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Reaction of [VO(OR):] (R = Et, nPr) with 2,2’-diphenylglycine
afforded the alkoxide-bridged dimers {[VO(OR)(u-OR)I[Ph,C(NH)
(CO,L)1},, whereas use of benzilic acid, in the presence of alkali
metals, afforded 16-membered metallocycles {Vg(O);M(OR)g[Ph,C
(OH)(CO,)l12} (M = <1 Na, K). For the ring systems, magnetic sus-
ceptibility data is consistent with mixed-valence vanadium with an
average oxidation state of 3.5. The dimer and ring systems are
capable of the ring opening polymerisation (ROP) of e-caprolac-
tone under N, air, or as melts affording mostly low to medium
molecular weight cyclic and linear products.

Current interest in the development of new catalytic species
capable of the production of biodegradable polymers via ring
opening polymerization (ROP) remains high." This is driven by
the need to replace materials such as polyethylene, which still
finds widespread use despite the difficulties associated with
lack of decomposition in landfill sites.> Metal alkoxides are
the preferred catalyst type for ROP and, if necessary, the alkox-
ide catalyst can be generated in situ by the addition of an exter-
nal alcohol. The other ligands that complete the coordination
environment at the metal can greatly affect both the catalytic
activity of the system and the resultant polymer properties. In
this respect, we and others have been scoping a variety of
ligand types in combination with numerous different metal
centres with a view to accessing highly active, controllable ROP
systems. As part of our studies, we have recently reported the
use of the acids Ph,C(X)(CO,H), where X = OH or NH,, i.e. ben-
zilic acid and 2,2’-diphenylglycine. Our interest in the use of
such acids stems from the presence of the motif Ph,C(X),
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which has been shown to impart high crystallinity on pro-
ducts.®> New ROP catalysts based on titanium, lithium, zinc,
aluminium, and rare-earth metals incorporating the motif
Ph,C(X) were reported, together with a number of intriguing
molecular structures.’ Recently, for the group V metals, we
have investigated the use of niobium and tantalum alkoxide
precursors, which  afforded tetranuclear = complexes
[M,4(OEt)g(L")4(p-0),] in the case of benzilic acid (L'H,), and
dinuclear complexes [Nb,(OEt)4(L*H,)4(p-0)] in the case 2,2"-
diphenylglycine (L’H;).

Herein, as part of an on-going programme investigating the
use of earth-abundant metal catalysts, we have extended our
studies using this motif to vanadium-based systems, and reacted
each of the two Ph,C(X)-containing acids with the vanadyl
tris(alkoxides) [VO(OR);] (R = Et, nPr). For X = NH,, the alkoxide-
bridged dimers {{[VO(OR)(p-OR)][Ph,C(NH,)(CO,)]}» (R = Et, nPr)
are formed, whilst for X = OH, 16-membered mixed-
valence metallocycles {Vg(0);M(OR)g[Ph,C(OH)(CO,)};»} are
formed incorporating eight vanadium centres (Chart 1). In the
case of benzilic acid, the presence of small amounts a sodium
or potassium salts further aided crystallization. We note that a
ferric wheel [Fe(OMe),(Ph,C(OH)(CO,))];, derived from
benzilic acid was reported by Raptopoulou et al.,® whilst McInnes
et al have reported the V(m) octanuclear cluster
[V5(OEt)s(OH),(0,CPh)y,] via a solvothermal route.” ROP catalysts
based on vanadium have already shown promise when using
other ancillary ligand types,® and there is interest in the use of
heterometallic and multinuclear complexes as catalysts for ROP.’

Reaction of the vanadyl trisalkoxides [VO(OR);] (R = Et, nPr)
with 2,2-diphenylglycine, Ph,C(NH,)(CO,H), in refluxing
toluene afforded, following work-up (MeCN), the yellow crystal-
line solids {[VO(OR)(p-OR)][Ph,C(NH,)(CO,)]}» (R = Et 1, nPr 2)
in moderate to good yield. In the IR spectrum, the peak at
986 cm™" is assigned to ¥W=0. Both solids can be recrystal-
lized from saturated acetonitrile solutions at 0 °C. The mole-
cular structures of both complexes were determined, and were
found to be similar alkoxide-bridged dimers. We will only
discuss 2-2MeCN here; for 1 see the ESI (Fig. S1 and S27). In
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Chart 1 Complexes 1-8 prepared herein (3, R = nPr, M = Na*; 4, R =
Et, M =Na*;5,R=nPr, M = Na*; 6 R=nPr, M = Na*; 7, R = nPr, M = K*;
8 R = nPr, M = K*; L = NCMe). Note there is no L for 1.

