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Abstract: The protonation of commercially available porphyr-
in ligands yields a class of bifunctional catalysts able to
promote the synthesis of N-alkyl oxazolidinones by CO2

cycloaddition to corresponding aziridines. The catalytic sys-
tem does not require the presence of any Lewis base or
additive, and shows interesting features both in terms of cost
effectiveness and eco-compatibility. The metal-free method-

ology is active even with a low catalytic loading of 1% mol,
and the chemical stability of the protonated porphyrin
allowed it to be recycled three times without any decrease in
performance. In addition, a DFT study was performed in order
to suggest how a simple protonated porphyrin can mediate
CO2 cycloaddition to aziridines to yield oxazolidinones.

Introduction

The use of CO2 as a C1 source for synthesizing added-value
compounds occupies a prominent role in the optimization of
resource efficiency,[1–6] which is necessary for the transition from
linear to circular chemical processes. One of the synthetic
routes using carbon dioxide as a renewable reagent is its
cycloaddition to three-membered rings such as epoxides[7–12]

and aziridines. In particular, the reaction of the latter molecules
with CO2 is a 100% atom-economic procedure forming
oxazolidinones,[13] which are largely employed as chiral
auxiliaries[14] in organic synthesis as well as building blocks for
producing pharmaceuticals.[15–18]

The synthesis of oxazolidinones is efficiently promoted by
both homogeneous[19–21] and heterogeneous[22–25] catalytic sys-
tems, which are not always in line with dictates of green
chemistry. In order to enhance catalytic performances, either
high temperatures and CO2 pressures or the presence of
promoters, often obtained by nontrivial and time-consuming
syntheses, are required. Consequently, the development of

more eco-compatible protocols is an important goal and many
efforts are currently devoted to apply catalytic systems which,
besides being efficient and selective, can be recycled and
reused several times.

Even if ammonium salts,[26,27] ionic liquids[28,29] N-heterocyclic
olefins[30] can be used alone to promote the reaction of
aziridines with CO2, catalytic performances usually enhance in
the presence of binary systems[28,30–34] constituted by an electro-
philic (E) and nucleophilic (Nu) species, which play synergic
roles in optimizing the catalytic efficiency as well as improving
the reaction regioselectivity. As reported in Scheme 1, the
reaction can form the two regioisomers A and B and the nature
of the electrophilic species is fundamental to drive the
nucleophilic attack to the aziridine ring and maximize the
reaction regioselectivity.

Besides catalytic systems employed for promoting the
synthesis of oxazolidinones by reacting aziridines with CO2,
porphyrin-based catalytic procedures[35–38] demonstrated to be
very efficient and selective. The activity of ruthenium porphyrin
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Scheme 1. General scheme of the synthesis of the two oxazolidinone
regioisomers.
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complexes[39] was first investigated by some of us and more
recently we also discovered the capability of metal-free
porphyrins in mediating the synthesis of N-substituted
oxazolidinones.[40–42]

Considering that TPPH2 (TPP=dianion of tetraphenyl por-
phyrin) was very active in the presence of TBACl (tetrabutylam-
monium chloride), which furnish the chloride nucleophilic anion
in charge of the ring-opening process, we wondered if a
chlorohydrate porphyrin was able to play a bifunctional role by
furnishing both the porphyrin platform to induce the regiose-
lectivity and the Cl� anion to attack the aziridine ring.

On the basis of this hypothesis, we investigated the activity
of simple and low-cost protonated porphyrins with the low
catalytic loading of 1 mol% and in the absence of any additive
or Lewis base. Collected data are here reported alongside the
DFT investigation of the reaction mechanism.

Results and Discussion

Synthetic study

The protonated porphyrins shown in Scheme 2 were synthe-
sized by adding either an aqueous solution of HX[43] or
RCOOH[44] to a dichloromethane solution of TPPH2.

Porphyrins TPPH4X2 (1, X=Cl; 2, X=Br; 3, X= I) and
TPPH4(RCOO)2 (4, R=CF3; 5, R=ClCH2; 6, R=Cl2CH) were
obtained in a quantitative yield, fully characterized (see the
Supporting Information) and tested in the synthesis of N-butyl-
phenyloxazolidin-2-one (7; Table 1).

