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ABSTRACT: A variety of lithiated calix[n]arenes, for which n = 6 or 8, have been isolated,

structurally characterized and evaluated as catalysts for the ring opening polymerization (ROP)

of the cyclic esters ε-caprolactone (ε-CL), δ-valerolactone (δ-VL) and r-lactide (r-LA). In

particular, interaction of p-tert-butylcalix[6]areneH6 (L6H6) with LiOtBu in THF led to the

isolation of [Li14(L
6H)2(CO3)2(THF)6(OH2)6]·14THF (1·14THF) the core of which has a chain of
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5 Li2O2 diamonds. Similar use of p-tert-butylcalix[8]areneH8 (L8H8) afforded

[Li10(L
8)(OH)2(THF)8]·7THF (2·7THF), where the core is comprised of a six-rung Li – O ladder.

Use of de-butylated calix[8]areneH8 (deBuL8H8) led to an elongated dimer

[Li18(deBuL8)2(OtBu)2(THF)14]·4THF (3·4THF) in which the calix[8]arenes possess a wave-like

conformation forming bridges to link three separate LixOy clusters (where x and y = 6, ignoring

the THF donor oxygens). Interaction of L8H8 with LiOH·H2O afforded

[Li4(L
8H4)(OH2)4(THF)6]·5.5THF (4·5.5THF), where intramolecular H-bond interactions

involving Li, O, and H construct a cage in the core of the structure with six and eight-membered

rings. Lastly, addition of Me3Al to the solution generated from L8H8 and LiOtBu led to the

isolation of [(AlMe2)2Li20(L
8H2)2(OH2)4(O

2–)4(OH)2(NCMe)12]·10MeCN (5·10MeCN) in which

Li, O, Al, and N centers build a polyhedral core. These complexes have been screened for their

potential to act as pre-catalysts in the ring opening polymerization (ROP) of ε-CL, δ-VL and

r-LA. For the ROP of ε-CL, δ-VL, and r-LA, systems 1-4 exhibited moderate activity at 130 °C

over 8 h. In the case of ROP using the mixed-metal (Li/Al) system 5, better conversions and high

molecular weight polymers were achieved. In the case of the ROP of ω-pentadecalactone

(ω-PDL), the systems proved to be inactive under the conditions employed herein.

1. Introduction

The versatility of calixarenes is now well documented with applications ranging from their use in

nuclear waste to use in hair dyes.[1-7] These uses stem from the facile functionalization of either

the lower or upper rims, and the conformational flexibility displayed by such calixarenes which

often results in the beneficial presence of π-rich cavities. Our interest stems from their ability to

act as useful ancillary ligands in catalysis.[8] In recent work, we have reported that a family of
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lithiated calix[4]arenes are capable of acting as efficient catalysts in the ring opening

polymerization (ROP) of a number of cyclic esters, albeit with a lack of control.[9] This area is

topical given the current issues with petroleum-based plastics, and the need to develop new

polymeric materials with more environmentally friendly properties.[10] Studies have shown that

larger calix[n]arenes have the ability to simultaneously bind multiple metal centers,[11] and, in the

area of catalysis, this raises the possibility of the presence of beneficial cooperative effects.

Mixed-metal systems can also exhibit interesting catalytic behavior, and it has been shown that

the presence of one metal can impact on the catalytic potential of another.[12] In terms of the

bigger calix[n]arenes, few lithiated species have appeared in the literature,[13,14] and none have

been utilized in the ROP of cyclic esters. Reports include mixed lithium/strontium complexes

available via the use of nBuLi with L8H8 (or its p-iso-propyl analogue) and subsequent treatment

with SrBr2.
[13] Also, Fromm et al have structurally characterized the complex

[Li2L
8H6(THF)7(H2O)12]2, which resulted from the reaction of L8H8 with Li2CO3 in THF/water.[14]

Herein, we have investigated reactions between p-tert-butylcalix[6 and 8]areneH6,8 (L6H6 and

L8H8, Chart 1) and the lithium reagents LiOtBu or LiOH·H2O, and have isolated a number of

intriguing multi-lithiated species, see chart 2. The bulk of our synthetic studies have focused on

the L8H8 system given its cost versus L6H6 or deBuL8H8.
[15] We note that lithiated species as

catalysts for the ROP of cyclic esters has been reviewed,[16,17] whilst catalytic ROP systems based

lithium-containing rings, cages and ladders have been reported.[18-27]
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Chart 1. Calixarenes used in this study (R = H, tBu).
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Chart 2. Pre-catalysts prepared herein.

2. Experimental section

2.1 Chemicals and apparatus

Standard Schlenk and cannula techniques including the use of a conventional nitrogen-filled

glove-box were employed throughout. The solvents used were refluxed over an appropriate

drying agent and then distilled/degassed prior to use. Elemental analyses were conducted by the

elemental analyses services team at London Metropolitan University or within the Chemistry

Department at the University of Hull. A Varian VXR 400 S spectrometer at 400 MHz or a

Gemini at 300 MHz (1H) at 298 K were employed to record the NMR spectra with chemical

shifts referenced to the residual protio impurity of the solvent. Perkin-Elmer 577 and 457 grating

spectrophotometers were used to record the IR spectra, which were run as nujol mulls between

KBr plates. All other reagents were purchased from commercial sources and were used as

received unless stated otherwise.

A Bruker autoflex III smart beam in linear mode was employed to obtain the Laser

Desorption/Ionization Time of Flight (MALDI-TOF) mass spectra, which were acquired by

averaging at least 100 laser shots. The matrix employed was 2,5-dihydroxybenzoic acid with
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THF as solvent, whilst the ionization agent used was sodium chloride in methanol. Sample

preparation involved mixing 20 μl of the matrix solution in THF (2 mg·mL−1) with 20 μL of

matrix solution (10 mg·mL−1) and 1 μL of ionizing agent (1 mg·mL−1) solution. Following this,

1 mL of the respective mixture was deposited on a target plate and dried under air at ambient

temperature.

