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Simple ammonium ferrates are competent catalysts for the CO2

coupling with aziridines to yield 5-substituted 1,3-oxazolidin-2-
ones. Good yields with remarkable selectivity are obtained
under mild reaction conditions, room temperature, and atmos-
pheric CO2 pressure, especially for non-hindered N-alkyl, N-
benzyl and N-allyl aziridines, without the need of any co-
catalyst. To shed light on the reaction mechanism, an extensive

set of theoretical calculations has been carried out. A viable
reaction mechanism involving just one ferrate molecule and
where the rate determining step is the 1,3-oxazolidin-2-one ring
closure has been found, and the corresponding barrier is
compatible with the experimental conditions tested in this
study.

Introduction

Last decade has witnessed a growing interest in the use of
greenhouse CO2 gas as renewable C1 building block in the
coupling with reactive molecules.[1–3] Ring strained small hetero-
cycles, such as aziridines and epoxides play a prominent role in
the field, since due to the high energy associated with these
molecules, reaction with thermodynamically stable CO2 occurs
smoothly.[4] These reactions display interesting features in terms
of eco-sustainability, since the coupling occurs with 100% of
atom-economy, valorizing waste CO2 to value-added products.
In this contest, 1,3-oxazolidin-2-ones are of great interest since
they are present as active moieties in several antibacterial[5] and
antimicrobial drugs,[6–10] such as Linezolid,[11] Tedizolid[12,13] and
Radezoild.[14] In addition, 1,3-oxazolidin-2-ones are commonly
employed as chiral auxiliaries and ligands in asymmetric
synthesis.[15]

Several synthetic strategies have been reported for the
construction of the 1,3-oxazolidin-2-one skeleton and to avoid
the use of highly hazardous phosgene,[16] most of them rely on
cycloaddition reactions. One interesting approach is repre-

sented by the three component reaction of CO2 with anilines
and epoxides,[17] which has been recently demonstrated to be
efficiently catalyzed under atmospheric CO2 pressure by
pyridine-bridged pincer-type Fe(II) complexes at 90 °C,[18] by
potassium phosphate at 130 °C[19] or with a binary catalytic
system composed of organocatalysts and DBU at 90 °C.[20] Other
related three coupling processes have recently been reported,
such as the reaction between anilines, dichloroalkanes and CO2

(atmospheric pressure, T=70 °C in the presence of 2 eq. of
CsCO3)

[21] or between anilines, epoxides and cyclic carbonates
catalyzed by rare-earth metal amides (T=80 °C).[22] Aniline-
derived amino alcohols have also been shown to react
smoothly with CO2 (0.5 MPa) at room temperature in the
presence of an external base and p-toluenesulfonyl chloride
(TsCl) as sacrificial reagent.[23] All these methods, as well as the
direct reaction of cyclic carbonates with anilines,[24] are syntheti-
cally efficient for the highly selective synthesis of differently
substituted oxazolidinones, but suffer from limitations, such as
high temperatures, use of overstoichiometric additives (bases)
or sacrificial reagents.

Recently, Poater, D’Elia and co-workers proposed an
efficient organocatalytic synthesis of 5-substituted 3-aryl-oxazo-
lidin-2-ones by cycloaddition of isocyanates to epoxides, by
using ascorbic acid/TBAI as catalysts at T=65 °C in THF.[25]

Another 100% atom-economic process is represented by
the cycloaddition reaction of CO2 to aziridines that occurs at
very high temperatures and pressures.[26–28] This reaction can be
efficiently promoted by several homogeneous[29–32] and
heterogeneous[33–38] catalysts by applying more sustainable
conditions such as lower temperatures and lower CO2 pressures.
Related 5-hydroxymethyl-substituted 1,3-oxazlidin-2-ones can
be efficiently obtained by the cycloaddition reaction of CO2 to
epoxyamines.[39–41]

At a big difference from the CO2 coupling with epoxides
that yields univocally a single stereoisomer, the corresponding
reaction with an aziridine can produce two different regioisom-
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ers when the starting aziridine is not symmetrically substituted
(R¼6 H, Scheme 1).[42] Epoxides are industrial products and as a
result their coupling with CO2 to generate polycarbonates and/
or cyclic carbonates represents one of the few processes that
has been industrialized until now.[43,44] Compared to that, the
cycloaddition of CO2 to aziridines has been less studied. It is
generally recognized that both an electrophilic and a nucleo-
philic species are concomitantly required for the efficient CO2

insertion into the aziridine ring.[45] In analogy to the most
reported mechanism in the case of the coupling with epoxides,
the coordination of an electrophile to the aziridine heteroatom
promote the ring opening of the strained ring by the
nucleophile.[46] In general, the nucleophiles of choice are
represented by organic halide salts, and, in case of N-alkyl-2-aryl
aziridines, the attack is favored on the most substituted carbon
atom.[31] Following this, the ring-opened product undergo CO2

insertion to form a carbamate, which via a fast backbiting of the
intermediate leads to the formation of 5-substituded 1,3-
oxazolidin-2-ones when starting from 2-substituted aziridines.

