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A B S T R A C T   

A novel class of manganese(III) complexes bearing bis(NHC)-bis(phenolate) (O^C^C^O) type ligands was suc
cessfully synthesized. Three differently substituted imidazolium salts (with 2-hydroxyphenyl, (H4L1)Br2, 
5‑tert‑butyl‑2-hydroxyphenyl, (H4L2)Br2, and 3,5-di‑tert‑butyl‑2-hydroxyphenyl, (H4L3)Br2, groups) were 
prepared as precursors of the (O^C^C^O) ligands and a convenient high-yield complexation reaction using 
manganese(III) acetate was developed. Electrospray ionization mass spectrometry (ESI-MS) and single-crystal X- 
ray diffraction (SC-XRD) data confirm the formation of the complexes of general formula [MnBrL1–3] and clarify 
their coordination geometry. The complexes were studied as homogeneous catalysts in the cycloaddition of CO2 
to benzyl glycidyl ether (BGE) to form the corresponding cyclic carbonate, using tetrabutylammonium bromide 
(TBAB) or bis(triphenylphosphine)iminium bromide (PPNBr) as co-catalysts. The complex [MnBrL3] shows the 
highest activity, and kinetic investigations revealed a pseudo-first order dependence with respect to BGE under 
neat conditions. The temperature effect was also investigated using the Eyring and Arrhenius equations and the 
activation parameters for the neat reaction using [MnBrL3] and TBAB were experimentally determined (ΔH‡ =

11.2 kcal⋅mol-1 and ΔS‡ = -50 cal⋅mol-1⋅K-1). On the basis of the performed mechanistic studies and DFT in
vestigations, a catalytic cycle which involves the CO2 1,2-insertion as the rate determining step is proposed.   

1. Introduction 

Tetradentate bis(phenolate) ligands are documented in important 
pages of the coordination chemistry history. Their typical molecular 
scaffold consists of two phenolate donors (O) linked by a moiety that 
includes two neutral donors (D), forming a dianionic ligand (O^D^D^O). 
First reported in the 1930s by Paul Pfeiffer in their salen-type version 
(from salicylaldehyde (sal) and ethylenediamine (en)) [1], their most 
renowned applications are in the Mn(III) catalyzed asymmetric olefin 
epoxidation [2–4], and in group 4 metal complexes for olefin poly
merization as post-metallocene systems [5]. Their metal complexes are 
usually very stable, due to the chelating effect. An array of three chelate 
rings is formed upon metal coordination, and the ligands can be classi
fied according to the number of atoms forming the metallacyclic rings (e. 

g. 6–5–6 for salen). Over the years, different versions of these ligands 
were developed by changing the nature of the two neutral donors (D) 
between the phenolates (O). In particular, nitrogen (imine and amine) 
[6,7], thioether [8,9], and phosphine derivatives [10] were successfully 
reported (Fig. 1). More recently, a limited number of studies on their 
N-heterocyclic carbene (NHC) version appeared in the literature 
[11–13]. 

The presence of NHC donors in the ligand is very appealing, 
considering that they form very robust organometallic species. The main 
contribution in a NHC-M bond is the carbene σ-donation to the metal 
center; however, the π-contributions, either the back donation between 
the metal orbitals and the carbene p-orbital or the carbene π-donation, 
may not be negligible [14]. Moreover, the combination in a single ligand 
of soft (NHC) and hard (phenolate) donors is very intriguing, allowing in 
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principle the formation of stable metal complexes with a wide variety of 
metal centers in different oxidation states [15]. A reason for the limited 
use of hybrid bis(NHC)-bis(phenolate) tetradentate ligands could be the 
lack of optimized synthetic procedures. Taking advantage of our 
established expertise in bis(NHC) chemistry [16–19], in this work we 
report a detailed study on the synthesis of three ligand precursors (H4L) 
Br2, aimed at facilitating the access to these compounds. The corre
sponding metal complexes can be obtained in a single step procedure 
without isolating the free ligand. As a proof of concept, we focused our 
efforts on the synthesis of Mn(III) complexes and used them as valuable 
catalysts in the synthesis of 1-benzylglycerol-2,3-carbonate from the 
corresponding epoxide and CO2. Up to now, the reported examples of 
Mn(III) complexes with NHC ligands are very limited [11,20,21]. In fact, 
being NHCs soft donors, most of the studies regard Mn(I) NHC metal 
complexes [22–26]. Nevertheless, Mn(III) complexes have recently been 
shown to be particularly active homogeneous catalysts for the cyclo
addition of CO2 with epoxides [27–32]. The reaction between CO2 and 
epoxides is an efficient route to prepare cyclic carbonates, and it is an 
effective way to perform a chemical valorization of CO2, also at indus
trial level [33]. Important features, that make this reaction appealing, 
are (i) the use of a renewable, nontoxic and widely available reactant as 
carbon dioxide; (ii) the 100% atom efficiency and (iii) the possibility of 
running the synthesis under solventless conditions. The high free energy 
of epoxides provides the driving force to overcome the thermodynamic 
stability of carbon dioxide [34,35]. Several homogeneous and hetero
geneous catalytic systems have been reported to be active in this 
transformation. Among the homogeneous systems the best performances 
have been obtained with metal complexes, both as bifunctional and 
binary systems [36–43]. Homogeneous metal catalysts are, in fact, used 
in combination with a nucleophile, typically a source of halide anions 
soluble in organic solvents, as co-catalyst [44]. Promising results have 
also been obtained by replacing metal complexes with organocatalysts, 
consisting of organic molecules acting as hydrogen-bond donors 
[45–47]. Moving toward heterogeneous catalysis, tailored bifunctional 
materials are indeed the most investigated systems, with particular re
gard to metallorganic frameworks (MOFs) [48–50] and porous organic 
polymers (POPs) [51]. Alternative reported approaches involve the use 
of hybrid organic-inorganic materials, e.g. silsesquioxanes functional
ized with imidazolium groups and covalently grafted on a silica support 
[52]. 

Concerning our study, the three investigated ligands differ for the 
substituents on the phenolic rings, with L1 having no substituents, while 
L2 and L3 have, respectively, a tert‑butyl group in para or two tert‑butyl 

groups in ortho and para position relative to the phenolate function 
(Scheme 1). This study combines experimental and theoretical data, the 
latter based on DFT calculations, to evaluate the catalytic performance 
of the Mn(III) complexes and to obtain mechanistic insight on the 
reaction. 