2.2 Preparation of [Li14(L
6H)2(CO3)2(THF)6(OH2)6]·14THF (1·14THF)

A solution of lithium tert-butoxide (8.22 ml, 1.0M in THF, 8.22 mmol) was added to L6H6 (1.00

g, 1.03 mmol) in THF (30 ml) at ambient temperature. After stirring for 4 h, concentration of the

orange solution to 20 ml and standing for 48 h afforded small colorless crystals of the 1·14THF

in ca 15 % yield. Calcd for C158H218Li14O30 (1·14THF–14THF requires C, 70.43; H, 8.15%);

found C, 70.56; H, 7.89%. IR: 1616w, 1411w, 1365m, 1290w, 1261s, 1198w, 1095bs, 1020bs,

871w, 800bs, 736w, 721w, 704w, 661w. 1H NMR (THFd8, 400MHz) δ: 7.24-6.79 (m, 12H,

arylH), 4.35 (m, 4H, -CH2-), 3.72 (m, 4H, -CH2-), 3.36 (d, 2H, -CH2-), 3.24 (d, 2H, -CH2-), 2.66

(s, 12H, H2O), 1.69 (THF), 1.24-1.28 (m, 54H, C(CH3)3). 7Li NMR (THFd8, 194.3 MHz, 298 K)

δ: 3.20 (bs), 2.72 (bs), 1.93 (s), 1.86 (s), 1.33 (s). Mass Spec. (EI): 2177

[M–6H2O–20THF+Na+].

2.3 Preparation of [Li10(L8)(OH)2(THF)8]·7THF (2·7THF)

A solution of lithium tert-butoxide (8.01 ml, 1.0M in THF, 8.01 mmol) was syringed into L8H8

(1.00 g, 0.77 mmol) in THF (30 ml) at ambient temperature. Following stirring for 12h, the

system was filtered and stored at 0 °C for 24h to afford 2·7THF in ca. 50% yield. Calcd for
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C120H170Li10O18 (2·7THF–7THF requires C, 73.16; H, 8.70%) found C, 72.69; H, 8.71%. IR:

3339bw, 3171bw, 2360w, 1738w, 1657m, 1614m, 1557m, 1297s, 1260s, 1202s, 1094bs, 1020bs,

872s, 804bs, 734s, 723s, 663m. 1H NMR (THFd8, 400MHz) δ: 7.32-6.75 (m, 16H, arylH), 4.64

(overlapping d, 4H, -CH2-), 4.37 (d, 4H, -CH2-), 3.59 (THF), 3.20 (m, 4H, -CH2-), 3.04 (d, 4H,

-CH2-), 1.74 (THF), 1.23 (s, 72H, C(CH3)3).
7Li NMR (THFd8, 194.3 MHz, 298 K) δ: 3.11 (s),

3.49 (bs), 3.61 (bs). Mass Spec. (EI): 1416 [M–15THF+Na+].

2.4 Preparation of [Li18(deBuL8)2(OtBu)2(THF)14]·4THF (3·4THF)

A solution of lithium tert-butoxide (12.25 ml, 1.0M in THF, 12.2 mmol) was syringed into

deBuL8H8 (1.00 g, 1.18 mmol) in THF (30 ml) at ambient temperature. Following stirring for 4

h, filtration and prolonged standing (1 week) at ambient temperature afforded colorless prisms of

3·4THF (in ca. 35% yield). Anal. Calcd for C184H226Li18O34 (sample dried in-vacuo for 12 h,

–4THF) requires C, 71.14; H, 7.33%. Found C 70.96, H 7.22%. IR: 2727w, 1589m, 1460s,

1436s, 1377s, 1261s, 1091s, 1041s, 1019s, 907w, 840m, 799s, 752m, 722w, 695w. 1H NMR

(THFd8, 400MHz) δ: 7.14-6.89 (m, 16H, arylH), 4.54 (d, 4H, -CH2-), 4.44 (d, 4H, -CH2-), 4.29

(d, 4H, -CH2-), 4.14 (d, 4H, -CH2-) 3.56 (THF), 3.22-3.32 (m, 8H, -CH2-),1.74 (THF), 1.12 (s,

18H, -OC(CH3)3).
7Li NMR (THFd8, 194.3 MHz, 298 K) δ: 4.87 (s), 4.10 (s), 1.27 (bs). Mass

spec. (EI): 1066 [(M-18THF)/2 -Li++Na+].

2.5 Preparation of [Li4(L
8H4)(OH2)4(THF)6]·5.5THF (4·5.5THF)

THF (30 mL) was transferred into a Schlenk containing L8H8 (1.00 g, 0.77 mmol) and LiOH·H2O

(0.07 g, 1.67 mmol), and refluxed for 12h. On cooling, the system was filtered and allowed to

stand at 0 °C to afford 4·5.5THF in ca. 28% yield. Cald for C112H156Li4O14
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(4·5.5THF–5.5THF–4H2O requires C, 76.69; H, 8.96%), found C, 76.89; H, 9.05%. IR: 2727w,

2359m, 1620w, 1614w, 1539w, 1462s, 1414w, 1377s, 1260s, 1093s, 1019s, 872w, 799s, 739w,

722w. 1H NMR (THFd8, 400 MHz) δ: 7.11-6.92 (m, 16H, arylH), 4.72 (d, 4H, -CH2-), 4.40 (d,

8H, -CH2-), 3.57 (THF), 3.35 (s, 4H, OH), 3.20 (d, 4H, -CH2-), 2.60 (s, 4H, H2O), 1.73 (THF),

1.22-1.28 (overlapping s, 72H, C(CH3)3).
7Li NMR (THFd8, 194.3 MHz, 298 K) δ: 3.55 (s). Mass

Spec. (EI): 1645 [M–2H2O–7.5THF].

2.6 Preparation of [(AlMe2)2Li20(L
8H2)2(OH2)4(O

2–)4(OH)2(NCMe)12]·10MeCN (5·10MeCN)

Lithium tert-butoxide (8.01 ml, 1.0M in THF, 8.01 mmol) was syringed into L8H8 (1.00 g, 0.77

mmol) in THF (30 ml) at ambient temperature. After stirring for 1 h, Me3Al (1.0M, 1.50 mmol)

was added to the orange solution, which was then refluxed for a further 12 h. Following this, the

volatiles were evaporated in-vacuo, and the remaining residue was extracted into MeCN (30 ml).

Standing at ambient temperature for 48h led to the formation of colorless crystals of 5·10MeCN

in ca 20 % yield. Calcd for C196H258Al2Li20O26N8 (5·10MeCN–14MeCN requires C, 70.59; H,

7.80; N, 3.35%), found C, 70.74; H, 7.45; N 3.03%. IR (MeCN product): 2727w, 2261w, 1700w,

1657w, 1604w, 1462s, 1377m, 1362m, 1296m, 1260s, 1296m, 1260s, 1207m, 1093s, 1019s,

909w, 872w, 800s. 1H NMR (THFd8, 400MHz) δ: 7.19-6.93 (m, 32H, arylH), 4.54 (d, 8H, -CH2-),

4.38 (d, 8H, -CH2-), 4.27 (d, 8H, -CH2-), 4.14 (d, 4H, -CH2-), 3.25 (s, 2H, OH), 3.20 (m, 4H,

-CH2-), 2.47 (s, 8H, H2O), 1.91 (s, 12H, MeCN), 1.28-1.13 (overlapping s, 144H, C(CH3)3), -0.81

(s, 12H, AlMe2); calixOH not observed. 7Li NMR (THFd8, 194.3 MHz, 298 K) δ: 5.18 (bs), 4.75

(bs), 4.43 (s), 3.88(s). Mass spec. (EI): 1527 [(M-22MeCN)/2+Na+].

