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Interaction of [Sc(OR)z] (R = iPr or triflate) with p-tert-butylcalix[n]
arenes, where n = 4, 6, or 8, affords a number of intriguing struc-
tural motifs, which are relatively non-toxic (cytotoxicity evaluated
against cell lines HCT116 and HT-29) and a number were capable
of the ring opening polymerization (ROP) of cyclohexene oxide.

Ring opening polymerization (ROP) catalyzed by metal alkox-
ides is one of the promising avenues being pursued to access
more environmentally friendly polymeric materials."” For the
metal catalyst, it is desirable if the ligands employed can be
readily modified to allow for a degree of control, that they are
of low toxicity, and that the catalyst can operate under rela-
tively mild conditions. Chelating ligands, including macro-
cyclic systems are proving to be suitable options.® The family
of phenolic macrocycles called calix[n]arenes, where n rep-
resents the number of phenolic groups, has found widespread
use in a variety of catalytic applications, partly due to facile
synthesis and modification.? In the case of the ROP of cyclic
esters, a number of titanocalix[4]arenes have been successfully
employed,® whilst the use of other metals has produced mixed
results.>” Given the success of scandium-based systems in a
variety of catalytic processes,® we have initiated investigations
into the use of scandium-based metallocalix[n]arenes for the
ROP of epoxides, and herein focus on cyclohexene oxide
(CHO). Interest in this polyether stems from the favorable
characteristics displayed by poly(CHO), e.g. high insulating
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properties, resistance to UV light, and high glass transition
temperature.’ Moreover, given CHO is a waste product of the
petroleum industry, there is also interest in CHO/CO, co-poly-
merizations.'® Reports of scandium calix[n]arenes are scant,""
as are structural reports on oxo-alkoxide/hydroxide scandium
clusters.”” In terms of ROP, a variety of non-calixarene scan-
dium catalysts have been employed with some success."
Scandium triflate is an effective catalyst for the ROP of CHO in
the ionic liquid 1-n-butyl-3-methylimidazolium tetrafluoro-
borate."* We note that a calix[6]arene scandium complex has
been employed in the ROP of 2,2-dimethyltrimethylene car-
bonate,"® although the molecular structure of the complex, as
determined by X-ray diffraction, was not reported. Our entry
points into this chemistry are the commercially available
reagents [Sc(OTf);] (Tf = triflate) and [Sc(OiPr);] (iPr = isopro-
pyl, see Schemes S1 and S27), and we have investigated their
interaction with the p-tert-butylcalix[n]arenes, where n = 4
(L"H,), 6 (L°Hg), and 8 (L°Hy).

Use of [Sc(OTf);]: treatment of L*H, with two equivalents of
the triflate in the presence of triethylamine in DMSO/acetone
afforded, following work-up, the complex [(Sc,0,)L*,(DMSO)g]
(1) in moderate yield. The molecular structure is shown in
Fig. 1 (left), with selected geometry given in the ESL{ The four
pseudo-octahedral Sc ions form part of an 8-membered metal-
locyclic core, which can be viewed as a distorted square com-
prising an Sc,0, unit, capped above and below by a Sc ion
linked to the square via the bridging oxygens. Each of the
central Sc ions is bound by two DMSO ligands, whilst the
capping Sc ions are bound by one DMSO ligand. The central
core (Fig. S1, ESIY) is further capped by two fully deprotonated
L' ligands, which are rotated by about 180° to each other and
encapsulate within each bowl one of the ‘Sc-capped’” DMSO
ligands.'® Increasing the size of the calix[n]arene to n = 6
(L°Hg) led, on interaction with the triflate precursor [Sc(OTf),],
in the presence of Et;N in DMSO/acetone, to the complex
[(L%),Sc4(DMS0),]-2DMSO-2acetone (2-2DMSO-2acetone). The
molecular structure is shown in Fig. 1 (centre); selected bond
lengths/angles are given in the ESIL.f A central Sc,O, square
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Fig. 1 Left: Molecular structure of [(Sc4O,)L*(DMSO)¢l-4DMSO (1-4DMSO). Centre: Molecular structure of [(L®),Sc4(DMSO),4]-2DMSO-2acetone
(2:2DMSO-2acetone). Right: molecular structure of complex [Sc(L®Hs)(DMSO);]-iDMSO-4iMeCN (3-IDMSO-4iMeCN). The hydrogen atoms, solvent
of crystallization and the tBu groups are removed for clarity in the central figure.

formed from trigonal bipyramidal 5-coordinate Sc ions (z =
0.742)"7 joins two calix[6]arenes; each Sc is bonded to three
oxygens from one calix[6]arene, one bridging oxygen (04) from
the other, and a molecule of DMSO. The other three oxygen
atoms of each calix[6]arene coordinate to another Sc ion;
coordination about this distorted octahedral Sc is completed
by three molecules of DMSO. Each L° macrocycle is severely
twisted to accommodate the bulky Sc(DMSO) fragments. The
whole arrangement is centrosymmetric.