the case of 2, the formula is {VO(On-Pr)(p-OnPr)[Ph,C(NH,)
(CO,)J}2-2(C2H3N), and there are two half molecules in the
asymmetric unit. The molecule containing pseudo octahedral
V(1) (Fig. 1) exhibits two intramolecular H-bonds N-H---O,
plus two intermolecular H-bonds to MeCN molecules. The
molecule containing pseudo octahedral V(2) (Fig. S31) exhibits
a different H-bonding pattern. While there is still the N-H:--O

structure  of
CO,)1},:2MeCN (2:2MeCN). Selected bond lengths (A) and angles (°):
V(1)-0O(1) 1.9559(10), V(1)-O(3) 1.5859(11), V(1)-O(4) 2.2993(10), V(1)-
O(4A) 1.8484(9), V(1)-0O(5) 1.7926(11), V(1)-N(1) 2.1845(12); V(1)-O(1)-

Fig.1 Molecular {VO(OnPr)(u-OnPr)[(Ph,C(NH,)

C(1) 125.06(9), V(1)-N(1)-C(2) 112.73(8),
O(4)-V(1)-O(4A) 72.54(4).

V(1)-O(4)-V(1A) 107.46(4),
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intramolecular H-bond, the second N-H links to O(2) in the
molecule containing V(1), not to an MeCN.

There are two unique MeCNs, i.e. two per V, complex. One
unique MeCN is H-bonded to the molecule containing V(1),
the other is not H-bonded. Molecules pack into 1D chains via
the intermolecular H-bonds described above (Fig. S4, ESIT).

Reaction of two equivalents of [VO(OnPr);] with benzilic
acid (benzH) in refluxing toluene afforded, following work-up
(MeCN), small dark prisms in low yield (<10%). A preliminary
crystal structure determination unexpectedly revealed a large
macrocyclic structure comprising eight vanadium centres and
twelve benzilic acid-derived ligands (Fig. S5, ESIt). At the
centre of the metallocycle was electron density suggestive of a
sodium ion. This was thought to arise from the drying of
the solvent toluene. However, the data associated with this
structure, {V5(0)4Nay ;5(0OnPr)g[Ph,C(OH)(CO,)];2}-8MeCN,
3-8MeCN, was of rather poor quality (see Fig. S5 and Table S1,
ESIY).

In order to try and improve both the yield and quality of the
crystal data, we conducted the synthesis in the presence of a
number of sodium and potassium salts. Indeed, from combi-
nations of [VO(OR);] (R = Et, nPr), MI or MH (M = Na, K) and
benzilic acid, we were able to isolate highly crystalline products
in slightly higher yield (ca. 28-40%). The molecular structure of
a representative example is shown in Fig. 2, with selected bond
lengths and angles given in the caption; a view of the core is
given in Fig. S9, ESL{ As for the preliminary structural data
mentioned above, the product, namely {Vg(0)sNa, 45(OnPr)g
[Ph,C(OH)(CO,)]1,}-6.38MeCN 5-6.38MeCN, was a 12-membered

Q0(23)  0124A)7

structure of
(CO,)112}-6.38MeCN (5-6.38MeCN). Selected bond lengths (A) and angles
(°): V(1)-0O(1) 2.043(3), V(1)-0O(4) 2.033(3), V(1)-O(16) 2.022(3), V(1)—

Fig. 2 Molecular {Vg(O)4Nag 45(0nPr)g[Ph,C(OH)

O(19) 1.975(3), V(1)-0O(20) 1.954(3), V(1)-0O(23) 1.976(3), V(1)---V(2)
3.3749(9), Na(1)-0(23) 3.028(2), V(2)-0O(2) 2.016(3), V(2)-O(5) 2.031(3),
V(2)-0(7) 2.113(3), V(2)-0(21) 1.941(3), V(2)-0(22) 1.962(2), V(2)-0(23)
1.726(3), V(2)---V(3) 3.0068(9); V(1)-0O(23)-V(2) 131.35(14), V(1)-O(20)-
V(4A) 99.81(12), V(2)-0O(23)-Na(1) 114.85(11).

This journal is © The Royal Society of Chemistry 2024
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metallocycle containing eight vanadium centres and twelve ben-
zilic acid derived ligands. Furthermore, there is a central Na"
ion, modelled as partially occupied 0.449(13) with the occu-
pancy refined.