2. Experimental 

2.1. Materials and methods 

All manipulations, unless otherwise noted, were carried out in air 
and all the reactants and the solvents were obtained from commercial 
suppliers and used as received. 2,4-di‑tert‑butyl‑o-anisidine a3, was 
prepared according to the literature procedure starting from 2,4-di‑tert- 
butylphenol [12]. Compounds b1–3, c1–3 and (H4L1–3)Br2 are already 
described in the literature and were prepared by following modified 
literature procedures [11–13], described in the supporting information. 
The 1H, 13C and 31P NMR spectra were recorded at 298 K on a Bruker 
Avance 300 MHz (7.05 T) operating at 300.1, 75.5 and 121.5 MHz, 
respectively. Chemical shifts are reported in parts per million and cali
brated to the solvent residue. 1H NMR signals are labeled as s = singlet, 
d = doublet, t = triplet, q = quartet, sept = septet and m = multiplet. ESI 
mass spectra were recorded on a Finnigan Thermo LCQ-Duo ESI mass 
spectrometer operating in positive ion mode; sample solutions were 
prepared by dissolving the compounds in methanol and were directly 
infused into the ESI source by a syringe pump at 8 μL/min flow rate. 
Elemental analyses were performed by the microanalytical laboratory of 
Chemical Sciences Department (University of Padova) with a Thermo 
Scientific FLASH 2000 elemental analyzer. 

2.2. Synthesis of the manganese(III) complexes [MnBrL1], [MnBrL2] and 
[MnBrL3] 

Method A. Under inert atmosphere, triethylamine (0.31 mmol) was 
added to a suspension of the proligand (0.070 mmol), manganese(III) 
acetate dihydrate (0.090 mmol) and tetraethylammonium bromide 
(0.35 mmol) in 10 mL of methanol. The suspension was heated at 55 ◦C 

Fig. 1. Structures of tetradentate bis(phenolate) ligand precursors 
(H2(O^D^D^O)) bearing N, S, and P (top) or NHC (bottom) neutral donors. 

Scheme 1. Synthesis of ligand precursors (H4L1–3)Br2: i) o-bromoanisole, 
imidazole, KOH, CuO, 140 ◦C, 48 h, DMSO for b1, or 1) o-anisidine, glyoxal, 
NH4Cl, H2CO, H3PO4, reflux, EtOH/H2O, 16 h and 2) KOH, H2O for b2 and b3; 
ii) CH2Br2, neat, 120 ◦C, 16 h; iii) HBr:HOAc 1:1 v/v, reflux, 48 h for (H4L1,2) 
Br2 or BBr3, DCM, 20 h, room temperature for (H4L3)Br2. 
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for 16 h. The reaction mixture was then filtered at room temperature, 
and the filtrate was evaporated to dryness. The crude product was dis
solved in dichloromethane (50 mL) and washed with distilled water (3 
× 50 mL). The organic phase was then recovered and dried over MgSO4. 
The drying agent was then removed by filtration, the solvent volume 
was subsequently reduced, and the solid product was precipitated with 
n-hexane, recovered by filtration and dried under vacuum. 

Method B. Triethylamine (0.31 mmol) was added to a suspension of 
the proligand (0.070 mmol), manganese(II) acetate tetrahydrate (0.090 
mmol) and tetraethylammonium bromide (0.35 mmol) in 10 mL of 
ethanol. The suspension was heated at 80 ◦C for 16 h. The product was 
then isolated by filtration, washed with cold ethanol, and dried under 
vacuum. 

Method C. Under inert atmosphere, in a Schlenk tube, triethylamine 
(0.30 mmol) was added to a suspension of the proligand (0.10 mmol) 
and tetraethylammonium bromide (0.50 mmol) in ethanol (4 mL) 
(mixture A). In a second Schlenk tube, Mn(acac)3 (0.10 mmol) was 
dissolved in 2 mL of ethanol (solution B). Solution B was then added 
dropwise to mixture A, and the resulting reaction mixture was heated at 
75 ◦C for 4 h. The product was then isolated by filtration, washed with 
cold ethanol, and dried under vacuum. 

The purity of the isolated complexes has been established by 
elemental analysis. Although the elemental analysis results are in a few 
cases outside the range viewed as establishing analytical purity, they are 
provided to illustrate the best values obtained to date. 

[MnBrL1] – Method A. Considering the low solubility of complex 
[MnBrL1] in dichloromethane, the crude product was purified in this 
case by recrystallization from methanol/diethyl ether. Yield: 71%. 
Elemental analysis calcd (%) for C19H14BrMnN4O2⋅2CH3OH⋅H2O: C 
46.09, H 4.42, N 10.24. Found: C 46.06, H 3.67, N 9.90. ESI(+)–MS (m/ 
z): 384.99 [MnL1]+ measured for theoretical C19H14MnN4O2

+= 385.05, 
800.82 [(MnL1)2(MeOH)-H]+ measured for theoretical 
C39H31Mn2N4O5

+= 801.12, 848.65 [(MnL1)2(Br)]+ measured for theo
retical C38H28BrMn2N8O4

+= 849.02. Crystals suitable for SC-XRD anal
ysis were obtained by slow diffusion of diethyl ether into a methanol 
solution of [MnBrL1]. 

[MnBrL1] – Method B. Yield: 44%. Elemental analysis calcd (%) for 
C19H14BrMnN4O2⋅H2O: C 47.23, H 3.34, N 11.59. Found: C 47.12, H 
3.45, N 11.14. ESI(+)–MS (m/z): 385.12 [MnL1]+ measured for theo
retical C19H14MnN4O2

+= 385.05. 
[MnBrL1] – Method C. Yield: 49%. Elemental analysis calcd (%) for 

C19H14BrMnN4O2⋅H2O⋅EtOH: C 47.66, H 4.19, N 10.59. Found: C 47.64, 
H 3.33, N 10.20. ESI(+)–MS (m/z): 385.00 [MnL1]+ measured for 
theoretical C19H14MnN4O2

+= 385.05, 800.86 [(MnL1)2(MeOH)-H]+

measured for theoretical C39H31Mn2N4O5
+= 801.12, 848.63 

[(MnL1)2(Br)]+ measured for theoretical C38H28BrMn2N8O4
+= 849.02. 

[MnBrL2] – Method A. Yield: 95%. Elemental analysis calcd (%) for 
C27H30BrMnN4O2⋅½C6H14: C 58.07, H 6.01, N 9.03. Found: C 58.16, H 
5.81, N 9.18. ESI(+)–MS (m/z): 497.17 [MnL2]+ measured for theoret
ical C27H30MnN4O2

+= 497.17. 
[MnBrL3] – Method A. Yield: 83%. Elemental analysis calcd (%) for 

C35H46BrMnN4O2: C 60.96, H 6.72, N 8.12. Found: C 61.33, H 6.99, N 
7.84. ESI(+)–MS (m/z): 609.25 [MnL3]+ measured for theoretical 
C35H46MnN4O2

+= 609.30, 1299.10 [(MnL3)2(Br)]+ measured for theo
retical C70H92BrMn2N8O4

+= 1297.52. Crystals suitable for SC-XRD 
analysis were obtained by slow diffusion of hexane into an acetone so
lution of [MnBrL3]. 

