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New and simple ligand design strategies for the preparation of versatile metal-based catalysts capable of
operating under greener and eco-friendly conditions in several industrially attractive processes are in high
demand for society development. We present the first nucleophilic addition of an organolithium to kete-
nimines which incorporates a stereogenic centre in an N-donor atom to prepare new enantiopure NNN-
donor scorpionates. We have also verified its potential utility as a valuable scaffold for chirality induction
through the preparation of inexpensive, non-toxic and asymmetric zinc complexes. The pro-ligands and
the corresponding zinc-based complexes have been characterized by X-ray diffraction studies. DFT
studies were carried out to rationalize the different complexation abilities of these pro-ligands. These
complexes have proved to act as highly efficient catalysts for a variety of sustainable bioresourced pro-
cesses that are industrially attractive, with a wide substrate scope. Thus, complex 7 behaves as a highly
efficient initiator for the well-behaved living ring-opening polymerization (ROP) of rac-lactide under very
mild conditions. The PLA materials produced exhibited enhanced levels of isoselectivity, comparable to
the highest value reported so far for zinc-based catalysts (P, = 0.88). In addition, the combination of 7
with onium halide salts functioned as a very active and selective catalyst for CO, fixation into five-mem-
bered cyclic carbonates through the cycloaddition of CO, into epoxides under very mild and solvent-free
conditions, reaching very good to excellent conversions (TOF = 227 h™3). Furthermore, this bicomponent
system exhibits a broad substrate scope and functional group tolerance, including mono- and di-substi-
tuted epoxides, as well as the very challenging bio-renewable tri-substituted terpene-derived cis/trans-
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limonene oxide, whose reaction proceeds with high stereoselectivity. Finally, complex 7 also achieved
high activity and selectivity as a one-component initiator for the synthesis of poly(cyclohexene carbonate)
s via ring-opening copolymerization (ROCOP) of cyclohexene oxide and CO, under very soft conditions,

rsc.li/dalton affording materials with narrow dispersity values.

Introduction

Complexes containing enantiopure scorpionate ligands,
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numerous catalytic processes.! Our research group is a pioneer
in the introduction of chirality into the bridging carbon atom
of this system,” and therefore, we have prepared extensive
families of complexes with a wide variety of metals supported
by NNO-,> NNS-,* NNN-,> and NNCp-® scorpionate ligands con-
taining an asymmetric centre. However, it is critical in stereo-
controlled catalytic processes that after ligand coordination to
the metal, the new stereogenic centre in the ligand should
remain close to the metal active site.

As a result of this continuous motivation for ligand
improvement, we have recently reported the first known
example of a nucleophilic addition of an organolithium to a
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Chart 1 Possible resonance structures of ketenimines.

ketenimine that was enantiomerically pure, where the asym-
metric moiety was attached to the N-donor atom.” Ketenimines
are heterocumulenes with two consecutive carbon atoms, where
one of them is in turn linked to an imino group. In addition,
these organic compounds have three possible resonance struc-
tures,® where the electrophilic nature of the carbon atom in the
a-position justifies their reactivity against organolithiums®” and
nucleophiles® in general (see Chart 1).

In a further step, a newly prepared” ketenimine served to
design a new enantiopure NNN-scorpionate ligand, which con-
firmed its potential utility as a valuable scaffold for chirality
induction through the preparation of biologically benign zinc-
based enantiomerically pure complexes. In addition, these
species behaved as highly efficient initiators for the ring-
opening polymerization (ROP) of the bio-resourced rac-lactide
(rac-LA) and imparted a remarkable influence on the pro-
duction of highly enriched isotactic poly(lactide)s (PLAs) (P; =
0.88)” via an enantiomorphic-site control mechanism.>'® In
this context, it is important to highlight that a very small
number of zinc-based catalysts bearing enantiopure auxiliary
ligands have already succeeded"" (see Fig. 1a) to realize isotac-
tic dyad enchainment from rac-LA in the production of the
bioassimilable poly(lactide)s (P; = 0.84-0.91), which allow an
interesting wide array of applications (packaging, microelec-
tronics and biomedical)."?

Continuing with our previous work, now we take the chal-
lenging aim to design a new asymmetric ketenimine to
prepare another enantiomerically pure scorpionate ligand with
higher chirality induction, confirming the reliability of the
method, and to explore new opportunities for the prepared
zinc initiators in additional sustainable catalytic procedures.
For instance, CO, valorisation processes'** such as the pro-
duction of the 100% atom-economical cyclic carbonates
(CCs)™*?* or polycarbonates (PCs)' are currently two scientific
areas in high demand.

In this regard, recently our research group has also success-
fully developed efficient zinc-based scorpionate catalysts for
the production of 5-membered cyclic carbonates'® through the
cycloaddition of CO, with a wide range of epoxides, including
terminal, internal and bio-based-derived substrates. Very active
and selective zinc-based'® catalysts have also been reported for
the production of cyclic carbonates, with the assistance of a
nucleophile as a co-catalyst (see Fig. 1b).

In parallel, very recently we have also succeeded in the pro-
duction of poly(cyclohexene carbonate) (PCHC) via ring-
opening co-polymerization (ROCOP) of cyclohexene oxide and
CO, by employing analog zinc-based scorpionate initiators."”
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Alternatively, highly efficient zinc-based'® initiators have been
developed for the selective ROCOP of carbon dioxide and epox-
ides, frequently with the assistance of a cocatalyst (see Fig. 1c).

Nevertheless, the search for versatile single zinc-based cata-
lysts with a wider substrate scope capable of operating efficien-
tly on each of these sustainable processes mentioned above,
i.e., the ROP of rac-LA as well as CO, fixation processes such as
the cycloaddition and the ROCOP of CO, with epoxides,
remains poorly explored (see Fig. 1).

Herein, we report an unprecedented method for the design
of two new ketenimines as asymmetric reagents for the
synthesis of NNN-scorpionate ligands, and their transfer to
prepare enantiomerically pure zinc complexes capable of
behaving as single-component living initiators for the highly
isoselective production of poly(rac-lactide)s. These complexes
have also been investigated in detail as catalysts for CO, fix-
ation into both five-membered cyclic carbonates in combi-
nation with TBAB, exhibiting a very broad substrate scope, as
well as one-component initiators for the synthesis of poly
(cyclohexene carbonate), under very mild and solvent-free
conditions.

Results and discussion

Synthesis and structural characterization of enantiopure
scorpionate ligands

In order to prepare the enantiomerically pure ligands, two new
enantiopure ketenimines have been obtained by the aza-Wittig
synthesis method.'® For this purpose, firstly, two new phos-
phanimines 1 and 2 have been prepared from the reaction of
triphenylphosphane dibromide®® and the commercially enan-
tiopure amines (—)-cis-myrtanylamine or (R)-(+)-bornylamine
(see Scheme 1), and were obtained as a yellow oil and a
white solid, respectively, in very good yields (approx. 90%).
Subsequently, the reaction of the phosphanimines 1 and 2
with diphenylketene and their subsequent treatment gave the
enantiomerically pure ketenimines 3, as a yellow oil, and 4 as
a white solid, both with good performance (approx. 85%) (see
Scheme 2). It is also worth noting to highlight that the keteni-
mine 4 will allow us to prepare an enantiomerically pure scor-
pionate ligand with higher chirality induction given the
absence of the CH, spacer group bound to the N atom.

