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Niobium and Tantalum complexes derived from
the acids Ph,C(X)CO,H (X = OH, NH,): synthesis,
structure and ROP capabilityt

Xin Zhang, Timothy J. Prior 2 and Carl Redshaw (2 *

Reaction of benzilic acid, Ph,C(OH)(CO,H), L*H,, with equimolar amounts of M(OR)s (M = Nb, Ta) led,
following work-up, to the tetranuclear complexes [Nb4(OEt)g(LY)4(u-0)o] (1) or [Tas(OEg(LY4(u-0),l-
0.5MeCN (2:0.5MeCN), respectively. Similar use of 2,2’-diphenylglycine, Ph,C(NH,)(CO,H), L?Hs, led to
the isolation of the dinuclear complexes [Nbo(OEt)4(L2H,)4(u-O)-2MeCN  (3-2MeCN)  or
[Taz(OEt)4(L2H2)4(u—O)]~2.25MeCN (4-2.25MeCN). The molecular structures of 1-4 are reported. Com-
plexes 1-4 have been screened for their potential to act as catalysts for the ring opening polymerization
(ROP) of e-caprolactone (e-CL) and rac-lactide (r-LA), with or without benzyl alcohol (BnOH) present. In
the case of ¢-CL, complex 1 displayed best activity with >99% conversion at 100 °C, whilst 3 and 4
were virtually inactive under the same conditions. All complexes show moderate activities towards the
ROP of r-LA at 160 °C, with 1-3 producing heterotactic enriched PLA while 4 afforded isotactic
enriched PLA. Copolymerization studies revealed the most efficient system involved the initial addition of
r-LA (for 6 h) followed by &-CL (for 42 h), which led to 99% conversion for each of the monomers.
Block copolymers of PLA-b-CL and PCL-b-LA and random copolymers PLA-co-CL were successfully
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Introduction

In recent years, there has been increasing research attention
paid to accessing polyesters, as both a biodegradable and
sustainable alternative to polyolefins.' Indeed, polyesters are
now popular materials employed in various fields, including
the food and packaging industries as well as in medicinal and
pharmaceutical fields.>”> Homo- and copolymers that are of
particular interest include those derived from e-caprolactone
(e-CL) and lactide (LA).°*° One of the main routes for accessing
such materials is via ring opening polymerization (ROP) cata-
lyzed by a metal-based alkoxide."'™"® We note that the indus-
trial production of PCL and PLA relies on the use of a tin(u)-
based catalyst, namely tin(octanoate),’® but such an approach
is affected by the toxicity of the tin present. Given this, the
development of alternative catalysts for the ROP of cyclic esters
based on non-toxic metals remains highly desirable. With this
in mind, we have initiated a study of ROP catalysts based on the
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1 Electronic supplementary information (ESI) available: Alternative views of 1-4;
IR and mass spectra; conversion v time plot; "H NMR spectra of the polymers
including 2D J resolved spectra of the PLA. CCDC 2150211-2150214. For ESI and
crystallographic data in CIF or other electronic format see DOI: https://doi.org/10.
1039/d2nj02527b
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synthesized by adjusting the feed sequence.

group V metals niobium and tantalum. Results involving
chelating phenoxide ligation revealed that for the ROP of
e-caprolactone, activities were >96% at temperatures in excess
of 100 °C over either 20 h when conducted in toluene or 1 h
when conducted in the absence of solvent.>’ In other systems,
we have also been exploring the use of ligands derived from the
acids Ph,C(X)CO,H, where X = OH, or NH,, and have reported
multimetallic ROP systems based on lithium or zinc as well as
rare earth complexes.>' * Herein, we extend our investigations
on such acids and report the synthesis and characterisation of
new niobium and tantalum complexes bearing ligands derived
from 2,2’-diphenylglycine or benzilic acid (see Scheme 1). The
molecular structures are reported together with the catalytic
activity of these new niobium and tantalum systems for the
ROP of cyclic esters (e-caprolactone (e-CL) and rac-lactide
(r-LA).

