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Reactions of différent combinations of group V alkoxides or tung-
sten oxyalkoxide salts with p-tert-butylcalix[8]lareneHs (L%Hg)
affords mixed-metal calix[8]arene systems. Intruiging molecular
structures are formed and the systems are capable of the ring
opening polymerisation of ¢-caprolactone under Ny, air, or as melts
affording mostly low molecular weight products.

The use of calix{n]arenes as ancillary ligands in metal-based
catalysis continues to attract interest, driven in part by the
facile functionalisation of calixarenes as well as the tendency of
such systems to form highly crystalline products.” In the case of
the larger calix[n]arenes (n > 6), there is the increased possi-
bility of simultaneously coordinating multiple metal centres.’
Over the last decade or so, a number of metallocalix[n]arenes
have been shown to be useful catalysts for the ring opening
polymerisation (ROP) of cyclic esters.®> Such a ROP process has
become topical given the need to find alternatives to petroleum-
derived plastics.? In ROP, the use of heterometallic catalysts is
an emerging area,® whilst the use of polymetallic systems has
also been deemed favourable.® The driving force in such
studies is the possibility that cooperativity between metal
centres can lead to enhanced catalytic performance versus
homometallic or mono-metallic counterparts.” In our previous
work, we have reported vanadium-containing calixarenes, and
have been able to structurally characterise examples containing
one, two, three, or four vanadyl centres bound to a calix[8]arene.®
Our entry into such systems is typically via the use of alkoxides of
the form [V(O)(OR);] (R = Et, nPr), which react with the parent
calixarene with loss of alcohol (ROH). Herein, we have extended
our investigations to the synthesis of mixed-metal calix[8]arene
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systems, containing either different group V metals or combina-
tions of group V and VI metals, formed via the use of alkoxide
precursors. The potential of such systems to act as catalysts for
the ROP of e-caprolactone has been investigated. We note that
mixed-metal calixarene complexes are limited to Fe,Ln, p-tert-
butylcalix[4]arene clusters (Ln = lanthanide)®® and MNi, (M = Mn,
Co, Cu) p-tert-butylthiacalix[6Jarene clusters.”®

Our entry point into this chemistry are the commercially
available reagents [M(OEt)s] (M = Nb, Ta), [VO(OR);] (R = iPr,
nPr), [MoO(OiPr),] and the in situ generated Li[WO(OtBu)s].
Treatment of L*Hg with one equivalent each of [VO(OiPr),;] and
[NDb(OEt)s] afforded, following work-up, the complex [{Nb(OiPr)-
(NCMe)},(1-0)5(VO),(L¥)]-8MeCN (1-8MeCN) in moderate yield;
the molecular structure of 1-8MeCN is shown in Fig. 1 (for
packing see Fig. S1, ESIf). In the IR spectrum, v(CN) for the
coordinated/free acetonitrile are observed at 2289/2251 cm™*,
whilst the strong band at 1013 cm ™" is assigned to ¥W=—0; bands
in the region 800-600 cm ™" are assigned to ¥Nb-O-Nb and vNb-
O-V. The formula given is the asymmetric unit. The two

Fig. 1 Molecular structure of [{Nb(QiPr)(NCMe)},(p-0)3(VO),(LE)]-8MeCN
(1-8MeCN).
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octahedral niobium(v) centres are bridged by a near symmetric,
slightly bent [Nb(1)-O(11)-Nb(2) = 162.73(14)°] oxo bridge. Each
niobium centre is bound by an isopropoxide ligand, an MeCN
and cis bonds to two calixarene phenolate oxygens, whilst the two
tetrahedral vanadium centres bridge to one Nb each via an oxo
bridging ligand. Each V** has a second, terminal, oxo ligand, and
this vanadyl bond length at 1.603(2) A is in the range [1.593(2)-
1.695(4) A] typically observed for this function.® The two VO,"
moieties are both ‘above’ the Nb-O-Nb unit in the heart of the
complex.

This type of structural motif seems quite general, given that
similar use of [Ta(OEt)s] also led to an isostructural complex,
namely {[Ta(OiPr)(NCMe)],(1-0);(VO),(L%)}-6.5MeCN (2-6.5MeCN),
differing only in the number of MeCNs of crystallisation (Fig. S2,
ESIf). In the IR spectrum of 2-6.5MeCN, a band at 1012 cm ™" is
assigned to WW=—0.

