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G R A P H I C A L A B S T R A C T
� The cyclic carbonates obtained from the
sustainable combination of fixing CO2

with epoxides, by salen-based catalysts.
� Potential catalysts screened by DFT to
find out the best combination between a
salen ligand and a list of metal(III).

� The best catalyst, with yttrium, with a
reaction pathway towards an excellent
catalytic activity under mild conditions.
A R T I C L E I N F O
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A B S T R A C T

Located in the middle of the fever to solve the problem of CO2 emissions in the environment, CO2 sequestration by
reaction with epoxides is one of the key tools, as it not only fixes CO2, but also makes it functional by leading to
cyclic carbonates. Herein, the results are focused specifically on the formation of cyclic organic carbonates
catalyzed by metal-salen complexes, previously achieved with yttrium and scandium, that are compared with
those of analogous complexes containing metals from the first transition series, such as cobalt or chromium.
Density functional theory (DFT) calculations allow to determine whether this switch of metals will be feasible and
provide the basis for instigating future experimental efforts in this regard. The calculations analyzing the structure
and electronics of the catalysts allow us to give not only a clear picture of whether these catalysts will be efficient,
but also allow us to assess which metal center is the most convenient and/or whether the catalytic reaction will
occur under mild conditions. Advanced buried volume calculations with the SambVca packages shed light on the
different catalytic pockets of monometallic first row transition metals vs. group III salen complexes. Our predictive
catalysis results show that the bite O-M-O angle plays an essential role in the catalysis.
1. Introduction

The search for environmentally sustainable and economically
affordable catalysts is incessant in the world of chemistry [1,2],
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environmental concerns. Among the solutions proposed to mitigate the
harmful effects of CO2, efforts from organic chemistry are based on their
capture [3–6], and/or inclusion into functional molecules in order to
promote their conversion towards useful chemicals [7–12]. In this
context, the cycloaddition of CO2 to epoxides to afford cyclic carbonates
has experienced growing interest over the past decades [13–19]. Besides
allowing the conversion of CO2 into useful chemicals [20,21], this
non-reductive process can take place under very mild conditions, i.e. at
room temperature and relatively low CO2 pressure (P � 2 bar) when
applying the appropriate catalytic system [22–24], or by additional ad-
ditives [25]. Cyclic carbonates are not only used as chemical in-
termediates [26–29], but they can also serve as solvents [30,31].
Whereas at the moment the demand for cyclic carbonates is not such to
have a real impact on the reduction of CO2 emission, this cycloaddition
reaction represents a way to valorize CO2 as an inexpensive feedstock
[32,33].

The cycloaddition of CO2 to epoxides requires a catalyst to overcome
the significant energy barrier of epoxide ring-opening. Therefore, the
process requires the presence of nucleophilic catalytic moieties generally
applied in the presence of hydrogen bond donors or metal-based Lewis
acids to activate the epoxide. It has recently been shown that the pres-
ence of an organocatalytic hydrogen bond donor can compete or even be
more efficient than some metal catalysts [34], kinetically facilitating the
reaction. Overall, a wide range of catalysts has been successfully tested,
from metal complexes [35–37] to organocatalysts [38–41], including
simple organic acids [42]. Organocatalysts are regarded as environ-
mentally friendly and readily available compounds [43], but generally
show lower activity than metal complexes under ambient conditions.

The variety of metalorganic complexes applied to convert epoxides
into cyclic carbonates under mild conditions includes zinc porphyrins
[44], calcium crown-ether complexes [45], iron
bis-thioetherdiphenolates [46], sulfur-bridged bismuth bis-phenolates
[47], iron(III) amine triphenolates [48], iron(II) bis-CNN pincer com-
plexes [49], cobalt- [50], iron- [51,52], zinc/rare earths-based poly-
metallic complexes [53,54], aluminum heteroscorpionates [55,56],
helical aluminum complexes [57], and salen-based metal complexes.
Importantly, different from most ligand frameworks that require several
synthetic steps, salen ligands are relatively inexpensive [58–60], as their
synthesis is carried out by the facile condensation of amines/diamines
[61] and salicylaldehydes followed by complexation with metal pre-
cursors [62]. Even though salen-based complexes for the cycloaddition of
CO2 to epoxides under mild conditions include metal centers such as Cr
[63], Co [64], Zn [65], or Al [66–69], the obtained turnover numbers
(TONs) under such conditions are generally relatively low (TON <<

100).
The nature of the metal obviously has a fundamental relevance.