Results and discussion
Synthesis of benzilic acid derived complexes

Reaction of [Nb(OEt)s] with one equivalent of benzilic acid,
Ph,C(OH)CO,H, (L'H,) in refluxing toluene afforded, after
extraction into acetonitrile, colourless prisms of the complex
[Nb4(OEt)g(L")4(1-0),] (1). Crystals suitable for an X-ray
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Scheme 1 Complexes 1-4 prepared herein.

diffraction study were grown from a saturated solution of
acetonitrile at ambient temperature. The molecular structure
is shown in Fig. 1, with selected bond lengths and angles given
in the caption; for an alternative view see Fig. S1, ESI.T Complex
1 adopts a centrosymmetric structure in the monoclinic space
group C2/c. Each Nb(V) ion is six coordinate: one benz>~ anion
is chelating through the alkoxide and one oxygen of the
carboxylate; there are two cis ethoxide anions, one p*-oxide
oxygen atom that forms a bridge between Nb(1) and Nb(1)’ or
Nb(2) and Nb(2)' (where i = 1 — x, y, 1 — 2), and the final
coordination site is occupied by the carbonyl oxygen of a
benz®~ bound at the other symmetry-unique metal ion. The
five-membered chelate appears to be fairly strained with bond
angles of 75.07(6) and 74.41(6)° at Nb(1) and Nb(2) respectively.
It is notable that the C---O distances in each carboxylate are
rather similar. The C-O bond lengths are 1.271(3) A for C(1)-
0(1) and 1.244(3) A for C(1)-0(2); for C(15)-0(4) and C(15)-(05)
the lengths are 1.266(2) and 1.250(3) A respectively. The small
difference between the two C---O distances suggests these are
best visualised as delocalised carboxylates rather than carbonyl
and alkoxide moieties. The bonds Nb(1)-O(5)’ (where i = 1 — x,
¥, 1 — 2) and Nb(2)-O(2) are 2.2460(15) and 2.2401(15) A are
rather longer than all of the other Nb-O bonds suggesting a
weaker interaction consistent with significant C=O0 character.
There is minor disorder in the orientation of the ethoxide alkyl
chains, but this was readily modelled using standard
procedures.

The space group symmetry assembles pairs of these units
into tetranuclear molecules that are non-centrosymmetric and
contain four niobium atoms, four benz®~, eight ethoxide
ligands and two p*-oxide anions bridging between pairs of
niobium atoms.

Similar use of [Ta(OEt)s] led to the isolation of the complex
[Ta,(OEt)g(L")4(1-0),]-0.5MeCN (2-0.5MeCN). Crystals suitable
for an X-ray diffraction study were grown from a saturated

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2022
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Fig.1 (a) Asymmetric unit of 1 with atoms drawn as 50% probability
ellipsoids. (b) Core of 1 (twice the asymmetric unit). Hydrogen atoms
and phenyl groups have been omitted for clarity. Small-scale disorder is
not represented. Symmetry equivalent atoms are generated by i =1 — x, y,
1 — 7z Selected bond lengths (A) and angles (°): Nb(1)-O(1) 2.1205(15),

Nb(1)-O(3) 1.9517(15), Nb(1)-O(51) 2.2460(15), Nb(1)-O(7) 1.9152(4),
Nb(1)-O(9) 1.8572(16), Nb(1)-O(10) 1.8575(16), Nb(2)-O(2) 2.401(15),
Nb(2)-O(4) 2.1334(14), Nb(2)-O(6) 1.9442(4), Nb(2)-O(8) 1.9081(14),
Nb(2)-O(11) 1.8647(15), Nb(2)-O(12) 1.8502(15); O(1)-Nb(1)-0O(3)

75.07(6), O(9)-Nb(1)-0O(10) 97.42(7), O(4)-Nb(2)-O(6) 74.41(6), O(8)-
Nb(2)-O(11) 91.27(6).

solution of acetonitrile at ambient temperature. The molecular
structure is shown in Fig. 2, with selected bond lengths and
angles given in the caption; for an alternative view see Fig. S2,
ESL} This is isostructural with the Nb compound and differs
only in the presence of a small amount of uncoordinated
solvent that was modelled using a solvent mask (Squeeze)
in Olex2.

