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ARTICLE INFO ABSTRACT

Mono and bimetallic cage-like TrenSal complexes based on rare-earth metals Y and Lu were synthesised and fully
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characterised by single crystal and powder X-ray diffraction, multinuclear NMR and IR spectroscopy, and MALDI-
ToF mass spectrometry. These robust and air-stable complexes are active catalysts for the ring-opening poly-
merisation of rac-lactide. While the polymerisation activity is low, the complexes remain active in air using
unpurified monomers, and are highly unusual examples of metal-organic cages applied in polymerisation.
MALDI-ToF mass spectrometry studies of the obtained polymers revealed H and OBn end-capped chains sug-
gesting that an ‘activated monomer’ mechanism predominates when BnOH is used as an exogenous initiator.

1. Introduction

Renewable and biodegradable polyesters such as poly(lactic acid)
(PLA) are at the forefront of research to tackle the global plastic prob-
lem, and are typically synthesised via the ring-opening polymerisation
(ROP) of cyclic esters such as lactide (LA) [1]. Most catalysts are metal
based, including highly active mono- and bimetallic complexes based on
metals from across the periodic table [2]. Rare-earth metal complexes
often display excellent catalytic performance [3], which has been
attributed to their large ionic radii and high Lewis acidity due to the
empty orbitals and high oxophilicity [4]. Both features promote the
coordination of cyclic ester monomers, which is a key mechanistic step
in ROP [3,5-7]. Most metal-based catalysts operate via a coordination-
insertion mechanism (CIM, Scheme 1, right), which requires a labile
M-alkyl/alkoxide/amide initiating group [1]. However, a drawback is
that these complexes are typically air- and moisture-sensitive, and thus
challenging to prepare and handle. It would therefore be advantageous
to develop more robust rare-earth metal catalysts.

TrenSal is a popular ligand framework due to the chelate effect and
stabilisation provided by the three phenoxyimine moieties, which can
afford robust, air-stable complexes (Fig. 1, left). A range of TrenSal
complexes have been reported, including main group metals (Na, Al, Zn,
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Ga) [8-10], transition metals (V, Cr, Mn, Fe, Co, Ni, Rh, Re) [8,10-13]
and lanthanides (Ce, Nd, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu) [14-22].
TrenSal complexes have a host of applications. The magnetic properties
of the rare-earth metal complexes (particularly Yb) have been exten-
sively studied as potential qubits in quantum computing applications
[15,18,23,24], while actinide U(IV) TrenSal complexes have been
employed in CO; reduction [25]. However, there is only one report of
TrenSal complexes being used for cyclic ester ROP [9]. This is somewhat
surprising, as there are structural similarities between TrenSal ligands
and the salen ligands that are ubiquitously used in LA ROP [2,26].
Unusually, the heterobimetallic Na/Al TrenSal complex reported for
LA polymerisation operates via an ‘activated monomer mechanism’
(AMM, Scheme 1, left), mediated by BnOH. Whether a CIM or an AMM
occurs is generally dictated by the nature of the metal-alkoxide bond.
Complexes featuring strong M-OR bonds typically follow an AMM,
whereas those with labile M—OR bonds favour a CIM [27,28]. As TrenSal
complexes are chelating and feature strong M—OR bonds, contributing to
their robustness, this can favour an AMM. Mechanistic studies have
indicated that in the AMM, both the monomer and the exogeneous
nucleophile (ROH) can be activated by coordination to a single metal
centre. Bimetallic complexes, where one metal coordinates the mono-
mer, and the other coordinates the initiator, thus have the potential to

0277-5387/© 2024 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Scheme 1. Potential mechanisms for metal-catalysed LA ROP. Left, activated
monomer mechanism (AMM). Right, coordination-insertion mechanism (CIM).
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Fig. 1. Structures of mono- and bimetallic complexes (Ln = Y or Lu).

show good activity in the AMM. While some bi- or polymetallic catalysts
based on rare-earth metals have been reported for cyclic ester ROP,
these are generally air- and moisture-sensitive complexes featuring
labile initiating groups [29,30].

