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The fixation of CO, mediated by metal-based catalysts for the production of organic molecules of indus-
trial interest such as cyclic carbonates is urgently required under green and eco-friendly conditions.
Herein, we describe the easy preparation of sterically demanding scorpionate ligands bearing different
electron-withdrawing groups, and their coordination ability for the preparation of robust zinc-based
mononuclear complexes of the type [ZnMe(k>-NNN')] (4—6). These complexes, in combination with co-
catalysts comprising larger ionic radius-based halides such as tetra-n-butylammonium, functioned as
very active and selective catalysts for CO, fixation into five-membered cyclic carbonates. These studies
have led to the development of sustainable, inexpensive, and low-toxicity systems formed by 4-5 and
Bu4NBr for the cycloaddition of CO, into epoxides under very mild and solvent-free conditions, reaching
very good to excellent conversions (TOF = 260 h™?%). Moreover, these bicomponent systems show a broad
substrate scope and functional group tolerance, including mono- and di-substituted epoxides, as well as
bio-renewable diepoxides. Very interestingly, these are the first zinc-based systems reported to date for
the successful transformation of the very challenging tri-substituted terpene-derived cis/trans-limonene
oxide, whose reaction proceeds with high stereoselectivity to the formation of the bicyclic trans-limo-
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nene carbonate. Additionally, these bicomponents can be efficiently used up to six times without signifi-
cant loss of activity. Kinetic investigations confirmed that the reaction shows an apparent first-order
dependence on the catalyst and co-catalyst concentrations, which indicates an intramolecular mono-

rsc.li/dalton metallic mechanism.
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Introduction

Two critical challenges in this century™” for the sustainability
of our planet, included in the “Twelve Principles of Green

Chemistry”,® are the rational use of natural resources and the

efficient management of waste materials.
In this context, the valorisation of CO, as an attractive C-1
renewable building block®™® is being intensively explored by
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1 Electronic supplementary information (ESI) available: Details of materials and
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2240439. For ESI and crystallographic data in CIF or other electronic format see
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many research groups in this decade. This unsaturated mole-
cule has high abundance in nature, low cost, non-toxic fea-
tures, as well as a lack of colour and redox activity. Particularly,
this low reactivity molecule finds interesting chemical appli-
cations. For instance, the 100% atom-economical production
of cyclic carbonates (CCs)”* through the cycloaddition of CO,
to epoxides (see Scheme 1) and that of polycarbonates
(PCs)"'® via ring opening copolymerization (ROCOP) of CO,

)Ok
]! O + CO catalyst 0 0
I, 2 R1|H
R2 R3 RZ R3

epoxide cyclic carbonate

Scheme 1 Cycloaddition of CO, to epoxides for the preparation of
5-membered cyclic carbonates.
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Chart 1 Representative zinc-based catalysts for the cycloaddition of CO, to styrene oxide using bifunctional or bicomponent complex/BusNBr

systems.

with epoxides are currently two highly competitive areas in the
scientific community.

Particularly, CCs have important applications as electro-
lytes, engineering plastics, solvents, fuel additives, and precur-
sors of fine chemicals."”® For this reason, a variety of very
active and selective metal-based catalysts have been recently
reported, with  chromium,'®*®  cobalt,>®  iron,>>*
magnesium,>>>° 7730 (see Chart 1) or aluminum®' 3¢ as
leading metals in this field, with the assistance of a nucleo-
phile as a co-catalyst.

However, the use of abundant, economical and biocompati-
ble metals such as zinc®”>° is highly desirable to make this
process much cleaner and greener, and to avoid potential
health issues related to the toxicity of several metal-based resi-
dues in the isolated materials.****

In this sense, recently our research group has also success-
fully developed efficient zinc-based scorpionate catalysts for
cyclic carbonates*® through the cycloaddition of CO, with a
wide range of terminal and internal epoxides, showing broad
substrate scope and functional group tolerance under mild
and solvent-free conditions.

zinc

Nevertheless, the search for robust and efficient zinc-based
catalysts with wider substrate scope capable of functioning
under much milder conditions in this process still remains
poorly explored (see Chart 1). On the basis of our previous
expertise,”® now we endeavour the challenging aim to develop

6106 | Dalton Trans., 2023, 52, 6105-6116

novel sustainable, inexpensive, low-toxicity and versatile zinc-
based** systems very efficient in this industrially demanding
process. For this purpose, we have successfully developed new
sterically hindered acetamidinate-based scorpionates,**** con-
taining electron-withdrawing groups as ancillary ligands, as an
alternative to others from our extended library.*>™*”

We report hereby the preparation of a new family of robust
mononuclear zinc-based complexes supported by a series of
sterically hindered scorpionate ligands with different elec-
tronic and steric features, and their detailed assessment as cat-
alysts for efficient CO, fixation into five-membered cyclic car-
bonates. These catalysts, in combination with Bu,NBr, exhibit
excellent performance and display very broad substrate scope,
including terminal, internal and bio-renewable diepoxides and
tri-substituted terpene-derived substrates such as limonene
oxide.