The preparation of enantiopure scorpionate ligands using
the novel reaction based on the nucleophilic addition of orga-
nolithium reagents to ketenimines’ was carried out by the
reaction of lithium bis(3,5-dimethylpyrazol-1-yl)methanide,

This journal is © The Royal Society of Chemistry 2024
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(a) Ring-Opening Polymerization of rac-LA using Enantiopure Catalysts to Produce Isotactic PLAs

% SH‘\ \)k Q qQ Q
catalyst O\S\)\O\S\)\O\S\)\O

\H)s"//// O\H)\

Ph
[ £ QY
MmN, N 0 l
0\\’Z|r/L,N\> owlf::ﬁ\g "

\Qi;Zn

PhsC N g PhsC 0. ng ) N PhsC
7 MesSi SiMey : ey F,& MesSi T SiMe % Messi— ~sime, Ph
TOF=25h",-38°C, P;=0.84 TOF=22h",-38°C, P;=0.84 TOF=22h",23°C, P;=0.91 TOF=152h", -40°C, P, = 0.93
Chem. Commun. 2013 [11d] Macromolecules 2014 [11¢] ACS Macro Lett. 2014 [11b] Macromolecules 2017 [112]

(b) Cycloaddition of CO, to Styrene Oxide using Bifunctional or Bicomponent Complex/TBAB Systems
o

O catalyst
o o
. st
A Co; TBAB >_/

PH

- Br, EtzHN+ *NHEtz Br-

_N//\ \\N— O/, “O\N p
%? e e

///,\ /‘\\\\
o’ "~o

HO
R = O(CHy)gN*Bus, Br -

TOF =75 h™", 120°C, 1 bar CO, TOF =108 h™", 80 °C, 10 bar CO, TOF = 1044 h™', 120 °C, 17 bar CO, TOF =168 h™", 100°C, 10 bar CO,

J. Mol. Catal. A: Chem., 2016 [16d! Green Chem., 2016 [6¢] Chem. Eur. J. 2016 11691 J. CO2 Util. 2016 [16al

(c) Ring-Opening Co-Ponmerization of CO, and Cyclohexene Oxide
(o] + CcO catalyst \H/
W 2 “cocatalyst” I/
g
£ " O e e
AN
N

\“\o/,/, (TMS)ZN\ N N N
<: _ —7n—Et Et—2zn—N
)en > Zn\N(TMS) n\ ) C SZn—N(TMS), g EtE—zn

C n\o; n y |

N

Ry = Ry = Me; TOF = 5,900 h™",
PCHC Select. = 99 %, 100 °C, 30 bar CO,
Chem. Eur. J. 2015 118

CgF5 +4 n-hexanol

TOF =2,290 h~', PCHC Select. = 90 % R; = Ph, R, = CF5; TOF = 155,000 h™", TOF = 5,520 h-!, PCHC Select. = 93 % TOF =21 h™!, PCHC Select. = 56 %
50°C, 6.9 bar CO, PCHC Select. = 88 %, 100 °C, 30 bar CO, 50°C, 40 bar CO, 80°C, 30 bar CO,
Angew. Chem. Int. Ed. 2002 [18d] Chem. Commun. 2015 [181 Chem. Sci. 2017 [8b] Dalton Trans. 2019 1182l

TOF =227 h™1, 0.25 mol %
50 °C, 10 bar CO,

TOF =15.0 h™',50°C
P,=0.88

TOF = 7.1 h~1, PCHC Select. = 99 %
50°C, 20 bar CO,

Fig. 1 Representative zinc-based catalysts for the preparation of (a) poly(rac-lactide), (b) cyclic styrene carbonate and (c) poly(cyclohexene
carbonate).

prepared in situ from "BuLi and bis(3,5-dimethylpyrazol-1-yl) eroscorpionate ligands 5 and 6 were obtained in the form of
methane at —70 °C, with the new ketenimines 3 and 4, as their corresponding tautomers. Ligand 5 gave a 1: 1 mixture of
shown in Scheme 3. The reaction was complete after 1 h and the two enantiopure scorpionate tautomers (enamine or imine
with the appropriate work-up, the enantiomerically pure het- derivative), (—)-cis-bpmyH (5a) {bpmyH = 3,3-bis(3,5-dimethyl-

This journal is © The Royal Society of Chemistry 2024 Dalton Trans., 2024, 53,13933-13949 | 13935
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Scheme 1 Synthesis of phosphanimines 1 and 2.
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Scheme 2 Synthesis of enantiomerically pure ketenimines 3 and 4.

1H-pyrazol-1-yl)-N-(((1S,2R,55)-6,6-dimethylbicyclo[3.1.1]heptan-
2-yl)methyl)-1,1-diphenylprop-1-en-2-amine} and (—)-cis-bpmy’
H (5b) {bpmy'H = 1,1-bis(3,5-dimethyl-1H-pyrazol-1-yl)-N-
(((18,2R,5S5)-6,6-dimethylbicyclo[3.1.1]heptan-2-yl)methyl)-3,3-
diphenylpropan-2-imine} as yellow solids, in 68% yield (see
Scheme 3a). Both tautomers can be separated by crystallization
(see the ESIt). However, the ligand (R)-(+)-bpmbnH (6c)
{bpmbnH = (1R,25,4R,E)-N-(1,1-bis(3,5-dimethyl-1H-pyrazol-1-
yl)-3,3-diphenylpropan-2-ylidene)-1,7,7-trimethylbicyclo[2.2.1]
heptan-2-imine} was isolated as a single tautomer, corres-
ponding to an alternative enamine form, as a white solid in a
70% yield (see Scheme 3b).

The different compounds were characterized spectroscopi-
cally. The "H NMR spectra of the phosphanimines 1 and 2 as
well as the ketenimines 3 and 4 (see Fig. S1 and S2 in the ESIY)
show the corresponding signals for the phenyl groups and a
multiplet for the methylene group in compounds 1 and 3. In
addition, the spectra exhibit the signals corresponding to the
bicyclic fragment (six sets of resonances for H°, 1, HY, 1°, 1,

13936 | Dalton Trans., 2024, 53,13933-13949

+ Ph,C=C=0

or

Ph,C=C=N""'b = d

HE® or H" and two singlets for the methyl groups). The 'H and
3¢ {'H} NMR spectra of scorpionate ligand 5 (see Fig. S3 in
the ESIt) exhibit four singlets for the H*, Me® and Me® pyra-
zole protons, indicating the presence of two tautomers and the
inequivalence of two pyrazole rings. The 'H NMR spectrum
also contains two singlets for the CH? bridge to the two pyra-
zole rings and two multiplets for the methylene group. Two
sets of signals for the phenyl groups and the bicycle moiety
were also observed related to both tautomers. In compound 5a
the signal corresponding to the N-H group can be observed,
while in 5b it disappears, and a new signal corresponding to
the proton CHPh, is observed. However, the '"H and “*C {'H}
NMR spectra of the ligand 6c (see Fig. S4 in the ESI}) show
two singlets for the H*, Me® and Me” pyrazole protons, indicat-
ing the presence of only one tautomer, and the inequivalence
of the two pyrazole rings. Furthermore, the signal corres-
ponding to the N-H group can be observed.