For 5:6.38MeCN, the molecule lies on a centre of symmetry
so half is unique. There was evidence of non-merohedral twin-
ning, however no twin law could be determined. In all of the
similar Vg structures, it is presumed that the charge of the
central, partially occupied, alkali metal ion is balanced by the
loss of some benzilic acid OH hydrogens, probably disordered.
In all cases, the OH atoms needed to be included in a con-
strained manner with either rotational freedom or aligned to
make the most reliable H-bond. In terms of charge, the 28
negative charges (12 x benz'™, 4 x oxo®~, 8 x OnPr'”) suggest
mixed-valence V, with a mean oxidation state of 3.5. The benzi-
lic OH hydrogens generally make H-bonds with either adjacent
carboxylate oxygens or nearby MeCN of crystallisation. V:--V
distances bridged by two alkoxides and one carboxylate are
shorter than those bridged by two carboxylates and an oxo
ligand.

This {Vg(0);M(OR)g[Ph,C(OH)(CO,)];»} structural motif
appears to be quite general for the various combinations of
benzilic acid, MX, and [VO(OR);], and the molecular structures
of 4, 6-8 are provided in the ESI (Fig. S7, S11, S13, S15;} note
the quality of 6 is less good but structurally in accord with the
others). A notable comparison with the behaviour showcased
in the series is that of crown ethers which also possess cavities
which bind to alkali metal ions.'® When the cavity diameters
are compared with the structures in this series (Fig. S17, ESIT),
it can be seen that the Vg rings have a larger diameter and are
closer in size to 21-crown-7 (Table S2). This crown ether con-
figuration favours larger ions such as Rb" and Cs’, therefore
suggesting reasoning for the partial occupancy herein, i.e. the
larger cavity of the Vg structures is unfavourable to the smaller
Na'" and K" ions. We note that it has previously been reported
that alkali metals can be used to control ring size."

Dc magnetic susceptibility measurements were performed
on a polycrystalline sample of 5 over the temperature range T =
2-275 K, in an applied field (B) of 0.1 T (Fig. 3), where y = M/B,
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Fig. 3 Experimental 4T versus T data for 5 measured in the T = 2-275 K
temperature range in an applied field of B=0.1T.
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and M is the magnetisation. At 275 K, the 4T value of 4.3 cm®
K mol™" is below the expected value for spin-only contri-
butions to the susceptibility for a [Vg] unit with an average oxi-
dation state of 3.5 (5.5 cm® mol ™" K, g = 2.0). Upon cooling,
the 4T product decreases rapidly reaching a value of 0 cm® K
mol™" at 18 K. The data are therefore suggestive of the pres-
ence of very strong antiferromagnetic exchange between neigh-
bouring vanadium ions and a diamagnetic ground state.
A quantitative interpretation of the susceptibility data is
hampered by the valence-delocalised nature of 5. However,
we note that the behaviour of 5 is similar to that of
[Vs(OEt)g(OH),4(0,CPh);,]® and to vanadium dimers bridged by
[(0)(0,CR),] and [(OR),(O,CR)] units, as in 5, which are known
to mediate strong antiferromagnetic exchange.'” Similar
behaviour is also observed in structurally related [Feg] wheels
with similar bridging units."

Complexes 1, 2, 4, and 8 have been screened for their poten-
tial to act catalysts for the ROP of e-caprolactone (Table 1).
Using 1, the ratio [CL]:[1], time and temperature were all
varied. At ambient temperature, and using a ratio of 500:1
([CL]: [1]), no activity was observed. Increasing the temperature
to 70 °C led to low conversion (ca. 15%), however on further
raising the temperature to 130 °C, quantitative conversion was
observed. Varying the ([CL]: [1]) proved to be detrimental with
lower conversion and less control. Conducting the run under
air also led to full conversion, albeit with less control and a
lower molecular weight product. When conducted as a melt, a

Table 1 ROP of e-CL catalysed by the complexes 1, 2, 4 and 8°

Conv.”?  M,° M,

Entry Cat. [CL]o:[Cat], (%) (cale.) (obs.) p°

1/ 1 500:1 0 — — —

28 1 500:1 15.4 — — —

3 1 500:1 100 57 088 5890 1.58
4 1 250:1 18.4 5268 5130 1.76
5 1 1000: 1 90.9 103771 4650 2.60
6" 1 500:1 100 57088 2415 1.75
7 1 500:1 41 — — —

