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[bookmark: _Hlk208056199][bookmark: _Hlk208231790][bookmark: _Hlk211080189][bookmark: _Hlk211053042][bookmark: _Hlk221666373]Abstract: Reaction of [Y(OiPr)3] with 2,2’-diphenylglycine (LH3) in toluene afforded, following work-up (MeCN), the complex [Y3(OH)(LH2)9Na(NCMe)3]·10MeCN (1·10MeCN). A molecular structure determination reveals a unique cluster with a central Y3(OH) unit bearing 9 amino/carboxylate ligands derived from LH3, and in addition incorporation of the drying agent sodium. Conducting the reaction in Et2O with repeated removal of solvent led, following work-up (MeCN), to the complex [Y6O2(OH)2(LH2)12]·12MeCN (2·12MeCN). Complex 2·12MeCN contains three unique Y atoms coordinated by LH2, hydroxide and an oxide forming a cluster containing six Y3+ ions. Preliminary catalytic screening of 1·10MeCN, 2·12MeCN and [Y(OiPr)3] reveals activity for the co-polymerization of propylene oxide and CO2, with turnover numbers (TONs) <1, however in the presence of bis(triphenylphosphine)iminium chloride (PPNCl), TOFs are significantly improved, particularly for 1 (TOF 11.56) and 2 (TOF 10.67). In all cases, oligomeric products were formed with relatively small molecular weights (Mn≤1670 Da) and with low dispersity (Đ≤1.28). In the case of the ring opening polymerization (ROP) of e-caprolactone (e-CL) or d-valerolactone (d-VL), the systems perform best as melts and afford low to moderate molecular weight products (≤6840 Da for PCL and ≤8910 Da for PVL) with good control (Đ≤1.35). Depending on the conditions, cyclic or linear products (with H/OH end groups) were observed. Kinetic studies for e-CL (over 3h) revealed the rate order 2 > 1 ≈ [Y(OiPr)3], whilst for d-VL, [Y(OiPr)3] exhibited the fastest rate over the initial 100 min, but at 60 min its rate significantly slowed and at ca 120 min was surpassed by complex 1. The catalytic depolymerization of polyethylene terephthalate (PET) using 1 and 2 has also been investigated, with the system employing 1 performing better in terms of conversion and bis(2-hydroxyethyl) terephthalate (BHET) yield. However, these systems exhibited no activity for ethylene polymerization under the conditions employed herein.
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Introduction 
[bookmark: _Hlk211055506][image: ]The search for new catalysts capable of producing biodegradable polymers is an active area of research given the current issues associated with petroleum-derived plastics1. For catalytic processes such as the copolymerization of epoxides and CO2 or the ring opening polymerization (ROP) of cyclic esters, the use of metal catalysts can be very beneficial2. Moreover, the search for systems that are capable of the efficient depolymerization of polyethylene terephthalate (PET) is currently a hot topic given the aforementioned issues with traditional plastics3.  Rare earth metal complexes are attracting attention for the two polymerization processes4. For such catalysts, both the choice of metal and ancillary ligand set is important in terms of activity and control, as well as other properties such as toxicity and solubility. It is also important that the molecular structure of any new catalyst system or precursor thereof can be determined. Usually, this requires the use of crystallography and hence the need to be able to grow single crystals of the new system. With this in mind, we have been exploiting the ability of the so-called ‘magic’ acid Ph2C(NH2)CO2H, Chart 1, to induce high crystallinity5, and have employed it (or derivatives thereof) as a ligand in metal complexes 6. 
Chart 1. Structure of 2,2’-diphenylglycine (LH3).

[bookmark: _Hlk211080225]To date, we have reported a number of catalytic systems that utilize such acid-derived ligation, including zwitterionic rare-earth complexes derived from the use of Ln(NO3)3.6H2O (Ln = La, Ce) with 2,2’-diphenylglycine (LH3), see Chart 2, I and II7. In this work, we expand our investigations to the use of [Y(OiPr)3] with LH3 and report the molecular structures and preliminary catalytic screening of the complexes [Y3(OH)(LH2)9Na(NCMe)3]·10MeCN (1·10MeCN, see Chart 3 left) and [Y6O2(OH)2(LH2)12]·12MeCN (2·12MeCN, see Chart 3 right). Whilst yttrium clusters supported by amino acids are known8, none have the cluster motifs isolated in the systems reported herein. The use of amino acids to support discrete polymetallic clusters has been reviewed9. We also note that there is interest in the applications of rare-earth oxo/hydroxo clusters10.


Chart 2. Structures of (DpgH±)3La(NO3)3·H2O (DpgH± = zwitterionic 2,2’-diphenylglycine, Ln = La (I), Ce (II)).




[bookmark: _Hlk211080384]Chart 3. Structures of top: [Y3(OH)(LH2)9Na(NCMe)3]·10MeCN (1·10MeCN) and bottom: [Y6O2(OH)2(LH2)12]·12MeCN (2·12MeCN).