Results and discussion

Synthesis and characterization of the electron-withdrawing
carbodiimide 1 and sterically demanding scorpionate ligands
2-3

The reaction of p-tolylisocyanate, p-trifluoromethylphenyl-
isocyanate and 3,5-bis(trifluoromethyl)phenylisocyanate, in
the presence 3-methyl-1-phenyl-2-phospholene 1-oxide (MPPO)

This journal is © The Royal Society of Chemistry 2023
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as the catalyst,® at 0 °C afforded bis-p-tolylcarbodiimide,*®
bis(p-trifluoromethylphenyl)carbodiimide*® and new
bis(3,5-ditrifluoromethylphenyl)carbodiimide (1), respectively,
as pale yellow or white solids in high yields (>90%) (see
Scheme 2a).

In a second step, a mixture of a cooled (—70 °C) solution of
bis(3,5-di-tert-butylpyrazol-1-yl)methane (bdtbpzm) in THF
and 1 equiv. of Bu"Li, was treated with the carbodiimides bis-
p-tolylcarbodiimide,*®  bis(p-trifluoromethylphenyl)carbodi-
imide*® and 1, respectively, and subsequently hydrolysed with
NH,Cl/H,O in diethyl ether to finally give rise to the corres-
ponding amidine protioligands Hphbptamd,*> HFphbp‘amd
(2) [HFphbp‘amd = N,N'-di-p-trifluoromethyphenylbis(3,5-di-
tert-butylpyrazol-1-yl)acetamidine] and HF,phbp‘amd (3)
[HF,phbp‘amd = N,N'-bis(3,5-ditrifluoromethyl)phenylbis(3,5-
di-tert-butylpyrazol-1-yl)acetamidine] in very good yields
(>90%) (see Scheme 2b).

The "H and "*C{"H} NMR spectra of the new carbodiimide
1 in chloroform-d at room temperature (see Fig. S1 in the ESI})
display a single set of resonances indicating the symmetry of
the molecule, with a characteristic signal in a very low field,
corresponding to the sp carbon (C°, ~140 ppm), indicating a
highly electrophilic centre (see Scheme 2a). In addition, the "H
and “C{'H} NMR spectra of the amidine heteroscorpionate
compounds 2 and 3 in benzene-ds at room temperature (see
Fig. S2 and S3 in the ESI{) show a single set of resonances for
the pyrazolyl rings, indicating that both rings are equivalent
and two set of resonances for the substituents in the amidine
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fragment (see Scheme 2b). The structures proposed for com-

pounds 2 and 3 were further verified by X-ray diffraction
studies (see below Fig. 1).

F4A

Fig. 1 ORTEP view of [HFphbp'amd] (2). Hydrogen atoms are omitted
for clarity. Thermal ellipsoids are drawn at the 30% probability level.
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Scheme 2 Preparation of carbodiimide 1 and the sterically demanding scorpionate acetamidine-based protioligands 2-3.

This journal is © The Royal Society of Chemistry 2023
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Synthesis and characterization of scorpionate alkyl zinc
complexes 4-6

The reaction of the sterically demanding acetamidine-based
scorpionate protioligands Hphbp‘amd,*> HFphbp‘amd (2) and
HF,phbp‘amd (3) with one equivalent of ZnMe,, efficiently
afforded the mononuclear scorpionate zinc alkyl complexes of
type [ZnMe(k*>-NNN')], (x*-NNN’ = phbp‘amd 4,** Fphbp‘amd 5,
and F,phbp‘amd 6), in very high yields (>85%) (see Scheme 3).
All complexes have low air-sensitivity, tolerate up to 5 hours of
air exposure, and can be dissolved in chlorinated solvents as
CDCl; during 6 h without hydrolysis. This robustness makes
them ideal for application in this catalytic process.