8/ 1 500:1 87 49 669 3560 1.92
o't 1 500:1 35 19993 3090 2.82
10 2 500:1 75.2 42935 3680 1.42
11" 2 500:1 100 57 088 3330 2.03
127 2 500:1 81.3 46 416 5370 1.84
13MJ 2 500:1 100 57 088 8600 3.25
14 4 500:1 50.5 28838 2670 1.41
15" 4 500:1 100 57 088 3830 1.79
16/ 4 500:1 88.5 50525 6320 3.70
17MJ 4 500:1 65.8 37570 2410 1.52
18 8 500:1 100 57 088 3430 3.64
19" 8 500:1 100 57 088 2070 1.82
207 8 500:1 70.4 40195 2550 1.81
2177 8 500:1 100 57 088 10720  1.95

“Conducted at 130 °C under N, for 24 h unless otherwise stated; [cata-
lyst] = 0.01 mmol. ” Determined by "H NMR spectroscopy. My (cale) =
114.14 x [CL]p/[cat] X %conv + Mend group- dMn(obS) and D obtained by
GPC in THF relative to polystyrene standards corrected by the Mark-
Houwink correction factor My(obs) Mygpc raw data x 0.56.
¢ polydispersity index. /Conducted at 20 °C. € Conducted at 70 °C.
" Conducted under air. ‘Conducted for 1 h./Conducted as a melt
(solvent-free conditions).
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higher molecular weight product was formed with a conver-
sion of ca. 80%. Complex 2 also exhibited full conversion
when used either under air in solution or as a melt, affording
in the latter case a higher molecular weight product (M,, 8600).
For the Vg complex 4, the conversion at 130 °C under N, (entry
14) was half that observed for 1 (entry 3) and afforded a PCL
polymer with half the molecular weight, albeit with slightly
better control. A similar run under air (entry 15) led to quanti-
tative conversion, whilst use of 4 as a melt (entry 16) also led
to higher conversion (ca. 88%) and an increased molecular
weight. However, the use of a melt under air (entry 17) led to a
reduction in both the conversion (to ca. 66%) and molecular
weight. Use of 8 at 130 °C in toluene under N, (entry 18) or air
(entry 19) led to quantitative conversion, with higher mole-
cular weight but less control for the former. Use of a melt
in air (entry 21) proved more effective than a melt under N,
(entry 20).

In nearly all cases, the molecular weights observed were sig-
nificantly lower than the theoretical values, suggesting that
transesterification had occurred. "H NMR spectra of the PCL
formed indicated the presence of H-PCL-OH end groups (e.g.,
Fig. S20, ESIf). However, from MALDI-TOF mass spectra
(Fig. S21-S26, ESIt), it was evident that several PCL series were
present (as sodium adducts). For 1 (entry 4, Table 1,
Fig. S217), these included chain polymers H-PCL-OH and the
sodium exchange artefact, and a minor family with no end
groups (cyclic) and the sodium exchange artefact. Similarly, for
1 as a melt (entry 9, Table 1, Fig. S22%), chain polymers
H-PCL-OEt and the sodium exchange artefact and a minor
cyclic family and the sodium exchange artefact. For 2 (entry
15, Table 1, Fig. S237), the series with end groups H-/-OH was
evident, whilst as a melt (entry 17, Table 1, Fig. S247}) at least
two families were evident, including those with end groups
HO-/-ONa and no end groups (cyclic). For 8 (entry 18, Table 1,
Fig. S257), at least three series of peaks were identified includ-
ing the sodium exchange artefact for the PrO-/-H end group,
the HO-/-H series, together with a number of lower intensity
families e.g. MeO-/-H. Use of 8 as a melt under N, (entry 20,
Table 1, Fig. S267t) afforded the PCL series HO-/-OH and the
sodium exchange artefact, and PrO-/~H end groups. Use of
other V-based complexes for the ROP of e-CL has led to the iso-
lation of multiple families of products with low to moderate
molecular weight.*

Kinetic studies (Fig. S27-S30, ESI{), conducted using 500: 1
([CL]:[Cat]) revealed the rate trend 2 > 8 > 4 > 1, and this order
is ascribed to the respective solubilities of the systems.

In conclusion, the reaction of the acids Ph,C(X)CO,H with
[VO(OR);] led to very different products. In the case of X =
NH,, alkoxide bridged dimers were formed, whereas for X =
OH, large macrocyclic structures of the type {Vg(O)M
(OR)g[Ph,C(OH)(CO,)]1,} comprising eight vanadium centres,
with average oxidation state of 3.5, and twelve benzilic acid
derived ligands were isolated. The presence of an alkali metal
cation (Na', K") favoured the formation of such macrocycles.
The systems were capable of the ROP of e-caprolactone,
affording mixtures of low to medium molecular weight pro-
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ducts (M,, < 10 720) with differing or no end groups, and with
varied control (P 1.41-3.70).
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