Our group recently found that Zn(II)[47] and Fe(III)[48]

complexes of Pyclen ligands[49] are suitable catalyst for the CO2

cycloaddition to epoxides. Inspired by this, we have studied the
catalytic activity in this reaction of simple ammonium ferrate
salts, obtaining excellent yields and selectivities under quite
mild conditions.[50] A DFT study was carried out to elucidate the
mechanism. We report here our findings in the use of
ammonium ferrates as catalysts for the CO2 coupling with
aziridines to yield 5-substituted 1,3-oxazolidin-2-ones at room
temperature and 1 atm of CO2 pressure. To the best of our
knowledge, such mild conditions are very seldom used and
either higher CO2 pressures or temperatures are employed,
except for the phosphorus ylide-CO2 adduct catalyzed synthesis
of 3-butyl-5-phenyl-1,3-oxazolidin-2-one.[51]

Results and Discussion

Initially, 1-butyl-2-phenyl aziridine, 1a, was selected as the
benchmark substrate to optimize the reaction conditions
(Table 1). A series of tetrahalogenoferrate(III) salts, [TBA][FeX3Y],
(TBA= tetrabutylammonium) was tested as catalyst in
acetonitrile (1 mL), under stirring in a CO2 atmosphere and
room temperature for 24 h. We have already shown that these
simple ammonium ferrates are robust and active catalysts for
the cycloaddition of CO2 to epoxides, thanks to the presence of
an equilibrium that provides both the Lewis acid (iron salt) and
the nucleophile (halide anion).[50] All the employed ferrates
showed an excellent selectivity in the formation of the desired

3-butyl-5-phenyl-1,3-oxazolidin-2-one, 2a, at room temperature
and atmospheric CO2 pressure. No traces of the 4-substituted
isomer were detected, with the only exception of [TBA][FeCl4]
and [TBA][FeCl3Br] as catalysts (entries 1 and 2, Table 1; d. r.
97 :3). When selectivities are not >99%, a mixture of two
diastereoisomeric piperazines 3a and 3a’ (meso-1,4-dibutyl-2,5-
diphenylpiperazine and (�)-1,4-dibutyl-2,5-diphenylpiperazine,
respectively) derived from the coupling of two aziridine
molecules were also obtained to account for the rest of the
reaction mass balance. The best results in terms of TOF
(turnover frequencies) and conversion were obtained for the
bromo ferrates (entries 3–4, Table 1). We also checked the
activity of simple iron(III) bromide and, as expected, the
presence of a Lewis acid although in 1 mol% amount, was
enough to observe a good conversion of the starting aziridine
(88%), but with a modest selectivity towards the desired
oxazolidinone product (entry 5, Table 1). Both 1H NMR analysis
of the crude and GC traces showed that in this case, along with
74% yield (84% selectivity) of the desired 3-butyl-5-phenyl-1,3-
oxazolidin-2-one, 2a, piperazines 3a–3a’ were also formed (see
Supporting information for their full characterization). Iron (III)
chloride, instead, gave lower conversion and selectivities (see
Supporting information, Table S2).

At the opposite, TBABr yielded only clean 3-butyl-5-phenyl-
1,3-oxazolidin-2-one, 2a, with >99% selectivity, but in very
modest yield (12%, entry 6, Table 1).

Given the fact that ammonium ferrates are formed at room
temperature under vigorous stirring when EtOH is used as the
solvent, from which the [TBA][FeX3Y] precipitates in good yields
and purity (see Supporting information, Table S1), we also
checked if an equimolar amount of ferric salt and ammonium
halide could be used as the catalyst. Indeed, results obtained
are almost identical to those observed for the preformed
ammonium ferrate, [TBA][FeBr4], (compare entry 7 with entry 4,
Table 1). Since ammonium ferrates are much more easily

Scheme 1. The coupling reaction of CO2 with 2-substituded epoxides or
aziridines, yielding to cyclic carbonates or 1,3-oxazolidin-2-ones, respectively.

Table 1. Screening of different catalysts in the cycloaddition reaction of
CO2 to 1-butyl-2-phenyl aziridine.[a]

Entry Catalyst Conversion 1a
[%][b]

Selectivity 2a
[%][b]

TOF[c]

[h� 1]

1 [TBA][FeCl4] 58 96[d] 2.4
2 [TBA][FeCl3Br] 90 98[d] 3.8
3 [TBA][FeBr3Cl] 94 97 3.9
4 [TBA][FeBr4] >99 97 4.1
5 FeBr3 88 84 3.7
6 TBABr 12 >99 0.5
7 FeBr3+TBABr >99 99 4.1

[a] Reaction conditions: 1-butyl-2-phenyl aziridine, 1a, (1 mmol) and
catalyst (1 mol%) in CH3CN (1 mL) under CO2 atmosphere (P=0.1 MPa) at
T=25 °C; t=24 h. [b] Conversion and selectivity determined by 1H NMR
using dibromomethane as the internal standard and confirmed by GC
(decane as IST) [c] Turnover frequency (mol1a(converted) ·molcat

� 1 · reaction
time� 1). [d] Traces of the 3-butyl-4-phenyl-1,3-oxazolidin-2-one isomer
were detected (d. r.=97 :3).
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handled and less hygroscopic with respect to their starting
components, we decided to optimize further the reaction
conditions by employing pre-formed [TBA][FeBr4].