The 'H and >C{"H} NMR spectra of the new zinc complexes
5 and 6 in benzene-d, at room temperature (see Fig. S4 and S5
in the ESI} display a single set of resonances for the two pyra-
zoles, indicating that both rings are equivalent, and two sets of
resonances for the amidinate substituents, showing a mono-
dentate coordination mode to the metal. These data confirm a
tetrahedral disposition of the zinc atom with NNN'-coordi-
nation for the scorpionate ligand, where a plane of symmetry
exists and contains the acetamidinate group, the zinc metal
and the methyl ligand (see Scheme 3). 'H NOESY-1D experi-
ments were also performed in order to confirm the assignment
of the signals to the ‘Bu®, ‘Bu®, and H* groups. Furthermore,
"H-*C heteronuclear correlation (gHSQC) experiments were
carried out and allowed us to assign the resonances corres-
ponding to C*, ‘Bu®, and “Bu’ of the pyrazole rings.

The structures proposed for complexes 5 and 6 were further
confirmed by X-ray molecular analysis (see below Fig. 2).

X-ray diffraction studies

Single crystals of compound 2 and complex 5 suitable for X-ray
diffraction analysis were easily grown from a toluene solution
at —26 °C. The molecular structures are depicted in Fig. 1 and

[Hphbp'amd]*'45
[HFphbp'md] 2

[HF,phbp'md] 3
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2, respectively. Selected bond lengths and angles are collected
in Table 1, and the crystallographic details are reported in
Table S1 in the ESI.} The molecular structure of both com-
pounds consists of a monomeric arrangement in the solid
state. Compound 2 shows a C(1)-N(1) distance [1.266(8) A]
typical of C-N double bonds, as in Schiff bases and oximes
(ca. 1.26 A), whereas the C(1)-N(2) (1.374(8) A) bond length is
typical of a C-N single bond. The hydrogen atom is located on
the N(2) atom. The essentially sp> hybridization and planar
nature of the imino carbon atom C(2) are further confirmed by
the summations of the angles (~120°) around it (360°).

On the other hand, the zinc metal in complex 5 exhibits a
distorted tetrahedral geometry, with the scorpionate ligand in
a k>-NNN’ coordination mode. The N(4)-Zn and N(6)-Zn bond
lengths [2.104(5) A and 2.182(5) A, respectively] are balanced
and compared well with those observed in the analogous acet-
amidinate-based scorpionate magnesium®® and zinc** alkyls,
but are considerably longer than the N(1)-Zn bond length
[2.038(5) A]. The solid-state structure also confirms that the
acetamidinate is coordinated in a monodentate fashion with
the Zn atom, and delocalisation is also evidenced in the N-C-
N moiety of the acetamidinate, with the bond lengths C(1)-
N(1) and C(1)-N(2) ranging from 1.341(8) A to 1.299(8) A. In
addition, the C(1)-C(2) bond lengths in complex 5 and in
ligand 2 [1.525(8) A and 1.542(8) A, respectively] are consistent
with a C-C single bond (~1.455 A). Finally, the Zn-Me bond
distance is also in agreement with that of analogous alkyl
derivatives [C(39)-Zn(1) = 1.967(7) A].***

Studies on the catalytic cycloaddition of CO, to epoxides using
complexes [ZnMe(i>-phbp‘amd)] (4), [ZnMe(k>-Fphbp‘amd)]
(5) and [ZnMe(x>-F,phbp‘amd)] (6)

Complexes 4-6 were used as freshly prepared materials and

firstly screened as catalysts for the formation of styrene carbon-
ate 8a by the coupling reaction of CO, with styrene oxide 7a as

R= % > /©\6
FsC CFs
CF3

Scheme 3 Preparation of the acetamidinate-based NNN'-scorpionate zinc complexes 4 ** and 5-6.
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Fig. 2 ORTEP view of [ZnMe(x*-Fphbp‘amd)] (5). Hydrogen atoms are omitted for clarity. Thermal ellipsoids are drawn at the 30% probability level.

Table 1 Selected bond lengths (A) and angles (°) for 2 and 5

HFphbp‘amd (2)

2a 2b

Distances (A) Angles (°) Distances (A) Angles (°)

C(1)-N(1) 1.266(8) N(2)-C(1)-N(1) 122.61(18) C(39)-N(7) 1.273(8) N(8)-C(39)-N(7) 122.85(18)

C(1)-N(2) 1.374(8) N(2)-C(1)-C(2) 113.85(18) C(39)-N(8) 1.368(8) N(8)-C(39)-C(40) 113.10(18)

C(1)-C(2) 1.542(8) C(2)-C(1)-N(1) 123.53(6) C(39)-C(40) 1.542(8) C(40)-C(39)-N(7) 123.91(6)