The '"H NMR spectrum is consistent with the formulation
with peaks assigned to aromatic protons (20H), as well as
methylene (8H) and methyl (12H) groups of the ethoxide
ligands, respectively. The IR spectra do not contain a sharp
band at 3394 cm ™' corresponding to the 1(OH) stretching
vibration of the parent L*H, acid. The presence of new peaks
at 486, 462 cm™ ' suggest the formation of M-O bonds (Fig. S3,
ESIT). In the mass spectrum of 1, peaks at m/z 1487.40 corre-
sponds to loss of four OEt and H' from the parent ion (Fig. $4,
ESIt); the ESI-MS of 2-0.5MeCN is shown in Fig. S5, ESL{

Synthesis of diphenylglycine derived complexes

Reaction of [Nb(OEt);] with one equivalent of 2,2’
diphenylglycine, Ph,C(NH,)CO,H (L’Hj;), in refluxing toluene
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Fig. 2 Asymmetric unit of 2.0.5MeCN. Non coordinated solvent mole-
cules have been removed for clarity. Selected bond lengths (A) and angles

(°): Ta()-O(1) 2.1135(16), Ta(1)-O(3) 1.9573(17), Ta(l)-O(5) 2.2246(16),
Ta(l) O(7) 1.9175(14), Ta(l)-O(9) 1.8629(18), Ta(1)-O(10) 1.8643(18),
Ta(2)-0(2) 2.2139(17), Ta(2)-O(4) 2.1283(16), Ta(2)-O(6) 1.9506(16),
Ta(2)-0(8) 1.9091(4), Ta(2)-O(11) 1.8759(17), Ta(2)-O(12) 1.8547(17);
O(1)-Ta(1)-O(3) 75.19(7), O(9)-Ta(1)-O(10) 96.60(8), O(4)-Ta(2)-O(6)

74.38(6), O(8)-Ta(2)-0O(11) 91.32(7).

afforded, after extraction into acetonitrile, colourless prisms of
the complex [Nb,(OEt),(L*H,)4(1-0)]-2MeCN (3-2MeCN). Crys-
tals suitable for an X-ray diffraction study were grown from a
saturated solution of acetonitrile at ambient temperature. The
molecular structure is shown in Fig. 3, with selected bond
lengths and angles given in the caption; for an alternative view
see Fig. S6, ESL.¥ Complex 3-2MeCN crystallises in the centro-
symmetric monoclinic space group C2/c with two unique Nb

View Article Online
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atoms in the asymmetric unit that are linked by an oxo bridge.
The dinuclear molecules comprise two niobium atoms, four
L*H, ligands, two ethoxide ligands and one p*-oxide anion.
Each Nb(V) ion is seven coordinate in a roughly pentagonal
bipyramidal geometry. In the plane around each Nb ion are two
cis chelating L’H,” anions and one oxide. Above and below
the plane in axial positions lie ethoxide anions. The oxide
bridge is close to symmetric (bond lengths are 1.8942(12) and
1.9154(12) A for Nb(1) and Nb(2) respectively) and the dimer is
nearly centrosymmetric. The bound NH, group makes hydro-
gen bonds to the carboxylate bound at the second metal centre
in the cluster.

There is minor disorder in the ethoxide and also the
orientation of the phenyl groups. This was dealt with satisfac-
torily using standard techniques within Olex2. A small amount
of unbound solvent was modelled using a solvent mask
(Squeeze) within Olex2.