Indeed, similar results with excellent conversion and
selectivity were observed also with the mixed ferrate
[TBA][FeBr3Cl] (entry 3, Table 1). However, this last compound
may be more complicated to study in mechanistic experiments
and DFT calculations, given to the presence of halide
scrambling.[50]

The effect of different solvents, molarity, and pressure was
investigated. Given the good solubility of [TBA][FeBr4] in both
polar and non-polar media, good conversions were observed in
almost all tested solvents and results are summarized in Table 2.
The only exceptions are represented by THF, that most
probably competes with the aziridine in the coordination to the

iron center (entry 4, Table 2) and a protic solvent such as MeOH
(entry 6, Table 2). In this case a very low selectivity was
observed, due to the competing nucleophilicity of the solvent.
It should be noted that, with the exception of DCM (DCM=

dichloromethane), in all the other solvents, included DMC
(DMC=dimethylcarbonate), selectivities were lower than 100%,
since variable amounts of 2,5-diphenylpiperazines, 3a–3a’,
were also formed.

Given the fact that traces amount of piperazine were
formed, we investigated the effect of the aziridine concen-
tration, reaction time, catalyst loading, and CO2 pressure on the
reaction outcome. Results are summarized in Table 3.

It is worth to note that we performed the reactions, after
having purged the reaction vial with CO2, under a gentle flow
of carbon dioxide in order to keep its concentration constant.
After 16 h of reactions, with 1 mol% of catalyst, we observed a
97% conversion of the starting aziridine 1a, with a high
selectivity in the desired oxazolidinone 2a (entry 1, Table 3).
When we repeated the same reaction, by using a CO2 balloon
over the vial, the aziridine conversion was lower and this time,
together with the expected 2a, piperazines 3a–3a’ were also
obtained with a 30% selectivity (entry 2, Table 3). Despite the
fact that, in principle, the stochiometric amount of CO2 is surely
assured by the presence of the balloon, we think that this result
may be due to the fact that balloons are not gas-tight and that
carbon dioxide leaks through rubber.[52]

The use of 2.5 mol% of [TBA][FeBr4] resulted in a complete
conversion with almost quantitative selectivity in just 16 h
(entry 3, Table 3), whilst an increased amount of the catalyst up
to 5 mol% was detrimental since again piperazines started to
be formed as the major by-products (entry 4, Table 3).

Two further experiments were done to shed light on the
role of piperazine formation as a side reaction. A 10-fold diluted
sample (0.1 M solution of 1a) resulted in a slower reaction (only
5% conversion), but with a complete selectivity in favor of 3-
butyl-5-phenyl-1,3-oxazolidin-2-one, 2a (entry 5, Table 3). On
the other hand, a 10-fold concentrated sample gave worse
selectivity (43%) and the major products were piperazines 3a
and 3a’ (57%), and low conversion values, most probably due
to bad solubility of the catalyst (entry 7, Table 3). Then, a typical
reaction of 1 M aziridine with 1 mol% loading of the ferrate
catalyst was followed during time by GC analysis repeated in
the first 2 h of reaction (see Supporting information, Figur-
es S1–S2). We observed the formation since the beginning of a
slight amount of piperazines 3a–3a’ (ca. 2%) together with 2a.
The amount of piperazine by-products remains constant after
the first 30 min of reaction, whilst the aziridine continues to be
converted into oxazolidinone 2a, to reach a >99% conversion
after 24 h, with a global selectivity of 97% in 2a. To isolate pure
piperazines 3a and 3a’, we have performed the reaction under
N2 atmosphere instead of CO2, under otherwise identical
conditions. From all this data is clear that in the absence of CO2,
a fast reaction, triggered by a Lewis acid catalyst, of two
molecules of 1a yields to the formation of the piperazine core.
On the other hand, in the presence of CO2 excess leads to the
trapping of the ring opened aziridine (vide infra DFT calcula-
tions) to finally give 2a.

Table 2. Screening of different solvents in the cycloaddition reaction of
CO2 to 1-butyl-2-phenyl aziridine.[a]

Entry Solvent Conversion 1a [%][b] Selectivity 2a [%][b] TOF[c] [h� 1]

1 DCM 85 >99 3.5
2 CH3Cl 75 83 3.1
3 Acetone 92 84 3.8
4 THF 38 92 1.6
5 AcOEt 90 93 3.8
6 MeOH 41 34[d] 1.7
7 DMC 75 89 3.1

[a] Reaction conditions: 1-butyl-2-phenyl aziridine (1 mmol) and catalyst
(1 mol%) in the solvent (1 mL) under CO2 atmosphere (P=0.1 MPa) at T=

25 °C; t=24 h. [b] Conversion and selectivity determined by 1H NMR using
dibromomethane as the internal standard. [c] Turnover frequency
(mol1a(converted) ·molcat

� 1 · reaction time� 1). [d] Several unidentified by-prod-
ucts accounted for the rest of the mass balance.