[znMe(x*-Fphbp‘amd)] (5)

Distances (A) Angles (°)

N(1)-Zn(1) 2.038(5) C(39)-Zn(1)-N(1) 126.60(20)

N(4)-Zn(1) 2.104(5) C(39)-Zn(1)-N(4) 129.86(20)

N(6)-Zn(1) 2.182(5) C(39)-Zn(1)-N(6) 122.65(20)

C(39)-Zn(1) 1.967(7) N(4)-Zn(1)-N(6) 81.86(20)

C(1)-N(1) 1.341(8) N(4)-Zn(1)-N(1) 89.85(18)

C(1)-N(2) 1.299(8) N(6)-Zn(1)-N(1) 92.99(18)

c(1)-c(2) 1.525(8) N(1)-C(1)-N(2) 134.66(6)
N(1)-C(1)-C(2) 114.14(4)
N(2)-C(1)-C(2) 111.19(4)

a benchmark reaction (see Scheme 4). The process was initially
assessed at 25 °C and 10 bar CO, pressure and under solvent
free conditions for 18 hours in a 1:1 molar ratio, using a cata-
lyst loading of 5 mol% in the presence of tetrabutylammonium
bromide (Buy,NBr or TBAB). The results are presented in
Table 2.

Styrene oxide 7a conversion into styrene carbonate 8a was
determined by 'H NMR without any further purification (see
Fig. S6 in the ESI}). Not surprisingly, the formation of styrene
polycarbonate was not detected under the aforementioned
conditions (selectivity >99%). Complex 5 displayed very high

This journal is © The Royal Society of Chemistry 2023

catalytic activity with almost complete conversion for the syn-
thesis of 8a, while derivative 4 showed lower conversion under
identical experimental conditions, possibly due to the pres-
ence of the two electron-withdrawing groups in the amidinate
fragment in 5, which increase the Lewis acidity of the zinc
metal centre and promote the initial epoxide coordination and
further enhance the catalytic performance, as a result. In the
case of 6, this higher activation effect in the metal centre,
given the existence of two additional electron-attracting
groups, is partially counteracted by the greater steric environ-
ment of this ligand, resulting in a lower conversion than 4 and

Dalton Trans., 2023, 52, 6105-6116 | 6109
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0 Bu,4NBr (0-5 mol%) O/
+
/A 25-50 °C, 10 bar, 18 h
R
R
epoxide cyclic carbonate
7aj 8aj

a: R = Ph; b: R =Cy4Hg; ¢: R =CgHy7; d: R = C4gH2¢; : R= CH,CI
f: R = CH,0H; g: R = PhOCHoy; h: R =C3H50CHy; i: R = 4-CICgH4
j: R= (CHzoCHchz)z

Scheme 4 Cyclic carbonate synthesis catalysed by complexes 4-6.

Table 2 Conversion of styrene oxide 7a into styrene carbonate 8a
using catalysts 4-6°

Conversion [%]

[Cat]: [co-cat]

Entry Catalyst [mol%)] 25 °C  50” °C (TOF, h™*)°
1 4 5.0:5.0 85 nd”’

2 5 5.0:5.0 95 nd

3 6 5.0:5.0 76 nd

4 5 5.0:5.0 (TBAF) 7 nd

5 5 5.0:5.0 (TBAC) 54 nd

6 5 5.0:5.0 (TBAI) 59 nd

7 5 5.0:5.0 (NMI) 17 nd

8 5 5.0:5.0 (DMAP) 6 nd

9 5 2.5:2.5 72 100

10 5 1.5:1.5 51 100

11 5 1.0:1.0 30 100

12 5 0.5:0.5 15 100

13 5 0.2:0.2 nd 100 (28)
14 59 0.2:0.2 nd 75 (47)
15 5 0.2:0 nd 0

16 — 0:0.2 2 5

17 HFphbp‘amd  0.2:0.2 nd 4

18 5°¢ 0.1:0.1 nd 98 (245)

“Reactions carried out at 10 bar CO, pressure during 18 h, using
5 mol% of complexes 4-6/5 mol% of TBAB as the co-catalyst unless
specified otherwise. ” Determined by 'H NMR spectroscopy of the
crude reaction mixture. “ TOF (turnover frequency) = number of moles
of styrene oxide consumed/(moles of catalyst x time of reaction).
9 Reaction carried out during 8 h. °Reaction carried out at 100 °C
during 4 h.” Not determined.

5 (Table 2, entries 1-3). Therefore, we selected complex 5 as
the most efficient catalyst for further cycloaddition reactions
under these experimental conditions.