Suitable crystals of the ligand 6c were studied by X-ray diffr-
action analysis and the ORTEP diagram is depicted in Fig. 2.

This journal is © The Royal Society of Chemistry 2024
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The molecular structure of 6c consists of a monomeric
arrangement in the solid state. Selected bond lengths and
angles are listed in Table 1 (see Crystallographic details in

Fig.2 ORTEP view of scorpionate (6¢).

ligand
Hydrogen atoms have been omitted for clarity. Thermal ellipsoids are
drawn at the 30% probability.

(R)-(+)-bpmbnH

This journal is © The Royal Society of Chemistry 2024

Table S1 in the ESIt). The three stereogenic centres are main-
tained in compound 6¢ as in the starting bornylamine, since
the nucleophilic addition of the organolithium to the keteni-
mine 4 cannot modify the original stereogenic centres, provid-
ing therefore its enantiomerically pure character. The most
important feature of the molecule is the C(11)-C(12) or C(51)-
C(52) bond length of 1.351(3)-1.344(3) A, in agreement with a
double C-C bond (~1.33 A). The sp? and planar nature of the
carbon atoms C(11) or C(51) and C(12) or C(52), respectively, is
further confirmed by the summations of the angles (~120°)
around them (360°). It is also worth noting that the distance
C(12)-C(13) or C(52)-C(53) of 1.534(3)-1.531(3) A parallels that
of a C-C single bond (~1.54 A). Similarly, the distance of the
C(12)-N(5) or C(52)-N(15) bond of 1.372(3)-1.358(3) A is
typical of a C-N single bond, and slightly shorter than that of
C(11)-N(2) or C(51)-N(12) (1.414(3)-1.423(3) A) in the pyrazole
rings. The hydrogen atom is located on the N(5) atom. These
selected bond distances and angles confirm that only the
enamine tautomer observed in solution was also present in
the solid state.

Synthesis and structural characterization of the scorpionate
complexes [Zn(Me)(k>-cis-bpmy)] (7), [Zn(CH,SiMe;)
(x*-cis-bpmy)] (8) and [ZnMe(k>-cis-bpmyO)] (9)

The deprotonation of 5 (as a mixture of tautomers 5a and 5b)
with ZnR, (R = Me, CH,SiMe;), in a 1: 1 molar ratio in toluene,

Dalton Trans., 2024, 53,13933-13949 | 13937
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Table 1 Selected bond lengths [A] and angles [°] for compound 6c and complex 9

(R)-(+)-bpmbnH (6c)a

Bond lengths (A)

C(11)-c(12) 1.351(3) C(12)-C(13)
C(12)-N(5) 1.372(3) C(11)-N(2)
Angles (°)

N(2)-C(11)-N(4) 115.3(2) C(12)-C(11)-N(4)
C(12)-C(11)-N(2) 122.1(2) C(11)-C(12)-N(5)
(R)-(+)-bpmbnH (6¢)b

Bond lengths (A)

C(51)-C(52) 1.344(3) C(52)-C(53)
C(52)-N(15) 1.358(3) C(51)-N(12)
Angles (°)

N(12)-C(51)-N(14) 115.1(2) C(52)-C(51)-N(14)
C(52)-C(51)-N(12) 121.2(2) C(51)-C(52)-N(15)
[ZnMe(K3-cis-bEmy0)] 9

Bond lengths (A)

Zn(1)-C(23) 1.962(13) N(4)-C(6)
Zn(1)-N(5) 1.986(10) N(4)-C(11)
Zn(1)-N(1) 2.117(9) N(5)-C(12)
Zn(1)-N(3) 2.122(10) N(5)-C(13)
Zn(1)-C(23) 1.962(13) 0(1)-C(12)
N(1)-C(3) 1.350(14) C(1)-C(2)
N(1)-N(2) 1.368(13) c(1)-c(a)
N(2)-C(1) 1.363(14) C(2)-C(3)
N(2)-C(11) 1.459(14) C(3)-C(5)
N(3)-C(8) 1.339(16) C(6)-C(7)
N(3)-N(4) 1.376(13) c(6)-C(9)

Angles (°)

C(23)-Zn(1)-N(5) 134.1(5) C(8)-N(3)-N(4)
C(23)-Zn(1)-N(1) 124.3(5) C(8)-N(3)-Zn(1)
N(5)-Zn(1)-N(1) 87.4(4) N(4)-N(3)-Zn(1)
C(23)-Zn(1)-N(3) 120.0(5) C(6)-N(4)-N(3)
N(5)-Zn(1)-N(3) 91.6(4) C(6)-N(4)-C(11)
N(1)-Zn(1)-N(3) 85.7(4) N(3)-N(4)-C(11)
C(3)-N(1)-N(2) 107.1(10) C(12)-N(5)-C(13)
C(3)-N(1)-Zn(1) 138.9(9) C(12)-N(5)-Zn(1)
N(2)-N(1)-Zn(1) 113.8(7) C(13)-N(5)-Zn(1)
C(1)-N(2)-N(1) 110.8(10) N(2)-C(1)-C(2)
C(1)-N(2)-C(11) 129.2(10) N(2)-C(1)-C(4)

after the appropriate work-up, gave the complexes [Zn(R)(x’-
cis-bpmy)],” R = Me (7); R = CH,SiMe; (8), which were isolated
as yellow solids in good yield (ca. 85%) (see Scheme 4).
Surprisingly, all attempts to react the pro-ligand 6c with
various zinc dialkyls unfortunately resulted fruitless after
testing different reaction conditions.

Density functional theory (DFT) calculations at the dis-
persion-corrected PCM-(toluene)-B3LYP-D3/def2-SVP level were
carried out to investigate the different reactivities of these
species in their ZnMe2-mediated deprotonation/coordination.
As depicted in Fig. 3, the process begins with the coordination
of the transition metal complex to the pyrazole moiety leading
to the initial 5a/6c-ZnMe, complexes. From these species, the
deprotonation reaction takes place through the corresponding
transition states TS, a saddle point associated with the release
of CH, and formation of the corresponding bidentate
complex. From the data in Fig. 3 it becomes evident that
whereas this step proceeds with an accessible barrier of
19.7 kecal mol™ for 5¢ (which is compatible with the experi-
mental reaction conditions), the analogous process involving
6c requires a rather high barrier of ca. 37 kcal mol™, rendering
this transformation unfeasible, as observed experimentally.

