
tures similar to that of 6butyl were optimized by reacting CO2

and 3 either with 1-(3,5-bis(trifluoromethyl)phenyl)-2-phenylaziridine
(1aryl) or 1-cyclohexyl-2-phenylaziridine (1cyhexyl), obtaining 6aryl and
6cyhexyl respectively. As shown in Fig. 6, the optimized structure of
6aryl displays an N2� � �C1 distance as large as 3.02 Å, as well as a very
weak hydrogen bond between H(NH+) and O(CO2), with an H� � �O
distance of 2.64 Å.

These features, together with the nearly unperturbed linear
structure of the CO2 moiety, suggest that the occurrence of the
process is unlikely when an aryl substituent is present at the N2
aziridine center, in line with the experimental results. For this
reason, the CO2 cycloaddition to 1-(3,5-bis(trifluoromethyl)phe-
nyl)-2-phenylaziridine was not investigated further. Conversely,
when 1-cyclohexyl-2-phenylaziridine is the involved substrate,
the adduct 6cyhexyl exhibits an activated CO2 characterized by a
bent O–C–O structure with an angle of 1351 and a computed IR-
active stretching at 1746 cm�1. From the energy viewpoint, the
formation of adduct 6cyhexyl requires a free energy cost of
+19.2 kcal mol�1, higher than that needed for achieving adduct
6butyl from 1-butyl-2-phenylaziridine (+15 kcal mol�1). Even in
this case, the obtained results are in line with experimental
data, which highlighted a less efficient process when

1-cyclohexyl-2-phenylaziridine was employed as the starting
material instead of 1-butyl-2-phenylaziridine.

The free energy barrier for conversion of 6cyhexyl to the
transition state TS6-7cyhexyl, whose optimized structure is
reported in Fig. S3, is estimated to be +6.5 kcal mol�1 while
the overall energy barrier for transforming the starting reagents
into TS6-7cyhexyl is +25.7 kcal mol�1, a quite high value for a
reaction performed at room temperature. The whole free energy
associated with the formation of oxazolidin-2-one 2Acyhexyl from
1-cyclohexyl-2-phenylaziridine (1cyhexyl) and CO2 is less exergo-
nic than that of the same process involving 1-butyl-2-phenyl
aziridine 1butyl (-7.5 kcal mol�1 versus �11.2 kcal mol�1).
The complete energy profile of the CO2 cycloaddition to
1-cyclohexyl-2-phenyl aziridine is reported in Fig. S4.

Cycloaddition of CS2 to 1-butyl-2-phenylaziridine (1butyl)
promoted by cinchonine hydrochloride (3)

A precedent computational analysis has predicted the feasibil-
ity, at least in silico, of the CS2 cycloaddition to N-alkyl azir-
idines to provide thiazolidin-2-thiones in the presence of
bifunctional TPPH4Cl2.45 The study revealed a free energy
contribution of �22.1 kcal mol�1 associated with the cycloaddi-
tion of CS2 to 1-butyl-2-phenylaziridine 1butyl to provide the
corresponding thiazolidin-2-thione 9Abutyl.

45 Based on these
results, we studied the reaction between CS2 and 1-butyl-2-
phenylaziridine 1butyl also in the presence of catalyst 3. In this
regard, the adduct 10butyl (Fig. 7) was optimized.

Despite the favorable enthalpic contribution of�2.1 kcal mol�1,
adduct 10butyl was optimized with a free energy cost of
+21.5 kcal mol�1. It should be noted that the energy cost is
6.5 kcal mol�1 larger than that of the analogous process
involving CO2 (formation of adduct 6butyl), possibly due to a
weaker hydrogen bonding between the proton of 3 and the
sulfur atom of CS2, as confirmed by the long S–H distance of
2.28 Å.

After the formation of adduct 10butyl, the activated aziridine
substrate can be attacked by a chloride nucleophile through the
transition state TS10-11butyl (Fig. 8) with a free energy barrier of
+7.7 kcal mol�1. The overall barrier of +29.2 kcal mol�1 for the
conversion of the reactants into TS10-11butyl was larger than that
calculated for CO2 activation and it can be overcome by
performing the reaction at higher experimental temperatures.