The effect of halide counter ions on the catalyst system was
next inspected for complex 5 by employing different onium
salts at 25 °C and 10 bar CO, pressure for 18 hours employing
this catalyst:co-catalyst loading. Interestingly, whereas the flu-
oride counter ion led to lower catalytic activity than the chloride
and iodide counter ions, the bromide anion displayed the
highest activity (Table 2, entries 1 and 4-6), indicating that this
counter ion performs as both a good nucleophile to ring-open
the epoxide and a good leaving group for cyclic carbonate for-
mation. Furthermore, 1-methylimidazole (NMI) and 4-dimethyl-
aminopydine (DMAP) were also assessed as co-catalysts, resulting

6110 | Dalton Trans., 2023, 52, 6105-6116
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in poorly active systems (Table 2, entries 7 and 8, respectively).
Therefore, we identified Bu,NBr as the most efficient co-catalyst
for complex 5 under these reaction conditions.

Catalyst and co-catalyst loadings were also inspected at
25 °C and 50 °C, and they could be reduced down to 0.2 mol%
to reach complete conversion in 18 hours at 50 °C (Table 2,
entries 9-13); therefore, it was identified as the optimal
loading for the bicomponent system 5/Bu,NBr under these
experimental conditions for further catalytic studies.
Interestingly, very high conversion (75%) was reached at 50 °C
employing a combination of 0.2 mol% of complex 5 and
0.2 mol% of BuyNBr at 10 bar CO, pressure after only 8 hours
(Table 2, entry 14).

Consistently, a control experiment for 5 in the absence of
BuyNBr revealed no catalytic activity, whereas the use of
Bu,NBr without the presence of 5 produced nearly zero conver-
sion (2%) at 25 °C and minimal conversion (5%) at 50 °C,
respectively, using 10 bar CO, pressure after 18 h of reaction,
confirming the necessity of both catalytic components in the
reaction mixture to succeed in this cycloaddition process. Also,
the corresponding ancillary sterically hindered protioligand,
HFphbp‘amd in complex 5, displayed very poor conversion in
the presence of Bu,NBr (4%) under otherwise identical con-
ditions (Table 2, entries 15-17).

It is also worth noting that under these conditions, the
bicomponent system 5/Bu,NBr was much more active (Table 2,
entry 14, TOF = 37 h™") than the NNO'-scorpionate zinc-based
bicomponent mononuclear (TOF = 2.33 h™"), the dinuclear
(TOF = 3.0 h™") and the bifunctional (TOF = 2.9 h™') analogs
also under mild conditions (50 °C), previously reported by our
group.”® In addition, this bicomponent system can operate
more efficiently for the production of styrene carbonate 8a
under softer and comparable experimental conditions
(Table 2, entry 14, TOF = 47 h™", 50 °C and entry 18, TOF =
245 h™', 100 °C, respectively) than very well-performed zinc-
based catalysts previously reported.>”>°

In view of the promising results achieved by 5/TBAB, a
variety of terminal substrates such as alkyl, aryl and functiona-
lized terminal epoxides 7b-7j were additionally assessed using
this bicomponent system (see Scheme 4), at 50 °C and 10 bar
CO, pressure, with 0.2 mol% of catalyst/co-catalyst loading in a
1:1 molar ratio under solvent free conditions (see Fig. S7-S15
in the ESI}). Notably, under these conditions, very good to
excellent conversions were achieved in 12 hours, including
those substrates bearing alcohol or ether functionalities with
phenyl or alkyl chains (see Fig. 3).

Considering the high activity displayed by the bicomponent
system 5/TBAB, we additionally extended the substrate scope to
catalyst 5, and assessed the conversion of internal epoxides
9a-9b, and bio-based derived substrates 11a-11d, into the corres-
ponding cyclic carbonates 10a-10b and 12a-12d, respectively (see
Fig. 4). Important progress has been reported in very recent years
employing Fe(u),>>*" Ca(u)->* and Al(m)-*"**>* based catalyst
systems, despite the lower reactivity of these epoxides.>>"®
However, a few examples of Zn(u)-based complexes**”” have been
reported for the efficient and selective synthesis of these cyclic

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Synthesis of cyclic carbonates 8a—8j from epoxides 7a—7j using
0.2 mol% of the bicomponent system formed by complex 5/TBAB at
50 °C and 10 bar CO, pressure for 12 hours, unless specified otherwise.
2Conversion and selectivity were determined by *H NMR. Plsolated yield
after column chromatography.

carbonates (5 mol%, 20 bar of CO,, 80 °C, 24 h),*>*>® but not
under current milder conditions and using these lower catalyst/
cocatalyst loadings (see Fig. 4).