Surprisingly, replacing [VO(OiPr);] with [VO(OnPr);] led,
following work-up, to the isolation of the complex [Nb,-
(VO),{VO(OnPr){V(NCMe),}(11-0nP1), (113-0)(112-0),(L%)]- 7MeCN
(3:7MeCN), see Fig. 2 and Fig. S3 (ESIf). In the IR spectrum,
the strong band at 1021 cm™' is assigned to VV=0. Whilst
the metal centres V(1) and V(2) do not coordinate to the
calix[8]arene, the other four metal centres each coordinate to
two adjacent calix[8]arene phenolates. The V(1) centre adopts a
distorted octahedral geometry where the coordination sphere is
completed by two acetonitrile ligands. The V(2) centre is dis-
torted trigonal bipyramidal, as confirmed by the Reedijk criteria
(t =0.06),"° and is bound by all three of the n-propoxide ligands;
two of the latter form bridges to the two octahedral niobium
centres. It is noteworthy that whilst three of the vanadium
centres are of the vanadyl [V=—0] type, V(3) is not.

The vanadyl bond lengths [1.566(3)-1.588(3) A] are compar-
able with those observed in 1.8MeCN [1.589(3) and 1.603(2) A]
and 2 [1.583(8) and 1.603(7) A]. The geometry at both V(3) and
V(4) is tetrahedral, with each metal lying above/below the

Fig. 2 Molecular structure of [Nb,(VO){VO(OnPr){V(NCMe),}(uo-OnPr),-
(13-O)(2-0),(L8)]-7MeCN (3-7MeCN).
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approximate plane formed by the other four metal centres.
Within the core, a 6-membered triangle is formed involving
Nb(1), Nb(2), V(1) and three oxo bridges. A second triangle is
formed by V(1), V(3), Nb(1) and three p,-oxo bridges. Moreover,
two diamond motifs are generated by the ligation between V(2),
two bridging n-propoxides, a p;-oxo and the niobium centres.
Platon suggests that the V(1) centre is the 4+ centre.""

In an attempt to extend this chemistry to mixed group V/VI
systems, [M(OR)s] (M = Nb, Ta) was reacted with L®Hg in the
presence of [WO(OtBu),]. However, the crystals isolated consistently
suffered from severe disorder making structure elucidation proble-
matic. Given this, it was decided to employ a salt complex of the
form Li{WO(OtBu)s] as the entry point, which was generated in situ
via interaction of [WO(OtBu),] with LiO¢Bu, akin to the method of
Wilkinson et al.' for other metal salts.

Interaction of LifWO(OtBu)s], [Nb(OR)s], and L®Hg led, after
work-up (MeCN), to the isolation of orange/red -crystals
of [{WO(NCMe)},(11,-0),Nb(NCMe)(p1,-O)Li(NCMe)(L?)]- 4MeCN
(4-4MeCN), see Fig. 3 and Fig. S4 (ESIY). In the IR spectrum, a
band at 915 cm ™' is assigned to YW=O0, whilst bands at 2318/
2294 cm™' are assigned to the metal-bound acetonitrile
ligands. The two octahedral W(vi) centres have three (mer)
bonds, a terminal oxo group, a near linear oxo bridge (to Nb)
and an acetonitrile ligand. The W=—O0 bond lengths [1.691(4)
and 1.710(3) A] are in good agreement with others observed in
tungstocalixarenes.”® The Nb(v) centre is also octahedral but
with two cis bonds to the calixarene, three fac bonds to bridging
oxo groups (two to W, one to Li) and an acetonitrile ligand. The
Nb-N bond lengths [2.416(4) and 2.449(4) A] are slightly longer
than those observed in a number of reported niobium aryloxide
acetonitrile species [2.220(13)-2.321(2) A].* The tetrahedral Li
centre bonds to two calixarene oxygens, the oxo bridge to
niobium, and an acetonitrile ligand.

Given the presence of oxo bridges in 4-4MeCN, the reaction
was repeated using L®Hg that had been subject to prolonged
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Fig. 3 Molecular structure of one of two similar molecules in the asym-

metric unit of [{WO(NCMe))Z(pz—O)ZNb(NCMe)(uz-O)Li(NCMe)(LB)]-4MeCN
(4-4MeCN); solvent of crystallization omitted for clarity.