2.7 Procedure for the ROP of ε-caprolactone, δ-valerolactone and rac-lactide
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A solution of the respective pre-catalyst (0.010 mmol, 1.0 mL toluene) was syringed into a

Schlenk flask in the glove-box at ambient temperature. After stirring for 2 min, the appropriate

amount of BnOH (using a pre-prepared 100 mL stock toluene solution containing 1 mmol

BnOH) and of ε-CL, δ-VL, or r-LA together with 1.5 mL toluene was added. The Schlenk flask

was then heated at 130 oC using an oil/sand bath, and stirred for the required time, namely 8 or

24 h. Following this, the mixture was quenched by addition of an excess of glacial acetic acid

(0.2 mL), and then the resultant solution was then poured into a beaker of cold methanol (200

mL, 0 °C). The polymer product was collected on filter paper and dried in-vacuo.

Solvent-free conditions: Under an inert atmosphere, a THF solution of the complex (1 mM) was

added into a Schlenk tube and the solvent was removed using the vacuum line at ambient

temperature. The monomer (9.0 mmol) was then added, and the reaction was stirred at 130 °C

for 12-24 h, or until a mass of polymer blocking the stirring formed. The mixture was then taken

up in CH2Cl2 and quenched with acidified methanol (200 mL). The polymer product was isolated

on a filter paper and then dried under air at ambient temperature.

2.8 Kinetic studies

For the polymerizations, the conditions were set up as 130 °C in toluene (2 mL) using 0.010

mmol of complex, using a molar ratio of monomer to initiator to co-catalyst of 500:1:1. At

appropriate regular time intervals, and under a blanket of N2, 0.5 μL aliquots were taken out and

these were quenched using wet CDCl3. The degree of conversion of monomer to polymer was

calculated via 1H NMR spectroscopy.
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2.9 Crystal Structure Determinations

Diffraction data were measured on sealed tube sources for 1·14THF & 2·7THF, rotating anode

sources for 3·4THF & 5·10MeCN, and using synchrotron radiation for 4·5.5THF. Data were

corrected for absorption and structures solved by a charge-flipping algorithm. The non-H atoms

were refined anisotropically and a riding model was used for all H atoms except those on hetero-

atoms when the quality of the data permitted. [28] In general, these lithium calixarenes crystals are

very weakly diffracting due to the lack of any heavy elements and their inherently large unit

cells. They are also subject the usual difficulties encountered with calixarene crystallography,

namely tBu group and solvent of crystallisation disorder, as well as a significant solvent of

crystallisation loading. In each case, the amount of solvent molecules of crystallization should

therefore be regarded as approximate. Where disorder was accounted for, restraints were applied

to anisotropic displacement parameters and geometry. In pathological cases, Platon Squeeze was

used to account for badly disordered solvent molecules as diffuse regions of electron density and

this solvent was accounted for in the formula. [29,30]

For 1·14THF, tBu groups at C(18), C(29), C(51), and C(62), were modelled with the methyl

groups split over two sets of positions with major occupancies of 84.8(16), 52(3), 73.9(14), and

74(3)%, respectively. In the THF containing O(22), atoms C(105) & C(106) were accounted for

as split over two sets of positions with major occupancy 59(2)%. Geometric and vibration

parameter restraints were applied to some badly behaved THF molecules. Distance restraints

were applied to assist geometry in two of the water molecules. There remains some unresolved
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disorder, and hence some less than ideal geometry, in some of the non-coordinated THF

molecules.

For 2·7THF, in each calix[8]arene complex molecule there are eight bonded molecules of THF

and seven THF solvent of crystallization of which four are well defined (two of these unique).

Twelve molecules of THF were accounted for per unit cell as a diffuse area of electron density by

the Platon Squeeze procedure, i.e. three extra per calixarene complex.[29,30] Four THFs lie above

the calixarene plane, two are in calixarene cavities and two lie in clefts within the calixarene’s

undulating ruffles. Three unique tBu groups modelled as disordered over two sets of positions:

including that at C(7), with major component = 78.7(6)%; that including C(18) with major

component = 66.6(7)%; that including C(40) with major component = 80(4)%. Five THFs were

disordered: that including O(6): C(46) split with major component = 50.9(17)%; that including

O(8): C(54) split with major component = 51.3(19)%; that including O(9): all C atoms split with

major component = 58.4(9)%; that including O(10): all C & O atoms split except C(62) with

major component = 71.0(7)%; that including O(11): O(11) & C(68) split with major component

= 50.7(14)%.

For 3·4THF, in each calix[8]arene complex molecule there are 16 Li-coordinated THF molecules

and 2 OtBu groups. 8 molecules of THF were accounted for per unit cell as a diffuse area of

electron density by the Platon Squeeze procedure.

For 4·5.5THF, in each tBucalix[8]arene complex molecule there are two Li-bonded molecules of

THF. 8 THF solvent molecules of crystallization were accounted for as point atoms per complex

molecule, of which 4 are H-bonded to the calixarene complex molecule. One and a half
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molecules of THF were modelled as diffuse areas of electron density by the Platon Squeeze

procedure. Two THFs including O(10) {C(58) & C(59) split} and O(11) {C(62) – C(64) split)

were accounted for as disordered over two sets of positions with major components = 81.6(13)%

and 60.3(17)% respectively.

For 5·10MeCN, the tBu group including C(15) > C(18) was modelled as disordered over two sets

of positions: with major component = 67.3(12)%; part of a calixarene ring and tBu group

including C(33) > C(35) & C(37) > C(40) was also modelled as 2-fold disordered with major

component = 73.5(11)%, tBu group C(47) > C(49) was disordered across a symmetry element,

so was modelled at 50% occupancy; the MeCN including N(1) was also modelled as disordered

with major component = 56.7(10)% while that including N(8) was similarly disordered in the

vicinity of MeCN including N(1), so their occupation factors were linked.