Thus, we increased the reaction temperature at 70 °C and
catalyst:co-catalyst loadings up to 0.5 and 1 mol% for cyclohex-
ene oxide (CHO) 9a and cyclopentene oxide (CPO) 9b, respect-
ively, but maintained 10 bar CO, pressure. To our delight, a
1:1 proportion of the binary system 5/TBAB displayed excel-
lent activities (conv. >97%) for both internal substrates in
18 hours, under these mild and solvent-free conditions (see
Fig. 4), showing the efficiency of this system. The NMR spectra
of cyclic carbonates 10a-10b confirmed the retention in the
epoxide stereochemistry, as only the cis-isomer was formed for
cyclohexene carbonate®®>® with a selectivity higher than 99%,
and for cyclopentene carbonate,®®™®* as in the last case it was
the only stereoisomer thermodynamically permitted (Fig. S16
and S17, respectively, in the ESI]).

In addition, we were interested in the synthesis of biore-
sourced cyclic carbonates 12a-12d, considering their potential
as non-toxic feedstocks to produce NIPUs (non-isocyanate
poly(hydroxy)urethanes).®*** Therefore, we initially explored
the synthesis of the bio-based furan-derived cyclic carbonate
12a, and complete conversion was obtained after 18 hours at
50 °C and 10 bar CO, pressure, using only 0.2 mol% loading
of the 5/TBAB system. Encouraged by these results, we finally
decided to extend this study to transform other bio-based diep-
oxide derivatives that include the fumaryl, succinyl and glu-
taryl platforms, 11b-11d. We were also pleased to find that
cyclic carbonates 12b-12d were obtained in almost complete
yields under identical conditions using only 0.2 mol% of this
bicomponent system (see Fig. 4 and Fig. S18-S21 in the ESI{).
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Very interestingly, we investigated the production of
another bio-renewable cyclic carbonate namely limonene car-
bonate 14 obtained from limonene oxide 13, a highly substi-
tuted monocyclic unsaturated terpene derived from
biomass,*>®® (extracted from the peel of citrus waste) (see
Scheme 5). It is worth noting that a few metal-based catalysts
have been reported for the successful cycloaddition reaction of
CO, to limonene oxide (LO),**>**%77%% and, as far as we are
aware, no examples of well-defined zinc-based catalysts”® that
can operate under mild conditions have been reported to date.

Thus, we investigated the bicomponent system formed by a
combination of complex 5 and TBAB in a very low 0.5: 1.5 cata-
lyst:co-catalyst loading ratio for the preparation of bicyclic
limonene carbonate 14 (see Table 3), employing commercially
available limonene oxide 13 as a mixture of cis/trans isomers
(43:57), under 10 bar CO, pressure and at 70 °C temperature.
Expectedly, a rather low conversion was reached after 72 h of
reaction, in accordance with the lower reactivity and the higher
steric hindrance of this tri-substituted epoxide 13, and also in
agreement with our previous findings with this challenging
substrate.>"*> Importantly, the use of TBAC as the co-catalyst
did not allow any progress on the catalytic activity, which indi-
cates that the higher steric demand of the ligand in complex 5
counters the possible enhanced catalytic performance as a
result of the greater Lewis acidity of the metal centre with this
ligand, as mentioned above (Table 3, entries 1 and 2). More
interestingly, bicomponent 4/TBAC allowed this cycloaddition
reaction proceeding with both high yield and stereoselectivity
to the bicyclic ¢trans-limonene carbonate, affording a 39% of
conversion after 72 h, possibly due to the lower steric demand
of this ligand (Table 3, entry 3), (see Fig. S22 and S23 in the
ESIf). Therefore, we selected complex 4 as the most efficient
catalyst against this challenging substrate. Increasing of the
catalyst:co-catalyst loadings did not produce a relevant ben-
eficial effect (Table 3, entry 4).

A control experiment using only TBAC produced a poor 7%
of conversion under otherwise identical conditions (Table 3,
entry 5). In addition, the employment of bis(triphenylphos-
phoranylidene)ammonium chloride (PPNCI) as the co-catalyst
under equal conditions produced a drastic loss of activity (4%
conv.), possibly as a consequence of the lower co-catalyst solu-
bility in this terpene-derived epoxide (Table 3, entry 6). As
expected, the use of co-catalysts comprising larger ionic
radius-based halides such as TBAI, also produced a detrimen-
tal effect on conversion (Table 3, entry 7). Unexpectedly,
neither the increase of the reaction temperature up to 100 °C
nor the CO, pressure up to 20 bar did produce a significant
change on conversion, with the important loss of reaction
stereoselectivity with temperature (Table 3, entries 8 and 9).