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 Molecular structure of [LIINCMe){WO(OtBu){WO(OEt),(OtBu),}-
{NbO(OEt)(OtBU),}LE]-3MeCN (5-3MeCN); solvent of crystallization omitted
for clarity.

drying (48 h at 100 °C under vacuo). Following work-up (MeCN),
small red prisms were isolated. In the IR spectrum, a band at
921 ecm ' is assigned to YW=—O, whilst bands in the region
820-600 cm " are assigned to YW-O-W and yNb-O-W. A single
crystal X-ray diffraction study revealed the product to be
[Li(NCMe),{WO(OtBu) {WO(OEt) ,(OtBu),{NbO(OEt),(OtBu) ;}-
L%]-3(MeCN) (5-3MeCN), Fig. 4 and Fig. S5 (ESI). Again, the
presence of two octahedral W(vi) centres and a Nb(v) centre is
clear and these are bridged by three oxo ions O(9), O(10), and
O(11). The oxygen bridging the two tungsten centres is also
coordinated to a lithium centre. The W=—O bond lengths
1.775(3) and 1.765(3) A are slightly longer than those observed
in 4-4MeCN, but are still in good agreement with others
observed elsewhere."? Interestingly, the structure is stabilised
via eight weak hydrogen bonding interactions between CH,
groups of the calix[8]arene ligand and respective metal coordi-
native phenolate oxygen atoms, see ESL{ The three transition
metals form a triangle, and the lithium ion is in the same
plane, whilst the calix[8]arene adopts a saddleback conforma-
tion; alkoxide ligands are in the two main cavities.

Interaction of Li{WO(OtBu)s], [Ta(OEt)s] and L®Hj led, after
work -up (MeCN), to the isolation of small orange/red crystals of
[Li(NCMe),{W(OEt)},Ta(OEt),0,L%]-2(H,0) 6-2H,0, see Fig. 5
and Fig. S6 (ESIt). It should be noted here that given W(vi)
and Ta(v) have the same number of electrons, their positions in
the formula are interchangeable. Despite this, the metal centres
in the core form the type of triangle noted in 3-7MeCN with oxo
bridges. In the same plane (a crystallographic mirror plane),
there is a 5-coordinate Li" ion. The two (symmetry equivalent)
metal (W or Ta) centres are octahedral and coordinate to two
oxo anions, three calixarene phenolate oxygens and an ethox-
ide. The Ta (or W) ion binds to two cis ethoxides, two trans
calixarene phenolates and two cis oxo anions. The oxo ions
0(7)/0(8) make long bonds to the Ta at ca. 2.12 A (trans to
ethoxide), but much shorter bonds to the two W ions at ca.
1.75 A (trans to calixarene phenolate).

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 Molecular structure of [Li(NCMe),{W(OE)},Ta(OEt),05L8]-2(H,0)
(6-2H,0).

Attempts to form a mixed tantalum (or niobium)-molybdenum
complex via [M(OEt)s] (M = Nb, Ta), [MoO(OiPr),]"> and L°Hj led,
after work-up, to the dimetallic complex [{(MoO(NCMe))},L?]-
5MeCN (7-5MeCN) as the only crystalline product in low isolated
yield, see Fig. S7, ESL}

Complexes 1,2,5,6 have been screened for their potential to
act catalysts for the ROP of e-caprolactone. Despite the presence
of alkoxide ligation in most of these precursors, we found that
addition of benzyl alcohol (BnOH) can still be beneficial in
terms of overall performance. Using 1, the ratio [CL]:[1]:[
BnOH], time and temperature were all varied, see Table S2,
ESI.{ At ambient temperature, in the presence of two equiva-
lents of BnOH, and using a ratio of 800:1 ([CL]:[1]), the
conversion was high over 24 h, but the products formed were
of low molecular weight. Increasing the temperature to 100 °C
led to an increased molecular weight, which further increased on
raising the temperature to 130 °C, but led to a less controlled
process. In the absence of BnOH, the performance of the system
was similar. Complex 2 performed less well at 20 °C with only 30%
conversion, whilst on raising the temperature to 130 °C, the
conversion was near quantitative affording a product of lower
molecular weight than 1 but with better control. In the absence of
BnOH, high conversion is maintained whilst the PCL molecular
weight is higher. For 3, conversions are high, with higher molecular
weight observed in the presence of BnOH. The tungsten/niobium/
lithium complex 5 affords only low molecular weight products at
ambient temperature, with or without BnOH present. At 130 °C, the
molecular weight is increased significantly only in the absence of
BnOH. Similarly, the tungsten/tantalum/lithium complex 6 afforded
only low molecular weight PCL at room temperature, whilst on
elevating the temperature, there was little change. Kinetic studies
(Fig. S8i, ESIt), conducted using 800:1:2 ([CL]:[Cat]:[BnOH])
revealed the rate trend 6 > 2 > 5 > 1. For comparative purposes,
the homo-dinuclear complexes [(MCL,)L®H,] (M = Nb I, Ta II) have
also been screened herein under similar conditions."*” Results
reveal that, as for the mixed-metal systems 1, the Nb system I