Results and discussion
Syntheses and solid-state structures
The reaction of [Y(OiPr)3] with 2.2’-diphenylglycine (LH3) in refluxing toluene afforded, following work-up (MeCN), a while crystalline solid in good yield. Cooling (0 oC) of a saturated solution of MeCN afforded crystals suitable for X-ray crystallography. The molecular structure is shown in Figure 1 (see also Fig. S1, ESI), with selected bond lengths and angles given in the caption; crystallographic data are presented in Table 1. The complex has the formula [Y3(OH)(LH2)9Na(NCMe)3].10MeCN, with the principal components of the cluster being a Y3(OH) unit and 9 LH3 derived ligands. This is further augmented with Na(NCMe)3 bound to one dpg molecule. The central Y3O core of the cluster is highly symmetric and is close to being threefold symmetric. Three Y3+ ions lie in an almost perfectly regular equilateral triangle with O50 located 0.788(4) Å below the plane of the triangle. Also, below this plane, the carboxylates of three dpg anions link the three Y ions in bridging bidentate fashion, rather reminiscent of the binding in a M3O(RCOO)6 cluster. The NH2 groups of these dgp molecules are not bound to a metal. At each metal ion, a further dpg molecule is found forming an η2-(N,O) chelate from carboxylate and amino groups. In each case the plane of the five-membered ring is inclined so that the NH2 is below the Y3 triangle and the oxygen atom above. There are three further O,N chelates from three dgp molecules, above the Y3 triangle. These are oriented so that the oxygen atom bridges between two Y ions such that the Y-O distances are almost equal. Around the top rim of the cluster is an alternating arrangement of NH2 and C=O (unbound) groups and there are N-H∙∙∙O hydrogen bonds. There is evidence for further N-H∙∙∙O and C-H∙∙∙O interactions to stabilise the cluster. Each of the Y ions is thus 8-coordinate in a distorted square antiprismatic geometry. One of the carbonyl oxygens from the η2-(N,O) chelate bonds to an Na+ ion which also binds three MeCN molecules. We have previously noted Na+ incorporation in metallocalixarene chemistry when using sodium-dried toluene11. However, unlike the calixarene chemistry, there is no incorporation of calcium here despite the use of CaH2 to dry the MeCN.  For the structure of 1, there is further unbound MeCN: for each cluster 4.5 molecules of MeCN are crystallographically well resolved and a further 5.5 molecules are not well resolved and were modelled using a solvent mask (SQUEEZE). 
A search of the Cambridge Structural Database (CSD)12 revealed that this cluster is unprecedented; there are no other examples of clusters of this type containing Y or the lanthanide elements. Specifically, although carboxylate clusters are common for these oxophilic metals, there are no examples which feature each of the different structural elements. A large number of structures contain M3O(RCOO)3 and there are a very small number that have this motif and (N,O)-η2 chelates8,13. No examples exist that also contain (μ-O)-η2-(N,O) chelates despite the fact that this is a very common motif for these metals more generally.8
If the conditions are changed such that the reaction is conducted at ambient temperature in diethylether and the solvent is repeatedly removed under vacuo, then the product isolated is [Y6O2(OH)2(LH2)12]·12MeCN (2·12MeCN) in good yield.  The molecular structure of 2·12MeCN is shown in Figure 2 (see also Fig. S2 and S3, ESI), with selected bond lengths and angles given in the caption.
Complex 2·12MeCN has the structural formula [Y6O2(OH)2(Ph2C(NH2)COO)12]·12MeCN. The data quality is low with little coherent X-ray scattering beyond 1Å resolution. However, the atomic connectivity is unequivocally established. 
The cluster containing six Y ions is described below. The compound contains large solvent-occupied regions; the electron density in these regions was modelled using a solvent mask within Olex2.
[image: A structure of a molecule
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Figure 1. Top: molecular structure of 1·10MeCN; bottom: view of the core in 1·10MeCN. Selected bond lengths (Å) and angles (o): Y1-O1 2.293(4), Y1-O3 2.298(4), Y1-O5 2.384(4), Y1-O15 2.371(3), Y1-O15 2.371(3), Y1-O18 2.347(4), Y1-O50 2.349(4), Y-N2 2.533(5), Y-N3 2.480(5), O18-Na1 2.216(5); O1-Y1-O3 135.00(15), O3-Y1-O5 131.42(15), N2-Y1-O50 131.66(16), N3-Y1-O15 94.16(14).