Multi-feed studies of catalyst 5 with propylene oxide 15

Finally, we turned our attention to the usability of these cata-
Iytic systems. Thus, a combination of 0.16 mol% of complex 5
and 0.16 mol% of TBAB as the co-catalyst displayed an excel-
lent activity (83%) for the cycloaddition of CO, and propylene
oxide (PO) 15 into cyclic propylene carbonate 16 at 100 °C and
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Fig. 4 Synthesis of cyclic carbonates 10a—10b and 12a-12d from epoxides 9a—9b and 1la—11d, respectively, using equimolecular amounts
(0.2 mol%) of the system 5/TBAB at 50 °C and 10 bar CO, pressure for 18 hours, unless specified otherwise. *Conversion and selectivity were deter-

mined by *H NMR. PIsolated yield after column chromatography.
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Scheme 5 Synthesis of cyclic carbonate 14 from (R)-(+)-limonene
oxide using a combination of 0.5 mol% of complex 4/5 and 1.5 mol%
TBAC at 70 °C and 10 bar CO, pressure for 72 hours.
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10 bar CO, pressure after 2 h (TON = 520; TOF = 260 h™") (see
Fig. S24 in the ESI]).

Very interestingly, this developed binary catalytic system
could be used in up to six successive multi-feed experiments
under these conditions (see Experimental details in the ESI]),
without a significant loss in catalytic activity (see Fig. 5). Very
few examples of organo-zinc catalysts have been reported for
the efficient cycloaddition of CO, with terminal epoxides
under multi-feed conditions;*® however, as far as we know, no
examples of zinc-based catalysts supported by scorpionate
ligands have been described until now.

Kinetic and mechanism investigations

With the aim to understand how the [ZnMe(x>-NNN')] (4-6)/
TBAB systems operate during the catalytic process and to eluci-

This journal is © The Royal Society of Chemistry 2023
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Table 3 Synthesis of (R)-(+)-limonene carbonate 14 catalysed by 4-5 and TBAC

Entry Catalyst [Cat]/[TBAC] (mol%) P(CO,)(bar) T (°C) Time (h) Conv.” (%) Yield® (%) (dr, trans)
1 5 0.5:1.5 (TBAB) 10 70 72 9 nd

2 5 0.5:1.5 10 70 72 10 nd

3 4 0.5:1.5 10 70 72 39 34 (1:99)

4 4 1:3 10 70 72 43 38(1:99)

5 4 0:1.5 10 70 72 7 nd

6 4 0.5:1.5 (PPNCI) 10 70 72 4 nd

7 4 0.5:1.5 (TBAI) 10 70 72 6 9(1:99)

8 4 0.5:1.5 10 100 72 35 31(6:94)

9 4 0.5:1.5 20 70 72 34 30(1:99)

“ Determined by 'H NMR spectroscopy of the crude reaction mixture. ? Isolated yield after column chromatography.

100 -
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Feed runs

80 80
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o o o
L L L
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N
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L

Fig. 5 Multi-feed experiments for the cycloaddition of CO, and propy-
lene oxide (PO) 15 into cyclic propylene carbonate 16, using equimole-
cular amounts (0.16 mol%) of the bicomponent system 5/TBAB at
100 °C and 10 bar CO, pressure for 2 hours.

date a plausible reaction mechanism, a series of kinetic
studies were conducted employing the bicomponent 4/TBAB.
Initially, an experiment was performed at 40 °C and 1 bar
CO, with 8.77 M in styrene oxide (SO, 7a) in the presence of an
equimolecular combination of complex 4 as the catalyst and
TBAB as the co-catalyst at a concentration of 0.351 M in order
to determine the reaction order with respect to the epoxide.
Aliquots were taken at regular time intervals until almost full
conversion was reached (ca. 95%). As shown in Fig. 6, the plot
of In [7a] vs. time clearly exhibited a linear correlation, indicat-
ing a first-order dependence of the reaction rate with [7a].
Accordingly, the general rate equation for this reaction, shown
in eqn (1), can be rewritten in the form of eqn (2) as follows:
Rate = k, [7a]*[CO,]"[4]°[TBAB]

(1)
Rate = ky obs. 7], where &y obs. = k1[CO,)"[4]° [TBAB]?