13938 | Dalton Trans., 2024, 53, 13933-13949

1.534(3) C(11)-N(9) 1.427(4)
1.414(3)

122.7(2) C(11)-C(12)-C(13) 119.3(2)
127.1(2) C(11)-C(12)-N(5) 127.1(2)
1.531(3) C(51)-N(14) 1.417(4)
1.423(3)

123.7(2) C(51)-C(52)-C(53) 119.6(2)
128.3(2) C(51)-C(52)-N(15) 128.3(2)
1.350(15) C(7)-C(8) 1.397(19)
1.468(15) C(8)-C(10) 1.492(16)
1.325(15) C(11)-C(12) 1.572(16)
1.483(13) C(13)-C(14) 1.512(14)
1.235(14) C(14)-C(19) 1.548(13)
1.362(18) C(14)-C(15) 1.549(13)
1.496(18) C(15)-C(16) 1.555(15)
1.408(17) C(16)-C(17) 1.520(15)
1.455(18) C(17)-c(18) 1.496(16)
1.385(18) C(17)-C(20) 1.565(15)
1.488(17) C(18)-C(19) 1.540(15)
105.5(9) N(1)-C(3)-C(2) 107.6(11)
139.4(9) N(1)-C(3)-C(5) 120.7(11)
115.0(7) C(2)-C(3)-C(5) 131.8(11)
111.7(10) N(4)-C(6)-C(7) 106.0(12)
129.9(11) N(4)-C(6)-C(9) 122.7(12)
118.0(9) C(7)-C(6)-C(9) 131.3(12)
112.7(10) C(8)-C(7)-C(6) 106.8(13)
119.4(8) N(3)-C(8)-C(7) 109.9(11)
127.8(8) N(3)-C(8)-C(10) 121.0(12)
106.1(11) C(7)-C(8)-C(10) 129.0(13)
121.7(12) N(2)-C(11)-N(4) 108.3(9)

In addition, subsequent reorganization of bidentante
species [k*>-5a-ZnMe] into a scorpionate-arranged complex [k
5a-ZnMe] results in an additional thermodynamic stabilization
(-39.6 kcal mol™) in comparison with [k*-6c-ZnMe]
(=16.3 keal mol™), which cannot further rearrange into the
corresponding «*-NNN disposition due to the restrictive sp
hybridation of the carbons in the enamine 6c.

These results are therefore fully consistent with the experi-
mental difference of the reactivity observed in the enamine
pro-ligands 6¢ versus 5a with ZnMe, under otherwise identical
conditions.

Finally, to obtain suitable crystals of these complexes for
X-ray diffraction analysis, a hexane solution of 7 was slowly
evaporated at room temperature in air, and pale-orange crys-
tals were collected from the solution after 72 h, which were
identified as the enantiopure zinc complex [ZnMe(k*-(—)-cis-
bpmyO)]” (9) [bpmyO = 2,2-bis(3,5-dimethyl-1H-pyrazol-1-yl)-N-
(((15,2R,5S)-6,6-dimethylbicyclo[3.1.1]heptan-2-yl)methyl)acet-
amide] (see Scheme 4).

The evolution of complex 7 to 9 can be envisaged as the
final result of the oxidative cleavage of the enamine double
bond. We believe that the oxidation that takes place here is

This journal is © The Royal Society of Chemistry 2024
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Scheme 4 Synthesis of enantiomerically pure scorpionate complexes [Zn(Me)(x>-cis-bpmy)] (7). [Zn(CH,SiMes)(x3-cis-bpmy)] (8) and [ZnMe(x>-cis-

bpmyO)] (9).

probably catalysed by the presence of the metal centre (zinc),
since this process was not observed in compound 5 under
otherwise identical conditions. In the mother liquor of the
crystallization solution, we have been able to observe by 'H
NMR the presence of diphenyl ketone. All attempts to crystal-
lize complexes 7 and 8 under an inert atmosphere and using
different solvent mixtures were unsuccessful.

The 'H and C NMR spectra of complexes 7-9 (see Fig. S5
and S6 in the ESI{) show two sets of signals for each of the H*,
Me® and Me® pyrazole protons, indicating the inequivalence of
the two pyrazole rings. Furthermore, the 'H NMR spectra
present one singlet for the CH* bridge, one multiplet (ABX
system by coupling with the H® of by bicycle) for the methylene
group, and one set of signals for the bicycle and the phenyl
groups for the complexes 7 and 8. However, complex 9 does
not present the set of signals corresponding to the phenyl

This journal is © The Royal Society of Chemistry 2024

group, while in the *C NMR spectrum, a signal corresponding
to carbonyl carbon is observed at 166.0 ppm. In complexes 7
and 9 we can observe a singlet corresponding to the methyl
group coordinated to zinc, while complex 8 shows two singlets
corresponding to the CH,SiMe; group, around zero ppm. 'H
NOESY-1D and 'H-'C heteronuclear correlation (g-HSQC)
experiments allowed the unequivocal assignment of all "H
resonances and the C{'H} NMR spectra, respectively. In
addition, the specific rotation of all compounds was examined
using optical polarimetry.

The structure of 9 was verified by single crystal X-ray diffrac-
tion analysis and is depicted in Fig. 4. Selected bond lengths
and angles are listed in Table 1 (see Crystallographic details in
Table S1 in the ESIT). The scorpionate ligand retains the enan-
tiopure configuration in the complex. The zinc atom has a dis-
torted tetrahedral geometry in which the scorpionate ligand

Dalton Trans., 2024, 53,13933-13949 | 13939
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Fig. 3 Computed reaction profile for the deprotonation reaction of 5a and 6c. Relative free energies and bond distances are given in kcal mol™ and
angstroms, respectively. All data were computed at the PCM-(toluene)-B3LYP-D3/def2-SVP level.

Fig. 4 ORTEP view of complex [Zn(Me)(x*-cis-bpmyO)] (9). Hydrogen
atoms have been omitted for clarity. Thermal ellipsoids are drawn at the
30% probability.

acts in a tridentate fashion and is coordinated by the two nitro-
gens of the pyrazole rings and the nitrogen atom of the amide
group, with the Zn-methyl group occupying the fourth vacancy

13940 | Dalton Trans., 2024, 53,13933-13949

of the tetrahedron. The N(1)-Zn and N(3)-Zn bond lengths
[2.117(9) A and 2.122(10) A] compare well with that observed in
other NNO-scorpionate zinc alkyls,> but are considerably
longer than the N(5)-Zn bond length [1.986(10) A]. The Zn-C
(23) bond length [1.962(13) A] can be regarded as normal con-
sidering the distances reported for related zinc alkyls.”!
Finally, partial delocalization in the acetamidate O(1)-C(12)-N
(5) fragment is also observed [O(1)-C(12) = 1.235(14) A, C(12)-
N(5) = 1.325(15) A], a common behaviour in related families of
mononuclear organoderivatives.>>

Catalytic studies for industrially demanding processes using
complexes [ZnMe(k>-cis-bpmy)] (7), [Zn(CH,SiMe;)(ic>cis-
bpmy)] (8) and [ZnMe(ic*-cis-bpmy0)] (9)

Ring-opening polymerization of rac-lactide for the prepa-
ration of highly isotactic-poly(rac-lactide)s. We initially
inspected the potential utility of the new enantiomerically
pure zinc complexes 7-9 as valuable initiators for the ring-
opening polymerization (ROP) of rac-lactide (rac-LA), capable
of exerting remarkable levels of isotacticity through an enan-
tiomorphic site control mechanism (see Scheme 5). As a
result, we preliminarily assessed the catalytic activity of the
zinc alkyl 7 in the ROP process of rac-LA under different
conditions.

The experimental M, values of the PLAs produced showed
good agreement with the expected theoretical values
[M,(caled)-PLA; oo = 14 400 g mol '] (see Table 2). Inspection of
the size exclusion chromatography (SEC) data for the resulting

This journal is © The Royal Society of Chemistry 2024
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Scheme 5 Ring-opening polymerization of rac-lactide catalysed by complexes [ZnMe(k>-cis-bpmy)] (7), [Zn(CH,SiMes)(k*-cis-bpmy)] (8) and [ZnMe
(k3-cis-bpmyO)] (9).