Similar use of L®Hg led to the formation of pale-yellow
[Sc(L°H5)(DMSO0),]1DMSO-41MeCN  (3-1DMSO-41MeCN), (see
Fig. 1 right; selected bond lengths/angles in ESIT). Three calix-
arene phenolate oxygens are bound to the Sc(ui) centre, balan-
cing the charge, in a mer conformation. Remaining calixarene
phenolic oxygens form hydrogen bonds to their neighbours in
a group of two and a group of three.

Use of [Sc(OiPr);]: the use of [Sc(OiPr);] led to very
different products. In the case of reaction with L*H, in an
equimolar ratio, following work-up (refluxing MeCN), the
complex {Sc;O(L*Hy s),[L*H(Na(NCMe), 5)o.5]Sc(NCMe);}-19MeCN
(4-19MeCN) (4-19MeCN) was isolated (Fig. 2, left). The core
comprises a tetrahedral cluster of four Sc ions around a central
oxide. About this cluster lie three calix[4]arenes. Three of the
Sc ions lie in a distorted octahedral environment bound to an
oxide ion and 5 oxygen atoms from calix[4]arenes, and the

(left to
(5-17MeCN),

structures of
[Sca(Lh)s(L*H)1(0)5(OH)35(OH,),]-17MeCN
(OH)2(NCMe),4]-6.14MeCN (8). For clarity, hydrogen atoms and tBu groups are not shown.

Fig. 2 Molecular right):

This journal is © The Royal Society of Chemistry 2021

(L*)2(L*H)4Sco(OH)((H,0)(MeCN) 4]-11MeCN

other Sc is 7 coordinate, bound by oxide, three oxygen atoms
of calixarene and three molecules of acetonitrile. Attached to
one end of this cluster is a sodium ion. There are two poly-
morphs of this compound. For further discussion of these struc-
tures, see ESL.t On changing the molar ratio to 2:1 (Sc: calix),
the product, following work-up, was found to possess the com-
position [Scg(L*)5(L*H),(0)s(0OH);(OH,),]-17MeCN (5-17MeCN),
Fig. 2, second left. A view of the core is shown in Fig. S5 (ESIT)
along with selected bond lengths/angles. Interest here is that
this compound contains an oxo cluster containing 8 Sc ions in
various coordination geometries. 7 of them are 6-coordinate
but one is 7-coordinate. There is oxide or hydroxide too, and
bound to this cluster are 4 L* molecules. Three of these are in
a normal bowl configuration but the fourth is twisted so that
one side of the bowl lies flattened. The aromatic ring subtends
an angle of ~74° to the central plane of the L*, much more
open than the normal angle of 23°. Acetonitrile is bound to
complete the coordination about the Sc.

From the acetonitrile extraction, a small amount of colour-
less prisms was isolated that were found to possess a huge
unit cell (volume ~28 600 A) with a large asymmetric unit, Z =
8 in space group C2/c. Interestingly, this product revealed
high nuclearity for which the structural formula is
[(L*),(L*H)4Sco(OH),(H,0)(MeCN),]-11MeCN (6-11MeCN, Fig. 2,
third left). It is not clear from the diffraction data exactly how
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many of the hydroxide anions should be formulated as oxide. The
cluster is centrosymmetric and contains a central core of four ScOg
distorted octahedra and two distorted ScOsN octahedra that share
edges. These are capped by further ScOs distorted octahedra that
share corners with the other six. There are further Sc ions surround-
ing this block that are partially occupied and have a coordination
number four. The cluster is surrounded by six calix-4 molecules,
four of which are completely deprotonated and the oxygen atoms
coordinate to the Sc ions; the other two have a single proton only,
and coordinate through the oxygen atoms. To emphasise the struc-
ture one might formulate this as [(calix-4)s(Sc(OH))s]Sc;(MeCN),-
11MeCN where the cluster is enclosed in square brackets. The
coordination about the Sc is completed by MeCN. Reaction of
[Sc(OiPr);] (two equivalents) with L°H, afforded, following
work-up (MeCN), the complex [(L°H,)Sc,(OH),(NCMe),],-12MeCN
(7-12MeCN), see Fig. S7.1 There are two different types of sym-
metry-related, distorted octahedral Sc centre present, linked
via two asymmetric hydroxo bridges O(7)/O(8); the coordi-
nation sphere for Sc(2) also comprises an acetonitrile ligand
which is involved in H-bonding to O(3) and O(6).

Reaction of [Sc(OiPr);] (four equivalents) with L°Hg led,
following work-up, to the complex [Sc,Na(L®Hs),(OiPr)
(OH),(NCMe),]-6.14MeCN (8:6.14MeCN). Each Sc** is 6-coordi-
nate octahedral, but the coordination environments are all
different, see Fig. 2, right. For a fuller description of this struc-
ture, see Fig. S10 (ESIf). The sodium present in 8 is likely to
derive from the drying agent of the solvents used for the
reaction, and is serendipitously incorporated into the structure.