The asymmetric unit contains three unique Y atoms coordinated by LH2, hydroxide and oxide to form a cluster containing six Y3+ ions. Y1 is 8-coordinate in an irregular environment formed from three [O,N]-chelating LH2 ligands and two oxide ligands. Y2 is 7-coordinate in a very distorted capped-hexagonal prismatic environment. Six oxygen atoms form a trigonal prism and one of the rectangular faces is capped by a nitrogen donor atom. Three oxygens are from LH2, only one of which is chelating and supplies the nitrogen atom to bind at Y2. The other three oxygens comprise two oxides and one hydroxide. Y3 is 8-coordinate in a distorted square antiprismatic environment formed from 7 oxygens and one nitrogen, formed from one [N,O]-chelating LH2, one [O,O]-chelating LH2, two monodentate LH2 molecules, one oxide, and one hydroxide. The 6×Y cluster is generated by the centre of symmetry and held together by bridging oxides (Y4O), μ2-bridging hydroxide, and μ2-bridging oxygen from LH2. It could be described as an Y6O2 core formed from two edge-sharing tetrahedra that is augmented by hydroxide and dpg ligands in various coordination modes. It is important to note that there is no evidence for a second deprotonation of LH2: this is present throughout as Ph2C(NH2)COO−.
Unfortunately, both 1 and 2 proved to be insoluble in common NMR solvents, for example even on prolonged stirring in CD3CN, and so meaningful NMR spectra could not be obtained.
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Figure 2. Top: molecular structure of 2·12MeCN; bottom: view of the core in 1·10MeCN. Selected bond lengths (Å) and angles (o): Y1-O1 2.314(7), Y1-O3 2.426(7), Y1-O51 2.379(7), Y1-O81 2.334(7), Y1-O13 2.174(6), Y1-N1 2.502(8), Y-N31 2.456(11), Y-N41 2.506(7), Y2-O3 2.378(7), Y2-O5 2.340(8), Y2-O11 2.461(6), Y2-O13 2.205(7), Y2-O131 2.252(5), Y2-O141 2.265(6), Y2-N2 2.491(8), Y3-O1 2.554(7), Y3-O7 2.348(8), Y3-O9 2.456(9), Y3-O10 2.375(10), Y3-O11 2.370(8), Y3-O13 2.234(5), Y3-O14 2.254(6), Y3-N6 2.520(8); O1-Y1-O3 79.8(3), O1-Y1-N1 66.2(2), O3-Y1-N1 80.7(3), O3-Y1-O51 136.1(3), O3-Y1-O81 73.0(2), O3-Y2-O11 87.1(2), O3-Y2-N2 64.6(3), O3-Y2-O5 156.7(3), O5-Y2-O11 93.2(2), O5-Y2-N2 92.4(3), O11-Y2-N2 80.6(2), O3-Y2-O131 124.9(2), O5-Y2-O13 129.1(2), O11—Y2-O13 71.7(2), O13-Y2-N2 129.9(3), O1-Y3-O7 159.4(3), O7-Y2-O9 72.2(3), O7-Y3-O10 124.8(3), O7-Y3-O11 81.6(3), O7-Y3-N6 84.4(3), O1-Y3-O9 115.2(3), O10-Y3-N6 85.0(3), O1-Y3-O11 80.0(3), O11-Y3-N6 65.9(3), O7-Y3-O13 115.1(3), O13-Y3-N6 131.1(2), O11-Y3-O14 130.2, O1-Y3-N6 79.8(3).
Table 1. Crystallographic data for 1 and 2.
	Compound
	1∙10(C2H3N)
	2·12(C2H3N)

	Formula
	C152H147N22NaO19Y3
	C192H182N24O28Y6

	Formula weight
	2875.63
	3807.06

	Crystal system
	Monoclinic
	Triclinic

	Space group
	C2/c
	Pī

	a (Å)
	31.8105(4)
	16.4324(15)

	b (Å)
	18.3971(2)
	16.9066(6)

	c (Å)
	51.3599(6)
	17.0378(5)

	α (º)
	90
	100.438(2)

	β (º)
	93.9530(10)
	102.645(4)

	γ (º)
	90
	102.515(5)

	V (Å3)
	29985.4(6)
	4377.1(4)

	Z
	8
	1

	Temperature (K)
	99.99(10)
	99.99(10)