Table 2 Polymerization of rac-lactide catalysed by 7-9°

Entry Catalyst Time (h) Yield (g) Conv.? (%) M, (theor) © (Da) M, * (Da) Mo /M, ¢ P
1 7 2.5 0.48 37 5300 4900 1.07 0.88
2 7/ 5 Traces — — — — —
3 78 5 Traces — — — — —
4 7 6 0.84 65 9400 9700 1.07 —
5 7 10 1.19 92 13200 13 500 1.09 —
6 8 2.5 0.42 32 4600 4900 1.20 0.85
7 9 2.5 0.44 34 4900 4700 1.22 0.87
8 8 10 1.06 82 11 800 12100 1.19 —
9 9 10 1.10 85 12200 12 000 1.18 —

“Polymenzauon conditions: [initiator], = 90 pmol of catalyst, 10 mL of tetrahydrofuran as solvent, [rac-lactide]o/[initiator], = 100, at 50 °C.

b percentage conversion of the monomer [(welght of polymer recovered/weight of monomer) x 100]. ° Theoretical M;,, = (monomer/catalyst) x (%
conversion) x (M,, of lactide). ¢ Determined by size exclusion chromatography relative to polystyrene standards in tetrahydrofuran. Experlmental
M, was calculated c0n51derlng the Mark-Houwink corrections® for M;, [M,(obsd) = 0.58 x M,,(GPC)]. ¢ The parameter P; (i = isotactic) is the prob-
ability of forming a new i-dyad. The P; and the P (s = syndiotactic) values were calculated from the following tetrad probabilities based on enan-
tlomorphlc site control statistics'®® in the polymerization of rac-lactide: sis, sii, iis = [P;*(1 — P;) + Pi(1 — P,)?)/2; iii = [P*(1 — P)* + P + (1 — P))*)/2;

isi=[P(1 -

polyesters showed a monomodal weight distribution, with dis-
persity values ranging from 1.07 to 1.22 (see Fig. S7 in the
ESIYT), suggesting well-controlled living propagations and the
existence of a single type of reaction site.

Thus, 7 acted as an efficient single-component initiator and
37% of rac-LA was transformed at 50 °C after 2.5 h in tetra-
hydrofuran, with low molecular weight PLA materials and
narrow polydispersity values (Table 2, entry 1; M,, = 4900, M.,/
M, = 1.07). The analog alkyls 8 and 9 were similarly active,
with monomer conversions of 32 and 34%, respectively, under
otherwise identical conditions, with similar features in the
materials produced and a slight increase in the dispersity
values (Table 2, entries 1, 6 and 7). After 10 h, almost complete
conversion was reached for 7, whereas 8 and 9 showed slightly
lower conversions (Table 2, entries 5, 8 and 9). The use of
toluene as a solvent led to a drastic decrease in the catalytic
activity, as only traces were obtained (Table 2, entry 2). This
sharply contrasts with the process in tetrahydrofuran, which,
at variance, is able to coordinate to the zinc ions and likely
increases the nucleophilicity of the alkyl initiating group and
the alkoxide propagating chains. A similar effect was observed
with a decrease in the reaction temperature up to 35 °C
(Table 2, entry 3). MALDI-ToF MS (see Fig. S8 in the ESIY) of
low molecular weight materials evidenced an initial addition
of the methyl fragment to the monomer. More interestingly,
microstructural analysis of the poly(rac-lactide) revealed that
initiator 7 exerts a remarkable preference for isotactic dyad

This journal is © The Royal Society of Chemistry 2024

P;) + Pi(1 — P)]/2.7 20 mL of toluene as solvent.  Experiment at 35 °C.

5.l20
ppm

Fig. 5 Deconvoluted *H NMR spectra (500 MHz, 298 K, CDCls) of the
homodecoupled CH resonance of poly(rac-lactide) prepared using
[ZnMe(k3-(-)-cis-bpmy)] (7) as the initiator in tetrahydrofuran at 50 °C
for 2.5 h (Table 2, entry 1).

enchainment, reaching a P; value of 0.88 (see Fig. 5 and
Fig. S9, Table S2 in the ESIT), paralleling the highest achieved
for the very scarce zinc catalysts bearing chiral auxiliary
ligands, which have already succeeded in the isoselective ROP
of rac-LA (see Fig. 1a; P; = 0.93,''% 0.92,'"” and 0.84 '), and

Dalton Trans., 2024, 53,13933-13949 | 13941


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4dt01526f

Open Access Article. Published on 29 July 2024. Downloaded on 3/12/2026 4:13:12 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

View Article Online

Dalton Transactions

7-9 (0-5 mol%) /

o) . Bu,NBr (0-6 mol%) O/
25-80 °C, 1-20 bar, 16-72 h
R R,
R Ro
epoxide cyclic carbonate
10a-p 11a-p

a: R1 = Ph, R2 =H;
dR= C4Hg, R2 =H;

J: R1-Ry= -C4Hg-;
m: R1 = R2 = Ph;

b: R1 = Me, R2 = H;

e: R1 = CgH17, R2 =H;
g: Ry = CH,OH, Ry = H: h: Ry = PhOCHy, R; = H:
k: R1-R2= -C3H6-;

n: R4 =R, = Me;

C: R1 = Et, R2 =H;

f R1= CH2C|, R2 = H,

i: Ry = 4-CICgHy, Ry = H:
I: R1 = Mez, R2 =H;

o: R1 =R, = Me;

p: R4-R, =limonene

Scheme 6 Cyclic carbonate synthesis catalysed by complexes [ZnMe(i>-cis-bpmy)] (7), [Zn(CH,SiMe3)(x>-cis-bpmy)] (8) and [ZnMe(k*-cis-bpmyO)] (9).

much higher than our previously reported NNCp-scorpionate
alkyl zinc initiator (P; = 0.77).°

The origin of the isoselectivity observed is probably due to
the high level of restrictive rotation of the myrtanyl bicyclic
fragment in the C13-N5 bond. Additionally, inspection of the
tetrads resulting from stereoerrors (i.e., tetrads other than iii)
suggested that an enantiomorphic site control mechanism™ is
dominant ([sis]/[sii]/[iis]/[isi] = 1/1/1/2 ratio, see Fig. S9 and
Table S2 in the ESIf). This behaviour for catalyst 7 is most
probably the result of the high level of homosteric control
caused by the accurate architecture of this novel enantiomeri-
cally pure NNN'-scorpionate ligand.

Cycloaddition reaction of carbon dioxide to epoxides to
produce cyclic carbonates. Complexes 7-9 were used as freshly
prepared materials and screened as catalysts for the formation
of styrene carbonate 11a by the coupling reaction of CO, with
styrene oxide 10a as a benchmark reaction (see Scheme 6). The
process was initially assessed at 25 °C, 1 bar of CO, pressure
and under solvent-free conditions for 24 hours in a 1:1 molar
ratio, using a catalyst loading of 5 mol% in the presence of
tetrabutylammonium bromide (Bu,NBr, TBAB). The results are
presented in Table 3.

Styrene oxide 10a conversion into the styrene carbonate 11a
was determined by "H NMR without any further purification
(see Fig. S10 in the ESIt). Not surprisingly, the formation of
styrene polycarbonate was not detected under the aforemen-
tioned conditions (selectivity >99%).