Similar use of [Ta(OEt)s] led to the isolation of the complex
[Ta,(OEt)4(L*H,)4(1-0)]-2.25MeCN (4-2.25MeCN). Crystals suita-
ble for an X-ray diffraction study were grown from a saturated
solution of acetonitrile at ambient temperature. The molecular
structure is shown in Fig. 4, with selected bond lengths and
angles given in the caption; for an alternative view see Fig. S7,
ESIL.{ The Ta compound is isostructural to 3 and differs only in
the amount of solvent present.

The 'H NMR spectrum supports the formulation of 3-
2MeCN and 4-2.25MeCN with the multiple aromatics peaks
between 7.03-7.75 ppm, and quartets at 3.50-2.52 ppm and a
triplet at 1.06-1.10 ppm assigned to the ethoxide groups; the
signal for the NH, groups appear as a broad peak at ca.

Fig. 3 Molecular structure of INDL(OE) 4(L2H ) 4(u-0O)]-2MeCN (3-:2MeCN).
Non coordinated solvent molecules have been removed for clarity.

Selected bond lengths (A) and angles (°): Nb(1)-O(1) 2.1123(12), Nb(1)-

O(3) 2.1060(12), Nb(1)-O(9) 1.8942(12), Nb(1)-O(10) 1.8791(14), Nb(1)-

O(ll) 1.9022(14), Nb(1)-N(1) 2.3077(15), Nb(1)-N(2) 2.2919(14),
Nb(2)-0(5) 2.1093(12), Nb(2)-O(7) 2.1130(12), Nb(2)-O(9) 1.9154(14),
Nb(2)-O(12) 1.8907(14), Nb(2)-O(13) 1.8647(14), Nb(2)-N(3) 22967(14)
Nb(2)-N(4) 2.3068(14); Nb(1)-O(9)-Nb(2) 165.47(9), O(1)-Nb(1)-N(1)

69 92(5), O(9)-Nb(1)-N(2) 69.93(5), O(5)-Nb(2)-N(3) 69.98(5), O(7)-
Nb(2)-N(4) 69.84(5).

14148 | New J. Chem., 2022, 46, 14146-14154

[Ta2(OED4(L*H,
2.25MeCN). Non coordinated solvent molecules have been removed for

Fig. 4 Molecular structure of )a(n-0)]-2.25MeCN  (4-

clarity. Selected bond lengths (A) and angles (°): Ta(1)-O(1) 2.101(4), Ta(1)—
O(3) 2.094(4), Ta(1)-O(9) 1.899(4), Ta(l)-O(10) 1.895(4), Ta(1)-O(11)
1.904(4), Ta(1)-N(1) 2.298(5), Ta(l)-N(2) 2.283(5), Ta(2)-O(5) 2.101(4),
Ta(2)-0O(7) 2.109(4), Ta(2)-0O(9) 1.920(4), Ta(2)-O(12) 1.894(4), Ta(2)-
O(13) 1.891(4), Ta(2)-N(3) 2.299(5), Ta(2)-N(4) 2.297(5); Ta(1)-O(9)-Ta(2)
164.9(3), O(1)-Ta(l)-N(1) 70.25(16), O(9)-Ta(l)-N(2) 70.07(17), O(5)-
Ta(2)-N(3) 70.10(16), O(7)-Ta(2)-N(4) 70.26(16).

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2022
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2.2 ppm. In the IR spectrum of the parent acid L°Hj, there are
two absorptions near 3441 and 3267 cm ™' (assigned to sym-
metric and asymmetric »(N-H) stretching), and two weak 1(N-
H) absorptions are found at near 3440 and 3314 cm ' for
complexes 3-2MeCN and 4-2.25MeCN (Fig. S8, ESIt). In the
mass spectrum of complex 3-2MeCN, the peaks at m/z 1366
corresponds to loss of 3H" from the parent ion (Fig. S9, ESIY);
the ESI-MS of 4-2.25MeCN is given in Fig. S10, ESL ¥

Catalytic behaviour toward ring opening polymerization (ROP)
of ¢-caprolactone (&-CL)