2.3. X-ray structure determination of [MnBrL1(MeOH)], [MnBrL3] and 
[MnClL3] 

The crystallographic data for the two complexes were obtained by 
mounting a single crystal on a glass fiber and transferring it to an APEX II 
Bruker CCD diffractometer. The APEX 3 program package was used to 
obtain the unit-cell geometrical parameters and for the data collection 
(30 s/frame scan time for a sphere of diffraction data). The raw frame 

data were processed using SAINT and SADABS to obtain the data file of 
the reflections. The structures were solved using SHELXT [53] (Intrinsic 
Phasing method in the APEX 3 program). The refinement of the struc
tures (based on F2 by full-matrix least-squares techniques) was carried 
out using the SHELXTL-2014/7 [54] program in the Olex2 GUI [55]. The 
hydrogen atoms were introduced in the refinement in defined geometry 
and refined “riding” on the corresponding carbon atoms. Crystallo
graphic data have been deposited with the Cambridge Crystallographic 
Data centre (CCDC 2155172–4 for complexes [MnBrL1(MeOH)], 
[MnBrL3] and [MnClL3]). Crystal data and refinement parameters are 
reported in Table S1. 

2.4. General procedure for catalytic tests 

Catalyst, co-catalyst, benzyl glycidyl ether (or the employed 
epoxide), the stirring bar and eventually the solvent were added into a 
35 mL Fisher-Porter tube. The reactor was clapped and five cycles of 
pressurization/depressurization with CO2 were performed (5 atm, un
less otherwise stated in the text). The reactor was pressurized with CO2 
(5 atm, unless otherwise stated in the text) and dipped into a thermo
static bath. The stirring speed and immersion depth was maintained 
similar in all the performed tests. The starting time of the test was kept 
five minutes after the immersion in the thermostatic bath and the CO2 
pressure was maintained constant at initial value during the test. To stop 
the test, the reactor was removed from the thermostatic bath, depres
surized, and cooled at room temperature using a water bath. A precise 
quantity of 2,5-dimethylfuran was added to the reactor and, after mixing 
the obtained solution, a small sample of the reaction mixture was 
transferred to an NMR tube and the 1H NMR spectrum in CDCl3 was 
registered. The yield of the reaction was determined via 1H NMR, by 
using 2,5-dimethylfuran as internal standard. Every test was performed 
three times and the reported yield is the resulting average value. The 
yield obtained in the replication of the same test varied in the range ±
1%. 

2.5. Computational details 

Density Functional Theory (DFT) calculations were performed using 
the Amsterdam Density Functional (ADF) program [56–58]. The OPBE 
[59] density functional was used in combination with TZ2P basis set for 
all atoms. TZ2P is a large and uncontracted set of Slater-type orbitals 
(STOs), is of triple-z quality and was augmented with two sets of po
larization functions on each atom. The frozen-core approximation was 
adopted for the core electrons: up to 1 s for C, N and O, and up to 2p in 
the case of Mn and up to 3p for Br, respectively. The zeroth-order regular 
approximation (ZORA) [60] was chosen to account for the scalar rela
tivistic effects, as recommended in presence of heavy nuclei [61–64]. 
The numerical integration was performed using the Becke grid [65,66]. 
The ground state for all Mn species is a quintet; spin contamination was 
monitored and found in all cases negligible. This electronic state was 
assessed comparing optimized structures of [MnBrL1] in triplet and 
quintet state. The latter was found more stable by 17.31 kcal mol− 1. 
Frequency calculations were run to check the nature of the optimized 
structures computed along the catalytic path: minima are characterized 
by all positive frequencies, while transition states have a single imagi
nary frequency which was analyzed and found associated to the correct 
vibration connecting the preceding minimum to the following product 
on the potential energy surface (PES). 

3. Results and discussion 

3.1. Synthesis and characterization 

The synthesis of the ligand precursors (H4L1–3)Br2 is a multistep 
procedure that consists at least of three steps: i) synthesis of the 2- 
(imidazole-1-yl)anisole derivative (b1–3), starting from a 2- 
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bromoanisole or a 2-anisidine derivative; ii) formation of the corre
sponding bis(imidazolium) salt by introducing the methylene bridging 
group (c1–3) and iii) deprotection of the alcohol moieties (Scheme 1). In 
our work, precursors a1 and a2 are commercially available, whereas a3 
was prepared following literature procedures [12]. 

In all cases, the step with the lowest yield is the isolation of the 
imidazole derivative, and compounds b1-b3 must be purified by column 
chromatography. In the second step, the obtainment of the bis(imida
zolium) salts proceeds smoothly and almost quantitatively, in a reaction 
with a 100% atom economy. Finally, deprotection of the phenol groups 
can be performed by refluxing the c intermediates in a 1:1 (v/v) mixture 
of HBr and CH3COOH, or by using BBr3 at room temperature in CH2Cl2. 
When treating compound c3 with the 1:1 (v/v) mixture of HBr and 
CH3COOH, not only the deprotection of the phenol moieties occurs, but 
also the removal of the R2 t-Bu groups. Therefore, any attempt to obtain 
(H4L3)Br2 using HBr failed, making the use of BBr3 the only viable 
deprotection option. The formation of compounds (H4L1–3)Br2 is 
confirmed by the presence of the phenolic protons signal at > 9.5 ppm in 
the 1H NMR spectra and by the absence of the O–CH3 signals in the 1H 
and 13C NMR spectra in DMSO‑d6. 