Fig. 6 Optimized structure of adducts 6aryl and 6cyhexyl, presenting
1-(3,5-bis(trifluoromethyl)phenyl)-2-phenylaziridine and 1-cyclohexyl-2-
phenylaziridine, respectively. The hydrogen atoms were hidden for the
sake of clarity, except for those linked to a heteroatom. Selected distances
are given in Å and O–C1–O angle in degrees (1).

Fig. 7 Optimized structure of adduct 10butyl. The hydrogen atoms were
hidden for the sake of clarity, except for those linked to a heteroatom.
Selected distances are given in Å and O–C1–O angle in degrees (1).
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Transition state TS10-11butyl features a quasi-linear Cl–C2–N2
arrangement with an angle of 1511 and a weakened C2–N2
bond, whose length is stretched by 0.15 Å compared to that in
10butyl. In TS10-11butyl, the chloride approaches the C2 atom with
a consistent shortening of Cl� � �C2 distance by 1.0 Å.

The complete formation of the C2–Cl bond in intermediate
11butyl (Fig. 8) was estimated to be exergonic by �25.9 kcal mol�1.

Similar to the CO2 activation, the sulfur atom in 11butyl may
perform a nucleophilic attack on the C2 center to form the
5-membered ring and regenerate the catalyst 3. The transition
state TS11-12butyl, shown in Fig. S5, was obtained with a free
energy barrier of +13.6 kcal mol�1, while the intermediate
12butyl (Fig. 9) was obtained with the large free energy gain of
�29.9 kcal mol�1.

The complete release of thiazolidin-2-thione 9Abutyl, shown
in Fig. 9, was achieved with a further free energy gain of
�9.1 kcal mol�1. The overall formation of compound 9Abutyl

by CS2 cycloaddition to aziridine 1butyl is depicted in Fig. 10.
A comparison between the energy profiles of CS2 (Fig. 10)

and CO2 (Fig. 5) cycloaddition to 1butyl reveals key differences.
While a higher barrier is required for the formation of the
initial adduct 10butyl and for reaching the transition state
TS10-11butyl in the case of CS2 activation, more energy is released
during CS2 activation rather than during CO2 activation. In
summary, in silico analysis predicts that the energy barriers for
the catalytic cycloaddition of CS2 to aziridine rings are not
prohibitively high, although temperatures above room tem-
perature might be necessary to promote the reaction.

Cycloaddition of COS to 1-butyl-2-phenylaziridine (1butyl)
promoted by cinchonine hydrochloride (3)

Until now, only the activation of symmetric triatomic molecules
has been investigated. This raises the question if the reaction
can also proceed when a non-symmetric substrate, such as
carbonyl sulfide COS, is used in the cycloaddition to aziridines.

Unlike previous cases, different structural isomers can be
obtained starting from 1-butyl-2-phenylaziridine 1butyl and
COS. Depending on which heteroatom is involved in the
cyclization step, 3-butyl-5-phenylthiazolidin-2-one (13Abutyl) or
3-butyl-5-phenyloxazolidin-2-thione (14Abutyl) can be formed
(Fig. 11).

To begin the computational analysis of the reaction between
COS and 1butyl, both compounds shown in Fig. 11 were opti-
mized. Isomers 13Bbutyl and 14Bbutyl, derived from the nucleo-
philic attack to the less electrophilic carbon atom C3 of the
aziridine ring, were not theoretically modelled in view of the
unfavorable energy costs related to their formation (see below).