3. Result and discussion

3.1. Syntheses and solid-state structures

Using a modification of the method reported by Fromm et al. for the complex

[Li4(p-tert-butylcalix[4]arene)(THF)4]·6THF,[31] we treated L6H6 with LiOtBu in THF at ambient

temperature. Following stirring (4h) and concentration of the solution, the complex

[Li14(L
6H)2(CO3)2(THF)6(OH2)6]·14THF (1·14THF) was isolated as the only crystalline product

in low yield (ca. 15%). The molecular structure is illustrated in Figure 1, and selected bond

lengths and angles are provided in the caption. The molecule lies on a centre of symmetry, and

thus half of the formula above is the asymmetric unit. 1H NMR spectroscopic data are consistent

with the solid-state structure, whilst in the 7Li NMR spectrum, only 5 distinct lithium resonances
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are observed. In the EI mass spectrum, a peak is observed at 2177 Da assigned to the molecular

ion –6H2O–20THF+Na+.

The presence of the bridging CO3
2- anions in the structure is not unprecedented, and has been

reported elsewhere in metal phenolate chemistry. For example, McIntosh, Brechin, and Dalgarno

et al. utilized bis-phenolate 6,6/-methylenebis(4-tert-butyl)-2-(hydroxymethyl)phenol to form a

cobalt (Co15) cluster, the structure of which was found to incorporate a μ6-CO3
2- ligand. The

carbonate in this Co15 cluster was thought to arise via the incorporation of atmospheric CO2,

which, given the limited solubility of the CO2 under the conditions employed, led to a low

product yield.[32] In 1·14THF, we observe a similarly low yield, and also propose that the

carbonate incorporation stems from exposure to atmospheric CO2. In 1·14THF, one calixarene

oxygen, namely O(2), retains a proton and forms an H-bond with a neighboring phenolate

oxygen, O(1). The H atoms of water molecule at O(9) form H-bonds with a calixarene phenolate

oxygen O(3A) and a THF oxygen. Water molecules at O(8) & O(9) bridge pairs of Li+ ions,

while that at O(7) is terminal. The H atoms of the water molecule at O(8) form an H-bond with a

calixarene phenolate oxygen O(5) and an O–H···π interaction with the aromatic ring C(34) >

C(39) of the calixarene at a distance of 2.37 Å. The water molecule at O(7) forms an H-bond

with a THF oxygen for one H atom, but no non-covalent interaction with the other H. There are

some clear methylene H atom interactions with Li+ centers, for example at Li(7) with H(55B) =

2.12 Å, Li(1) with H(66A) = 2.25 Å, and Li(4) with H(33B) = 2.17 Å. The carbonate ions form

bonds to a total of 7 Li+ ions each. Each Li+ is essentially 4-coordinate, ignoring the interactions

with H atoms. Li(2), Li(5), and Li(7) each bind to a terminal THF ligand. The core of the

molecule is an elongated array of 14 oxygen-bridged Li+ ions approx. 12 Å long. The core of the
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molecule has a chain of 5 Li2O2 diamonds (see figure 2). In terms of charge, the 14+ available

from the Li centers is balanced by 10– from the two calix[6]arenes and 4– from the two CO3
2–

anions.

(a) (b)

Figure 1. Two views showing the molecular structure of [Li14(L
6H)2(CO3)2(THF)6(OH2)6]·14THF

(1·14THF). View (b) also has calixarene tBu groups and unbound THFs omitted. The majority of
H atoms and minor disorder components are omitted for clarity. Views (a) and (b) Selected bond
lengths (Å) and angles (o): Li(1)–O(6) 1.933 (12), Li(1)–O(7) 1.954(14), Li(1)–O(1) 1.954 (13),
Li(2)–O(1) 1.905(13), Li(2)–O(13) 1.939 (13), Li(3)–O(3) 1.932 (11), Li(3)–O(8) 2.103 (12),
Li(4)–O(3) 1.931(12), Li(4)–O(10) 1.959(11), Li(5)–O(4) 1.874(12), Li(5)–O(11) 1.876(11),
Li(6)–O(5) 1.924(11), Li(6)–O(4) 1.995(13), Li(7)–O(6) 1.850(11), Li7–O5 1.901(13),
O(6)–Li(1)–O(1) 92.0(5), O(7)–Li(1)–O(1) 124.1(7), O(1)–Li(2)–O(13) 114.8(6)
O(1)–Li(2)–O(6) 91.7(6), O(3)–Li(3)–O(2) 113.2(6), O(3)–Li(4)–O(10) 124.5(6),
O(3)–Li(4)–O(4) 116.5(5). Symmetry code A = –x+1, –y+1, –z+2.
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Figure 2. The core of [Li14(L
6H)2(CO3)2(THF)6(OH2)6]·14THF (1·14THF).

The treatment of L8H8 with LiOtBu in THF at ambient temperature afforded

[Li10(L
8)(OH)2(THF)8]·7THF (2·7THF) in moderate isolated yield (ca. 50%). The molecular

structure is presented in Figure 3, and selected bond lengths and angles are provided in the

caption. It is a twinned data set with two twin components related by 177.5° rotation about

reciprocal axis [0 1 0]. The molecule resides on a center of symmetry, and thus half is unique.

The core consists of a six-rung Li – O ladder, and Li(1), Li(2), Li(3), Li(4), and Li(5) all have

four bonds which connect with oxygen (for alternative views of the core see figure S1, ESI).

There is H-bonding involving two of the Li-bound (at Li(4)/Li(4A)) THFs. Each molecule has

two intramolecular H-bonded interactions between oxygen (in THF) to the hydroxyl H. In the 7Li

NMR spectrum, we observed only 3 distinct lithium resonances, whilst in the EI mass spectrum,

a peak is observed at 1416 Da is assigned to the molecular ion –15THF+Na+. In terms of charge,
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the 10+ available from the Li centers is balanced by 8– from the calix[8]arene and 2– from the

two OH– anions.

Similar use of de-butylated calix[8]areneH8 (deBuL8H8) led to an elongated dimer

[Li18(deBuL8)2(OtBu)2(THF)14]·4THF (3·4THF). The molecular structure is displayed in Figure

4, and selected bond lengths and angles are provided in the caption. The molecule resides on a

center of symmetry. Two calix[8]arene ligands, which possess a wave-like conformation, form

bridges to link three separate LixOy clusters. Li(1), Li(2), Li(4), Li(6), Li(8), and Li(9) all have

four bonds which connect with oxygen, whilst Li(3), Li(5), and Li(7) have three bonds; a view of

the core is given in Figure 5. Li(7) makes some weak π interactions with C atoms in the

neighboring calixarene rings attached to O(1) and O(7). In terms of charge, the 18+ available

from the Li centers is balanced by 16– from the two calix[8]arenes and 2– from the two OtBu–

anions.