Herein, we describe the synthesis and application of mono- and
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bimetallic Y and Lu TrenSal complexes as robust catalysts for LA ROP.
Due to the tris-anionic TrenSal framework, these M(III) complexes do
not possess a conventional M-alkyl/alkoxide/amide initiating group,
which is characteristic for most rare-earth metal ROP catalysts reported
to date. A ligand backbone containing two TrenSal pockets was designed
to provide a framework for a bimetallic system, where both metals are
accessible and are separated enough to enable coordination thus acti-
vation of the monomer and the alcohol initiator at the two proximal
metal centres. Through benchmarking studies with monometallic ana-
logues, we investigate the possible benefits of having two metals in one
cage.

2. Results and discussion
2.1. Complex synthesis and characterisation

The novel bimetallic TrenSal complexes, LnoL, were synthesised
using a metal-templated Schiff base reaction between the corresponding
dialdehyde and tris(2-aminoethyl)amine (Tren) in the presence of excess
Ln(OTf)3 (where Ln = Y or Lu, Fig. 1, refer to ESI for further synthetic
details). For comparative purposes, the monometallic analogues LnLCHC
were also synthesised [18]. All reactions were carried out under stan-
dard benchtop conditions in the presence of air, and the reagents were
used from commercial sources without extra purification or drying
steps.

The bimetallic LnyL complexes were synthesised through a one-pot
synthesis using two different methods. Heating the reactions using
DMF as solvent in an oven at 120 °C for 60 h afforded orange block
crystals suitable for single-crystal X-ray diffraction studies. While this
method afforded high-quality single crystals, the yields were rather low
(<10 %). Scaling up the reaction using this method afforded samples
contaminated with the empty cage. This was circumvented by employ-
ing microwave irradiation, which afforded pure polycrystalline samples
with higher yields (58 %). Powder X-ray diffraction measurements of
samples obtained by both methods are in full agreement with the
simulated diffractograms (Figs. S29 and S30).

The monometallic LnL®M© analogues were synthesised following a
reported procedure [18]. While the molecular structure of LuL®H© has
been reported, YL®HO has not, and thus the procedure was modified to
obtain single crystals of YLHO, After reducing the volume of the solu-
tion, the reaction was removed from the heat and EtsN was added,
delivering yellow hexagon-shaped crystals overnight. Powder X-ray
diffraction analysis confirmed excellent agreement between the poly-
crystalline samples and the simulated diffractograms (Figs. S27 and
528).

The molecular structures of YLHC and Ln,L were determined by
single-crystal X-ray diffraction studies (Fig. 2, Tables S1-S7). Mono-
metallic YLHO crystallises in the trigonal space group P3, with two
complexes in the unit cell (Fig. 2a, Table S1). The crystallographic Cs
axis passes through the molecular Cs axis such that one-third of the
complex is contained in the asymmetric unit. The Y(III) complex is
heptacoordinated by the ligand with three O-atoms and four N-atoms,
with the geometry of a monocapped trigonal antiprism. In accordance
with previously reported complexes, the three aldehyde groups point
away from the Y centre and do not coordinate to the metal (Fig. 2b) [18].
Here, the bond distances around the Y(III) ion resemble those in the
previously reported molecular structure of LnL®© [11], with Y-O,
Y—Nimine and Y-Ngpicai bond lengths of 2.1835(15), 2.4675(19), and
2.637(3) A, respectively (see Tables S2 and S3 for a list of selected bond
lengths and angles).

Both LnpL complexes crystallise in the monoclinic space group
P2; /c, with four complexes in the unit cell and with five molecules of
DMF in the asymmetric unit (Fig. 2c¢,d, Tables S1 and S4-S7). The
framework of the cage is composed of two TrenSal moieties, joined by
three dialkynylbenzene units. The geometry around the metal centre in



E. Fazekas et al.

Fig. 2. (a) Unit cell of YLH© viewed along the crystallographic ¢ axis. (b)
Molecular structure of YLHO. (¢) Unit cell of Y,L. (d) Molecular structure of
Y,L. Colour code: Y, cyan; N, lilac; O, red; C, grey. Hydrogen atoms and solvent
molecules have been omitted for clarity, and thermal ellipsoids have been set to
50 % probability. ((Colour online.))