	Wavelength, λ (Å)
	1.54178
	1.54178

	Calculated density (g.cm–3)
	1.274
	1.444

	Absorption coefficient, μ (mm–1)
	2.118
	3.195

	Transmission factors (min./max.)
	0.594, 1.000
	0.609, 1.000

	Crystal size (mm3)
	0.08  0.06  0.03
	0.10  0.10  0.03

	θ(max) (°)
	133.184
	106.024

	Reflections measured
	102690
	44585

	Unique reflections
	25401
	10096

	Rint
	0.1116
	0.1282

	Reflections with F2 > 2σ(F2)
	17925
	6283

	Number of parameters
	1653
	973

	R1 [F2 > 2σ(F2)]
	0.0841
	0.0880

	wR2 (all data)
	0.2501
	0.2604

	GOOF, S
	1.041
	1.039

	Largest difference peak and hole (e Å–3)
	1.87 and –1.34
	1.28 and –0.76



Preliminary catalytic screening
Co-polymerization of propylene oxide and CO2
Complexes 1, 2 and the precursor [Y(OiPr)3] have been screened, with (entries 2, 4 and 6, Table 2) and without bis(triphenylphosphine)iminium chloride (PPNCl) present as co-catalyst, for their ability to act as catalysts for the co-polymerization of propylene oxide and CO2 to afford polycarbonates (Fig. S4, ESI). Preliminary catalytic screening of all three complexes in the absence of PPNCl revealed activity for the co-polymerization of propylene oxide and CO2, but with TONs <1. However, in the presence of PPNCl, TONs are significantly improved, particularly for 1 (TON 11.56) and 2 (TON 10.67). Enhanced performance for the copolymerization of epoxides with CO2 in the presence of PPNCl has been noted previously14. In all cases herein, oligomeric products were formed with relatively small molecular weights (Mn≤1670 Da) and with low dispersity (Đ≤1.28). NMR spectra of the products indicated that the selectivity (for polymer) was higher when using 1 (e.g. Fig. S5, ESI). Representative GPC traces are provided in the ESI (Fig. S6).
A number of other Y-based systems have been employed for the co-polymerization of epoxides with CO2. For example, the complex [YCl2(THF)(LH2)] (LH3 = (S,S)-2,6-bis[2-(hydroxydiphenylmethyl)pyrrolidin-1-ylmethyl]-4-methyl phenol) is capable of the co-polymerization of epichlorohydrin and CO2 at 25 oC in the presence of tetrabutylammonium bromide (TBABr) affording >99% cyclic carbonate with 36% conversion over 18h15. The complex [L/Y(THF)], where L/ is an N-methylethylenediamine-bridged tris(phenolato) ligand, is capable of the co-polymerization of 1,2-epoxyhexane and CO2 with a TOF of 5.7 h-1 over 12h at 25oC; >99% selectivity for cyclic carbonate was achieved16. We also note that a number of heterobimetallic complexes involving yttrium and zinc have been employed for the co-polymerization of CO2 and epoxides. Such systems are capable of high conversions to afford cyclic carbonates under ambient conditions (25 oC, 1 atm CO2); computational studies indicated a synergic interaction between the metals17, 18.
In terms of propylene oxide and CO2 co-polymerization, an yttrium complex supported by a ligand derived from an ethylenediamine-bridged tetra(phenol) was found to form cyclic carbonate products (>99% selectivity) with a TOF of 320 h-1 in the presence of tetrabutylammonium iodide (TBAI) under less robust conditions (10 bar CO2 and 85 oC) that employed herein (50 bar CO2 and 90 oC) over 1h19. Similar use of the complex [Y((THF)L//] where L// is a tripodal N-capped triphenolate ligand afforded a TOF of 330 h-1 20. 

Ring opening polymerization
[bookmark: _Hlk221665272][bookmark: _Hlk221665428]Complexes 1, 2 and [Y(OiPr)3] were also screened for their ability to act as catalysts for the ring opening polymerization (ROP) of ε-caprolactone and δ-valerolactone; results are shown in Table 3. Given the interest in non-metal ROP catalysts21, the parent compound LH3 was also screened. For 1, 2 and [Y(OiPr)3], highest conversions were achieved when the systems were employed as melts (entries 2, 7 and 9 for e-CL) and (17, 17, and 19 for d-VL). Lower temperatures, the use of toluene as solvent or a reduction on the [monomer]:[Y] ratio were all detrimental to the conversion. The products possessed low to moderate molecular weight (Mn) in the range 1240 – 6840 Da for PCL and 900 – 8910 Da for PVL; all systems exhibited relatively narrow dispersity (Đ≤1.35) suggesting single-site catalysis. Note in the case of entries 13 and 20, bi- and multi-modal behaviour was observed.
MALDI-ToF spectra of the PCL (Fig. S7 – S9, ESI) obtained using 1 in toluene (entry 1, Table 3) indicated the formation of linear products with HO/H end groups; a minor family of cyclic products was also observed. When 1 was employed as a melt (entry 2, Table 3), linear polymers with HO/H end groups were also present. In the case of 2, cyclic species were observed, whilst for [Y(OiPr)3], linear polymers with HO/H end groups were observed, again with a minor family of cyclic products. MALDI-ToF spectra of the PVL (Fig. S10 – S12, ESI) revealed the formation of cyclic products when 1 was employed in toluene at 110 oC. When 1 was employed as a melt, linear polymers bearing HO/H end groups were observed together with a minor family bearing MeO/H end group; the latter arise via the quenching process22. For 2, cyclic PVL and linear products with HO/H end groups were observed whilst for [Y(OiPr)3], the major family were cyclic species. Representative 1H NMR spectra are given in the ESI (Fig. S13, S14).
Kinetic studies for e-CL (Fig. 3) over 3h revealed the rate order 2 > 1 ≈ [Y(OiPr)3], whilst for d-VL (Fig. 4), [Y(OiPr)3] exhibited the fastest rate over the initial 100 min, but at 60 min its rate significantly slowed and at ca 120 min was surpassed by complex 1.
[bookmark: _Hlk226577015]Representative GPC traces are provided in the ESI (Fig. S15-S17).
On comparing the results here with known Y-based systems, we note that the molecular weights (Mn) obtained using 1 and 2 are on a par with those observed when using [Y(OTf)3] at 60 oC under air over 24h (e.g. 5420 Da when using unpurified e-CL; Đ 1.44)23. An example of an yttrium-sodium mixed-metal salt has also been previously reported, namely [Y(EDBP)2(DME)Na(DME)3] (EDBPH2 = 2,2/-ethylidene-bis(4,6-di-tert-butylphenol). In this salt, the sodium originates from the use of NaH, and when employed for the ROP of e-CL at 65 oC in toluene, conversions as high as 98% are achieved, affording polymers with molecular weight (Mn) somewhat higher than for 1 and 2, for example as high as 23200 Da (Đ 1.25) over 4h24. Moreover, the salt complex K[(thiolfan)Y(OtBu)2] (thiolfan = 1,1′-bis(2,4-di-tert-butyl-6-thiomethylenephenoxy)ferrocene), where the potassium originates via the use of KOtBu, has been evaluated as a ROP catalyst for e-Cl and d-VL in both toluene and THF (e-CL only) at 25 oC. For both monomers, high activity was achieved in ≤5 min., affording high molecular weight (Mn) polymers (≤232000 Da for PCL, 195000 Da for PVL) and with good control (Đ≤1.30)25. It is worth noting that not all Y-based systems are active for the ROP of cyclic esters, for example the tris-chelate {Y[NC4H3CH2P(O)Ph2]} is thought to be either too stable or lacks the nucleophilicity to participate in the ROP of e-CL26. 