(a) (b)

Figure 3. Molecular structure (a) and core (b) of [Li10(L
8)(OH)2(THF)8]·7THF (2·7THF). The

majority of H atoms and minor disorder components are omitted for clarity. Selected bond
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lengths (Å) and angles (o): Li(1)–O(1) 1.896(5), Li(1)–O(2) 1.896(5), Li(1)–O(5) 1.956(5),
Li(2)–O(2) 1.911(5), Li(2)–O(3) 1.874(5), Li(2)–O(8) 1.939(5), Li(3)–O(3) 1.920(5), Li(3)–O(4)
1.940(5), Li(3)–O(5) 1.991(5); O(1)–Li(1)–O(2) 97.9(2), Li(1)–O(5)–Li(3) 130.3(2),
Li(3)–O(4)–Li(4A) 110.0(2). Symmetry code A = –x+0.5, y, –z+1.

Figure 4. Two views, rotated by approx. 90°, of the molecular structure of
[Li18(deBuL8)2(OtBu)2(THF)14]·4THF (3·4THF). H atoms and non-coordinated THFs omitted for
clarity. Selected bond lengths (Å) and angles (o): Li(1)–O(3) 1.977(15), Li(1)–O(4) 1.838(16),
Li(1)–O(5) 2.056(13), Li(1)–O(9) 2.029(18), Li(2)–O(5) 2.056(13), Li(2)–O(6) 1.815(15),
Li(2)–O(9) 2.061(14), Li(2)–O(13) 2.031(14), Li(3)–O(2) 1.778(12), Li(3)–O(6) 1.833(12),
Li(3)–O(9) 2.056(14), Li(4)–O(2) 1.900(15), Li(4)–O(3) 1.972(17), Li(4)–O(9) 2.054(13),
Li(5)–O(3) 1.839(16), Li(5)–O(5) 1.923(14), Li(6)–O(4) 1.885(16), Li(7)–O(1) 1.901(13), Li(7)–
O(7) 1.937(13), Li(8)–O(7) 2.043(15), Li(8)–O(8) 1.951(15); Li(1)–O(3)–Li(4) 82.0(7),
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Li(1)–O(3)–Li(5) 78.5(6), Li(1)–O(4)–Li(6) 133.6(8), Li(1)–O(9)–Li(3) 123.9(6). Symmetry
code A = –x+1, –y+1, –z+1.

Figure 5. Three views showing the core of [Li18(deBuL8)2(OtBu)2(THF)14]·4THF (3·4THF).
Unbound solvent molecules and hydrogen atoms have been omitted for clarity.

(a) (b)

Figure 6. Two approx. perpendicular views showing the molecular structure of

[Li4(L
8H4)(OH2)4(THF)6]·5.5THF (4·5.5THF). The majority of H atoms and minor disorder
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components have been omitted for clarity. Selected bond lengths (Å) and angles (o): Li(1)–O(2)

1.900(7), Li(1)–O(3) 1.931(8), Li(1)–O(7) 1.970(8), Li(2)–O(1A) 1.922(8), Li(2)–O(4) 1.905(7),

Li(2)–O(8) 1.971(8); Li(1)–O(7)–Li(2) 103.6(3), O(1A)–Li(2)–O(8) 112.5(3), O(4)–Li(2)–O(8)

114.8(4). Symmetry code A = –x+1, –y+1, –z+1.

Figure 7. A view showing the core in [Li4(L
8H4)(OH2)4(THF)6]·5.5THF (4·5.5THF).

Interaction of L8H8 with LiOH·H2O afforded [Li4(L
8H4)(OH2)4(THF)6]·5.5THF (4·5.5THF).

Crystals of suitable quality for an X-ray diffraction study were afforded from a saturated THF

solution on standing at room temperature. The molecular structure is presented in Figure 4, and

selected bond lengths and angles are provided in the caption. The molecule resides on a center of

symmetry, thus half is unique. The calix[8]arene adopts a wave-like conformation. Both the Li(1)

and Li(2) centers have four bonds which connect with oxygen. A view of the core is given in

figure 7; an alternative view is provided in the ESI (see figure S2). Hydrogens on water O(7)

19



H-bond to oxygen on the THF, including O(9) and water molecule O(8A). Hydrogens on water

O(8) H-bond to oxygen on calixarene O(2) (phenolate, which has strong electronegativity) and

oxygen on the THF, including O(6). The intramolecular H-bond interactions involving Li, O, and

H construct a cage in the core of the structure with six and eight-membered rings. In the 7Li

NMR spectrum, only one peak was observable, whilst in the EI mass spectrum, a peak observed

at 1645 Da is assigned to the molecular ion –2H2O–7.5THF. In terms of charge, the 4+ available

from the Li centers is balanced by 4– from calix[8]areneH4.

(a) (b)

Figure 8. Two perpendicular views showing the molecular structure of
[(AlMe2)2Li20(L

8H2)2(OH2)4(O
2–)4(OH)2(NCMe)12]·10MeCN (5·10MeCN). The majority of H

atoms and minor disorder components are omitted for clarity. Selected bond lengths (Å) and
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angles (o): Li(1)–O(1) 1.917(7), Li(1)–O(2) 1.885(7), Li(1)–O(6) 2.074(7), Li(1)–O(7) 1.901(7),
Li(2)–O(2) 1.902(8), Li(2)–O(3) 1.878(8), Li(2)–O(6) 2.195(8), Li(2)–N(3) 1.864(9), Li(3)–O(4)
1.904(7), Li(3)–O(5) 1.929(7), Li(3)–O(6) 2.089(7), Li(3)–O(7) 1.925(7), Li(4)–O(2) 1.993(8),
Li(4)–N(1) 1.920(18), Li(5)–O(1) 1.906(9), Li(5)–N(2) 2.173(9), Li(6)–O(5) 1.939(9),
Al(1)–O(8) 1.626(2); O(8)–Al(1)–O(8B) 108.82(18), Li(1)–O(1)–Li(5) 109.1(3),
Li(1)–O(1)–Li(1A) 81.5(4), Li(2)–O(2)–Li(4) 93.5(6). Symmetry operators to generate the
whole molecule from the quarter that is unique: (i) –x, –y, z; (ii) x, y, –z; (iii) –x, –y, –z.

Figure 9. Two representations showing the core in
[(AlMe2)2Li20(L

8H2)2(OH2)4(O
2–)4(OH)2(NCMe)12]·10MeCN (5·10MeCN).