The model reaction shown in Table 1 was run for only 6 h to
better compare the catalytic efficiency of tested catalysts. As
reported, all the catalytic reactions showed the same regiose-
lectivity independently from the nature and nucleophilicity of
the anion. On the other hand, considering that cycloaddition
reactions occur without producing by-products, the 100% of
selectivity, which was observed in the presence of catalysts 1, 4,
5 and 6 (Table 1, entries 1 and 4–6), can be an interesting
starting point to maximize the reaction sustainability by also
avoiding the formation of side products.

In order to choose the best catalyst for studying the
reaction scope, we investigated the chemical stability of
complexes 1–6 by treating them at 100 °C in dichloroethane
(DCE) under 1.2 MPa of CO2 for 16 h and in the absence of N-
butyl-2-phenylaziridine. The 1H NMR analysis of all the tested
reaction mixtures performed after 16 h revealed a similar
stability for all the catalysts 1–6. The presence of neither free-
base (neutral) porphyrins nor decomposition products was
detected.

Even if all the tested catalysts were equally stable, in view of
the importance to develop low-cost catalytic systems, TPPH4Cl2
(1) was chosen as the target catalyst alongside TPPH4Br2 (2),
which also showed a good conversion/selectivity relationship
(Table 1). Although it is worth investigating the catalytic activity
of both complexes, TPPH4Cl2 (1) has to be considered more
convenient than TPPH4Br2 (2) due to the lower cost, toxicity and
the corrosive nature of HCl with respect to HBr. In addition, the
100% selectivity observed in the presence of catalyst 1 ensures
the absence of any side products, whose presence decreases
the reaction sustainability.

Thus, the experimental conditions of the model reaction
catalyzed by TPPH4Cl2 (1) were optimized by testing different
solvents, reaction temperatures, reaction times, CO2 pressures
and catalytic loading. The resulting data, reported in the
Supporting Information, indicated good performance by run-
ning the reaction for 16 h at 100 °C with 1.2 MPa of CO2 and 1%
mol of catalytic loading.

The experimental conditions described above were em-
ployed to study the reaction scope in the presence of TPPH4Cl2
(1) and achieved data were compared to those collected by
running the reactions in the presence of TPPH4Br2 (2). Except in
two cases (Table 2, entries 2 and 3), the regioisomer A was
always formed as the sole product to testify the high
regioselectivity of the catalytic system; collected results are
listed in Table 2. Apart from the synthesis of compound 8
(entry 1), where the moderate yield can be due to chemical
instability of the starting aziridine with respect to all the other
reagents, the length of linear alkyl substituents did not affect
the performance of the reaction (entries 2–4). Conversely,
achieved data indicated the negative influence of the steric
hindrance of the branched substituent at the aziridine nitrogen
atom on the catalytic performance and a drastic decrease of the
reaction productivity was observed when the nitrogen atom
beard a sec-butyl and a tert-butyl substituent; only traces of
compounds 13 and 14 were formed (entries 5–8).

The presence of N-cyclic substituents did not allow the
formation of oxazolidinones 15 and 16 in good yields both

Scheme 2. Synthesis of protonated porphyrins 1–6.

Table 1. Synthesis of N-butyl-phenyloxazolidin-2-one (7) promoted by
porphyrins 1–6.[a]

Catalyst Conversion[b] Selectivity[b] A/B ratio[b]

1 TPPH4Cl2 (1) 60 100 95 :5
2 TPPH4Br2 (2) 84 88 95 :5
3 TPPH4I2 (3) 100 54 95 :5
4 TPPH4(CF3COO)2 (4) 8 100 95 :5
5 TPPH4(ClCH2COO)2 (5) 27 100 95 :5
6 TPPH4(Cl2CHCOO)2 (6) 8 100 95 :5
7 HCl (37% aq)[c] 39 95 90 :10

[a] Reaction mixtures were stirred at 100 °C for 6 h in 0.5 mL of dichloro-
ethane (DCE) with 1% of catalyst (8×10� 6 mol) under 1.2 MPa of CO2

pressure. [b] Calculated by 1H NMR spectroscopy by using 2,4-dinitroto-
luene as the internal standard. [c] 2% mol.
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using catalyst 1 or 2 (entries 9 and 10). While catalyst 1 was
more performant in the synthesis of 17 (entry 11), catalyst 2
was more active than 1 in mediating the synthesis of 18
(entry 12). As reported, the regioselectivity of the formation of
compounds 15–18 was always complete towards the formation
of A, independently from the nature of the nitrogen substitu-
ent. Unfortunately, both catalysts did not promote the synthesis
of N-aryl oxazolidinones.