Simple Lewis acids from group III transition metals such as YCl3 and
ScCl3 are efficient catalytic components for the synthesis of cyclic car-
bonates [70,71]. Nevertheless, metal halides are corrosive, moisture
sensitive and potentially hazardous due to the presence of several
equivalents of halide per metal center [72,73]. Despite the fact that rare
earth transition metals have been applied in the past in CO2-epoxide
cycloadditions with other ligands [74–76], only recently the combination
of group III metals with salen ligands was explored obtaining relatively
high TON values (> 140) under ambient conditions [77]. It is worth
noting that in 2015, Kleij and coworkers [78] reported the copolymeri-
zation of CO2 and cyclohexene oxide mediated by Yb(salen)-based
complexes at 70 �C. Whereas previous works on salen complexes and
analogous compounds involved computational studies to gain insight
into the catalytic mechanism of the cycloaddition of CO2 to epoxides [79,
80], comparative studies involving rare earth metals and first-row tran-
sition metals are very rare, if existing at all, and are necessary to un-
derstand the crucial mechanistic differences between these systems.

In this work, we expand the scope of salen complexes of group III
metals for the formation of cyclic carbonates from epoxides and CO2 to
first row transition metals. To keep the focus on industrially relevant
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substrates, epichlorohydrin and propylene oxide are chosen as epoxide
reactants. Even though density functional theory (DFT) calculations here
will not ensure efficient catalytic performance at atmospheric CO2
pressure, they will provide insights towards this goal. All in all, predictive
catalysis is employed in the current study, not by optimization on the
ligands [81–84], or the reaction mechanism [85], but by simple substi-
tution of the metal in monomeric salen-based catalysts [86].

2. Computational details

DFT geometry optimizations were performed at the generalized
gradient approximation BP86 level [87,88], with the Gaussian09 pack-
age [89]. D3 version of Grimme (empiricaldispersion ¼ gd3) was added
to address the dispersion corrections [90]. The electronic configuration
of the systems was described with the valence double-ζ with polarization
(SVP) basis set for the main group atoms [91], whereas, for chromium,
cobalt, scandium, yttrium, and iodine, we adopted the quasi-relativistic
SDD effective core potential of Stuttgart/Dresden [92]. The reported
Gibbs energies are calculated from single-point energy calculations on
the BP86-D3/SVP~sdd geometries using the B3LYP functional [93],
together with the D3 version of Grimme's dispersion [90] and the
cc-pVTZ basis set [94]. Solvent effects were included with the Polariza-
tion Continuum Model (PCM) [95], considering propylene oxide (PO) as
the solvent. The electronic energies in solvent are transformed to Gibbs
energies by including the zero-point energy and thermal corrections from
the gas-phase frequency calculations at the BP86/SVP~sdd level.

3. Results and discussion

With the series of monomeric metal catalysts included in Scheme 1,
we performed DFT calculations at the B3LYP-D3/cc-pVTZ~sdd(pcm)//
BP86/SVP~sdd computational level on the reaction pathway that leads
to cyclic carbonates from sequestering CO2 with epoxides in the presence
of an iodine anion as nucleophile that is generally provided by tetra-n-
butylammonium iodide (TBAI). The initial structure of the salen com-
plexes was chosen based on previous experimental results with yttrium
and scandium as metals and included a coordination molecule of THF.
Therefore, the same initial structure was chosen for all complexes [77].
Scheme 2 includes all the intermediates and transition states involved in
the reaction mechanism. There are three steps that are kinetically
demanding, and in fact, in previous cases, they have been selectively the
rate determining step (rds). The first is the opening of the epoxide by the
nucleophilic agent [10], the second is the insertion of CO2 [77], and the
third is the closure of the cyclic carbonate [17,34,43,71]. Since there is
no general trend, it is necessary to find for each catalytic system which of
the three is the limiting step. In fact, simple modification of the nucleo-
philic agent represents a significant change in this regard [10]. The
ground state for the rare earth transition metals, Sc and Y, is undoubtedly
singlet, whereas for cobalt and chromium is somewhat different. For
chromium, the ground state is not the doublet, but for all intermediates
and transition states the quartet, being at least 13.7 and 29.7 kcal mol-1