Given that mixed aluminum-lithium complexes have displayed favorable ROP characteristics

versus their homo-metallic counterparts,[33] we treated the solution generated from L8H8 and

LiOtBu with Me3Al. This led, following work-up, to the crystallization of the complex

[(AlMe2)2Li20(L
8H2)2(OH2)4(O

2–)4(OH)2(NCMe)12]·10MeCN (5·10MeCN). A representation of

molecular structure is provided in Figure 8, along with selected bond lengths and angles in the

caption. One quarter of the above formula comprises the asymmetric unit. The molecule resides

on a center of symmetry and there is a mirror plane running long-ways through the molecule

with all atoms having their y-coordinate = 0.0000 lying on the mirror, i.e. Li(4) > Li(7), O(1),

O(5), & O(6), N(1), N(2), N(3), N(5), & N(7). The calix[8]arene is found to adopt a bowl

conformation, whilst Li, O, Al, and N build a polyhedral center. Li(1), Li(2), Li(3), Li(5), Li(6),
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Li(7), and Al(1) all make four bonds, however, Li(4) has five bonds (two views of the core are

shown in Figure 9). H(7D) and H(7E) on the water link to N(4) on MeCN and O(8B),

respectively via H-bonds. There is an intramolecular H-bond interaction between H(4) and O(3)

within the calixarene. Li(4) makes a weak π interaction with the C(1) atom in the neighboring

calixarene ring attached to O(1). The voids are filled with MeCN molecules between molecules

of the complex. In the 1H NMR spectrum, the AlMe2 appears at d –0.81, whilst in the 7Li NMR

spectrum, only 4 distinct lithium resonances are observed. In terms of charge, the 20+ available

from the Li centers and the 2+ from the (AlMe2)
+ is balanced by 12– from the two

calix[8]areneH2s and 8– from the four oxo anions and 2– from the two hydroxide anions.

3.2. Ring opening polymerization

General: With the track record of lithium-based systems for the ring opening polymerization

(ROP) of cyclic esters in mind,[9,16,17] the ability of the complexes herein to perform as catalysts

in the ROP of ε-caprolactone (ε-CL), δ-valerolactone (δ-VL), and rac-lactide (r-LA), in the

presence of one equivalent of benzyl alcohol (BnOH) per lithium present, has been studied.

Results are discussed versus reported calixarene complexes I – III (Chart 3).[9,34]
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Chart 3. Literature complexes I - III. [9,34]

ROP of ε-caprolactone (ε-CL)

The complexes 1-5 were accessed for their potential to polymerize ε-caprolactone and the results

are collected in Table 1. The polymerization tests revealed that the optimum conditions

comprised of 500 equivalents of ε-caprolactone to lithium using a temperature of 130 °C. On

increasing the temperature, the activity of 1 increased, whilst the use of 500 equivalents of

monomer afforded the best conversions. Moreover, for 1 activity was also exhibited when using

low catalyst loading achieving 56% conversion over 8 h when using 1000 equivalents of

monomer. Highest conversion and molecular weight were achieved under no solvent conditions,

with the run showing good control (Polydispersity Index PDI 1.18), which is consistent with

former reports.[35] The polymers obtained possessed polydispersity < 1.85, whilst the Mn were far
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lower than the respective calculated values, which suggested the occurrence of transesterification

processes.[36]

The screening of 1-5 (Table 1; for Mncal, PDIs and TONs, see Table S1, ESI) revealed that under

these conditions, the lithium/aluminum-based complex, namely 5, could achieve higher activities

when compared to the other complexes herein. From Table 4, it can be seen that complexes 1-4

afforded conversions <90% over 24h, whilst for 5, higher conversions (>90%) were achieved

under similar conditions. A kinetic study (Figure 6) revealed that the CL polymerization rate

order is 5 >1 >2 >3 >4. It is evident that the lithiated calix[6]arene complex 1 outperforms the

complexes 2-4, derived from calix[8]arenes; the latter were found to be relatively inactive (Table

1, entries 12-14). The observed activity of 5 was greater than that of the other complexes

screened herein, which we attribute to the presence of the Al centres. [37-42] The enhanced activity

of the 1 versus 2-4 we attribute to the lability of ligands present. This also reflects our

observations when using titanocalix[4]arenes, where the labile ligand present (i.e. MeCN or H2O)

appeared to benefit the catalyst activity.[43] 1H NMR spectra of the polycaprolactone (PCL)

revealed an BnO end group to be present (e.g. Figure S3, ESI). This is in agreement with the

MALDI-ToF mass spectra (e.g. Figure S4, ESI) and is consistent with the polymerization

proceeding via a coordination-insertion mechanism. The MALDI-ToF spectrum revealed a major

family of peaks separated by 114 m/z units, consistent with two OH terminated PCL n-mers (M

= 17 (OH)+ 1(H) + n × 114.14 (CL) + 45.98 (2Na+)), whilst there is also a minor family of peaks

assigned to the polymer terminated with OH and BnO end groups (M = n × 114.12 (CL) +

108.05 (BnOH) + 45.98 (2Na+)). Furthermore, the MALDI-ToF spectrum results also exhibited a
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set of peaks assigned to cyclic PCL (M = n × 114.12 (CL) + 22.99 (Na+)), which contributes

about 25% of the afforded polymer product.

On comparison with the methylene-bridged lithiated calix[4]arene I (Chart 3, left), at 130 oC over

24h and using one equivalent of BnOH, a higher conversion for the systems herein is achieved

(e.g. entries 4 and 21 versus entry 29, Table 1). In the absence of solvent, the conversion

achieved by the mixed Al/Li system 5 over 1 h (entry 27) was somewhat less than that of I (entry

30) though with slightly better control. However, over 24h under air, the trend was reversed with

5 outperforming I (entries 25 v 31). In the case of the titanocalix[6 and 8]arenes II and III,

complex II (entry 34) performs less well than those herein in terms of conversion affording in

general lower molecular weight products but with slightly better control. The titanocalix[8]arene

III performs slightly better than lithiated calix[8]arenes 3 and 4 (entries 35, 36) under the same

conditions.

The active species in such lithiated systems is likely similar to that proposed for other

multi-metallic lithium systems employing chelating phenoxides. For example, for the system

derived from 2,2-ethylidene-bis(4,6-di-tert-butylphenol),[18] the ROP proceeds via monomer

coordination to adjacent lithium centres and then attack by the benzyl alkoxy group (from

addition of BnOH) at the ester carbonyl. A coordination-insertion mechanism thus proceeds. We

have heated the clusters for prolonger periods (24h) at reflux in toluene-d8, and we see no

changes in the 1H NMR spectra. We conclude from this that the clusters are thermally stable at

the temperatures employed for the ROP runs.
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Table 1. ROP of ε-CL using 1 – 5 and I-III.

Entr

y

Cat

.