The synthesis of the manganese(III) complexes [MnBrL1–3] was 
carried out starting from the corresponding ligand precursors in a single 
step procedure, by using NEt3 as base, NEt4Br as bromide source, and 
methanol or ethanol as solvent, in the presence of a manganese pre
cursor (Scheme 2). A bromide excess is necessary to drive the reaction 
towards the formation of the desired product and, particularly, to avoid 
bromide ligand scrambling (see further in the text). Complex [MnBrL2] 
was already reported by Yagyu, Jitsukawa et al. [11], differently 
[MnBrL1,3] were prepared for the first time in this work. In the syn
thesis of [MnBrL1], we tested three different manganese precursors, 
such as Mn(OAc)2 ⋅ 4H2O, Mn(OAc)3 ⋅ 2H2O and Mn(acac)3 (acac =
acetylacetonate). The synthetic approach with Mn(OAc)2 ⋅ 4H2O is 
typically used in the synthesis of Mn(III) complexes with salen-type li
gands [67], and is also the protocol followed by Yagyu, Jitsukawa et al. 
in the preparation of [MnBrL2] [11]. The reaction with Mn(OAc)2 ⋅ 
4H2O is carried out under air conditions, to allow the oxidation of Mn(II) 
to Mn(III). For the syntheses carried out using Mn(OAc)3 ⋅ 2H2O and Mn 
(acac)3 as precursors, standard Schlenk techniques were used. All three 
precursors led to the formation of the desired Mn(III) complex but the 
highest yield was obtained using Mn(OAc)3 ⋅ 2H2O. We thus decided to 
use this last precursor also in the synthesis of [MnBrL2] and [MnBrL3]. 
Complexes [MnBrL1–3] were isolated as brown/orange solids. Complex 
[MnBrL1] is soluble in polar organic solvents, such as DMSO and DMF, 
and sparingly soluble in MeOH and EtOH. Complexes [MnBrL2,3], 
bearing t-Bu substituents, are soluble in the same solvents as [MnBrL1], 
and are also well soluble in acetone and dichloromethane. Complexes 

[MnBrL1–3] were characterized by elemental analysis, ESI-MS spec
trometry and in the case of [MnBrL1] and [MnBrL3] also single crystal 
X-ray structure analysis. Moreover, the X-ray structure of [MnClL3] was 
also solved (Figure S23). The latter species was likely formed in an 
attempt of purifying [MnBrL3] via CH2Cl2/brine solvent extraction. 
Under these conditions the bromide substitution by a chloride rapidly 
occurs. 

In the ESI-MS spectra of the manganese complexes, the presence as 
base peak of the signal related to the species [MnL1–3]+ at 384.99, 
497.17, and 609.25 m/z for [MnL1]+, [MnL2]+, and [MnL3]+, respec
tively, is indicative of the coordination of the ligand to the Mn(III) 
center. 

Crystals suitable for SC-XRD analysis were obtained by slow diffu
sion of diethyl ether into a methanol solution of [MnBrL1]; conversely, 
crystals of [MnBrL3] were obtained by slow diffusion of hexane into an 
acetone solution of the complex. The molecular structure present in the 
crystal obtained from the [MnBrL1] solution belongs to the solvento 
complex [MnBrL1(MeOH)], that crystallizes in the P-1 space group. 
Complex [MnBrL1(MeOH)] has a distorted octahedral coordination 
geometry, with the bis(NHC)-bis(phenolate) (L1) ligand occupying the 
four square base positions, and a bromide and a methanol molecule in 
the two apical positions. The molecular structure of [MnBrL1(MeOH)] 
together with selected bond distances and angles is shown in Fig. 2. The 
presence of the methanol coordinated to the Mn(III) center is probably 
due to the crystallization conditions. The Mn-OPh and Mn-C distances 
compare well to literature data [11]. The Mn-Br distance is considerably 
longer compared to [MnBrL2] [11], and [MnBrL3] (vide infra) because 
of the presence of the MeOH molecule in the trans position, and the 
resulting different coordination geometry. The Mn-Br bond length is 
rather similar to that observed in octahedral Mn(III) complexes with 
imine-phenolate or amine-phenolate ligands in which the same 
Br-Mn-O(MeOH) pattern is found [68]. In contrast, the Mn-O(MeOH) dis
tance is longer than in the cited compounds [68], likely indicating that 
hexacoordination is less favored in the presence of the L1 ligand system. 
Complex [MnBrL1(MeOH)] is the first example of a hexacoordinated 
Mn(III) complex with NHC ligands. 

The molecular structure of [MnBrL3] is shown in Fig. 3, together 
with selected bond distances and angles. Complex [MnBrL3] crystal
lizes in the C2/c space group, together with a hexane solvent molecule. 
The complex presents a distorted square pyramidal coordination ge
ometry, with the bis(NHC)-bis(phenolate) ligand (L3) occupying the 
four square base positions and a bromide in the apical position. The Mn- 

Scheme 2. Synthesis of the Mn(III) complexes [MnBrL1–3].  

Fig. 2. ORTEP drawing of complex [MnBrL1(MeOH)]. Ellipsoids are drawn at 
the 50% probability level. Hydrogen atoms and solvent molecules have been 
omitted for clarity. Selected bond distances (Å) and angles (◦): Mn1-C1 2.008 
(8), Mn1-C8 2.014(9), O8-Mn1 1.897(6), O23-Mn1 1.875(7), Mn1-Br 2.7351 
(14), Mn1-O1 2.497(6), C1-Mn1-C8 86.2(4), O8-Mn1-C8 87.7(3), O23-Mn1-C1 
87.7(3), O23-Mn1-O8 97.0(3), C1-Mn1-Br 92.1(2), C8-Mn1-Br 91.5(2), O8- 
Mn1-Br 96.63(19), O23-Mn1-Br 96.92(19), C1-Mn1-O1 80.7(3), C8-Mn1-O1 
81.6(3), O8-Mn1-O1 89.9(3), O23-Mn1-O1 89.4(3), O8-Mn1-C1 169.4(3), 
O23-Mn1-C8 169.9(3), O1-Mn1-Br 170.28(14). 
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C, Mn-O and Mn-Br bond distances are in agreement with literature data 
[11]. The distortion in the coordination environment around the Mn 
center is highlighted by the difference in the C-Mn-Br angles that are 
94.80(8) and 106.61(8) ◦, respectively for C1 and C7. 

3.2. Catalytic studies 

The catalytic activity of complexes [MnBrL1–3] was studied toward 
the cycloaddition of benzyl glycidyl ether with CO2 (Scheme 3). We 
selected benzyl glycidyl ether (BGE) as model substrate because of its 
low toxicity compared to other epoxides. Moreover BGE is also used to 
prepare poly(1,2-glycerol carbonate)s, a promising class of degradable 
polymers for biomedical and pharmaceutical applications [69–72]. 