both complexes is monocapped trigonal antiprismatic for 7-coordinate
centres. The aromatic backbone is highly distorted, with the planes of
the phenolic rings twisted (to varying degrees) with respect to the plane
formed by the central diethynylbenzene group (Fig. 2d). Similarly to
other Ln-TrenSal complexes, the Ln(IIl) centre is heptacoordinated by
the ligand with a pseudo-C3 molecular axis passing through the Ln(III)
ions. The two metal centres are crystallographically independent with
Ln-O, Ln—Njpine and Ln—Nypica) bond distances ranging from 2.177(4)-
2.212(4), 2.438(5)-2.479(5), and 2.672(5)-2.727(5) A for YoL; and
2.141(3)-2.180(3), 2.398(3)-2.434(3), and 2.645(3)-2.692(3) A for
LuyL, respectively (see Tables S4-S7 for selected bond lengths and an-
gles). For all the complexes, the bond lengths around the metal centre
are within the range of values observed for similar complexes
[18,19,31-36], with longer metal-O/N bond lengths observed for the Y
complexes due to the larger ionic radius, compared to the Lu complexes
[37]. The single crystal X-ray data reveals that the Lu-Lu distance in the
full cage is 15.2961(3) A. Intriguingly, this distance is almost twice as
long as the shortest metal-metal distance between cages in the solid
phase, 8.1286(3) A. Similarly, in the Y,L complex the intramolecular Y-
Y distance is 15.2198(10) A and the shortest intermolecular Y-Y distance
is 8.1099(9) A.

In addition to crystallographic characterisation, the bimetallic LnyL
complexes were characterised by MALDI-ToF and IR spectroscopy.
MALDI-ToF data shows both the [M + H]" and the [M + Na]™ signals
(Figs. S25 and S26). No signals attributed to the monometallic or empty
cage were found. The IR spectra shows bands around 1650 cm™! con-
firming the presence of the imine groups (Figs. S20 and S21). While the
poor solubility of the LnyL complexes in conventional laboratory sol-
vents such as CDCl3 and DMSO prevented NMR spectroscopic charac-
terisation, both at ambient and elevated temperatures, the monometallic
analogues were characterised by NMR spectroscopy. Complex LuL¢HO
matched the previously reported NMR data and complex YL showed
similar 'H NMR resonances (Figs. S1 and S12). The IR spectra of both
monometallic complexes show bands around 1620 and 1670 cm™?,
confirming the presence of imine and aldehyde groups, respectively
(Figs. S17 and S18). MALDI-ToF data for YL and LuL®© showed
[M+Na] " signals, along with much lower intensity signals for [M+H] "
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and [M+K]" (Figs. S22 and $23).

2.2. Polymerisation studies

The polymerisation affinities of all four TrenSal complexes were
investigated in the ROP of rac-lactide (rac-LA). Initial studies were
performed with bimetallic LuyL, using protocols that have previously
shown success in polymerising rac-LA (Scheme 2) [38,39]. Control re-
actions performed without an exogeneous initiator showed that using
LuyL alone gave either no, or very low conversion of rac-LA to PLA
(Table 1, entries 1-2). This suggests that LusL is inefficient at poly-
merising rac-LA through a coordination-insertion mechanism, which is
consistent with literature precedent for complexes with strong metal-
alkoxide bonds such as metal-phenoxides or carboxylates [9,27,40]. In
contrast, a dramatic activity enhancement was observed upon intro-
ducing BnOH as an exogeneous initiator. For example, using 5 equiv. of
BnOH (vs LupL) gave 94 % conversion of rac-LA vs 9 % without BnOH
(entry 5 vs entry 2), under otherwise identical conditions.