CL: Li:

BnOH

t (h) Conva

(%)

Mn,GPC×10–3b Mw×10–3b TOF (h-1)c

1 1 1000: 1: 1 8 56.0 5.20 7.45

70

2 1 500: 1: 1 8 59.4 5.34 7.87 37

3 1 250: 1: 1 8 49.9 4.63 5.58 16

4 1 100: 1: 1 8 52.4 4.49 6.64 7

5d 1 500: 1: 1 8 29.7 1.96 2.37 19

6e 1 500: 1: 1 8 - - - -

7 2 500: 1: 1 8 55.6 5.58 7.84 35

8 3 500: 1: 1 8 50.7 4.93 6.45 32

9 4 500: 1: 1 8 28.4 1.54 1.68 18

10 5 500: 1: 1 8 95.3 12.78 19.20 60

11 1 500: 1: 1 24 81.2 6.35 7.36 17

12 2 500: 1: 1 24 75.9 5.85 9.37 16

13 3 500: 1: 1 24 67.2 5.23 6.94 14

14 4 500: 1: 1 24 34.9 2.25 4.12 7

15 5 500: 1: 1 24 98.5 13.54 20.11 21

16 1 500: 1: 0 24 55.2 4.10 5.78 12

17 2 500: 1: 0 24 52.4 4.18 4.68 11

18 3 500: 1: 0 24 - - - -

19 4 500: 1: 0 24 - - - -

20 5 500: 1: 0 24 69.1 6.43 9.28 14

21 5 100: 1: 1 24 >99 9.85 12.95 4
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22f 1 100: 1: 0 24 74.5 7.61 8.41 3

23f 3 100: 1: 0 24 60.7 6.82 7.69 3

24f 5 100: 1: 0 24 >99 9.92 13.56 4

25f,g 5 100: 1: 0 24 27.9 1.43 1.67 1

26f 5 100: 1: 0 6 89.7 7.65 10.85 15

27f 5 100: 1: 0 1 34.5 1.86 2.79 35

28f 5 100: 1: 0 15
min.

15.4 0.72 0.95
62

29 I 100: 1: 1 24 20 - - 0.8

30f I 100: 1: 0 1 80 16.13 28.71 80

31f,g I 100: 1: 0 24 14 - - 0.6

32 3 500: 1: 3 24 75.4 5.24 7.21 16

33 5 500: 1: 3 24 >99 13.54 22.91 21

34 II 500: 1: 3 24 20 2.69 3.22 4

35 3 250: 1: 1 24 60.1 3.86 5.12 6

36 4 250: 1: 1 24 39.7 1.64 2.24 4

37 III 250: 1: 1 24 74 6.61 8.13 8

a Determined using 1H NMR spectroscopy. b The values were corrected using the Mark–Houwink factor (0.56) from
polystyrene standards in THF. c Turnover frequency (TOF) = TON/time (h). d Conducted at 100 oC. e Conducted at 80
oC. f Reaction performed without solvent. g Reaction performed in air.

ROP of δ-valerolactone (δ-VL)

Complexes 1-5 were also screened for their potential to act as catalysts, when using one

equivalent of BnOH, in the ROP of δ-VL (Table 2; for Mncal, PDIs and TONs, see Table S1,

ESI). Using 1, the temperature and [Li]:[δ-VL] ratio were varied. When elevating the

temperature to 130 °C and on lowering the ratio of monomer to catalyst, best observed results

were obtained at 130 °C for an [Li]:[δ-VL] of 1:500 over 8 h. As observed for the ROP of ε-CL,

a kinetic study (Figure 11) yielded the catalytic activity order: 5 >1 >2 >3 >4, and we assume the
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same factors are at play here, i.e. labile ligation in 1 and the Al center in 5. As in the case of the

ROP of ε-Cl, transesterification was evident and almost all observed Mn values were far lower

than calculated values. MALDI-ToF mass spectra of the PVL (e.g. Figure S5, ESI) revealed a

series (about 50%) of peaks consistent with a chain polymer bearing BnO and OH end groups [M

= 108.05 (BnOH) + n × 100.12 (VL) + 22.99 (Na+)]. Furthermore, a second set of peaks (about

50%) were attributed to cyclic PVL [n × 100.12 (VL) + 22.99 (Na+)]. The presence of a BnO end

group was evident from the 1H NMR spectra of the PVL (e.g. Figure S6, ESI).

Comparison of 5 versus lithiated calix[4]arene I in the absence of solvent over 1 h (entries 13 v

18) indicated a better performance for I, with a slightly higher conversion, a larger molecular

weight product and better control. In the case of the titanocalix[6]arene II, conversion is

comparable with the lithiated complex 3 but inferior to the mixed-metal complex 5 (entries

19-21) under related conditions (only the amount of BnOH varied); II exhibited better control.

For III, the trend was similar with better conversion shown by the mixed-metal system 5, but

poorer conversion seen for lithiated 3 under the same conditions.

Table 2. ROP of δ-VL using 1 – 5 and I-III.

Entry Cat. VL: Li: BnOH t (h) Conva (%) Mn,GPC×10–3b Mw×10–3b TOF (h-1)c

1 1 1000: 1: 1 8 52.4 5.23 9.59 66

2 1 500: 1: 1 8 58.1 5.97 9.42 36

3 1 250: 1: 1 8 49.5 5.52 6.11 15

4 1 100: 1: 1 8 44.8 3.64 5.69 6

5d 1 500: 1: 1 8 35.2 2.56 4.26 22

6e 1 500: 1: 1 8 - - - -

7 2 500: 1: 1 8 54.9 5.96 9.45 34
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8 3 500: 1: 1 8 47.9 3.73 4.16 30

9 4 500: 1: 1 8 33.0 1.68 2.11 21

10 5 500: 1: 1 8 89.4 11.54 18.65 56

11f 5 100: 1: 0 24 >99 15.69 16.56 4

12f 5 100: 1: 0 12 96.1 12.14 14.33 8

13f 5 100: 1: 0 1 36.5 2.12 4.45 37

14 3 500: 1: 3 24 62.1 4.85 6.24 13

15 5 500: 1: 3 24 >99 12.39 15.35 21

16 3 100: 1: 0 1 8.5 - - 9

17 5 100: 1: 0 1 20.9 1.76 3.35 21

18f I 100: 1: 0 1 46.0 16.36 22.74 46

19 II 250: 1: 3 24 45.8 6.36 7.18 5

20 3 250: 1: 2 24 41.5 3.48 5.61 4

21 5 250: 1: 2 24 >99 8.93 15.19 10

22 III 250: 1: 2 24 69.6 13.00 17.81 7

a As determined using 1H NMR spectroscopy. b The values were corrected using the Mark–Houwink factor (0.57)
from polystyrene standards in THF. c Turnover frequency (TOF) = TON/time (h). d Conducted at 100 oC. e Conducted
at 80 oC. f Reaction performed without solvent.