Table 3. Optimization of the reaction conditions in the cycloaddition
reaction of CO2 to 1-butyl-2-phenyl aziridine.[a]

Entry Cat
[mol%)

t
[h]

P
[Mpa]

Conversion 1a
[%][b]

Selectivity 2a
[%][b]

TOF[c]

[h� 1]

1 1 16 0.1 92 98 5.8
2[d] 1 16 0.1 76 70 4.8
3 2.5 16 0.1 >99 97 2.5
4 5 16 0.1 >99 82 1.2
5[e] 1 24 0.1 5 >99 0.2
6[e] 5 24 0.1 32 91 0.3
7[f] 1 16 0.1 71 43 4.4
8 1 24 0.4 >99 98 4.1
9[g] 1 24 0.4 88 83 3.7

[a] Reaction conditions: 1-butyl-2-phenyl aziridine (1 mmol) and catalyst
(x mol%) in CH3CN (1 mL) under CO2 atmosphere at T=25 °C; under
stirring. [b] Conversion and selectivity determined by 1H NMR using
dibromomethane as the internal standard. [c] Turnover frequency
(mol1a(converted) ·molcat

� 1 · reaction time� 1). [d] Reaction performed under a
CO2 balloon. [e] 10 mL of CH3CN were used (1a, 0.1 M). [f] 0.1 mL of CH3CN
were used (1a, 10 M). [g] FeBr3 1 mol% as the catalyst.
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To further study the effect of CO2 concentration, we
performed the reaction at room temperature in autoclave under
0.4 MPa pressure of CO2 (entry 8, Table 3), and the obtained
results were very close to those observed working under CO2

flow.
With the optimized reaction conditions in hand, we ex-

plored the scope and limitations of the catalytic system. In line
with our goal to work under mild reaction conditions, we
decided to perform the screening at room temperature and
atmospheric pressure (Table 4).

At first, we performed the reaction of 2-phenyl aziridines
bearing different substituents in para position. The presence of
electron-donating p-substituents (EDG) on the aziridine phenyl
ring is expected to stabilize the developing carbocationic
charge at the benzylic carbon center, whilst electron-with-
drawing groups (EWG) should destabilize it.[30] Stabilization of
the incipient carbocation is expected to accelerate the reaction
rate. To better compare the substituent effects, reactions were
performed with a 1 mol% catalytic loading and for 16 h at
room temperature and under CO2 atmospheric pressure, to
avoid a quantitative conversion of the starting aziridine. The
presence of EDGs in the para positions, yielded both to a faster
and less selective conversion of the starting product. Aziridine
1b was converted almost quantitatively in just 16 h at room
temperature, but the selectivity in product 2b was only 85%.
Again, following the reaction by GC, a fast formation of
piperazines 3b at the beginning of the reaction was observed,
with a nearly 10% selectivity since the first hour (see
Supporting Information). Then, this side reaction almost com-
pletely stopped, and only the oxazolidine-2-one product 2b
was formed until the complete aziridine consumption. A plot of
the conversion of the starting aziridine vs. reaction time in the
case of aziridine 1a and 1b is reported in the Supporting
Information (Figure S1 and S3), clearly showing that the
presence of an ED group on the phenyl ring increase the rate of
conversion. A clear first order kinetic in the aziridine consump-
tion was not however observed (see Supporting Information for
details), since the side reaction leading to the formation of the
piperazine most probably follows a second order kinetic with
respect to the aziridine. Current efforts in our laboratories are
ongoing to study in detail the piperazine formation with the
aim to report a complete kinetic and theoretical study of both
reactions. On the other hand, the presence of EWG substituents
slow down the nucleophilic attack rate, and a slower conversion
of the starting aziridine was observed. Only an 87% and 83% of
conversion for aziridines 1c and 1d were obtained, respectively,
but in both cases, with an almost quantitative selectivity in
favor of products 2c and 2d. All the above reactions have been
repeated in autoclave (0.4 MPa of CO2) for 24 h at room
temperature. In these cases, complete conversions with very
high selectivities were observed for aziridines 1a–1d. We also
showed that the presence of an ether moiety is tolerated.
Aziridine 1e was readily converted in just 16 h, but in this case
the selectivity was very low and product 2e was obtained in
less than 50% yield, while the 1H NMR spectrum of the reaction
mixture clearly showed the formation of piperazines 3e and
3e’.

We next monitored the effect of different substituents on
the nitrogen atom of the aziridine. In this case we used a
2.5 mol% catalytic loading, since those were the best conditions

Table 4. Scope and limitations in the cycloaddition reaction of CO2 to
aziridines.[a]

Entry Substrate Cat.
[mol%]

Conv. 1
[%][b]

Prod. Sel. 2
[%][b]

TOF
[h� 1]c]