A binary catalytic system was adopted using the Mn(III) complex and 
bis(triphenylphosphine)iminium bromide (PPNBr) or tetrabutylammo
nium bromide (TBAB) as co-catalyst. The ability of bromide salts with 
lipophilic cations to catalyze the cycloaddition of epoxides with CO2 is 
well documented in the literature [44–47]. An initial screening of the 
reaction conditions was performed using DMF as solvent, to ensure a 
truly homogeneous system, and a CO2 pressure of 5 atm (Table 1). In the 
absence of both the metal catalyst and the co-catalyst no product for
mation was observed in 19 h at 100 ◦C (Table 1, entry 1). No reaction 
was observed also using 1 mol% of PPNBr at 60 ◦C (Table 1, entry 2), 
whereas low yields of 1-benzylglycerol-2,3-carbonate were obtained in 
the presence of PPNBr or TBAB at 100 ◦C, working with 1 mol% or 0.1 
mol% of the co-catalyst (Table 1, entries 3–5). By introducing catalyst 
[MnBrL1] in the system (1 mol%), the desired product was obtained in 
traces at 25 ◦C, in moderate yield at 60 ◦C and in quantitative yield at 
100 ◦C (3, 43 and 100% at 25, 60 and 100 ◦C, respectively; Table 1, 
entries 6–8). A quantitative yield is observed at 100 ◦C even working 
without the co-catalyst (Table 1, entry 9), whereas a poor yield is ob
tained with Mn(OAc)3⋅2H2O (Table 1, entry 10), indicating the benefi
cial effect of the different coordination environment around the Mn(III) 
center on the catalytic performance. A moderate yield can be obtained at 
100 ◦C also by reducing the catalyst and co-catalyst loading to 0.1 mol%, 
with a slightly better performance in the presence of PPNBr compared to 
TBAB (44 and 48% with TBAB and PPNBr, respectively; Table 1 entries 
11–12). Under these latter conditions, the catalytic performance of 
complexes [MnBrL2,3] are comparable with respect to [MnBrL1] (48, 

50 and 51% yield for [MnBrL1], [MnBrL2] and [MnBrL3] respec
tively; Table 1, entries 12–14). Interestingly, all the three complexes 
[MnBrL1–3] outperformed the metal precursor Mn(OAc)3⋅2H2O (31%, 
Table 1, entry 15). In all the performed tests, no byproducts were 
detected, indicating the full selectivity towards the desired product, 
under the adopted reaction conditions. 

Under neat conditions, the catalyzed reaction between BGE and CO2 
showed significantly better performances (Table 2). In fact, a good yield 
(76%) was obtained with [MnBrL1] (0.1 mol%) and PPNBr (0.1 mol%) 
at 100 ◦C for 19 h (Table 2, entry 16), compared to the test using DMF as 
the solvent (48% yield; Table 1, entry 12). By considering the better 
performance of the system under neat conditions, we decreased the re
action time from 19 to 7 h in the comparative tests. A series of blank 
experiments, performed under neat conditions to evaluate once again 
the effect of the co-catalyst by itself (Table 2, entries 17–22), showed 
that the contribution of TBAB increased considerably under neat con
ditions. In fact, when used in 1 mol% with respect to the epoxide, at 
100 ◦C it reached 64% yield in 7 h (Table 2, entry 22). Conversely, low to 
poor yields were obtained by decreasing the temperature (33, 17 and 5% 
at 80, 60 and 40 ◦C, respectively) or the TBAB loading to 0.1 mol% (8% 
at 100 ◦C) (Table 2, entries 18–22). We thus tested the catalytic activity 
of the complexes by using 0.1 mol% of the catalyst and of the co-catalyst, 
at 100 ◦C in 7 h, obtaining comparable yields (35, 43 and 49% for 
[MnBrL1], [MnBrL2] and [MnBrL3] respectively; Table 2, entries 
24–26) to those recorded in DMF under much longer reaction time (19 h, 

Fig. 3. ORTEP drawing of complex [MnBrL3]. Ellipsoids are drawn at the 50% 
probability level. Hydrogen atoms and solvent molecules have been omitted for 
clarity. Selected bond distances (Å) and angles (◦): C1-Mn 
2.035(3), C7-Mn 2.036(3), Mn-O1 1.897(2), Mn-O2 1.880(2), Mn-Br 2.5324(6), 
C1-Mn-C7 86.48(12), O1-Mn-C1 86.06(11), O2-Mn-C7 86.61(10), O2-Mn-O1 
90.71(9), C1-Mn-Br 94.80(8), C7-Mn-Br 106.61(8), O1-Mn-Br 104.32(7), O2- 
Mn-Br 104.14(7), O2-Mn-C1 160.99(11), O1-Mn-C7 148.66(11). 

Scheme 3. Model reaction used in this study, cycloaddition between benzyl 
glycidyl ether (BGE) and CO2 to form 1-benzylglycerol-2,3-carbonate. 

Table 1 
Cycloaddition reaction to form 1-benzylglycerol-2,3-carbonate using 
[MnBrL1–3] in DMF.  

Entry Catalyst 
(mol%)a 

Co- 
catalyst 
(mol%)a 

T / 
◦C 

Time 
/ h 

Yieldb 

/% 
TONc TOFd 

/ h− 1 

1 – – 100 19 0   
2e – PPNBr 

(1) 
60 19 0   

3  PPNBr 
(1) 

100 19 27   

4 – PPNBr 
(0.1) 

100 19 9   

5 – TBAB 
(0.1) 

100 19 13   

6f [MnBrL1] 
(1) 

PPNBr 
(1) 

25 19 3 3  

7e [MnBrL1] 
(1) 

PPNBr 
(1) 

60 19 43 43 2 

8 [MnBrL1] 
(1) 

PPNBr 
(1) 

100 19 100 100 5 

9 [MnBrL1] 
(1) 

– 100 19 100 100 5 

10 Mn(OAc)3 

(1) 
– 100 19 10 10 1 

11 [MnBrL1] 
(0.1) 

TBAB 
(0.1) 

100 19 44 440 23 

12 [MnBrL1] 
(0.1) 

PPNBr 
(0.1) 

100 19 48 480 25 

13 [MnBrL2] 
(0.1) 

PPNBr 
(0.1) 

100 19 50 500 26 

14 [MnBrL3] 
(0.1) 

PPNBr 
(0.1) 

100 19 51 510 27 

15 Mn(OAc)3 

(0.1) 
PPNBr 
(0.1) 

100 19 31 310 16 

Reaction conditions: BGE 31.0 mmol in DMF, solvent quantity 1.5 mL, p(CO2) =
5 atm. 

a mol% with respect to BGE. 
b Yield determined by 1H NMR using 2,5-dimethylfuran as an internal 

standard. 
c Turnover number (TON) calculated as mol of carbonate produced/mol 

catalyst. 
d Turnover frequency (TOF) calculated as (TON/reaction time in h). 
e p(CO2) = 3 atm. 
f p(CO2) = 4 atm. 