MALDI-ToF mass spectrometry analysis showed that a-benzoxy,
®-hydroxy end-capped PLA chains were generated with BnOH
(Fig. S35), which could either arise from an AMM or a CIM following
deprotonation of BnOH by the TrenSal ligand. While the limited solu-
bility of the bimetallic complexes restricted reactivity studies with LusL
and YL, the reaction of BnOH with LuL®H© or YLOHO was investigated
by 'H and DOSY NMR analysis (5 equiv. of BnOH, CDCl; solvent, room
temperature and 60 °C). In all cases, no reaction was observed; the
resonances corresponding to LnL®® did not change. DOSY NMR anal-
ysis clearly showed that BnOH retains a different diffusion coefficient to
the LuL®® and YL®© complexes, indicating that it does not remain
coordinated in the solution state (Figs. S32 and S33). The pK, values of
9.11-11.91 predicted for structurally related TrenSal ligands in HoO also
suggest that the formation of Ln-OBn species is unlikely [41]. Taken
together, the lack of Ln-benzoxide formation, the observation of BnO/H
end groups and the pKj, values all point towards AMM being the major
polymerisation mechanism. The catalyst remained active upon
increasing the monomer loading to 100 equivalents, although the
monomer conversion plateaued at 35 % (entry 11). Here, this is attrib-
uted to the steric bulk of the propagating PLA chain disfavouring
diffusion into the LuyL cage structure.

Complexes YLCHO LuL®H0 Y,1 and Lu,L were subsequently tested
using the optimised reaction parameters (Table 2, entries 1-8). While all
four complexes were active catalysts, monometallic YLCHC achieved the
highest conversions, affording 34 % and 77 % conversion after 90 min
and 20 h, respectively (Table 2, entry 1-2). Notably, YLCHC was
significantly more active than the LuL®™© analogue, which only gave 14
% conversion after 20 h (entry 4). This may be due to the larger ionic
radius of Y [37,42,43]; metals with larger ionic radii have been widely
shown to facilitate monomer coordination and enhance catalyst activity
in LAROP [2,26,44]. Monometallic YLCHO 4150 outperformed bimetallic
Y,L, which gave 29 % conversion after 20 h (vs 77 %, entries 2 and 6).
This likely arises from the improved accessibility of the metal centres in
the half-cage complex compared to the full cage structure. However, the
Lu complexes do not show the same trend, and the bimetallic Lu com-
plex even displays a slightly higher conversion than the monometallic
species (22 % vs 14 % after 20 h, entries 3-4 and 7-8).

It is important to note that the molecular weights of the obtained

H{ O%%OR

(0]

o catalyst / BnOH

o toluene, A

catalyst = YLCHO, LuLCHO, Y, Lu,L

Scheme 2. Ring-opening polymerisation of rac-lactide.
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Table 1
Optimisation of reaction parameters in the ring-opening polymerisation of rac-
lactide using Lu,L.

Entry Loading (eq.) t (h) T (°C) Conv. (%) TON TOF (/h)
12 40 4 75 0 0 0.0
28 40 24 120 9 4 0.2
3 40 4 75 4 2 0.4
4 40 24 75 18 7 0.3
5 40 24 120 94 38 1.6
6 100 0.5 120 7 7 14.0
7 100 1.5 120 11 11 7.3
8 100 2 120 14 14 7.0
9 100 16 120 22 22 1.4
10 100 20 120 24 24 1.2
11 100 72 120 35 35 0.5

Conditions: [monomer] = 1 M in toluene, [Lu,L]:[BnOH]:[monomer] = 1: 5:
40-100 (refer to ESI for additional details). Conversions were calculated using
'H NMR spectroscopy. ® Reactions performed without BnOH additive.

Table 2
Comparison of mono and bimetallic catalysts in the ring-opening polymerisation
of rac-lactide.

Entry Catalyst t (h) Conv. (%) TON TOF (/h)
1 YLCHO 1.5 34 34 22.7
2 yLCcHO 20 77 77 3.9
3 LuLcHo 1.5 9 9 6.0
4 LuLCH° 20 14 14 0.7
5 Y,L 1.5 1 1 0.7
6 YL 20 29 29 1.5
7 Lu,L 1.5 11 11 7.3
8 Lu,L 20 22 22 1.1
9? yLCHO 20 90 90 45
102 LuLcHo 20 49 49 2.5
112 Y,L 20 80 80 4.0
122 Y,L 96 95 95 1.0
132 Lu,L 20 32 32 1.6
14° Lu,L 24 28 56 2.3