1 1
92
>99[d] 2a 98

98[d]
5.8
4.2

2 1
94
>99[d] 2b 85

84[d]
5.9
4.2

3 1
87
>99[d] 2c 99

99[d]
5.4
4.2

4 1
83
>99[d] 2d 99

99[d]
5.2
4.2

5 1 95 2e 48 5.9

6 2.5 >99 2a 97 2.5

7 2.5 >99 2f 84[e] 2.5

8 2.5 >99 2g 90 2.5

9 2.5 >99 2h >99 2.5

10 2.5 >99 2 i 96 2.5

11[f] 2.5 >99 2 j 30[g] 2.5

12[f] 2.5 85 2k 24[h] 2.1

13[f] 2.5 45 2 l 40[i] 1.1

14[f] 2.5 >99 2m n.d.[l] 2.5

15[f] 2.5 >99 2n 32[m] 2.5

16[f] 2.5 40 2o 90 1.0

[a] Reaction conditions: aziridine (1 mmol) and catalyst (x mol%) in CH3CN
(1 mL) under CO2 atmosphere at T=25 °C; under stirring; t=16 h.
[b] Conversion and selectivity determined by 1H NMR using dibromo-
methane as the internal standard. [c] Turnover frequency (mol1a(converted) ·
molcat

� 1 · reaction time� 1). [d] Reaction performed in a steel autoclave at
25 °C for 24 h and 0.4 MPa of CO2. [e] Traces of the 3-methyl-4-phenyl-1,3-
oxazolidin-2-one isomer were detected (d. r.=98 :2). Piperazines 3f
(mixture of diastereoisomers) accounted for the rest of mass balance.
[f] Reaction performed in a steel autoclave at 100 °C for 16 h and 1.6 MPa
of CO2. [g] Piperazines 3 j (mixture of diastereoisomers) were formed with
a global 70% selectivity. [h] Piperazines 3k (mixture of diastereoisomers)
were formed with a global 76% selectivity. [i] Several by-products were
present in the reaction crude, including probably piperazines 3 l and 3 l’.
[l] Only piperazines 3m (mixture of diastereoisomers) were detected with
a global 88% selectivity. Others unidentified by-products accounted for
the rest of the mass balance. [m] Several other unidentified by-products
accounted for the rest mass balance.
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to obtain an almost quantitative conversion in case of aziridine
1a in just 16 h (entry 6, Table 1). Less hindered N-methyl
protected aziridine 2f gave a quantitative conversion but with a
lower selectivity (84% entry 7, Table 4) for the desired oxazolidi-
none product.

In this case, the formation of 1–4-dimethyl-2,5 diphenyilpi-
perazines 3f–3f’, is surely favored at the early stage of the
reaction, due to the reduced steric hinderance. Even unpro-
tected aziridine 1g worked well and was efficiently converted
with a very good selectivity (entry 8, Table 4).

Good conversions and selectivities were observed for allyl
and benzyl N-protected aziridines, 1h and 1 i, (entries 9 and 10,
Table 4). On the other hand reaction of substrates 1 j and 1k,
with secondary alkyl groups on the nitrogen atoms failed to
proceed at room temperature and required harsher reaction
conditions (T=100 °C, P(CO2)=1.6 MPa) to give good conver-
sions, albeit with very modest selectivities (entries 11 and 12,
Table 4). These results are in agreement with a mechanism in
which coordination of the Lewis acid catalyst to the nitrogen
atom of the aziridine trigger the nucleophilic attack.[31]

The same negative results were observed for deactivated N-
Ts (tosyl) protected aziridine 1 l, due to the presence of
electron-withdrawing sulfonyl group at the nitrogen atom,[53]

and with aryl substituted aziridines 1m and 1n (entries 13–15,
Table 4). On the other hand, 1-tosyl aziridine, 1o, was almost
selectively converted to 3-tosyl-1,3-oxazolidin-2-one, 2o, albeit
in modest yield (entry 16, Table 4). We also tried to react (cis)-1-
benzyl-2,3-diphenyl aziridine, 1p, as an example of 1,2-disub-
stituted aziridine. At room temperature and under 1 atm of CO2

(Method A), low conversion and only traces amount of desired
oxazolidinone, 2p, were observed (see Supporting Information),
whilst under harsher conditions (Method B) the reaction gave
only several unidentified by-products, among which benzalde-
hyde (probably due to aza-Cope rearrangement).

Finally, a scale up reaction on 1 g of aziridine 1a was
performed in a steel autoclave at 25 °C for 24 h under CO2

atmosphere (0.4 MPa). The choice to work in autoclave was
driven by the fact that under these conditions, the amount of
consumed CO2 is lower than working under flow conditions.
Analysis of the crude showed a quantitative conversion with a
high selectivity. Clean 3-butyl-5-phenyl-1,3-oxazolidin-2-one,
2a, was isolated in 81% yield from the organic phase by simple
extraction from AcOEt/water (see Supporting information).

To shed light onto the atomistic mechanism of these
processes, we performed an extended set of ab initio
computations. We reproduced the entire reaction path in two
distinct cases, both relying on the same assumptions. The
results are presented and discussed in terms of enthalpies
instead of free energies. A rationale for this choice is given in
the Theoretical Computations section, along with all the details
of our computational setup. First, we considered that the ferrate
species might undergo dissociation in this reaction environ-
ment. Though we did not perform a kinetic study to support
this possibility, we determined that the dissociated form of the
ferrate anion, i. e. FeBr3 plus Br� , is thermodynamically more
stable than the undissociated form by about 6 kcal/mol when
interacting with aziridine. Dissociation of the ferrate anion

introduces in the reaction environment a Lewis acid (LA=FeBr3)
and a nucleophilic species (Br� ), both relevant for the proposed
mechanism.