above in energy the corresponding doublet and sextet homologues,
respectively. For cobalt, the high spin is only present once THF is
removed and before the next epoxide coordination. In detail the triplet is
favoured by 1.5 and 1.8 kcal mol-1 for the ethyl and cyclohexyl bridge,
respectively.

Starting from the octahedral environment around the MIII center, the
THF ligand dissociates. In all cases this involves a limited destabilization
that ranges from 2 to 6 kcal mol-1, immediately compensated by the
epoxide coordination, thus recovering the sixth ligand. Significantly, there
is a higher stabilizationof around2 kcalmol-1 (Table 1)whendealingwith
propylene oxide thanwith epichlorohydrin,whereas the role of the bridge
of the salen ligand is not relevant at all. The opening of the epoxide re-
quires the nucleophilic attackby the iodideof TBAI. In all cases, the energy
barriers do not go beyond the threshold of 20 kcal mol-1. A different ten-
dency is observed in comparison to the previous coordination



Scheme 2. Investigated mechanism of CO2 cycloaddition to epoxides by metal salen complexes in the presence of an iodine nucleophile.

Scheme 1. Metal salen complexes are used in this study, where M is the metal and Z is the bridge.
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intermediate and for the transition state that leads to the metal alkoxide
intermediate, since propylene oxide suffers a lower preference by 2–3 kcal
mol-1. This is due to the fact that epichlorohydrin bears a favorable sta-
bilization of the closest H bond to the chloride atom of the former epoxide
substrate, i.e. a rather strong hydrogen bond since the Cl⋯H distance is
only around 3Å (Fig. 1).With respect to the group III transitionmetals, i.e.
yttrium and scandium, the energy barrier for the epoxide opening is
5–6 kcal mol-1 higher than that for chromium and cobalt, with no differ-
ences between the two epoxides analyzed. Bearing the relatively low en-
ergy barrier for this ring-opening compared to the next two steps, the
nature of the countercation was not explored further, even though kinet-
ically it was found to be important [63,66]. Next, the CO2 insertion to
generate an hemicarbonate species generally takes place with energy
barriers close to 30 kcal mol-1. Thus, the latter becomes the rds. However,
this is not the case for yttrium (Table 1), forwhich the energies are close to
20 kcal mol-1. Finally, the cyclic carbonate product is obtained by the
Table 1
Relative Gibbs energies in kcal mol�1, taking the complex-THF species as the reference
with the metal-salen based catalysts (including the bridge: eth ¼ C2H4; cyc ¼ cycloh

Bridge Substrate Complex-THF Complex Complex epoxide TS

Co eth epi 0.0 4.8 1.6 11
Co eth prop 0.0 4.8 �0.4 14
Co cyc epi 0.0 5.3 1.6 11
Co cyc prop 0.0 5.3 �0.5 14
Cr eth epi 0.0 5.4 3.2 13
Cr eth prop 0.0 5.4 1.5 12
Cr cyc epi 0.0 5.9 3.0 13
Cr cyc prop 0.0 5.9 1.1 12
Y eth epi 0.0 3.5 5.1 18
Y eth prop 0.0 3.5 3.5 17
Sc eth epi 0.0 2.2 5.2 17
Sc eth prop 0.0 2.2 2.8 19
Sc cyc prop 0.0 2.6 2.8 19

182
closure of the previous hemicarbonate intermediate. The formed
5-membered ring shows a kinetic cost quite similar for all complexes, with
respect to the initial precatalyst, ranging from 25.8 kcal mol-1 for the
chromium complex with a cyclohexyl bridge for both substrates studied
here to 29.6 kcal mol-1 for cobalt. This cyclization step is not more ener-
getically demanding than the CO2 insertion step except for cobalt with
cyclohexyl bridge and epichlorohydrin as the substrate, but by only
0.2 kcal mol-1. For yttrium complexes, the difference between the barriers
for the CO2 insertion and the cyclization step increases up to around 5 kcal
mol-1, with the CO2 insertion step being the step with the lowest barrier.