In order to validate the catalytic efficiency of protonated
porphyrins, the model reaction yielding oxazolidinone 7 was

run in the presence of 2% mol of HCl (37% in water; see the
Supporting Information for experimental details). The desired
compound was formed with 39% of aziridine conversion and
95% of selectivity (37% yield) with an A/B ratio of 90 :10
(Table 1, entries 7) confirming the active catalytic role of
chlorohydrate porphyrin.

In addition, the chemical stability of 1 was further inves-
tigated by repeating the synthesis of oxazolidinone 7 for three
consecutive times. All the reactions, performed by using the
optimized experimental conditions reported in Table 2, oc-
curred with a complete aziridine conversion and compound 7
was formed with a 100% of selectivity and A/B ratio of 95 :5.
The positive recycle test confirmed the high chemical robust-
ness of TPPH4Cl2 (1) that guarantees a good sustainability of the
process and paves the way for an implementation of the
system.

In view of the general convenience in using 1 rather than 2,
the first was employed to study the reaction mechanism, whose
comprehension could be useful to enhance the catalytic
efficiency of the catalytic system.

Mechanistic study

The reactivity of catalyst 1 with respect to the two reagents
(CO2 and aziridine) was first analyzed. While no reaction was
observed by treating 1 under 1.2 MPa of CO2 at 100 °C, a
modification of 1H NMR aziridine aromatic signals was observed
by adding 1 to the THF solution of N-butyl-2-phenylaziridine.
Spectra reported in the Supporting Information suggested an
interaction between TPPH4Cl2 (1) and aziridine that can be due
either to the formation of hydrogen bonding between H atoms
of the porphyrin core and the basic N atom of the aziridine ring
or a ring-opening reaction[45] yielding β-chloroamine 19
(Scheme 3).

In order to better clarify the nature of this interaction, 19
was otherwise synthesized and characterized (see the Support-
ing Information for experimental details). Its 1H NMR spectrum
was compared to that obtained by treating N-butyl-2-phenyl-
aziridine with 1 at 100 °C in both THF and DCE which,
presenting a different polarity, can differently assist the aziridine
protonation. In view of the non-similarity between NMR spectra,

Table 2. Study of the reaction scope in the presence of catalysts TPPH4Cl2
(1) and TPPH4Br2 (2).

[a]

Product Catalyst 1 Catalyst 2
Yield
[%][b]

A/B
ratio[b]

Yield
[%][b]

A/B
ratio[b]

1 8 71 100 :0 71 100 :0

2 9 100 95 :5 100 95 :5

3 7 100 95 :5 100 95 :5

4 10 100 100 :0 100 100 :0

5 11 69 100 :0 100 100 :0

6 12 100 100 :0 100 100 :0

7 13 traces – traces –

8 14 traces – traces –

9 15 20 100 :0 30 100 :0

10 16 23 100 :0 30 100 :0

11 17 100 100 :0 65 100 :0

12 18 61 100 :0 100 100 :0

[a] Reactions were stirred at 100 °C for 16 h in 0.5 mL of dichloroethane
(DCE) with 1% of catalyst (8×10� 6 mol) under 1.2 MPa of CO2 pressure. [b]
Calculated by 1H NMR spectroscopy by using 2,4-dinitrotoluene as the
internal standard.

Scheme 3. Possible involvement of β-chloroamine 19 as a catalytic inter-
mediate.
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we suggest that 19 was not formed under the employed
experimental conditions and instead a simple protonation of
the aziridine ring may occur (Scheme 3).

To definitely rule out the possible involvement of β-chloro-
amine species in the catalytic reaction, 19 was treated with
1.2 MPa of CO2 in the presence of either TPPH4Cl2 (1) or TPPH2.
In both cases compound 19 was recovered unreacted indicating
that it is not formed during the catalytic cycle, as also
supported by the DFT study described in the following.

DFT study

Our previous studies on the formation of oxazolidin-2-ones
mediated by TPPH2/TBACl system revealed that the catalytic
active species is an adduct between these species held together
by very weak dispersion forces. This positive interaction renders
Cl� anion nucleophilic enough toward the three-membered
ring to drive the formation of the desired oxazolidinone.