G. Meloni et al.                                                                                                                                                                                                                                  



Molecular Catalysis 538 (2023) 113006

6

see Table 1). In this case, the trend of the catalytic performance is 
[MnBrL3] > [MnBrL2] > [MnBrL1], with more marked differences 
among the complexes compared to the tests in the presence of DMF. In 
the case of complex [MnBrL1], the same product yield (35%, Table 2, 
entries 23 and 24) was obtained with TBAB and PPNBr. In addition, 
complex [MnBrL3] was tested by using tetrabutylammonium chloride 
(TBAC) and tetrabutylammonium iodide (TBAI) as the co-catalysts, 
obtaining 33% and 47% yield respectively (Table 2, entries 27 and 
28): this clearly indicates that TBAB is the best co-catalyst among the 
three tested tetrabutylammonium halides. A test was then performed by 
using complex [MnBrL3] (0.1 mol%) without the co-catalyst, obtaining 
14% yield (Table 2, entry 30). The latter experiment supports the 
presence of a synergistic effect between the catalyst and the co-catalyst. 
In fact, TBAB (0.1 mol%) by itself reached 8% yield (Table 2, entry 18), 
but when [MnBrL3] and TBAB were combined (both 0.1 mol%) the 
yield increased to 49% (Table 2, entry 26). Blank experiments in the 
presence of the ligand precursor (H4L2)Br2 at different loading were also 
carried out (Table 2, entries 31–33). In these cases, the co-catalyst was 
not added, considering that the bromides are already included in the 
proligand formula. The obtained product yields are comparable with 
those found with TBAB alone (Table 2, entries 18, 22), suggesting that 
for the ligand precursor (H4L2)Br2 the catalytic performance is ascrib
able to the bromide anions. Thereafter, we evaluated the CO2 pressure 
effect at 100 ◦C, working with catalyst [MnBrL3] (0.1 mol%) and TBAB 
(0.1 mol%). The obtained yields, 45, 47, 49, and 51% at 1, 3, 5, and 7 
atm respectively (Table 2, entries 26 and 35–37), suggest a slight effect 
of the CO2 pressure on the catalytic performance. Finally, we explored 
the possibility of working at lower temperature, 40 and 60 ◦C, but low 
product yields were obtained by using [MnBrL3] (0.1 mol%), even 
increasing the TBAB loading to 1 mol% (10 and 28% respectively, 
Table 2, entries 38 and 39). 

To gain further insight on the catalyzed reaction between CO2 and 
BGE, a kinetic study at different temperatures was performed, by using 
complex [MnBrL3] as catalyst (0.1 mol%) and TBAB (0.1 mol%) under 
neat conditions. The product formation versus time was monitored at 

100, 90, 80, and 70 ◦C, by running a series of catalytic tests at different 
time for each investigated temperature (Fig. 4a). The results of the ki
netic experiments, reported in Fig. 4 and in Table S2, show a clear effect 
of the temperature. After 5 h, the obtained TOF values are in fact 74, 48, 
36, and 22 h − 1 at 100, 90, 80, and 70 ◦C respectively (Table S2, entries 
S3, S10, S17, and S22). Under the adopted reaction conditions, a pseudo 
first order kinetic with respect to BGE was observed. The first order 
kinetic constants (kobs), obtained by a linear regression of the ln([BGE]/ 
[BGE]0) values versus time (Fig. 4b and Table S2), are 25.0 ⋅ 10− 6, 15.6 ⋅ 
10− 6, 10.0 ⋅ 10− 6 and 6.1 ⋅ 10− 6 s − 1 at 100, 90, 80 and 70 ◦C, 
respectively. Activation parameters (Table 3) were estimated by 
employing the Eyring and Arrhenius equations (Fig. 4c and 4d). The 
obtained activation energy, enthalpy and entropy are Ea = 11.9 
kcal⋅mol-1, ΔH‡ = 11.2 kcal⋅mol-1, and ΔS‡ = − 50 cal⋅mol-1⋅K-1 respec
tively (Table 3). The comparison with literature data is not trivial 
because the kinetic studies reported for this reaction are limited in 
number and performed with different substrates and co-catalysts. 
Nevertheless, Gou, Qi et al. estimated Ea = 7.1 kcal⋅mol-1 for a binary 
catalytic system based on a Mn(III) porphyrin derivative and trime
thylphenylammonium tribromide (TPAP) and phenylglycidyl ether 
(PGE) as the substrate [28]. Rehman et al. reported Ea = 11.0 kcal⋅mol-1, 
ΔH‡ = 10.2 kcal⋅mol-1, and ΔS‡ = − 38 cal⋅mol-1⋅K-1 for a system based 
on pyrrolidinopyridinium iodide (PPI) in combination with ZnI2 and 
styrene oxide (SO) as co-catalyst and substrate, respectively [73]. 
Capacchione et al. obtained ΔH‡ = 8.4 kcal⋅mol-1 and ΔS‡ = − 33 
cal⋅mol-1⋅K-1 for [OSSO]-type iron(III) complexes and TBAB co-catalyst, 
using propylene oxide (PO) as the substrate [74]. 

Finally, we tested the CO2 cycloaddition reaction also with three 
different epoxides, namely styrene oxide (SO), 1,2-dodecene oxide (DO), 
and cyclohexene oxide (CO). The yield in the corresponding carbonates 
(Chart 1), obtained at 100 ◦C, in 7 h and with [MnBrL3] (0.1 mol%) and 
TBAB (0.1 mol%) are reported in Table 4. In the case of SO and DO, the 
observed yields (55 and 44% respectively, Table 4, entries 40 and 43) 
are comparable with that observed with BGE (49%), under the same 
conditions. The slightly lower reactivity with DO compared to BGE can 

Table 2 
Cycloaddition reaction to form 1-benzylglycerol-2,3-carbonate using [MnBrL1–3] under neat conditions.  

Entry Catalyst (mol%)a Co-catalyst (mol%)a T/ ◦C Time / h pCO2/ atm Yieldb /% TONc TOFd / h− 1 

16 [MnBrL1] (0.1) PPNBr (0.1) 100 19 5 76 760 40 
17 – – 100 7 5 0   
18 – TBAB (0.1) 100 7 5 8   
19 – TBAB (1) 40 7 5 5   
20 – TBAB (1) 60 7 5 17   
21 – TBAB (1) 80 7 5 33   
22 – TBAB (1) 100 7 5 64   
23 [MnBrL1] (0.1) PPNBr (0.1) 100 7 5 35 350 50 
24 [MnBrL1] (0.1) TBAB (0.1) 100 7 5 35 350 50 
25 [MnBrL2] (0.1) TBAB (0.1) 100 7 5 43 430 61 
26 [MnBrL3] (0.1) TBAB (0.1) 100 7 5 49 490 70 
27 [MnBrL3] (0.1) TBAC (0.1) 100 7 5 33 330 47 
28 [MnBrL3] (0.1) TBAI (0.1) 100 7 5 47 470 67 
29 [MnBrL3] (0.1) PPNBr (0.1) 100 7 5 46 460 66 
30 [MnBrL3] (0.1) – 100 7 5 14 140 20 
31 (H4L2)Br2 (0.1) – 100 7 5 5   
32 (H4L2)Br2 (0.2) – 100 7 5 17   
33 (H4L2)Br2 (0.5) – 100 7 5 63   
34 Mn(OAc)3 (0.1) TBAB (0.1) 100 7 5 17 170 24 
35 [MnBrL3] (0.1) TBAB (0.1) 100 7 1e 45 450 64 
36 [MnBrL3] (0.1) TBAB (0.1) 100 7 3 47 470 67 
37 [MnBrL3] (0.1) TBAB (0.1) 100 7 7 51 510 73 
38 [MnBrL3] (0.1) TBAB (1) 40 7 5 10 100 14 
39 [MnBrL3] (0.1) TBAB (1) 60 7 5 28 280 40 