(2)

Additional kinetic measurements were performed at early
stages of the reaction in order to determine the reaction order

25
ION [7a] Order
2
y =-0,2888x + 2,243
15 R2=0.9984
i
©
B,
£ A
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0 : : : ‘
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Fig. 6 Plot of In[7a] vs. time (h) showing a linear fit. [7alp = 8.77 M, [4] = [TBAB] = 0.351 M at 40 °C, 1 bar CO,, up to 95% conversion.
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with respect to the catalyst and co-catalyst concentrations.
Under these conditions, the general rate law formula,
expressed by eqn (1), can be simplified to:

Rate, = ko ops.[4] [TBAB]?, where ko ops = [72]°[CO,)°  (3)

That simplification is based on the fact that during the early
stages of the reaction (between 5% and 20% conversion) both
[CO,] and [7a] may be considered pseudo-constant. Employing
eqn (3), we can estimate the initial rate of the reaction at
different catalyst and co-catalyst concentrations. By keeping one
of them constant, it will be possible to determine the reaction
order with respect to the other species (see complete analysis of
kinetic experiments in Fig. S25 and Tables S2 in the ESI{). Thus,
kinetics experiments allowed one to demonstrate apparent first-
order with respect to both catalyst [4] and co-catalyst [TBAB].

Finally, considering that the systems 4-6/TBAB were very
active in the synthesis of cyclic carbonates 8a-8j, 10a-10b,
12a-12d and 16 with the retention of the epoxide stereo-
chemistry, a plausible mechanism for cyclic carbonate pro-
duction catalysed by these bicomponent zinc-based systems is
presented in Fig. 7. The reaction could be followed on CDCl;
at 50 °C for 3 hours considering the robustness of complex 4
in this chlorinated polar solvent. This mechanism follows a
monometallic binary pathway, in agreement with the kinetic
investigations employing 4/TBAB and 7a described above. This
behaviour is similar to that previously proposed for analog
mononuclear NNO'-scorpionate zinc complexes used for coup-
ling CO, and epoxides into cyclic carbonates*® reported by our
group. The proposal is consistent with the initial coordination

@ = Complex 4 @)
g -~

. e

R2

P

Fig. 7 Plausible mechanism for the conversion of epoxides and CO,
into cyclic carbonates catalysed by the bicomponent system 4/TBAB.
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of the epoxide to the zinc centre, with the expansion of the
coordination sphere,”* subsequent nucleophilic attack of the
bromide to the less sterically hindered carbon atom of the
epoxide, CO, insertion into the Zn-O bond, and final ring-
closure of the cyclic carbonate with stereochemistry retention
(see Fig. S26 in the ESI{).

Conclusions

Herein, we describe the easy preparation of sterically hindered
scorpionate ligands containing different electron-withdrawing
groups, and their utility in the preparation of robust zinc-
based mononuclear complexes of the type [ZnMe(k*>-NNN')]
(4-6). These complexes, in combination with tetra-n-butylam-
monium bromide/chloride, behave as highly efficient and
selective systems for the cycloaddition of CO, to epoxides into
five-membered cyclic carbonates.

Very interestingly, these bicomponent systems formed by
4-6/TBAB showed very broad substrate scope and functional
group tolerance, including not only terminal and internal
epoxides but also bio-renewable diepoxides, and terpene-
derived tri-substituted substrates such as limonene oxide,
under very mild and solvent-free conditions, achieving TOF
values up to 260 h™'. As far as we know, these are the first
zinc-based systems that successfully transform the biomass-
derived limonene oxide to the bicyclic trans-limonene carbon-
ate with high stereoselectivity. Interestingly, these successful
systems were suitable for up to six-times feed experiments
without apparent loss of activity. Kinetic investigations at early
stages of the reaction confirmed an apparent first-order depen-
dence on the catalyst and co-catalyst concentrations, in agree-
ment with an intramolecular monometallic binary pathway
mechanism. The effect of these sterically hindered scorpionate
ligands on the zinc metal centre, which compromises the right
balance between electronic and steric properties in complexes
4-5, and suppresses the symmetrical equilibrium,”* is possibly
responsible for such good catalytic performances.

Although several zinc-based catalytic systems have been
reported for CO, fixation into 5-membered cyclic carbonates in
the last few years,>”>° we consider that these results represent
an important further step forward in the search of more sus-
tainable, inexpensive, and low-toxicity metal-based catalysts
capable of functioning efficiently under mild conditions and
at very low catalyst loadings for the transformation of a wide
range of challenging bio-resourced substrates in this indust-
rially demanding process.
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