Preliminary DFT calculations revealed that product 13Abutyl

is more stable than 14Abutyl by 10.4 kcal mol�1 in free energy.
Although the energy difference between the two potential
products is significant, the processes yielding both isomers
were investigated. Given the non-symmetrical nature of COS,
both adducts 15butyl (evolving in 13Abutyl) and 16butyl (evolving
in 14Abutyl) (Fig. 12) were optimized, featuring the alternative
involvement of either oxygen or sulfur in hydrogen bonding,
respectively. Adduct 15butyl was estimated to be 1.3 kcal mol�1

Fig. 8 Optimized structure of transition state TS10-11butyl and of inter-
mediate 11butyl. The hydrogen atoms were hidden for the sake of clarity,
except for those linked to a heteroatom. Selected distances are given in Å
and O–C1–O angle in degrees (1).

Fig. 9 Optimized structure of the intermediate 12butyl and thiazolidin-2-
thione, 9Abutyl. The hydrogens were hidden for the sake of clarity, except
for those linked to a heteroatom. Selected distances are given in Å and
O–C1–O angle in degrees (1).

Fig. 10 Free energy (kcal mol�1) pathway for the cycloaddition reaction
of CS2 to 1-butyl-2-phenyl aziridine 1butyl forming thiazolidin-2-thione
9Abutyl.

Fig. 11 Potential products of the cycloaddition of COS to 1-butyl-2-
phenylaziridine (1butyl).
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more stable than 16butyl, mainly due to more efficient hydrogen
bonding when oxygen, rather than sulfur, is involved.

Starting from the reactants, adduct 15butyl is obtained with a
free energy cost of +15.9 kcal mol�1, while the formation of
16butyl requires a slightly higher cost of +17.2 kcal mol�1. For
adduct 15butyl, the N2–C2 bond cleavage via nucleophilic attack
of chloride proceeds through transition state TS15-17butyl

(Fig. S6) with an associated free energy barrier of +5.8 kcal mol�1.
The system then evolves toward intermediate 17butyl (Fig. 13), with a
free energy gain of�16.7 kcal mol�1. Accordingly, an overall energy
barrier of +21.7 kcal mol�1 must be overcome to reach TS15-17butyl

from the separate reactants.
Accordingly, an overall energy barrier of +21.7 kcal mol�1

must be overcome to reach TS15-17butyl from the separate
reactants. The potential nucleophilic attack of chloride on the
C3 center has been also investigated highlighting a free energy
barrier of +17.8 kcal mol�1 to obtain TS15-17butylC3, shown in
Fig. S6, from adduct 15butyl. Since the overall estimated free energy
barrier for reaching TS15-17butylC3 is as high as +33.7 kcal mol�1, this
mechanism was discarded.

In the case of adduct 16butyl, where the sulfur atom is
involved in hydrogen bonding, the estimated free energy bar-
rier for reaching TS16-18butyl is +11.5 kcal mol�1, resulting in an
overall barrier of +28.7 kcal mol�1 from the isolated reactants to
TS16-18butyl. The system then proceeds to intermediate 18butyl,

with a free energy gain of �25.4 kcal mol�1. Thus, in view of the
quite high calculated barrier compared to that of TS15-17butyl,
the energy pathway for the formation of 14Abutyl was discarded.

Starting from 17butyl, the transition state TS17-19butyl was
computed with a free energy barrier of +7.9 kcal mol�1, in
which the sulfur center of COS can perform a nucleophilic
attack to the C2 center yielding the intermediate 19butyl that
evolves into the final product 3-butyl-5-phenylthiazolidin-2-one
13Abutyl. The complete release of 13Abutyl and restoration of
catalyst 3 is accompanied by a free energy gain of �6.9 kcal mol�1.
A complete free energy pathway for the production of 3-butyl-5-
phenylthiazolidin-2-one 13Abutyl, starting from COS and aziridine
1butyl promoted by metal-free 3, is depicted in Fig. 14 and shows an
overall free energy gain of �20.8 kcal mol�1.

To better summarize and compare the reactivity of the
investigated triatomic molecules, the energy profiles of their
cycloaddition to 1-butyl-2-phenyl aziridine 1butyl catalyzed by 3
were superimposed, as shown in Fig. 15.