Reaction conditions: BGE 51.0 mmol under neat conditions, p(CO2) = 5 atm. 
a mol% with respect to BGE. 
b Yield determined by 1H NMR using 2,5-dimethylfuran as an internal standard. 
c Turnover number (TON) calculated as mol of carbonate produced/mol catalyst. 
d Turnover frequency (TOF) calculated as (TON/reaction time in h). 
e Balloon. 
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be explained with the lower polarity of the reaction medium, as sug
gested by Capacchione et al. [36]. In the case of CO, the expected 
product is formed, but only in low yield (6%, Table 4, entry 47), as 
expected for an internal epoxide, for which higher catalyst loading and 
harsher conditions are usually necessary to reach good product yields 
[36]. A quantitative product yield can be obtained only by increasing the 
reaction time to 19 h and the catalyst loading to 0.5 mol% with respect 
to the substrate in the case of SO, DO and BGE, whereas the yield re
mains poor with CO (Table 4, entries 42, 45, 46 and 49). Repeated doses 
of the substrate were performed with BGE, obtaining a quantitative yield 
also in the second and third run with the same catalytic mixture 
(Table 4, entries 46), thus suggesting that the catalyst is still active after 

long reaction time and prolonged heating. At last, we run an experiment 
with SO, at 60 ◦C, 24 h, by using [MnBrL3] (0.01 mol%) and TBAB (1 
mol%), at 1 atm (Table 4, entry 50), conditions employed by das Chagas 
and coworkers with Mn(III) porphyrin based catalysts, and the corre
sponding blank experiment (Table 4, entry 51) [27]. A slightly lower 
TON was observed with our system (2300), with respect to those of Mn 
(III) porphyrin catalysts, under the same conditions (2494–3759) [27]. 
Interestingly, in the case of the Mn(III) porphyrin based catalysts, the 
observed TON are strongly related to the apical ligand present in the 
square pyramidal complex structure, being the bromide and the iodate 
derivatives the least (2494 TON) and the most (3797 TON) active [27]. 

3.3. Computational studies 

The catalytic mechanism was explored at ZORA-OPBE/TZ2P level of 
theory, choosing the fragments with L2 and L3; ethylene oxide (EO) and 
styrene oxide (SO) were used as substrates. The geometries of [MnBrL2] 
and [MnBrL3] were fully optimized in quintet state. Any attempt of 
coordinating the EO/SO substrate to the [MnBrL2,3] complex failed. 
Conversely, binding of the epoxide was observed if the Br− ligand in 
axial position is removed. Thus, we have identified 5[Mn(EO)L2,3]þ, 
generated upon bromide substitution with epoxide, as the real catalyst 
in the cycle, in agreement with the observation by das Chagas and co- 
workers [27] on Mn(III) porphyrin catalyzed process, which indicates 
that the lability of the axial ligand is favorable for the reaction. By 
chance, the lability of the bromide ligand was experimentally confirmed 
in our system by the obtainment of complex [MnClL3] by treating a 
CH2Cl2 solution of the bromido complex with brine. We have sketched a 
model catalytic mechanism in Scheme 4 and optimized all the in
termediates and transition states (Fig. 5) for the three main steps, i.e. 

Fig. 4. Kinetic data for catalyst [MnBrL3] in CO2 cycloaddition to BGE (Tables S2-S5). a) 1-benzylglycerol-2,3-carbonate yields obtained at different temperatures 
under neat conditions, p(CO2) = 5 atm, BGE (5.3 mmol), [MnBrL3] (0.1 mol% with respect to BGE), TBAB (0.1 mol% with respect to BGE), lines are only guides for 
the eyes. b) Semilogarithmic plot of ln[BGE]/[BGE]0 versus time. c) Eyring plot, ln(k/T) versus 1/T. d) Arrhenius plot, ln(k) vs 1/T. 

Table 3 
Activation parameters estimated by using the Arrhenius and Eyring equations.  

Ea (kcal⋅mol-1) ΔH ‡ (kcal⋅mol-1) ΔS ‡ (cal⋅K-1⋅mol-1) ΔG ‡ (kcal⋅mol-1)a 

11.9 ± 0.6 11.2 ± 0.5 − 50 ± 2 30 ± 1  

a T = 373.15 K. 

Chart 1. Cyclic carbonates formed in the catalytic tests reported in Table 4. SC 
= Styrene carbonate, DC = 1,2-dodecene carbonate, CC = cyclo
hexene carbonate. 
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nucleophilic attack of the bromide anion followed by ring opening 
giving 5[Mn(BrEO)L2], CO2 insertion into the Mn-O bond, thus 
affording 5[Mn(BrEC)L2], and finally formation of the cyclic carbonate 
with the bromide anion cleavage, obtaining 5[Mn(EC)L2]þ. It is 
important to mention that an alternative mechanism was reported in 
literature for a similar manganese catalyzed reaction, in which after the 
formation of 5[Mn(BrEO)L2], instead of having the CO2 insertion 
leading to 5[Mn(BrEC)L2], the nucleophilic alkoxy group of the com
plex attacks the electrophilic carbon of CO2 generating a different car
bonate intermediate 5[Mn(BrCH2CH2OCOO¡)L2] (O represents the 
donor atom of the fragment) [28]. However, any attempt to optimize 
this alternative intermediate was unsuccessful; thus, in our system, the 
reaction is supposed to proceed via CO2 insertion into the Mn-O bond. 