Going into detail to explain the different performances among the se-
ries of catalysts studied in Table 1, structural and electronic features are
included in Tables 2–4. First, considering the different metals under study
[96,97], we calculated Mayer Bond Orders (MBOs) to better understand
the evolution of the metal-oxygen bonds (M�O) in the first steps of the
reaction pathway (Table 2). In particular, the coordination of the epoxide,
, for the cyclization of epoxides (epi ¼ epichlorohydrin; prop ¼ propylene oxide)
exyl).

_1 Metal alkoxide TS_2 Hemicarbonate TS_3 Complex carbonate

.8 6.4 30.6 13.1 29.7 2.1

.3 11.2 29.3 21.1 28.4 1.3

.6 6.5 29.4 13.2 29.6 2.1

.6 11.0 29.4 19.1 28.2 0.7

.6 9.5 31.6 18.5 26.5 1.9

.1 10.6 32.0 17.1 26.1 1.3

.4 9.6 29.2 17.7 25.8 1.5

.2 10.6 29.9 15.9 25.8 0.9

.8 11.6 21.0 17.5 26.2 0.3

.8 13.6 21.6 15.0 26.5 �0.8

.3 11.7 28.1 16.7 26.6 2.0

.3 13.8 29.2 15.3 27.2 �0.1

.9 14.7 30.8 16.0 27.2 �0.1



Fig. 1. Transition states TS_2, with for the complex with a cyclohexyl bridge, for Co with: (a) propylene oxide and (b) epichlorohydrin (selected distances given in Å,
colours: gray (C), red (O), blue (N), white (H), green (Cl), and iodide (violet)).

A. Vidal-L�opez et al. Green Chemical Engineering 3 (2022) 180–187
ring-opening by the nucleophile and CO2 insertion were evaluated to
check the evolution of the M-Oepoxide bond [98,99]. The stronger the
M-Oepoxide bond, especially after the openingby the iodide anion, themore
difficult is the insertion of CO2. For the metal alkoxides, it is evident that
the bondbetween the oxygen from the epoxide and themetal isweaker for
yttrium compared to the other metals, leading to easier insertion of CO2.
The MBO, but not the distances, are displayed in Table 2, given the
different nature of the metal centers [3,100–102]. While the difference in
the complex bearing the epoxide as a ligand is small, i.e. once the THF is
exchanged by an epoxide reagent, being significantly lower for Y and Sc, it
is an aperitif result of the biggest difference for the case of the next in-
termediate, i.e. the metal alkoxide, as it is where the smallest MBOs are
seen for yttrium, and this certainly facilitates the Y–Obond to cleavemore
easily.

The reason for the different nature of the rds for the yttrium entries in
Table 1 can be related to the fact that, structurally, the M�O and M�N
Table 2
MBO for the metal-salen based catalysts.

Bridge Substrate Complex epoxide

M-
Oepoxide

M-
N1salen

M-
N2salen

M-
O1salen

M-
O2salen

Co eth epi 0.390 0.719 0.701 0.566 0.588
Co eth prop 0.433 0.705 0.703 0.569 0.574
Co cyc epi 0.394 0.733 0.704 0.568 0.592
Co cyc prop 0.439 0.719 0.708 0.570 0.579
Cr eth epi 0.332 0.564 0.560 0.488 0.517
Cr eth prop 0.369 0.552 0.566 0.491 0.504
Cr cyc epi 0.338 0.576 0.574 0.484 0.514
Cr cyc prop 0.377 0.560 0.581 0.486 0.500
Y eth epi 0.185 0.288 0.282 0.414 0.440
Y eth prop 0.216 0.283 0.285 0.418 0.418
Sc eth epi 0.254 0.477 0.503 0.634 0.647
Sc eth prop 0.290 0.478 0.498 0.623 0.640
Sc cyc prop 0.287 0.489 0.515 0.627 0.642

Table 3
O-MIII-O bite angle (in �) for the metal-salen based catalysts.