Chem. Commun., 2022, 58, 7427-7430 | 7429
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exhibits higher conversion at ambient temperature than does Ta
system II, with all affording low molecular weight products (M,, <
910). At 130 °C, the Ta system afforded higher conversion, however
the M, value observed for I was twice that for I, whereas that
obtained using 1 was three times greater than that for 2, albeit with
worse control. On comparing I with 1 at 130 °C, it can be said that
better conversion is achieved with the mixed-metal system and a
higher molecular product afforded, but with less control. For 2,
conversion is slightly greater than II, whilst the latter affords a
higher molecular weight product, but with less control.

"H NMR spectra of PCL formed in the presence of BnOH
indicated the presence of a BnO end group (e.g. Fig. S9, ESIT).
However, from MALDI-ToF mass spectra (Fig. S10 and S11, ESIt),
it was evident that several PCL series were present (as sodium
adducts). For 1, these included (in increasing mass order) a series
with BnO-/-H (with n - 1 degree of polymerisation), a series with
no end groups (cyclic), HO-/-H (and a —2Da offset series over-
lapping), CH;0-/-H and iPrO-/-H. Similarly, for 2, four PCL
series can be identified which include a series with no end
groups, HO-/-H and the sodium exchange artefact, and BnO-/-
H end groups. Some of these families were evident in "H NMR
spectra for runs in the absence of BnOH (e.g. Fig. S12, ESI¥).

Interestingly, in the absence of BnOH, kinetics revealed (Fig.
S8ii, ESIt) the activity order 5 > 1 ~ 6 ~ 2 with the Nb/W/Li
system outperforming the other three under the conditions
employed herein. The reason for this differing trend is as yet
unknown, but we tentatively suggest that the presence of the
tert-butoxide is beneficial. The complexes were examined for
their ROP potential under solvent-free conditions (Table S3,
ESIYt). Results for 1 were similar with or without BnOH, whilst
for 2, use of BnOH led to a higher molecular weight product
albeit with less control. The performance of 5 was poor in the
presence of BnOH, but improved in the absence of BnOH with a
10-fold increase in conversion and an approximate 4-fold
increase in product molecular weight. The situation using 6
was somewhat different with a slightly improved conversion in
the presence of BnOH, together with an increased molecular
weight. Again, 'H NMR spectra of the PCL formed in the
presence of BnOH indicated the presence of a BnO end group
(Fig. $13, EST%).

Finally, the complexes were evaluated for ROP of &-CL under
air (Table S4, ESIt). In general, higher conversions were
achieved in the absence of BnOH, with 1 affording highest
conversion. With the exception of 1, molecular weights of the
products obtained under air, in the presence of BnOH, were
comparable with those afforded under N,; that for 1 was
somewhat lower. In the absence of BnOH, molecular weights
were generally higher than those observed under N,. The
MALDI-ToF mass spectra (Fig. S14-S16, ESIT), for 1, show a
low mass series with no end groups (not shown), plus a series
with HO-/-H and the sodium exchange artefact where the
carboxylic proton has exchanged for Na. For 2, at least four
series of peaks were identified including the sodium exchange
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artefact for the BnO-/-H end group (e.g. m/z 1407.8), over-
lapping (—2 Da offset) with the HO-/-H series, together with
a number of lower intensity families. In the absence of BnOH, 2
affords similar species to that formed with BnOH except for the
BnO-/-H series. There is also a +4Da offset from the no end
group series (e.g. m/z 1395.8).

In conclusion, we have isolated and structurally characterised
a number of rare examples of mixed-metal calix[n]arenes using
group V and VI alkoxides as entry points. A number of unusual
structures have been identified. The products are capable of the
efficient ROP of &-CL, affording mixtures of low molecular weight
products with differing or no end groups.
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