Second, we did not consider any bimetallic phenomena,
which are currently invoked in the literature for analogous
reactions.[54] Indeed, as we will discuss in the following, our
calculations prove that the reaction may proceed even with the
support of just a single iron-based catalyst molecule.

Third, we assumed that breaking of the C� N bond in the
aziridine 1f involves the carbon atom bearing the aromatic
ring, as widely accepted in the literature[31] and proven
experimentally, since only 5-substituted 1,3-oxazolidin-2-ones
were obtained. This choice is also supported by computational
results obtained in this study, which prove that the barrier for
aziridine ring opening is slightly larger when the halide attacks
the less hindered carbon atom as compared to the more
hindered one. Fourth, no cation was included in the reaction
environment, its role being essentially a rigid shift of all
energies towards lower values.[50] Computed data are depicted
in Figure 1 and Figure 2, along with the molecular structures of
all reaction intermediates and transition states.

In Figure 1 we report the case study corresponding to the
experiments described in this work: the addition of CO2 to
aziridine (1f) to form 5-methyl-1,3-oxazolidin-2-one (2f), in
presence of both a Lewis acid (FeBr3) and a nucleophilic species
(Br� ). We first considered the formation of a complex between
aziridine and the Lewis acid (labeled as “1f LA” in Figure 1), and
then also with bromide (1f LA Br). From this step on, the overall
conversion process encounters three energy barriers (TS1, TS2
and TS3 in Figure 1), corresponding to the following phenom-
ena: (TS1) Aziridine ring opening upon attack of bromide onto
the more hindered carbon atom, and consequent breaking of a
carbon-nitrogen bond in a concerted way; (TS2) internal
rearrangement between CO2, the LA and the nitrogen atom;
(TS3) ring closure to form the product. Data in Figure 1 clearly
show that barrier TS3, corresponding to ring closure, is by far
the largest, and measures about 23.0 kcal/mol, thus being the
rate-determining step of the reaction. Though probably slightly
overestimated, this value is consistent with conversion times
measured during experiments. It is worth noting that the
energy path of Figure 1 is unfavorable as concerns the last two
steps, i. e. the release of the Lewis acid, FeBr3, and of bromide
from the product. However, it is remarkable that FeBr3 is less
bound to the product as compared to the reactant by the
considerable amount of about 12 kcal/mol. This feature is likely
to play a key role for the catalyst to abandon 1,3-oxazolidin-2-
one at the end of the reaction process and activate a new
aziridine molecule. As for bromide, its interaction energies with
the product and the reactant are almost equivalent, supporting
the hypothesis that also the migration of this species from 2f to
1f is likely to occur.

Overall, the entire reaction process is exothermic with an
enthalpy of � 25.7 kcal/mol, a prediction consistent with experi-
ments. This value is computed as the total energy difference
between the reactants and the products, each moiety consid-
ered as being isolated and solvated by acetonitrile.
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According to experimental evidences, the reaction might
proceed also without activation of aziridine by a Lewis acid. We
therefore sought for a viable reaction mechanism without
including FeBr3 in the reaction environment and collected data
in Figure 2. Within this choice, it is necessary that carbon
dioxide acts as a weak Lewis acid from the very beginning of
the reaction. If this is not the case, the aziridine ring opening
upon attack of bromide does not produce any stable

intermediate. It is worth noting that this is a crucial aspect for
the mechanism of this reaction. Indeed, carbon dioxide interacts
very weakly – and hence reversibly – with the nitrogen atom of
aziridine, just few kcal/mol, and the resulting conformer is
concurrent with many others, unuseful to the reaction. At
variance with respect to FeBr3, it is therefore unlikely to imagine
that CO2, when acting as a Lewis acid, stably activates a reactant
molecule, arranging it for the attack of bromide. More likely, for

Figure 1. Complete energy profiles for the reaction under investigation: conversion of aziridine to 5-methyl-1,3-oxazolidin-2-one, 2 f, in presence of a Lewis
acid, FeBr3, and bromide. Values reported on each plateau are the energy difference with respect to the previous step. All energies include zero-point
vibrational correction. The chemical structure of each species is depicted in the proximity of its energy level. From left to right: (1f) aziridine molecule; (1f LA)
1f interacts with the Lewis acid, FeBr3; (1f LA Br) a bromide anion is added to the 1f LA complex; (TS1) transition state: bromide attacks the aziridine ring to
form a Br� C bond; (INT1) stable intermediate, Br� C is formed and the aziridine ring is open; (INT1 CO2) INT1 interacts with carbon dioxide; (TS2) transition
state: the carbon atom of CO2 approaches nitrogen; (INT2) stable intermediate: one carbon atom from CO2 is chemically bound to nitrogen; (TS3) transition
state: the free oxygen of CO2 attacks the more hindered carbon of the former aziridine; (2f LA Br) the product 2 f is formed, still interacting with the Lewis acid
and bromide; (2f LA) bromide is removed, the product interacts just with the Lewis acid; (2f) product moiety.