Bridge Substrate Complex-THF Complex Compl

Co eth epi 85.8 85.9 86.3
Co eth prop 85.8 85.9 86.6
Co cyc epi 85.1 85.3 85.7
Co cyc prop 85.1 85.3 86.1
Cr eth epi 95.0 92.4 94.2
Cr eth prop 95.0 92.4 94.8
Cr cyc epi 93.6 91.2 93.1
Cr cyc prop 93.6 91.2 93.9
Y eth epi 129.2 108.3 122.1
Y eth prop 129.2 108.3 120.7
Sc eth epi 118.2 103.3 111.8
Sc eth prop 118.2 103.3 112.8
Sc cyc prop 115.2 100.4 111.0
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bonds are much longer than for the other trivalent metals. The insertion
CO2 in the yttrium alkoxide is easier owing to the elongation of the bonds
of the metal with its neighboring atoms, which causes the metal to be
unable to arrange the ligands in a perfect square planar geometry to the
equatorial plane, and octahedral globally. Once THF dissociates, the
O–Y–O bite angle is drastically reduced from 129.2o to 108.3� although it
is not related to the fact that Y regains the square planar shape (Table 3).
Our simulations reveal that the metal moves away from the plane of the
base of the square base pyramid. The difference in the bite angle predicted
for Sc ismuch smaller, although significant (~15�), whereas a total lack of
variation is observed for cobalt, and an insignificant variation (2-3�) for
chromium. In addition, before the interaction with CO2, the O–Y–O bite
angle increases to nearly 140� in the metal alkoxide intermediate, which
facilitates the pentagonal bipyramid geometry of the next TS_2. With
respect to scandium, even though the O-Sc-O bite angle is again far from
90�, it is not sufficient to allocate the CO2molecule in the equatorial plane
Metal alkoxide

M-Cl M-
Oepoxide

M-
N1salen

M-
N2salen

M-
O1salen

M-
O2salen

M-Cl

1.047 0.836 0.702 0.684 0.533 0.538 0.896
1.031 0.867 0.689 0.717 0.520 0.535 0.876
1.063 0.836 0.710 0.684 0.534 0.545 0.921
1.047 0.867 0.695 0.729 0.529 0.538 0.905
0.889 0.755 0.541 0.517 0.453 0.491 0.753
0.863 0.798 0.533 0.523 0.455 0.478 0.725
0.898 0.758 0.554 0.525 0.451 0.493 0.768
0.871 0.804 0.560 0.581 0.486 0.500 0.737
0.635 0.526 0.252 0.226 0.346 0.399 0.568
0.628 0.583 0.242 0.224 0.360 0.369 0.573
0.838 0.639 0.433 0.443 0.534 0.583 0.764
0.831 0.670 0.478 0.498 0.623 0.640 0.791
0.828 0.665 0.433 0.445 0.554 0.559 0.737