Figure 3. (a) Relationship between conversion and time for the ROP of e-CL using 1, 2 and [Y(OiPr)3]; (b) Plot of ln[CL]0/[CL]t vs. time for the polymerization of ε-CL by using complexes 1, 2 and [Y(OiPr)3]; conditions: T = 110 °C, nMonomer: ncat = 500 : 1.  

 

Table 2. Copolymerization of propylene oxide and CO2 catalyzed by 1, 2, and [Y(OiPr)3].a
	Entry
	Cat.b
	SB (105)c
	mB (mg) d
	TON (g/gCat.)d
	[bookmark: OLE_LINK17][bookmark: OLE_LINK18]Selectivity (polymer, %)e
	Yield 
(polymer, mg)f
	Mng
	Đg

	1
	1
	37.66
	64.40 
	0.64 
	49.5
	31.87
	755
	1.28

	2
	1h
	676.51
	1156.83 
	11.56 
	45.8
	529.83
	1670
	1.15

	3
	2
	25.14
	42.99
	0.43
	30.1
	12.94
	1250
	1.15

	4
	2h
	624.12
	1067.24
	10.67
	38.7
	413.02
	1440
	1.28

	5
	[Y(OiPr)3]
	35.65
	60.96
	0.61
	16.8
	10.24
	420
	1.05

	6
	[Y(OiPr)3]h
	251.98
	430.88
	4.31
	27.5
	118.49
	740
	1.12


Reaction conditions: a Propylene oxide: 5 mL, Temperature: 90 ℃, Pressure of CO2: 5 MPa, Reaction time: 6 h; b Cat.: 100 mg. c Measured by GC. d Derived from SB. e Based on 1H NMR spectroscopy. f Yield (polymer) = mproduct ×Selectivity (polymer). g Determined by gel permeation chromatography in THF, PDI = (Mw/Mn). h Reaction performed with PPNCl present as co-catalyst. 
[bookmark: _Hlk214440155]

Table 3. Results for the ring-opening polymerization of ε-CL or δ-VL catalyzed by 1, 2, [Y(OiPr)3] and LH3. 
	Entry
	Catalyst
	Monomer(s)
	Temp (oC)
	Monomer: Cat.
	Conv.a (%)
	Mnb,c (Da)
	Đe

	1
	1
	ε-CL
	110
	500: 1
	81
	6840f
	1.23

	2
	1d
	
	110
	500: 1
	>99
	5870
	1.27

	3
	1d
	
	110
	20: 1
	83
	1600
	1.05

	[bookmark: _Hlk212216496]4
	2
	
	110
	500: 1
	79
	4520
	1.24

	5
	2
	
	80
	500: 1
	34
	1240
	1.35

	6
	2
	
	R.T.
	500: 1
	-
	-
	-

	7
	2d
	
	110
	500: 1
	>99
	5200
	1.28

	8
	2d
	
	110
	20: 1
	51
	1820
	1.14

	9
	[Y(OiPr)3]d
	
	110
	500: 1
	>99
	3260
	1.09

	10
	LH3d
	
	110
	500: 1
	<2
	2870/480
	1.06/1.05

	11
	1
	δ-VL
	110
	500: 1
	>99
	8910f
	1.10

	12
	1d
	
	110
	500: 1
	>99
	5510
	1.15

	13
	1d
	
	110
	20: 1
	64
	1620/970/520
	1.04/1.02/1.06

	14
	2
	
	110
	500: 1
	85
	6860
	1.25

	15
	2
	
	80
	500: 1
	15
	-
	-

	16
	2
	
	R.T.
	500: 1
	-
	-
	-

	17
	2d
	
	110
	500: 1
	>99
	4510
	1.18

	18
	2d
	
	110
	20: 1
	58
	1250
	1.31

	19
	[Y(OiPr)3]d
	
	110
	500: 1
	>99
	3450
	1.24

	20
	LH3d
	
	110
	500: 1
	85
	2190/1380/900
	1.03/1.01/1.02


Reaction conditions: toluene, 24 h, ambient atmosphere. a Determined by 1H NMR spectroscopy on the crude reaction mixture. b From GPC. c Values corrected considering Mark–Houwink factor (0.56 for ε-CL; 0.57 for d-VL) from polystyrene standards in THF27. d Solvent-free. e Đ = (Mw/Mn). f There is also a minor peak at ca. 460 or 480 Da (see ESI).