A clear difference in overall energy gains can be observed
between the formation of oxazolidine-2-one 2Abutyl and its
sulfur-containing analogues (9Abutyl and 13Abutyl). The overall

Fig. 12 Free energy (kcal mol�1) pathway for the cycloaddition reaction of
CS2 to 1-butyl-2-phenyl aziridine 1butyl forming thiazolidin-2-thione
9Abutyl. Selected distances are given in Å and O–C1–O angle in degrees (1).

Fig. 13 Optimized structure of the intermediate 17butyl. The hydrogens
were hidden for the sake of clarity, except for those linked to a heteroatom
center. Selected distances are given in Å and O–C1–O angle in degrees (1).

Fig. 14 Free energy (kcal mol�1) pathway for the cycloaddition reaction
of COS to 1-butyl-2-phenyl aziridine 1butyl forming 13Abutyl.

Fig. 15 Superimposed free energy (kcal mol�1) profiles of the cycloaddi-
tion reaction of CO2, COS and CS2 to 1-butyl-2-phenyl aziridine 1butyl

catalyzed by 3.
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energy gains calculated for CS2 and COS cycloaddition to 1butyl

were nearly twice as high as that for CO2 (�20.8 kcal mol�1 and
�22.1 kcal mol�1 versus �11.2 kcal mol�1), suggesting a
thermodynamic preference for the formation of oxazolidin-2-
thiones and thiazolidin-2-thiones over oxazolidin-2-ones.

However, the activation barrier computed for the formation
of the key transition state was higher for CS2 (+29.2 kcal mol�1)
compared to CO2 (+19.3 kcal mol�1), indicating that more
forcing reaction conditions may be required to achieve the
product formation. In contrast, the energy barrier to reach the
first transition state from COS is only slightly larger than that
calculated for CO2 (+21.7 kcal mol�1 versus +19.3 kcal mol�1),
suggesting that its cycloaddition could proceed efficiently
under the similar mild conditions successfully employed for
the 3-catalyzed oxazolidin-2-one synthesis. These findings sup-
port the feasibility of COS cycloaddition to aziridines promoted
by catalyst 3 under experimental conditions only slightly more
drastic than those validated for CO2 transformations.

Conclusions

In conclusion, the energetic/structural DFT analyses suggest a
mechanism for the CO2 cycloaddition to the aziridine ring for
the synthesis of oxazolidin-2-ones, efficiently promoted by
cinchonine hydrochloride 3 under very mild conditions (RT
and 0.1 MPa of CO2 pressure). The calculated energy barriers
are compatible to the employed experimental conditions and
the DFT study confirmed the double activation of CO2 through
hydrogen bonding interactions and nucleophile attack of the
aziridine nitrogen atom to the CO2 carbon atom. The theore-
tical analysis explains the dependence of the catalytic efficiency
on the steric hindrance and/or electronic effects of the N-aziri
dine substituents, providing a rationale for the lack of reactivity
of N-aryl aziridines, observed experimentally.

To extend the activation of triatomic molecules mediated by
3 from CO2 to CS2 and COS, the DFT study reported here will be
fundamental for managing in near future experimental reac-
tions involving CS2 and COS, which until now have only been
theoretically predicted. The computational analysis revealed
that catalyst 3 could be a potential candidate for efficiently
mediating both CS2 and COS activation. Even if theoretical
calculations underlined that both processes involve higher
energy barriers than those optimized for the CO2 activation,
acquired data support a future experimental study on the CS2

and COS cycloaddition to aziridine in the presence of 3. By
comparing the calculated energy barriers, the cycloaddition of
COS is predicted to be feasible at temperatures close to the
ambient one, under conditions therefore similar to those
observed for the 3-catalyzed valorization of CO2. In contrast,
the use of CS2 would require slightly higher temperatures. In
both cases, the synthesis of thiazolidin-2-thiones and
oxazolidin-2-thiones is predicted to be feasible using an inex-
pensive and biocompatible catalyst, such as cinchonine hydro-
chloride salt (3), under mild reaction conditions.
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