Polymerization studies

Complexes 1, 4, and 8, along with their [Sc(OR)s] precursors,
have been tested as catalysts in the ROP of e-caprolactone
(e-CL), &-valerolactone (8-VL), r-lactide (7-LA) and cyclohexene
oxide (CHO) (Table 1). While [Sc(OiPr);], 1 and 8 proved com-
pletely inactive regardless of the monomer, [Sc(OTf);] was
shown to efficiently convert e-CL and CHO into their corres-
ponding polymers under solvent-free conditions within 24 h.
This was consistent with previous reports describing the cata-
Iytic activity of [Sc(OTf);] in the ROP of cyclic esters and CHO."®
Complex 4 proved active in the ROP of e-CL and CHO, albeit
affording low molecular weight oligomers. Finally, 8 allowed for
65% conversion towards a poly-cyclohexene oxide having a M,
of 5770 Da and polydispersity of 1.61. For comparison purposes,
the Sc-oxacalix[3]Jarene complex reported by Hampton et al''*
was tested in the ROP of CHO. Interestingly, although complete
monomer conversion was achieved, the M, of the polymer (1050
Da) was somewhat lower than that isolated with 8. Moreover,
MALDI-ToF analysis of the sample indicated the formation of
both a-H-w-OH-terminated and cyclic species (see ESIT).

Cell viability studies

Given there is often catalyst contamination in polymers, we
have tested a number of the complexes (1, 2, and 7) against the

8304 | Dalton Trans., 2021, 50, 8302-8306

View Article Online

Dalton Transactions

Table 1 Sc-catalysed ROP of cyclic esters and cyclohexene oxide

Conv.* M,”
Run Mon. Cat. Mon.:Sc:BnOH (%) (kDa)
199 eCL 1 200:1:0 None  —
2be 200:1:1 11 n.d.
3de 200:1:0 None  —
q%e 200:1:1 7 n.d.
54¢ 4 200:1:0 77 Oligom.
657 8 200:1:0 None  —
764 200:1:1 None  —
gde 200:1:0 None  —
9%e [Sc(0iPr),] 200:1:0 10 n.d.
10%¢ [Sc(OTf)s] 200:1:0 >99 3.70
11%  &VL 8 200:1:0 None  —
12%¢  rLA 8 200:1:0 None  —
13/ CHO 4 200:1:0 70 Oligom.
14 8 200:1:0 65 5.77
159/ [Sc(OiPr),] 200:1:0 None  —
165/ [Sc(OTf)s] 200:1:0 >99 2.07
179 Sc-oxacalix''®  200:1:0 >99 1.05

“Determined by "H NMR spectroscopy on the crude reaction mixture.
b Determined by GPC. °Reaction in toluene. ¢ Reaction performed at
130 °C. ¢ Reaction under solvent-free conditions. /Reaction performed
at 75 °C. n.d. = not determined. Oligom. = low molecular weight
oligomers.

cancerous cell lines HCT116 and HT-29 in order to evaluate
their cytotoxicity. These experiments were carried out over a
multi-range of concentrations to determine the amount of
compound required to reduce cell growth by 50%. The results
showed that the complexes are non-toxic at concentrations
likely to persist as contamination in resultant polymers. The
ICs, for all complexes fell in the range between 2.23 uM and
14.96 pM (Table 2) which were determined using the cell viabi-
lity assay; MTS graphs for treatment of HCT116 and HT-29
cells with 1, 2, and 7 are shown in Fig. S13.7 To obtain more
information on the mechanism of cell death, colorimetric
MTS tests were performed. It is worth noting that all com-
plexes at higher concentrations (1.59 to 780 pM) are signifi-
cantly toxic. However, at lower concentrations (0.78 to
0.00156 pM), all complexes exhibit non-toxicity to all cells
tested.

The relatively higher number of the counted viable cells
found at these concentrations after 24 h of treatment indicates
that the complexes are safe and can be used for catalytic pur-
poses. From the ICs, it is clear that compounds 1 and 7 are
more toxic for colorectal cancer HCT116 than compound 2,
evidenced by the ICs, values of 2.36, 2.23, and 11.27, respect-
ively. The ICs, values obtained for compounds 1, 2, and 7
against HT-29 are, 11.13, 14.96, and 9.50 puM respectively.
From the obtained cytotoxicity data, it was concluded that
these complexes, at specific concentrations, can be safely used

Table 2 ICsq (UM) values for calix compounds 1, 2, and 7

Compound HCT116 HT-29

1 2.23 +3.55 11.13 £ 4.63
2 11.27 £2.40 14.96 = 1.37
7 2.36 +1.74 9.50 + 1.26

This journal is © The Royal Society of Chemistry 2021
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for catalysis. For a toxicity comparison versus other metallo-
calixarenes and cisplatin, see ESL.{

In conclusion, we have isolated and structurally character-
ized a number of rare examples of scandium calix[n]arenes
(n = 4, 6, 8) using either [Sc(OTf);] or [Sc(OiPr);] as the entry
point. A number of unusual structures have been identified,
particularly when employing the tris(isopropoxide) as starting
material. The products are relatively non-toxic, and in the case
of 4 and 8, are capable of the efficient ROP of cyclohexene
oxide, affording poly(CHO) of molecular weight ca. 5700 and
with reasonable control (PDI ca. 1.8).
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