ROP of rac-lactide

The lithiated species herein were also screened for their potential to act as catalysts for the ROP

of r-LA (Table 3; for Mncal, PDIs and TONs, see Table S1, ESI). Best conversion was observed

when using the aluminum complex 5 (56.6%, Table 3, entry 5), whilst for the lithiated

calix[n]arenes 1 to 4, the trend for conversions followed the order 1 >2 >3 >4. This is the same as

the trend noted for both PCL and PVL formation, and again we put this down to either the

presence of the more active aluminum centre (for 5) or the presence of more labile ligands (in 1)

which allow for better access to the monomer. The observed polymer Mn value was smaller than
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the calculated value albeit with narrow molecular weight distribution (6580 and 1.16,

respectively). For systems 1-5, all of the polymers obtained exhibited relatively narrow

polydispersity (PDI < 1.75), which we ascribe to moderate control of the polymerization process.

However, use of complex 4 resulted in only 32.5% monomer conversion, and the isolation of low

molecular weight species. 1H NMR spectra for the PLA samples revealed a BnO end group to be

present (e.g. Figure S7, ESI), which is in agreement with the MALDI-ToF mass spectra (e.g.

Figure S8, ESI). Analysis by MALDI-ToF mass spectra was conducted in the positive-linear

mode with the expected series corresponding to repeating unit mass of 72/144 for half/full LA

and a chain terminated by OH and BnO end groups [M = 108.05 (BnOH) + n × 72.06 (C3H4O2) +

22.99 (Na+)]. Furthermore, the MALDI-ToF spectrum also revealed a minor (ca. 10% of the

total) peak series assigned to cyclic PCL (M = n × 72.06 (C3H4O2) + 22.99 (Na+)). 2D J-resolved

1H NMR spectroscopy was employed to determine the syndiotactic bias; for the methine area

(5.13-5.20 ppm) of the spectra, see for example Figure S9 (ESI).[44,45] The peaks/tetrads were

assigned based on literature reports.[46,47] The observed value Pr (Pr = probability of racemic

linkages) suggested all the catalysts afforded almost heteroatactic polymers.

Comparison versus lithiated I indicated that under solvent-free conditions (entries 7, 8) complex

5 outperforms I, whilst in toluene at 150oC, 5 exhibits comparable behavior to titanocalix[6]arene

II (entries 9, 10) and outperforms III (entry 12) under the same conditions.

Table 3. ROP of rac-lactide over 24h using 1 – 5 and I-III.

Entry Cat. LA: Li: BnOH T/°C Conva

(%)
Mn,GPC×10–3b Mw×10–3b Prc TOF (h-1)d

1 1 500: 1: 1 130 55.1 4.63 7.56 0.45 11
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2 2 500: 1: 1 130 50.7 4.45 6.78 0.51 11

3 3 500: 1: 1 130 39.4 2.36 3.20 0.46 8

4 4 500: 1: 1 130 32.5 1.08 1.24 0.54 7

5 5 500: 1: 1 130 56.6 6.58 11.18 0.56 12

6 5 100: 1: 0 150 62.1 6.68 9.42 0.60 3

7 5e 100: 1: 0 150 84.1 12.23 17.39 0.56 4

8 Ie 100: 1: 0 150 18 - - - 1

9 5 500: 1: 3 150 85.6 8.23 12.52 0.45 18

10 II 500: 1: 3 150 87 8.19 10.56 0.51 18

11 5 250: 1: 1 150 91.4 7.55 10.52 0.45 10

12 III 250: 1: 1 150 8.2 - - - 1

a As determined using 1H NMR spectroscopy of the crude reaction mixture. b The values were corrected using the
Mark–Houwink factor (0.58) from polystyrene standards in THF. c Using 2D J-resolved 1H NMR spectroscopy. d

Turnover frequency (TOF) = TON/time (h). e Solvent free conditions.

ROP of ω-pentadecalactone

In order to improve the polymers thermal properties, the ROP of the ω-pentadecalactone was

also investigated. However, the systems herein proved to be ineffective as catalysts for the ROP

of ω-pentadecalactone either as melts or at elevated temperatures (130 oC) in solution.

Kinetics

A kinetic study on the ROP of ε-CL for 1-5 revealed that the polymerization rate exhibited

first-order dependence on ε-CL concentration (Figure 10(a)), and the monomer conversion

observed over 420 min was >20%. In this case, the activity trend revealed that 5 exhibited the

highest activity with the order as 5 >1 >2 >3 >4. For all complexes, an induction period of 2 h is
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observed, and this is ascribed to the time needed to form the catalytically active species; a similar

situation was evident for δ-VL polymerization (Figure 11).

The Mn and molecular weight distribution dependence on the monomer conversion in the

reactions catalyzed by 1, 3, 5 with BnOH was probed (Figure 12). For ε-CL, the Mn of the

polymer was found to increase in linear fashion with conversion, and this is consistent with a

well-controlled polymerization (Figure 12, left); the situation observed using δ-VL was similar

(Figure 12, right).

Figure 10. (a) The relationship between conversion and time in the ROP of ε-CL using

complexes 1-5; (b) Plot of ln[CL]0/[CL]t vs. time for the ROP of ε-CL using 1-5; Conditions:

T=130 °C, nMonomer: nLi: BnOH=500: 1: 1.
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Figure 11. (a) The relationship between conversion and time for the ROP of δ-VL using

complexes 1-5; (b) Plot of ln[VL]0/[VL]t vs. time for the ROP of δ-VL using 1-5; Conditions:

T=130 °C, nMonomer: nLi: BnOH=500: 1: 1.

Figure 12. Left: A plot of Mn vs. monomer conversion for the ROP of ε-CL using 1, 3 and 5;

Right: A plot of Mn vs. monomer conversion in the ROP of δ-VL using 1, 3 and 5; Conditions:

T=130 °C, nMonomer: nLi: BnOH= 500:1:1

4. Conclusion

In this work, rare examples of lithium complexes of larger p-tert-butylcalix[n]arenes (n = 6, 8)

are reported. The molecular structures reveal how flexible these macrocycles can be, and

emphasize their ability to simultaneously support multiple metal centers, which leads to the
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adoption of some interesting structural motifs. The complexes proved active in the ROP of

ε-caprolactone (ε-CL), δ-valerolactone (δ-VL) and rac-lactide (r-LA), with the mixed

lithium-aluminum complex [(AlMe2)2Li20(L
8H2)2(OH2)4(O

2–)4(OH)2(NCMe)12]·10MeCN

(5·10MeCN) proving to be the most active and exhibiting first order kinetics. Low molecular

weight products were obtained but with good control.
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