As reported above, the replacement of TBACl by HCl
resulted productive towards the oxazolidinone formation to
suggest that also in this case the Cl� anion is active in
promoting ring-opening reaction. The formation of TPPH4Cl2 (1)
was studied by DFT calculations both in DCE and THF, the two
solvents experimentally employed, and collected data revealed
similar energy requirements. The reaction was exergonic with a
free energy gain of � 32.1 or � 31.5 kcalmol� 1 when calculations
were performed in DCE or THF, respectively. The modelling of
TPPH4Cl2 (1; Figure 1) revealed the formation of four quasi-
equivalent H···Cl distances.

In order to formulate a mechanistic proposal for the
TPPH4Cl2-catalyzed synthesis of oxazolidinones, three different
possible reaction pathways were taken into account: a)
activation of CO2 followed by the interaction with the N-butyl-
2-phenylaziridine; b) activation of N-butyl-2-phenylaziridine
followed by the interaction with CO2 and c) simultaneous
activation of CO2 and N-butyl-2-phenylaziridine.

a) Activation of CO2 followed by the interaction with N-butyl-
2-phenylaziridine

All efforts to localize interactions between the CO2 oxygen
atoms and the protons at the pyrrolic nitrogen atoms of 1 failed
and the distance between these two species was always more
than 3.0 Å to exclude the carbon dioxide activation. Considering

that identical results were obtained in DCE and in THF, this
pathway was dismissed.

b) Activation of N-butyl-2-phenylaziridine followed by the
interaction with CO2

The DFT study revealed that the initial protonation of the
aziridine nitrogen atom by 1 (Scheme 3) can be followed by the
nucleophilic attack of the chloride anion to the aziridine ring
forming the 1/β-chloroamine adduct through ring-opening
process. The energy profile of the process (see the Supporting
Information for details), revealed that 1/β-chloroamine adduct
is less stable by 9.2 kcalmol� 1 than 1/N-butyl-2-phenylaziridine
one indicating a probable reversibility of the reaction. Even if 1/
β-chloroamine adduct can be formed under employed exper-
imental conditions (high temperatures), it should be immedi-
ately reconverted into 1/N-butyl-2-phenylaziridine starting
material.

In view of the experimental and computational results, the
formation of 1/β-chloroamine intermediate was discarded also
in view of high free-energy barrier (higher than 32.0 kcalmol� 1),
which is required for the transformation of β-chloroamine 19
into 7. Such a result is in line with the unfavorable interaction
between the low nucleophilic amino nitrogen atom of 19 and
the incoming CO2.

c) Combined activation of CO2 and N-butyl-2-phenylaziridine

Once the stepwise activation of CO2 and aziridine was
dismissed, the combined activation of the two reagents was
taken into account, as already proposed for the simultaneous
activation of indole and CO2 by bicyclic guanidine catalyst.[46] In
particular, compound 20 was optimized and it shows CO2

placed in between TPPH4Cl2 (1) and N-butyl-2-phenylaziridine.
As shown in Figure 2, the oxygen of carbon dioxide interacts
with the porphyrin NH moieties (O···H distance of 1.76 Å) and
the formation of a linkage between the Naz and the C3 atom of
CO2 occurs. In addition, CO2 loses its linearity, as revealed by
the O� C3� O angle of 134° and the presence of the active IR

Figure 1. Optimized structure of TPPH4Cl2 (1).
Figure 2. Optimized structure of 20. The aromatic rings at the meso positions
are omitted for clarity.
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vibration at 1800 cm� 1 (associated with the C� O stretching
mode). The endergonic formation of 20 by +18.8 kcalmol� 1 is
mainly due to the disfavoring entropic term (TΔS) of
+24.8 kcalmol� 1 that negatively balances the favorable en-
thalpic term of � 6.0 kcalmol� 1.

At this point, the chloride anion is able to perform the
nucleophilic attack at the C1 atom with the formation of
transition state 21TS (Figure 3a) with an associated low free
energy barrier of +1.5 kcalmol� 1. Thus, the overall free energy
barrier for the achievement of 21TS was calculated to be
20.3 kcalmol� 1. In order to achieve a more accurate value of this
barrier, the solvation energy of the different involved species
should be considered by using an explicit solvent model.[48,49] In
that case, the expected free-energy barrier associated with 21TS
should be higher than the calculated one and more in line with
the employed experimental conditions. However, the high
number of atoms to be modelled renders calculations very
time-consuming and the correction was not introduced.

The formation of 21 (Figure 3b) is associated with a free
energy gain of � 11.1 kcalmol� 1.