Complex 7 exhibited high catalytic activity (71%) for the
synthesis of 11a, while derivatives 8 and 9 showed lower con-
version values under identical experimental conditions, poss-
ibly due to both the lower steric hindrance of the methyl group
and the stabilizing electronic effect of the enamine fragment
in complex 7. Both beneficial effects promote the initial
epoxide coordination and further catalytic performance in 7
(Table 3, entries 1-3).

13942 | Dalton Trans., 2024, 53,13933-13949

Table 3 Conversion of styrene oxide 10a into styrene carbonate 11a
using catalyst 7-9°

Conversion [%]

[Cat]:[co-cat] 25°C, 1 bar,” 50 °C, 10 bar,”
Entry Catalyst [mol%] 24 h 16 h (TOF, h™')°
1 7 5.0:5.0 71 nd”’
2 8 5.0:5.0 55 nd
3 9 5.0:5.0 47 nd
4 7 5.0:5.0 (TBAF) 7 nd
5 7 5.0:5.0 (TBAC) 54 nd
6 7 5.0:5.0 (TBAI) 59 nd
7 7 5.0:5.0 (NMI) 17 nd
8 7 5.0:5.0 (DMAP) 6 nd
9 7 1.0:1.0 30 100
10 7 0.25:0.25 nd 100 (25)
11 74 0.25:0.25 nd 86 (43)
12 7 0.25:0 nd 0
13 — 0:0.25 nd 6
14 Ligand 5 0.25:0.25 nd 5
15 7°¢ 0.25:0.25 nd 85 (227)

“Reactions carried out at 1-10 bar CO, pressure during 16-24 h, using
0.25-5 mol% of complexes 7-9/0.25-5 mol% of TBAB as co-catalyst
unless specified otherwise (see the ESIf). ” 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). “ Reaction carried out during 8 h. ¢Reaction carried
out at 100 °C during 1.5 h./Not determined.

Moreover, the effect of halide counter ions in the catalyst
system was next inspected for complex 7 by employing
different onium salts at 25 °C and 1 bar CO, pressure for
24 hours employing this catalyst : co-catalyst loading (5 mol%).
Interestingly, whereas the fluoride counter ion led to a lower
catalytic activity than the chloride and iodide counterions, the
bromide anion exhibited the highest activity (Table 1, entries 1
and 4-6), evidencing that this counterion performs as both a
good nucleophile to ring-open the epoxide and a good leaving

This journal is © The Royal Society of Chemistry 2024
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group for cyclic carbonate formation. Furthermore, 1-methyl-
imidazol (NMI) and 4-dimethylaminopyridine (DMAP) were
also examined as co-catalysts, resulting in poorly active
systems (Table 1, entries 7 and 8, respectively). Therefore, we
identified Bu,NBr as the most efficient co-catalyst for complex
7 under these conditions.

Catalyst and co-catalyst loadings were also inspected for the
binary system 7/TBAB at 50 °C and 10 bar, and they could be
reduced down to 0.25 mol% to reach complete conversion in
16 hours (Table 1, entries 9 and 10); therefore, it was identified
as the optimal loading for the bicomponent 7/Bu,NBr under
these experimental conditions for further catalytic studies.
Interestingly, near complete full conversion (86%) was reached
at 50 °C employing a combination of 0.25 mol% of complex 7
and 0.25 mol% of TBAB at 10 bar CO, pressure after only
8 hours (Table 1, entry 11). Consistently, control experiments
under these reaction conditions reveal no catalytic activity for
7 in the absence of TBAB, while the use of TBAB without the
presence of 7 produced minimal conversion (6%), confirming
the necessity of both catalyst components to perform success-
fully in this cycloaddition process. Also, the corresponding
ancillary enantiopure pro-ligand 5, as a mixture of the tauto-
mers (—)-cis-bpmyH and (—)-cis-bpmy'H, displayed very poor
conversion in the presence of TBAB (5%) under otherwise
identical conditions (Table 1, entries 12-14), supporting the
catalytic performance of complex 7 in the process.

It is also worth noting that under these conditions, the
bicomponent system 7/BuyNBr parallels the catalytic perform-
ance observed (Table 1, entry 11, TOF = 43 h™", 50 °C, 10 bar)
for the recently reported efficient binary systems that include
mononuclear zinc complexes supported by sterically demand-
ing amidinate-based scorpionates with different electron-with-
drawing groups, under identical conditions (TOF = 47 h™,
50 °C, 10 bar).">* 7/Bu,NBr was also much more active than
the NNO'-scorpionate zinc-based bicomponent mononuclear
(TOF = 2.33 h™"), the dinuclear (TOF = 3.0 h™") and the bifunc-
tional (TOF = 2.9 h™") analogs also under mild conditions
(50 °C), previously reported by our group.'*” In addition, 7/
Bu,NBr can operate very efficiently for the production of
styrene carbonate 11a under softer and comparable experi-
mental conditions (Table 1, entry 11, TOF = 43 h™, 50 °C and
entry 15, TOF = 227 h™%, 100 °C, respectively) than the alterna-
tive very well-performed zinc-based catalysts previously
reported (see Fig. 1b).'®

In view of these encouraging results, we evaluated a variety
of terminal substrates including alkyl, aryl and functionalized
terminal epoxides 10b-10i, using the 7/TBAB bicomponent
system (see Scheme 6), at 50 °C and 10 bar of CO, pressure,
with 0.25 mol% of catalyst/co-catalyst loading in a 1:1 molar
ratio in the absence of a solvent (see Fig. S11-S18 in the ESIT).
Interestingly, excellent conversions were achieved under these
conditions in 16 hours, including those substrates bearing aryl
or alkyl substituents as well as alcohol or ether functionalities
(see Fig. 6).

Considering the high activity displayed by the bicomponent
system 7/TBAB, we decided to extend the substrate scope for

This journal is © The Royal Society of Chemistry 2024
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catalyst 7 and evaluate the conversion of internal and di-
substituted epoxides 10j-100 into the corresponding cyclic car-
bonates 11j-110 (see Fig. 6).

Thus, we increased CO, pressure to 20 bar and catalyst : co-
catalyst loadings up to 2.0 mol% while maintaining the temp-
erature (50 °C) for the cyclohexene oxide (CHO) 10j, cyclopen-
tene oxide (CPO) 10k and 1,2-isobutylene oxide 10l (see
Scheme 6). To our delight, a 1:1 ratio of the binary system 7/
TBAB displayed very good activities (conversion >75%) for
these internal and disubstituted substrates in 24 hours, with
retention in the epoxide stereochemistry. In addition, only an
increase in temperature of up to 80 °C was needed for the
transformation of the disubstituted trans-stilbene oxide 10m,
cis-2,3-epoxybutane 10n and trans-2,3-epoxybutane 100 to
reach very good conversions (conv. >73%) under these mild
and solvent-free conditions (see Fig. 6), showing the efficiency
of this bicomponent system (see Fig. S19-S24 in the ESIf). We
have witnessed a significant progress in recent years employ-
ing catalysts based on metals such as Fe(u)-,>* Ca(u)->> and Al
(m)-,%® considering the lower reactivity of these disubstituted
epoxides.”” However, few examples of Zn(i)-based
complexes'>?® have been reported for the efficient and selec-
tive synthesis of the cyclic carbonates 11j-110 (5 mol%, 20 bar
of CO,, 80 °C, 24 h),**” but not under the current lower cata-
lyst/cocatalyst loadings*” (see Fig. 6).