Table 4. Catalytic depolymerization of PET.
	Run
	Catalyst
	Catalyst:PET ratio (wt%)
	Temperature (℃)
	Reaction time (h)
	Conversiona (%)
	BHET yieldb (%)

	1
	1
	1:10
	195
	2
	100
	69

	2
	1
	1:10
	195
	1
	89
	60

	3
	1
	1:10
	180
	2
	37
	19

	4
	2
	1:10
	195
	2
	81
	56

	5
	2
	1:10
	180
	2
	22
	12


a Determined by weight of product; b Determined by product weight and 1H NMR spectroscopy and GC-MS.


Catalytic depolymerization of PET
The experimental results demonstrated that the type of catalyst, reaction temperature, and reaction time significantly influenced the glycolysis efficiency of PET. A comparison between runs 1 and 4 (Table 4) revealed that under identical conditions (195 °C, 2 h), the system employing 1 exhibited superior catalytic activity versus that employing 2, achieving 100% conversion and a 69% bis(2-hydroxyethyl) terephthalate (BHET) yield, whereas for 2 the conversion was 81% and yield 56%, respectively. The impact of temperature was equally pronounced: for 1, the conversion increased from 37% at 180 °C to 100% at 195 °C, while for 2, it rose from 22% to 81%. Regarding the reaction time, taking complex 1 as an example, extending the duration from 1 h to 2 h led to an increase in conversion from 89% to 100% and a corresponding improvement in BHET yield from 60% to 69%. In conclusion, run 1 was identified as the optimal process conditions, achieving complete PET conversion with a BHET yield of 69%. 
[bookmark: _Hlk223079862]To confirm the chemical structure of the glycolysis products, 1H NMR spectroscopic analysis was performed on the isolated BHET monomer, as shown in Fig. S18, ESI. The chemical shifts and splitting patterns of the proton signals are consistent with the standard structural characteristics of BHET. 1H NMR (500 MHz, TFA-d1): 8.33 (s, 4H, Ar–H), 4.99 (s, 2H, -OH), 4.77 (t, 4H, -COOCH2-), 4.33 (q, 4H, -CH2OH) ppm. Specifically, the peak near 4.90 ppm corresponds to the –O–CH2–CH2–O– moiety in the BHET dimer. Furthermore, HPLC-MS was employed to analyze the glycolysis products from run 1 to further confirm the product composition and the distribution of the degree of polymerization. As illustrated in Fig. S19, two primary chromatographic (Fig. S19a, 1.248 and 1.866 min) and mass spectrum peaks (Fig. S19b and c, ESI at 277.067 and 469.11) were detected in the product, indicating both BHET monomer and dimer were presented in the reaction mixture. 




Figure 4. (a) Relationship between conversion and time for the polymerization of δ-VL by using 1, 2 and [Y(OiPr)3]; (b) plot of ln[VL]0/[VL]t vs. time for the polymerization of δ-VL by using complexes 1, 2 and [Y(OiPr)3]; conditions: T = 110 °C, nMonomer: ncat = 500 : 1.

Ethylene polymerization
Under the conditions employed herein (see experimental section), these systems were inactive for ethylene polymerization. We note that whilst some Y-based complexes, when combined with organoaluminium co-catalysts, exhibit reasonable activity28, others have been found to be inactive29. The inactivity is usually ascribed to a crowded coordination sphere and blocking of the active sites.

Thermal Gravimetric Analysis (TGA)
The stability of the complexes at the polymerization temperature was checked by TGA. The runs indicated that these systems were stable at 110 oC (the temperature employed for the ROP catalysis), with appreciable weight loss for 1 and 2 only noted above 210 oC and 300 oC respectively (Fig. 5).