ex epoxide Metal alkoxide Hemicarbonate Complex carbonate

87.3 85.6 85.7
85.9 86.6 86.4
86.5 85.0 85.2
85.1 86.6 86.0
97.7 97.4 95.0
97.9 97.9 94.8
96.4 96.3 93.9
96.7 96.7 93.8
139.3 135.4 129.1
138.9 136.2 129.9
123.7 122.4 115.8
124.2 122.9 117.1
126.6 119.5 112.8
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(Fig. 2). The TS_2 for rare earth transition metals have a different nature
than for the first row transition metals. For the latter, CO2 enjoys lower
steric repulsion and favorableH-bonds above any of theM�Obondswhile
for Y and Sc the greater O-M-O bite angle allows, in both cases, the
approachofCO2 through that cleft thatfits in theO-M-O angle. In addition,
this observation is in agreementwith the dimeric structures only found for
such group III transition metals [77]. Knowing that the atomic radius of
yttrium is 180 Å and of scandium 162 Å, whereas it is only 125 and 128 Å
for cobalt and chromium, respectively, it is clear that the O-M-O angle is
completely related to the size of themetal ion, but this is true thanks to the
chelated tetradentate ligand used here. On the other hand, alternative
transition states were computed, with partial dissociation or cleavage of
any of the M�O or M�N bonds, being all higher in energy by at least
10 kcal mol�1. Thus, it is mandatory that the metal keeps stable its
equatorial plane. In addition, the SambVca steric maps, developed by
Cavallo and collaborators [103,104], were made in the plane perpendic-
ular to that which includes the metal and the 4 coordinating atoms of the
ligand, using propylene oxide as a substrate (Table S1). This plane is
placed 2.0 Å away from the metal, as it is the area of space where CO2
inserts. Resulting from the steric maps, the VBur% was also calculated,
being the amount of thefirst coordination sphere of themetal occupied by
a given ligand [105,106]. For cobalt, the calculated VBur% for the initial
complex, i.e. the complex obtained after THF exchange by epoxide, is
92.2%, which confirms that there is no possibility for CO2 insertion since
the angle O–Co–O is too closed to fit CO2, i.e. in the space left by the two
oxygen atoms. Same conclusion is reached for chromium with a VBur%
value of 89.5%. A significant reduction is obtained for the Sc complex
(73.4%) and much more for the Y complex, with a value of 66.9%. Even
though the steric maps are not sufficiently clear (Table S1), the difference
in VBur% is significant, which confirms that the bite angle O-M-O for
yttrium is the most accentuated.

The results in Table 4 regarding Natural Bond Orbital (NBO) charges
reinforce the idea that rare earth metals are much more positively
charged at their metallic center, especially in the case of yttrium. In fact,
the charge varies on average within a range starting at 0.5 for Co, going
from 0.8 for Cr, 1.3 for Sc, to 1.8 for Y. However, it should also be
emphasized that the oxygen charge of any of both epoxides is almost
invariable, within less than 0.1 e, and ranges from �0.46 for Co to a
maximum of �0.55 for Y. The same would be true for the chlorine atom
located trans to the epoxide. For the other atoms of the tetradentate
ligand, there is a noticeable difference, up to 0.2 e from Co and Cr to Sc
and with Y showing the most negative values. Although the higher
negative charge on the metal due to the oxygen in the salen ligand cannot
compensate for the charge of the metal, yttrium will have the highest
tendency at the electronic level to insert CO2.

Going to the frontier molecular orbitals theory, there is no significant
difference between the values of Co, Sc, and Y, paying attention only to
singlet complexes, for not having to make use of the theory of SOMO
orbitals, for Co and Cr, with its associated complexity [107].

4. Conclusions

Based on solid results at the experimental level regarding the catalytic
role of salen monometallic complexes of scandium and yttrium as Lewis
acids for the cycloaddition of CO2 to epoxides, a comparative theoretical
study has been carried out involving transition metals of the first-row
that were also previously employed in salen complexes for the same re-
action. The results of the kinetics of all compounds indicate that the re-
action would require moderate temperature, and the path towards room
temperature is open, in agreement with past experiments based on rare
earth metals [77]. This predictive catalysis effort has been made on
industrially attractive epoxides such as epichlorohydrin and propylene
oxide. Our simulations reveal different rate limiting step for the CO2
cycloaddition as a function of the metal used in the salen complexes. For
Co, Cr, and Sc, the CO2 insertion becomes the most energy demanding
step, whereas Y facilitates the CO2 adduct formation thanks to the greater



Fig. 2. Transition states TS_2, with ethyl as a bridge, for propylene oxide for (a) Co, (b) Cr, (c) Sc and (d) Y (selected distances given in Å, colours: gray (C), red (O),
blue (N), white (H), green (Cl), and iodide (violet)).
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bite angle. The mechanistic investigations show that the closure of the
carbonate ring is the rate determining step when using Y. To sum up, this
study explains the improved catalytic activity of early transition metals
compared to first-row transition metals, and it has been possible to find
out why yttrium is the candidate that requires less kinetic effort. Overall,
in the context of CO2 fixation, this work suggests that metal centers with
large atomic radius may facilitate the step of CO2 insertion due to the
greater bite angle that it entails.
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