Conditions: [monomer] = 1 M in toluene, [catalyst]:[BnOH]:[monomer] = 1: 5:
100, 120 °C (refer to ESI for additional details). Conversions were calculated
using 'H NMR spectroscopy.  Reactions performed under air using unpurified
rac-lactide and wet toluene. ® Reactions performed without solvent using 200
equiv. monomer.

polymers are low, and significantly lower than the theoretical values
(Table S8), which differs from other reports on Ln catalysts. This is,
however, consistent with reports using vanadium clusters as ROP cata-
lysts [45], where the lower-than-expected M, values were attributed to
the rate of transesterification side-reactions being competitive with the
propagation rate under the relatively harsh reaction conditions and long
reaction times. Indeed, MALDI-ToF mass spectrometry analysis of the
resultant PLA shows the presence of half lactide (lactic acid) repeat units
(72 Da), providing evidence for transesterification (Fig. S35) and
affording atactic PLA chains. The SEC traces are bimodal (Fig. S34),
although the dispersities are relatively moderate (P = 1.2-1.9, Table S2)
compared to some other lanthanide catalysts; various Y and Lu catalysts
have been reported with dispersities of up to 4.2 [3]. While the origin of
the bimodal distributions is not completely clear, this may be due to the
presence of trace water (as the catalysts were prepared in the presence of
air and moisture), or from the formation of cyclic polymer via a small
amount of initiation from the metal-phenoxide unit, as some ROP ac-
tivity was observed in the control reaction without BnOH [27].

To probe the robustness of these catalysts, the polymerisation was
investigated using unpurified rac-LA, wet toluene and under air instead
of an argon atmosphere (entries 9-13). For both the mono- and bime-
tallic catalysts the activity increased under these conditions (e.g. entry
11 vs 6), which can be attributed to the presence of water, lactic acid and
other impurities facilitating alternative initiation or chain transfer
mechanisms. Polymerisation was also investigated under neat (solvent-
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free) conditions, using 200 equivalents of molten rac-LA at 120 °C
affording a significant increase in the turnover number (TON = 56, entry
14 vs TON = 38, Table 1 entry 5).

While these catalysts are less active than some other lanthanide
complexes reported [3,46-48], they are unusual examples of rare-earth
metal catalysts operating through an AMM, and Y2L and LuyL are rare
examples of metal-organic cage catalysts for cyclic ester ROP. Very few
metal-based cage compounds have been reported for LA ROP, and these
are generally aggregated metal-oxo or metal-alkoxide species based on
Li, Zn, Ti, or mixed-metal Na/Ln species [30,49-54]. The presence of
Lewis donors is well known to influence the aggregation state of metal
complexes, but here, the metal-metal proximity is fixed through three
rigid 1,3-diethynylbenzene connectors. The strong chelation and steric
shielding of the metal centre by the TrenSal ligand indicates that poly-
merisation occurs inside the cage structure, providing promise for the
use of metal-organic cages in cyclic ester polymerisation so long as the
metal centres remain accessible for activation of the monomer and the
active polymer chain end.

3. Conclusions

Applying straightforward one-pot synthetic strategies, mono- and
bimetallic TrenSal complexes of Y and Lu were synthesised. Crystallo-
graphic characterisation of the monometallic Y and homobimetallic Y
and Lu complexes shows that the metal centres are heptacoordinate in
all cases, and feature a monocapped trigonal antiprism geometry.
Despite their low solubility, all four catalysts showed activity in the ring-
opening polymerisation of rac-lactide. Very few cage complexes have
shown catalytic activity for rac-lactide polymerisation, and these have
been almost exclusively limited to aggregated metal-oxo or alkoxo
structures based on alkali metals, zinc and titanium. Here, the full-cage
structures are strikingly different, as the two metal centres are seated
within two TrenSal units bridged by organic spacer ligands. While the
polymerisation control was limited, these robust, air-and moisture-sta-
ble catalysts maintained activity with the use of unpurified monomers.
This study serves as a promising first step in this area, and future work
will involve varying the ligand substituents to enhance the activity by
improving solubility and enabling detailed mechanistic studies.
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