Figure 5. TGA of 1 and 2.
Experimental
Materials and methods
[bookmark: _Hlk184649050]Pro-ligands were purchased from Sigma Aldrich or TCI UK and used as received. [Y(OiPr)3] was purchased from ThermoFisher Scientific UK Ltd. IR spectra (neat, KBr windows) were recorded on a Nicolet Avatar 360 FT IR spectrometer 1H spectra were recorded at room temperature on a Varian VXR 400 S spectrometer at 400 MHz. The NMR spectra were calibrated against the residual signal of the deuterated solvent. Toluene was dried over sodium, diethylether was dried over sodium/benzophenone, whilst acetonitrile was dried over calcium hydride. All manipulations were conducted using standard Schlenk techniques under nitrogen. Elemental analyses were performed at Xi'an Rare Metal Materials Research Institute (conducted by the Vario EL Cube and UNICUBE equipment, both manufactured by Elementar, Germany). For characterization of polymers, Matrix Assisted Laser Desorption/Ionization-Time of Flight (MALDI-TOF) mass spectrometry was performed on a Bruker III smart beam in linear mode. MALDI-TOF mass spectra were acquired by averaging at least 100 laser shots. Molecular weight analyses were performed on a Viscotek gel permeation chromatograph (Malvern, Worcestershire, UK) equipped with two Agilent PL gel columns (5 μM mixedD, 300 × 7.5 mm; Polymer laboratories, Church Stratton, UK) and a Viscotek refractive index detector at 35 °C (Malvern Panalytical, Worcestershire, UK). Extra dry stabilized THF (Acros Organics, Loughborough, UK) was used as the eluent at a flow rate of 1.0 mL min−1 and polystyrene standards (Malvern Panalytical, Worcestershire, UK); 1.5 mg mL−1, prepared and filtered (0.5 mm syringe filters) directly prior to injection were used for calibration. Obtained molecular weights were corrected by a Mark−Houwink factor of 0.56 (PCL) and 0.57 (PVL)17. Molecular weights were calculated from the experimental traces using the OmniSEC software (Malvern Panalytical Ltd., Malvern, UK, v11.35). For the TGA runs, data were collected on a PerkinElmer TGA 400 (Shelton, CT, USA) using PyrisTM software and a rate of 10 °C per min over the 30 °C to 800 °C range under N2. Sample weights were typically between 3 and 5 mg. For DSC runs, data were collected on a PerkinElmer DSC 4000 (Shelton, CT, USA) using 5 mg of sample encapsulated with tin foil. The crystal structure data were collected at low temperature by the National Crystallography Service (University of Southampton, UK) using a rotating anode source.
Synthetic procedures
Preparation of [Y3(OH)(LH2)9Na(NCMe)3]·10MeCN (1·10MeCN)
[bookmark: _Hlk208232164]To LH3 (1.00 g, 4.40 mmol) and [Y(OiPr)3] (0.39 g, 1.47 mmol) was added toluene (30 mL) and the system was refluxed for 12h. On cooling, the volatiles were removed in-vacuo, and the residue was extracted into MeCN (30 mL). On cooling at 0 oC, small colourless prisms of 1·10MeCN formed. Yield: 0.94 g, 67%. C152H147N22Na1O19Y3 – 9MeCN = C136H120N13Na1O19Y3 requires C 65.17, H 4.83, N 7.27%. Found: C 64.08, H 4.98, N 7.51%. IR: 3372bw, 3267m, 1645s, 1625s, 1598s, 1533s, 1509s, 1484s, 1459s, 1364s, 1261m, 1221m, 1208w, 1198w, 1162m, 1098m, 1025s, 982w, 933w, 925w, 912w, 903w, 890w, 858w, 802s, 788m, 758s, 732s, 722m, 697s, 665s, 620m. 

Preparation of [Y6O2(OH)2(LH2)12]·12MeCN (2·12MeCN)
To LH3 (1.00 g, 4.40 mmol) and [Y(OiPr)3] (0.39 g, 1.47 mmol) was added diethylether (30 mL) and the system was stirred for 1h. Volatiles were then removed and a further 30 mL of diethylether was added, the system stirred for 1h and volatiles again removed under vacuo. The cycle was repeated twice more, and then the residue was taken up in MeCN (30 mL), filtered and allowed to cool at 0 oC to afford colourless crystals of 2. Yield: 0.74 g, 79% (based on Y). C192H182N24O28Y6 (sample dried in vacuo for 2h, -11MeCN to afford C172H152N14O28Y6) requires C 60.85, H 4.48, N 5.42%. Found: C 60.69, H 4.75, N 5.12%. IR: 3058s, 1952w, 1598s, 1494s, 1446s, 1396s, 1193w, 1159w, 1124w, 1073w, 1013m, 942w, 902w, 846w, 805w, 752m, 699s, 670m, 620m. 