The carbonation is the slowest step of the whole path; it is slightly 
energetically unfavored (+2.95 kcal⋅mol− 1) and has an activation en
ergy of 62.54 kcal⋅mol− 1, which is approximately almost twice and three 
times higher than those of the preceding and following step, i.e. 37.30 
and 22.84 kcal⋅mol− 1, respectively. No attempt was done to ameliorate 
the energetics, like location of reactant and product complexes along the 
potential energy surface (PES) or addition of ions to neutralize the total 
charge. Based on this model, the carbonation is identified as the slow 
step for Mn(III) catalyzed CO2 cycloaddition to epoxides. Focusing on 
the reaction energy of this step, we have investigated the effect of 
replacing the carbene ligand L2 with L3. Particularly, the effect of using 
5[MnL3]þ combined to EO makes the step more energetically favored 
(− 1.44 kcal⋅mol− 1). This finding is in agreement with trend in the cat
alytic efficiency observed experimentally under neat conditions 
([MnBrL3] > [MnBrL2] > [MnBrL1]]) with BGE as substrate. Subse
quently, we also evaluated the effect of the substrate, by using SO. By 
replacing EO with SO, the carbonation step is energetically favored with 
5[MnL2]þ (− 1.87 kcal⋅mol− 1), although, with 5[MnL3]þ the same step 
is unfavored (+3.69 kcal⋅mol− 1). We speculate that this different trend 
is possibly due to the increased steric hindrance of the substrate 

Table 4 
Cycloaddition reaction with different epoxides under neat conditions.  

Entry Epoxide Catalyst (mol%)a Co-catalyst (mol%)a T / ◦C Time / h p(CO2) / atm Yieldb /% TONc TOFd / h− 1 

40 SO [MnBrL3] 
(0.1) 

TBAB  
(0.1) 

100 7 5 55 550 79 

41 SO [MnBrL3] 
(0.1) 

TBAB  
(0.1) 

100 19 5 82 820 43 

42 SO [MnBrL3] 
(0.5) 

TBAB  
(0.1) 

100 19 5 100 200 11 

43 DO [MnBrL3] 
(0.1) 

TBAB  
(0.1) 

100 7 5 44 440 63 

44 DO [MnBrL3] 
(0.1) 

TBAB  
(0.1) 

100 19 5 52 520 27 

45 DO [MnBrL3] 
(0.5) 

TBAB  
(0.1) 

100 19 5 100 200 11 

46 BGE [MnBrL3] 
(0.5) 

TBAB  
(0.1) 

100 19 5 100 
(100)e 

(100)f 

200 11 

47 CO [MnBrL3] 
(0.1) 

TBAB  
(0.1) 

100 7 5 6 60 9 

48 CO [MnBrL3] 
(0.1) 

TBAB  
(0.1) 

100 19 5 8 80 4 

49 CO [MnBrL3] 
(0.5) 

TBAB  
(0.1) 

100 19 5 13 26 1 

50 SO [MnBrL3] 
(0.01) 

TBAB  
(1) 

60 24 1g 23 2300 96 

51 SO – TBAB  
(1) 

60 24 1g 14   

Reaction conditions: Epoxide 51.0 mmol under neat conditions, T = 100 ◦C, SO = Styrene oxide, DO = 1,2-dodecene oxide, CO = Cyclohexene oxide. 
a mol% with respect to the epoxide. 
b Yield determined by 1H NMR using 2,5-dimethylfuran as an internal standard. 
c Turnover number (TON) calculated as mol of carbonate produced/mol catalyst. 
d Turnover frequency (TOF) calculated as (TON/reaction time in h). 
e second run performed by adding substrate (51.0 mmol) to the same reaction mixture. 
f third run performed by adding substrate (51.0 mmol) to the same reaction mixture. 
g Balloon. 

Scheme 4. Proposed reaction mechanism for the [Mn(EO)L2]þ catalyzed 
cycloaddition of ethylene oxide (EO) with CO2. 
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compared to EO. 

4. Conclusion 

The synthesis of three bis(NHC)-bis(phenolate) (O^C^C^O) ligand 
precursors and of their corresponding manganese(III) complexes 
[MnBrL1–3] was successfully accomplished and optimized. The multi
step procedure is characterized by high yields in every step, except for 
the imidazole derivative synthesis (yield ca. 50%). The organometallic 
complexes were fully characterized and the crystallographic structures 
of [MnBrL1(MeOH)] and [MnBrL3] were determined. The solvento 
complex [MnBrL1(MeOH)] represents the first example of a distorted 
octahedral manganese(III) complex with NHC ligands. The prepared 
complexes are active homogeneous catalysts in the cycloaddition of 
benzyl glycidyl ether with CO2 to obtain the corresponding cyclic car
bonate. The metal complexes are used in a binary catalytic system 
together with a bromide source (PPNBr or TBAB) as co-catalyst in 1:1 
ratio. In this frame, the synergistic cooperation between the metal 
catalyst and the co-catalyst was confirmed. Under the adopted catalytic 
conditions, a complete selectivity towards the desired cyclic carbonate 
was observed, and no further products or byproducts were detected. The 
reaction was carried out both in DMF solution and under neat condi
tions, with the latter showing significantly better performances. A ligand 
effect on the catalytic activity of the complexes has been observed, with 
the performance trend [MnBrL3] > [MnBrL2] > [MnBrL1] found 
under neat conditions. The kinetic study performed on the reaction 
catalyzed by [MnBrL3] showed a pseudo first order kinetic law in the 
product formation, with estimated activation parameters ΔH‡ = 11.2 ±
0.5 kcal⋅mol-1 and ΔS‡ = -50 ± 2 cal⋅mol-1⋅K-1. These data are consistent 
with those reported in the literature for similar catalytic systems [28,73, 
74]. Concerning the investigation of the reaction mechanism by DFT 
calculations, the first important insight is that coordination of the 
epoxide to the starting complex to form a hexacoordinated species is not 
favored. Thus, the substitution of the bromide ligand by the epoxide is 
supposed to be the first step of the mechanism, with the species [Mn(EO) 
L]+ being the active form of the catalyst. The CO2 insertion has been 
identified as the rate determining step, nicely in agreement with the 
negative activation entropy variation found with the Eyring plot. The 
energy profiles calculated with the model substrate EO also suggest a 
lower activation energy for the [MnL3]+ system compared to the 
[MnL2]+ one, confirming the trend observed experimentally. The 

reaction scope was thus investigated using the most active [MnBrL3] 
catalyst, and good yields were obtained with a low catalyst loading (0.1 
mol%), also with challenging substrates such as 1,2-dodecene oxide. 
Tests performed under the same conditions reported in the literature for 
porphyrin-based Mn(III) catalysts, indicate a slightly lower performance 
of our complexes with the benchmark substrate styrene oxide [27]. 
However, considering that the present work is the first report on the 
catalytic activity of Mn(III) complexes with O^C^C^O ligands in the 
cycloaddition of epoxides with CO2, further optimization of the molec
ular structure of the catalysts is expected to increase the catalytic 
performance. 
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