The oxygen atom of 21 acquired a sufficient nucleophilic
character to perform the ring-closing step forming N-butyl-
phenyloxazolidin-2-one (7) and restoring catalyst 1. DFT calcu-
lations allowed the transition state 7TS to be isolated (Figure 4)
with an associated free energy barrier of +8.9 kcalmol� 1. The
structure shows a quasi-linear O� C1� Cl alignment with an angle
of 164°, a O� C1 distance of 2.32 Å and a C1� Cl bond elongated
by about 0.3 Å. The environment around the C1 center
becomes quasi-planar with a total angle sum of 352.1°, as
occurs in a classic SN2 reaction mechanism. After the formation

of 7TS, N-butyl-phenyloxazolidin-2-one (7) is formed with a free-
energy gain of � 22.8 kcalmol� 1, alongside catalyst 1.

Summarizing, the overall free energy pathway of the
formation of oxazolidinone 7 catalyzed by 1 occurs with a final
free energy gain of � 4.7 kcalmol� 1. The energy profile of the
reaction is shown in Figure 5.

Conclusion

The protocol for synthesizing N-alkyl oxazolidinones reported
here represents a very convenient methodology in view of the
high sustainability of the catalytic system. Metal-free proto-
nated porphyrins were easily synthesized by treating commer-
cially available free-base porphyrins with mineral or organic
acids. The bifunctional catalysts TPPH4X2 (X=Cl or Br) were
active in the metal-free synthesis of several N-alkyl oxazolidi-
nones even with a low catalytic loading of 1% mol. No Lewis
base or additive was required. In addition, the very high
chemical stability of TPPH4Cl2 allowed three consecutive
reactions to be performed without any observable decrease in
catalytic performance. A DFT study of the reaction mechanism
revealed that the porphyrin protonation is a highly exergonic
process and that the resulting catalyst promotes the synthesis
of the desired oxazolidinone by a synergic activation of both of
the reaction components (aziridine and CO2). The applied
TPPH4X2 catalyst furnishes both a porphyrin platform to induce
good regioselectivity (up to 100%) and an active nucleophilic
chloride anion for performing the ring-opening reaction.

In conclusion, the use of very cheap and eco-compatible
TPPH4X2 catalysts for the CO2 enhancement is in line with the
society’s request for the transformation of waste into resources
by applying sustainable chemical processes. The ease of
synthesizing catalysts and isolating the desired compounds in
high yield, with high regioselectivities, and in the absence of
stoichiometric by-products, confer a general low-cost applic-
ability on the report methodology.

Figure 3. Optimized structures of a) 21TS and b) 21. The aromatic rings at the
meso positions are omitted for clarity.

Figure 4. Optimized structure of transition state 7TS. The aromatic rings at
the meso positions are omitted for clarity. Figure 5. Free energy [kcal mol� 1] of the synthesis of 7.

Chemistry—A European Journal 
Research Article
doi.org/10.1002/chem.202202729

Chem. Eur. J. 2023, 29, e202202729 (5 of 7) © 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

Wiley VCH Mittwoch, 28.12.2022

2301 / 274074 [S. 196/198] 1

 15213765, 2023, 1, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/chem
.202202729 by C

N
R

 G
roup, W

iley O
nline L

ibrary on [05/01/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Experimental Section
General catalytic procedure: In a 3.5 mL glass liner equipped with
a screw cap and glass wool, the desired catalyst (8×10� 6 mol) and
aziridine (8×10� 4 mol) were dissolved in DCE (0.5 mL). The vessel
was transferred into a stainless-steel autoclave and the required
CO2 pressure was charged at room temperature. The autoclave was
placed in a preheated oil bath at the desired temperature, stirred
for the required time and then quenched in an ice bath and slowly
vented (see Tables 1 and 2 for experimental details). The solvent
was evaporated to dryness and the crude analyzed by 1H NMR
spectroscopy by using 2,4-dinitrotoluene as the internal standard.

Computational details: The minima and transition states along the
reaction pathway were isolated and characterized at B97D-DFT
level of theory[47] within Gaussian 16 package.[50] All the optimized
structures were validated as minima or transition states by the
vibrational frequencies calculations. All the calculations were
carried out within the CPCM model[51–52] for the tetrahydrofuran and
dichloroethane, the experimentally used solvents. The 6-31G basis
set, with the addition of the polarization functions (d, p) was
adopted. The coordinates of all the optimized structures as well as
their main energetic features are reported in the Supporting
Information.
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