Co-polymerization of propylene oxide and CO2
[bookmark: _Hlk226492370]The co-polymerization reaction of propylene oxide and CO2 to polycarbonates was carried out in a 16 mL stainless steel autoclave with a Teflon inner container in a batch mode of operation. In a typical reaction, propylene oxide (5 mL) and catalyst (100 mg) were added into the inner container, which was transferred into the autoclave. The reactor was sealed and charged with 1 MPa of N2 to remove the air three times. After that, it was charged with 5 MPa of CO2 and heated to 90 °C and stirred for 5 h. Upon reaction, the solid catalyst was separated using an extra magnet, and the liquid was analyzed on a gas chromatograph (GC9720, Zhejiang Fuli Analytical Instruments Co., Ltd., China) equipped with a flame ionization and GC-MS (Agilent 6890N-5975) with an HP-5 capillary column (30 m  0.32 mm  0.25 μm). The afforded products (cyclic/polycarbonates) were analyzed on a Gel Permeation Chromatography (Waters 1525 & Agilent PL-GPC220) at room temperature.
Procedure for ROP of ε-caprolactone/δ-valerolactone
[bookmark: _Hlk55340849][bookmark: _Hlk55341211]A toluene solution of pre-catalyst (0.010 mmol, 1.00 mL toluene) was added into a Schlenk tube in the glove-box at room temperature. The solution was stirred for 2 min, and then, if relevant, the appropriate equivalent of BnOH (from a pre-prepared stock solution of 1 mmol BnOH in 100 mL toluene) and the appropriate amount of ε-CL or δ-VL along with 1.50 mL toluene was added to the solution. The reaction mixture was then placed into an oil/sand bath pre-heated at 110 °C, and the solution was stirred for the prescribed time (1 or 24 h). The polymerization mixture was quenched on addition of an excess of glacial acetic acid (0.2 mL) into the solution, and the resultant solution was then poured into methanol (200 mL). The resultant polymer was then collected on filter paper and was dried in vacuo. In the case of runs conducted as melts, the complex was weighed out in the dry-box, the requisite amount of monomer was added and then the system was heated at 110 oC over 24 h. Work-up was then as described above.  
Kinetic studies
The polymerizations were carried out at 110 °C as melts using 0.010 mmol of complex. The molar ratio of monomer to initiator was fixed at 500:1, and at appropriate time intervals, 0.5 μL aliquots were removed (under N2) and were quenched with wet CDCl3. The percent conversion of monomer to polymer was determined using 1H NMR spectroscopy.
PET depolymerization materials and equipment
PET was synthesized in the laboratory with an intrinsic viscosity of 0.57 dL/g. Ethylene glycol was purchased from Sigma-Aldrich. The intrinsic viscosity was measured using a phenol/ tetrachloroethane mixed solution at a mass ratio of 1:1 at 25 ℃ with a ChemTron VISCO 370 instrument.
HPLC-MS was performed using methanol as the solvent on a Sciex X500R system. The NMR analysis of BHET was conducted using deuterated trifluoroacetic acid as the solvent on a Bruker AVANCE NEO 500 instrument. 

Depolymerization of PET procedure
In a typical procedure, a round-bottom flask was charged with 5 g of PET powder, yttrium-based catalyst, 0.1 g of betaine, and 25 mL of ethylene glycol. The mixture was heated to a specific temperature using a heating mantle. Upon completion of the reaction, the resulting solution underwent hot filtration using a pre-heated Buchner funnel. The filter paper was subsequently dried, and the mass difference was recorded to determine the quantity of undegraded PET. To the filtrate, 50 mL of deionized water (previously used for catalyst rinsing) was added. After the solution was allowed to equilibrate, crystallization was conducted overnight at temperatures ranging from -10 ℃ to 0 ℃. The resulting precipitate, identified as BHET, was collected via Buchner filtration and weighed. It should be noted that a minor fraction of BHET remained dissolved in the filtrate; however, this was not further investigated in the present study due to the prohibitive cost of secondary purification.


Crystallography
The diffraction data were collected on a Rigaku four-circle diffractometer operating with Cu rotating anode source equipped with Arc-Sec VHF Varimax confocal mirrors and HyPix Arc-100 detector. The data were collected at low temperature (100 K) and corrected for absorption and Lp effects. The structure was solved by iterative dual-space methods and refined on F2 values30,31, and refined within Olex232. For 1, four and a half ordered acetonitrile molecules were identified in the structure, and a further 122 electrons per cluster were modelled as disordered solvent (5.5 molecules of MeCN) using a solvent mask within Olex2. This gives a total of 10MeCN per cluster. For 2 no ordered solvent molecules were located, but a total of 275 electrons per cluster were identified using a solvent mask and modelled as 12MeCN. CCDC 2533321-2533322 contains the supplementary crystallographic data for this paper. These data can be obtained free of charge from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/structures.
Conclusions
In conclusion, the reaction of 2,2’-diphenylglycine (LH3) and [Y(OiPr)3] in refluxing toluene resulted, following work-up involving acetonitrile, in the sodium-containing yttrium complex [Y3(OH)(LH2)9Na(NCMe)3]·10MeCN (1·10MeCN). The presence of sodium is thought to arise via the solvent drying process. By contrast, conducting the reaction in diethylether led to cluster [Y6O2(OH)2(LH2)12]·12MeCN (2·12MeCN). These complexes are active catalysts, particularly in the presence of bis(triphenylphosphine)iminium chloride (PPNCl), for the copolymerization of propylene oxide with CO2 affording oligomeric products, and, along with [Y(OiPr)3], are active catalysts for the ROP of the cyclic esters e-caprolactone and d-valerolactone affording low to moderate molecular weight products which were either cyclic or linear bearing H/OH end groups. Complexes 1 and 2 are also capable of the depolymerization of PET, with the system employing 1 performing better in terms of conversion and BHET yield. Neither 1 or 2 was capable of the polymerization of ethylene under the conditions employed herein.
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