Figure 2. Complete energy profiles for the conversion of aziridine to 5-methyl-1,3-oxazolidin-2-one, 2f. The Lewis acid FeBr3 is not included in the reaction
environment. The presence of bromide and of CO2 are instead contemplated. Values reported on each plateau are the difference with respect to the previous
step. All energies include zero-point vibrational correction. The chemical structure of every species is depicted in the proximity of its energy level. From left to
right: (1f) an aziridine molecule; (1f CO2) 1f interacts with carbon dioxide; (TS1) transition state for internal rearrangement; (1f CO2’) stable intermediate: a
complex with different conformation with respect to 1f CO2 is formed; (1f CO2 Br) bromide is allowed to interact with 1f CO2’; (TS2) transition state: bromide
attacks the aziridine ring to form a Br� C bond; (INT) stable intermediate, Br� C is formed and the aziridine ring is open; (TS3) transition state: an oxygen atom
of CO2 attacks the more hindered carbon of the former aziridine; (2f Br) the product 2 f is formed, still interacting with bromide; (2f) bromide is removed:
isolated product moiety.
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the reaction to proceed, it is necessary that a well-defined
conformation - among many others with very similar energy -
involving three molecules (bromide, aziridine and carbon
dioxide) appears. Beyond this critical step, the conversion of the
reactants into the products requires three energy barriers to be
overcome, as depicted in Figure 2. The first, TS1, is indeed
negligible, and corresponds to an internal conformation
conversion between CO2 and aziridine. The second, TS2, is
aziridine ring opening upon attack of bromide, and the third,
TS3, is ring closure to form the 5-substituted 1,3-oxadolidin-2-
one, 2f. The largest one is the third, just 9.3 kcal/mole, while
the second measures 7.6 kcal/mol.

In conclusion, we identified a viable reaction mechanism for
addition of carbon dioxide to aziridine, involving just one
ferrate molecule; the rate determining step is the 1,3-
oxazolidin-2-one ring closure, and the corresponding barrier is
compatible with the experimental conditions tested in this
study. Alternatively, we also proved that the reaction might
proceed as well without activation of the aziridine ring by a
Lewis acid. In this case, however, the reaction begins with a
three-molecular mechanism, whose relevance for the overall
conversion becomes noticeable only at high reactants concen-
trations. Such condition is likely to realize in experiments
conducted at high pressures of carbon dioxide.[28]

Conclusion

We have recently reported the synthesis of a series of
ammonium “ferrate” salts, both homoleptic and mixed, which
proved to be robust and active catalysts for the cycloaddition of
CO2 to epoxides without the addition of any additive or co-
catalyst.[50] The synthesis of the catalyst is straightforward,
starting from cheap and commercially available iron(III) halide
salts and quaternary ammonium salts. We have shown here
that this catalytic system is even more active for the synthesis
of 5-substituted 1,3-oxazolidinin-2-ones starting from 2-aryl
substituted aziridines under mild reaction conditions, which are
remarkable when compared to the state of the art of the iron
based homogeneous catalytic systems.[55,56] Compared with
previously reported systems, the reaction occurs at room
temperature and atmospheric CO2 pressure, requires a low
catalytic loading (1 mol% of cheap iron salts) and has a quite
broad substrate scope with good to excellent selectivities.[31]

The scope of the reaction was investigated and the catalyst
showed to be active on non-hindered N-alkyl, N-benzyl and N-
vinyl aziridines, without the need of any co-catalyst. Conversely,
N-aryl and more hindered substrates need harsher reaction
conditions. Scale-up experiments on a 1 gram scale were
successful in the case of 1-butyl-2-phenyl aziridine, 1a, yielding
in satisfactory yield to 3-butyl-5-phenyl-1,3-oxazolidin-2-one,
2a, without the need of any further purification. To gain a
deeper insight into the reaction mechanism and the role played
by the combination of the Lewis acid (iron salt) and nucleophile
(halide anion), theoretical calculations have been carried out. A
very good correlation between the DFT calculations and the
experimental outcomes has been observed. In view of these

results, further studies are ongoing in our laboratories to
diversify the ferrate complexes with the aim to achieve an
easier recovery of the catalyst at the end of the reaction and to
better understand the role played by the side reaction, in the
absence of CO2, yielding to piperazines.