Encouraged by these results, we finally decided to extend
this study to produce a very challenging bio-renewable bicyclic
carbonate such as limonene carbonate 11p obtained from
limonene oxide 10p (see Scheme 6), a highly substituted
monocyclic unsaturated terpene derived from biomass®’
(extracted from the peel of citrus fruits).

We were also pleased to find that the bicyclic limonene car-
bonate 11p was obtained in high yield (conv. >60%) from the
commercially available limonene oxide 10p (as a mixture of
cis/trans isomers, 43:57), employing a combination of
2.0 mol% of complex 7 and 6.0 mol% of TBAC at 20 bar of CO,
pressure, 80 °C of temperature after 72 h of reaction (see
Fig. 6), in accordance with the lower reactivity and the higher
steric hindrance of this tri-substituted epoxide, and in agree-
ment with our previous expertise with this challenging sub-
strate (see Fig. $25 in the ESI{).'?#26430:32¢

As far as we are aware, very few examples of well-defined
zinc-based catalysts®® have been reported to date that can
operate under mild conditions for the successful cycloaddition
reaction of CO, to limonene oxide.?6%%27-30,32

Ring-opening co-polymerization (ROCOP) of cyclohexene
oxide with carbon dioxide to produce poly(cyclohexenecarbo-
nate)s. Complexes 7-9 were initially assessed as catalysts for
the conversion of cyclohexene oxide (CHO) 10j into poly(cyclo-
hexenecarbonate) (PCHC) at 80 °C and 40 bar of carbon
dioxide pressure in the absence of a co-catalyst under solvent-
free conditions for 16 hours, using 1 mol% of catalyst loading
(see Scheme 7).

'"H NMR spectroscopy was employed to analyse each reac-
tion without further purification and to determine the conver-
sion of CHO into PCHC, trans-cyclohexenecarbonate (trans-
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Fig. 6 Synthesis of cyclic carbonates 11a—11i from epoxides 10a—10i using 0.25 mol% of the bicomponent system formed by 7/TBAB at 50 °C and
10 bar CO, pressure for 16 hours, and cyclic carbonates 11j—11p from epoxides 10j—10p, using 2.0 mol% of the binary system 7/TBAB at 50 °C and
20 bar CO, pressure for 24 hours, unless specified otherwise (see the ESIT).  Conversion and selectivity were determined using *H NMR. ? Isolated

yield after column chromatography.

CHC) or polyether-poly(cyclohexenecarbonate) (PE-PCHC) (see
Scheme 7). The results are presented in Table 4. Interestingly,
complexes 7-9 showed good to excellent conversions of cyclo-
hexene oxide, in the absence of a co-catalyst, thus indicating
that these complexes can initiate copolymerization by
themselves.?*

In the case of the methyl derivative 7, the only polymeric
species identified by "H NMR spectroscopy was PCHC, in con-
junction with ¢rans-CHC, as a result of backbiting reactions
(Table 4, entry 1). Contrarily, the trimethylsilylmethyl analog 8
and the acetamidate-derivative 9 exhibited lower conversion
and selectivity for the formation of PCHC (Table 4, entries 2

13944 | Dalton Trans., 2024, 53,13933-13949

and 3) with higher PE-PCHC production than complex 7
(Table 4, entries 1-3). Complex 7 exhibited an outperformed
catalytic activity and carbonate selectivity for the ROCOP of
CHO and CO, (Table 4, entry 1), affording 68% conversion
with a high content of carbonate linkages (>99) and a high
PCHC/CHC ratio (89/11), possibly due to the stabilizing elec-
tronic effect of the enamine fragment in complex 7.

Since complex 7 was more active and selective than 8 and 9
for the synthesis of PCHC, we inspected the effect of
varying catalyst loading, temperature, pressure, and time using
this complex for further optimisation of the reaction (see
Table 4).

This journal is © The Royal Society of Chemistry 2024
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Scheme 7 Synthesis of poly(cyclohexenecarbonate) catalysed by complexes [ZnMe(ik>-cis-bpmy)] (7), [Zn(CH,SiMes)(k>-cis-bpmy)] (8) and [ZnMe

(x3-cis-bpmyO)] (9).

Table 4 Synthesis of poly(cyclohexenecarbonate) catalysed by complexes 7-9 ¢

Entry Temp (°C) Pres. (bar) Time (h) Conv.” (%) %CHC®  %Copolymer (%carbonate linkage)? TOF® (h™") M (exp) (Da)? (p)?
1 80 40 16 68 11 89 (>99) 3.78 8500 (1.33)
2 80° 40 16 47 (8) 17 83 (>82) 2.43 6000 (1.27)
3 80/ 40 16 40 (9) 27 73 (>74) 1.82 4800 (1.21)
4 80¢ 40 16 72 (1.5 mol%) 12 88 (>99) — —

5 80" 40 16 26 (0.5 mol%) 10 90 (>99) — —

6 70 40 16 59 10 90 (>91) 3.31 7100 (1.07)
7 60 40 16 60 9 91 (>93) 3.41 8000 (1.15)
8 50 40 16 35 6 94 (>99) 2.06 5100 (1.03)
9 25 40 16 Traces — — — —

10 50 30 16 57 2 98 (>98) 3.49 7600 (1.32)
11 50 20 16 73 1 99 (>99) 4.51 12200 (1.06)
12 50 10 16 37 7 93 (>98) 2.15 5200 (1.03)
13 50 1 16 20 13 87 (>98) 1.08 2700 (1.09)
14 50 20 2 15 2 98 (>99) 7.12 2900 (1.26)
15 50 20 5 29 1 99 (>99) 5.10 4800 (1.17)
16 50 20 8 51 3 97 (>99) 5.86 8000 (1.14)
17 50 20 10 59 2 98 (>99) 5.25 9100 (1.09)
18 50 20 15 69 1 99 (>99) 4.23 11500 (1.04)

“Reactions carried out using 1 mol% of catalyst 7 unless specified otherwise (see the ESI{). ® Conversion, % of trans-CHC, % of PCHC and % of
carbonate linkages determined using 'H NMR spectroscopy of the crude reaction mixture.  TOF = (moles of product)/(moles of catalyst x time
(h™). ? Determined by GPC relative to polystyrene standards in tetrahydrofuran. ¢ Experiment using 1 mol% of catalyst 8./ Experiment using
1 mol% of catalyst 9. £ Experiment using 1.5 mol% of catalyst 7. " Experiment using 0.5 mol% of catalyst 7.

Under the present reaction conditions (80 °C, 40 bar of CO,
pressure), the catalyst loading was finally optimized to 1 mol%
(Table 4, entries 1, 4 and 5).

Furthermore, the catalytic activity of complex 7 was clearly
dependent on the reaction temperature (see Table 4). Thus,
decreasing the temperature from 80 °C to 50 °C afforded a sig-
nificant decrease in the conversion of CHO into PCHC (35%),
while, interestingly, it led to an increase in selectivity to a
PCHC/CHC ratio of 94/6. A reduction of up to 25 °C resulted in
a dramatic reduction of the conversion up to traces (Table 4,
entries 1 and 6-9). Therefore, the optimised temperature for
further experiments was 50 °C.