Experimental Section
All chemicals and solvents were commercially available and used as
received except where specified. 1H NMR analyses were performed
with 300 and 400 MHz spectrometers at room temperature. The
coupling constants (J) are expressed in hertz (Hz), and the chemical
shifts (δ) in ppm. Catalytic tests were analysed by 1H NMR
spectroscopy using dibromoethane as the internal standard. Gas-
chromatographic analyses were performed with GC-FAST technique
using a Shimadzu GC-2010 equipped with a Supelco SLBTM-5 ms
capillary column. Low resolution MS spectra were acquired with
instruments equipped with ESI/ion trap sources. High resolution MS
spectra were acquired on a Q-ToF SYNAPT G2-Si HDMS 8 K
instrument (Waters) equipped with a ZsprayTM ESI source (Waters).
The values are expressed as mass � charge ratio and the relative
intensities of the most significant peaks are shown in brackets.
Elemental analyses were recorded in the analytical laboratories of
Università degli Studi di Milano. The synthesis and characterization
of the ammonium ferrates and the employed aziridines, as well as
the full characterization of 1,3-oxazolidin-2-ones 2a–o and piper-
azines 3a, 3a’ and 3k are detailed in the Supporting information.
The collected data for 1,3-oxazolidin-2-ones are in accordance with
those reported in literature: 2a, 2b, 2h, 2 i and 2 j;[42] 2c;[57] 2d and
2e;[31] 2f and 2g;[38] 2k;[29] 2 l,[53] 2n,[58] 2o.[59]

General catalytic procedure. Method A: The catalyst (0.01 mmol or
0.025 mmol, see Table captions), CH3CN (1 mL) and the substrate
(1 mmol) were added in a round bottom Schlenk tube. Each reactor
was previously dried in an oven at 120 °C overnight. The reaction
mixture was stirred for 16 hours under CO2 (1 atm) at 25 °C. At the
end of the reaction, the solvent was evaporated with reduced
pressure, dibromomethane (0.35 mL, 0.5 mmol) was added as the
internal standard (ISD) and the solute was dissolved in CDCl3 for
1H NMR analysis. Before acquiring NMR spectra, the CDCl3 solutions
were filtered on celite pad to remove the unsoluble catalysts.
Isolated products were purified by flash chromatographic column
(silica gel, 60 μm, n-hexane/AcOEt=8 :2. TEA (triethylamine) 10%
was added).

Method B: A 250 mL stainless steel autoclave reactor was equipped
with three 2.5 mL glass vials, containing the catalyst (0.25 mol%),
the aziridine (1 mmol) in 1 mL of CH3CN. The vials were equipped
with magnetic stirring bars and sealed with specific caps. The
autoclave was then charged with 0.5 MPa CO2 and vented-off. This
operation was performed twice and then the autoclave was
charged with 1.6 MPa of CO2 and placed in the heating bath at
100 °C for 16 h. The reactor was then cooled to RT and the CO2

pressure released. The solvent was evaporated with reduced
pressure, dibromomethane (0.35 mL, 0.5 mmol) was added as the
internal standard (ISD) and the solute was dissolved in CDCl3 for
1H NMR analysis. Before acquiring NMR spectra, the CDCl3 solutions
were filtered on celite pad to remove the unsoluble catalysts.
Isolated products were purified by flash chromatographic column
(silica gel, 60 μm, n-hexane/AcOEt=8 :2. TEA (triethylamine) 10%
was added).

Theoretical calculations. Ab initio computations have been per-
formed at the Density Functional Theory level of theory. We
adopted the B3LYP exchange-correlation functional, which proved
successful in describing the reactivity of analogous systems.[50,60] All
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atoms, including the ones belonging to the ferrate anion, the Lewis
acid FeBr3 and bromide, have been assigned the 6-31+ +g(d,p)
basis set, whose polarization functions should be capable of
describing the deformation of molecular orbitals along the reaction
path. Iron has been considered in its high spin electronic
configurations, according to literature evidences.[61] In all calcula-
tions the solvent has been accounted for implicitly via the Solvation
Model based on Density,[62] and dispersion forces have been
included in total energy and forces calculations adopting the D3
scheme proposed by S. Grimme et al.[63] The geometries of all
reaction intermediates have been fully optimized. Transition states
have been located through the Berny algorithm,[64] i. e. by
computing force constants and performing an eigenvector follow-
ing search. Transition states and corresponding intermediates have
been connected by intrinsic reaction coordinate calculations. When
failed, this procedure has been substituted or completed by total
energy optimization procedures, which are computationally more
robust even if less rigorous from the theoretical point of view. The
energies of all systems have been corrected by zero-point vibra-
tional energy. A general remark concerning the treatment of
computed data is worth being discussed in detail. We do know that
chemical processes are driven by free energy, still in this study we
presented and discussed enthalpies. Indeed, the variations of
entropy along the reaction path (at the temperature of 25° C) have
been estimated assuming gas phase conditions. As expected, in
steps where the molecularity of the system decreases, the variation
of entropy induces a significant (i. e. larger than 5 kcal/mol) and
positive contribution to the change in free energy, and vice versa.
Conversely, when the molecularity of a step does not change, the
contribution of entropy to the variation of free energy results
almost negligible (i. e. below 1 kcal/mol). As concerns the reaction
discussed here, no transition state implies a change in molecularity,
suggesting that our evaluation of energy barriers is almost
unaffected by entropy. Furthermore, we recall that we simulated a
condensed phase environment and not a gas phase system, using
an implicit model for the solvent. As extensively discussed by
Alejandro Garza in a recent article,[65] to estimate the variations of
entropy derived from gas phase systems in the description of
solutions leads to relevant and unavoidable errors. We therefore
opted for presenting properly defined minimum enthalpy reaction
paths. We are confident that our discussion, as well as the general
conclusions, represent a valid option for the specific systems
investigated in this study.
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