This journal is © The Royal Society of Chemistry 2024

Interestingly, reduction of the pressure from 40 to 20 bar
provoked an increase in conversion and selectivity of complex
7 (73%, PCHC/CHC = 99/1). Expectedly, a decrease of up to
10-1 bar produced a significant drop in the conversion value
(37-20%) in conjunction with a lack of PCHC/CHC selectivity
(93/7-87/13). It was also noteworthy that the carbonate linkage
(>98%) remained essentially constant in the range of 1 to 40
bar (Table 4, entries 8 and 10-13). Therefore, we selected 20
bar as the optimal CO, pressure.

Finally, the influence of reaction time on catalytic activity
was also investigated for complex 7. As expected, after
reduction from 16 to 2 h of reaction the conversion

Dalton Trans., 2024, 53,13933-13949 | 13945
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decreased from 73% to 15% (Table 4, entries 11 and
14-18), with near maintenance of polymer selectivity (99%
to 97%). Importantly, an increase in the reaction time pro-
duced PCHC with higher molecular weight, with low mono-

View Article Online
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dispersity (D) values ranging from 1.26 to 1.03 (see Fig. S26
in the ESIt), evidencing living propagations (see Fig. 7) and
the absence of back-biting reactions during the ROCOP
event.
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Fig. 7 Plot of M, versus CHO conversion (¢) and M,,/M,, () versus CHO conversion for compound 7 (1 mol%) at 50 °C and 20 bar CO,.
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Fig. 8 Expansion of the MALDI-ToF mass spectrum of poly(cyclohexene carbonate) sample from Table 4 (entry 16) using zinc complex 7 as a cata-
lyst at 50 °C and 20 bar CO, (Fig. S28 in the ESI{). Assignment of peaks: series ¢ has a repeat unit m/z = 1.01 + (142.07 x DP,;4) + 15.02 + 39.09,
where n = 6-19. Series ¢ has a repeat unit m/z = 1.01 + (142.07 x DP,,;41) + 115.08 + 22.99, where n = 6-19. Series ¢ has a repeat unit m/z = 1.01 +

(142.07 x DP,41) + 97.07 + 22.99, where n = 6-19.
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In this context, these activity values exhibited by complex 7
are considerably lower than that reported for alternative very
efficient and selective multinuclear zinc catalysts for the pro-
duction of PCHC (see Fig. 1c)'® However, a very scarce number
of examples for zinc-based catalysts have been reported to
succeed under these mild conditions (50 °C, 20 bar of CO,),
displaying a high level of PCHC selectivity.'”*'%"3

In addition, the polymer microstructure produced by 7 was
inspected by "H and "*C-NMR spectroscopy (see Fig. S27 in the
ESIt), and MALDI-TOF MS (matrix-assisted laser desorption
time-of-flight mass spectrometry) to determine the end-group
in these materials (see Fig. 8). Thus, the analysis of the carbo-
nyl region by >C NMR spectroscopy allowed us to examine the
tacticity of these poly(carbonate)s. Regrettably, the isotactic
(153.7 ppm) and syndiotactic (153.7-153.0 ppm) dyads were
identified (see Fig. S27b in the ESI}), indicating that atactic
polymers were obtained.

Moreover, MALDI-TOF MS spectrum was acquired using
trans-2-[3-(4-tert-butyl-phenyl)-2-methyl-2-propenylideneJmalono-
nitrile (DCTB) as matrix and Nal as a cationization agent.
Different initiation possibilities for complex 7 were observed
in the spectrum since the PCHC distribution included three
end-group series of peaks separated by a molecular mass of
142 Da, with the loss of a cyclohexene carbonate unit
(C7H1003) in all polymer chains (see Fig. 8 and Fig. S28 in the
ESIT). In particular, a major series possessing one hydroxyl
end group and one methyl end group in the polycarbonate (A)
can be assigned, in addition to another series bearing one
cyclohexenyl group and one hydroxyl end-group (m) and a third
sequence containing one cyclohexanol group and one hydroxyl
end-group (#). This behaviour suggests that chain transfer
reactions operate due to the presence of either adventitious
water and/or cyclohexenediol through the polymerisation
event, as previously reported.’”#3°

Finally, the thermal properties of the polycarbonates were
also evaluated and determined by thermogravimetric analysis
(TGA) and differential scanning calorimetry (DSC). TGA ana-
lysis showed that PCHC was stable from 0 to 200 °C (see
Fig. 29 in the ESI}). A single T, value of 116.5 °C was observed
by DSC analysis (see Fig. 30 in the ESIt), which is similar to
previously reported for atactic poly(cyclohexene)
carbonate.*®

values

Conclusions

In conclusion, we present herein a successful ligand design
strategy to introduce a chiral substrate in a N-donor atom,
through the first example reported of a nucleophilic addition
of an organolithium to an enatiomerically pure ketenimine. In
this case, we report the preparation of new enantiopure NNN-
donor heteroscorpionates. In addition, one of these com-
pounds has proved to be an excellent reagent to introduce chir-
ality in metal complexes, a fact confirmed by the preparation
of sustainable, inexpensive and low-toxicity zinc complexes.
X-ray diffraction studies confirmed ligand coordination in a -

This journal is © The Royal Society of Chemistry 2024
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arrangement as well as a stereogenic substrate proximity to the
metal centre.

These enantiopure zinc complexes have successfully con-
firmed to behave as highly efficient catalysts for a variety of
sustainable bioresourced processes, with a wide range of sub-
strates. Thus, complex 7 can act as an efficient initiator for the
living ROP of rac-LA under very mild conditions after a few
hours, exerting a significant homosteric control in the pro-
duction of highly enriched isotactic poly(lactide)s, reaching a
P; value of up to 0.88, which parallels the highest value
reported so far using these species. The PLA materials pro-
duced exhibited narrow dispersity values and good agreement
between the experimental M,, values and the monomer ratio.

Importantly, complex 7, in combination with tetra-n-buty-
lammonium bromide/chloride, behaves as a highly efficient
and selective system for the cycloaddition of CO, to epoxides
into five-membered cyclic carbonates under very mild and
solvent-free conditions, achieving TOF values of up to 227 h™".
Furthermore, this bicomponent system exhibits a broad sub-
strate scope and functional group tolerance, including not
only terminal and internal epoxides but also the bio-renewable
tri-substituted terpene-derived cis/trans-limonene oxide, with
high stereoselectivity in the formation of the bicyclic trans-
limonene carbonate. Moreover, complex 7 also shows good
catalytic performance and high selectivity as a one-component
initiator for the synthesis of poly(cyclohexene carbonate) via
ring-opening copolymerization of cyclohexene oxide and CO,
under very soft conditions (50 °C and 20 bar), affording
materials with narrow dispersity values.

Although several highly active zinc-based catalytic systems
have been independently reported for sustainable processes in
recent years”''>'® (see Fig. 1), the preparation of versatile
and efficient single zinc-based catalysts with a wider substrate
scope for the processes mentioned above remains poorly inves-
tigated. We consider that these results represent an important
further step forward in the search for more sustainable, in-
expensive, and low-toxicity metal-based catalysts capable of
operating efficiently under mild conditions in these indust-
rially demanding processes.
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