Complexes 1-4 were screened for the ROP of &-CL and the
results are presented in Table 1. The benzilic acid derived
complexes 1 and 2-0.5MeCN exhibited conversions of >99%
and 50% over 24 h, respectively (for a plot of conversion and
time (min) for the polymerization of e-CL using 1 and 2, see Fig.
S11, ESIY). By contrast, complexes 3-2MeCN and 4-2.25MeCN
derived from 2,2’-diphenylglycine were inactive towards the
ROP of &-CL under the same conditions (Table 1, entries 1-4).
The results suggest the presence of the amine-containing
Ph,C(NH,)CO,~ moiety is unfavourable in terms of ROP of &-
CL in such complexes. We note that during metal-free studies,
we also observed a similar trend, i.e. L'H, was active whereas
L?H; was not.?®

Complex 1 afforded PCL with high molecular weight (M,, =
12 000) and narrow molecular distribution (1.2) (Table 1, entry
1). When conducting the polymerizations in the absence of
BnOH, the polymerization activity and molecular weight
decreased slightly (Table 1, entries 5-8). When the mole ratio
CL:Nb was increased from 125 to 500, the molecular weight
increased from 7000-28 000 (PDI = 1.2-1.4) with the conversion
rates and distributions remaining stable. Increasing the ratio to
1000:1 proved to be detrimental to the conversion rate
(Table 1, entry 12).

A kinetics study for the polymerization of e-CL using 1 and 2-
0.5MeCN in the ratio [CL], : [Nb/Ta],: [BnOH] 250:1:1 at 100 °C

Table 1 ROP of e-CL catalysed by the complexes 1-4

Run Cat. [CL],:[cat],: [BnOH]* Conv.? (%) M,° (calc.) M,? (obs.) PDI?

1 1 250:1:1 >99 7170 12000 1.2
2 2 250:1:1 50 3675 9000 1.9
3 3 250:1:1 2 — — —
4 4 250:1:1 2 — — —
5 1 250:1:0 76 5468 9000 1.2
6 2 250:1:0 38 2757 6000 1.3
7 3 250:1:0 1 — — —
8 4 250:1:0 1 — — —
9 4° 250:1:0 87 12 459 10000 1.3
10 1 125:1:1 99 3639 7000 1.4
1 1 500:1:1 91 13091 28 000 1.3
12 1 1000:1:1 20 5815 9000 1.4

4 [CL] = 10.00 mmol, [catalyst 1 or 2] = 0.01 mmol, [3 or 4] = 0.02 mmol,
[BnOH] = 0.04 mmol (0.01 M in toluene), 100 °C, 24 h. ” Determined by
"H NMR spectroscopy. © My(calc.) = 114.14 x [CL]o/[Nb/Ta], x conv.% +
Mgnom, assuming one propagation chain per metal atom. ¢ M,(obs) and PDI
obtained by GPC in THF relative to polystyrene standards corrected by the
Mark-Houwink correction factor M,(obs) = Mygpc raw data x 0.56. ¢ Run 9,
the reaction was happened at 160 °C.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2022
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Fig. 5 Plots of In([CLlo/[CL]) versus time catalyzed by complexes 1 and 2
0.5MeCN; reaction conditions: [CL]: [Nb/Ta]: [BnOH] = 250:1:1, [CL] =
10.00 mmol, [catalyst] = 0.01 mmol, [BhOH] = 0.04 mmol (0.01 M in
toluene), 100 °C.

was performed (Fig. 5). From the plot, there is an induction
period (ca. 60 min.) for 1. The calculated slope of the linear
section of the curve is equal to the apparent polymerization rate
constant.>*

For complex 2-0.5MeCN, there is a first-order dependence of
the rate of the polymerization without any induction period.
The rate constants (Kp) are 250 x 10~ * min~*, R = 0.990 and
4.58 x 10"* min~", R = 0.999 for 1 and 2-0.5MeCN, respectively.
From the rate constants, it is inferred that the polymerization
rate is significantly faster for the Nb complex versus the Ta
complex. In previous work,® we have utilized tetraphenolate
niobium and tantalum complexes for the ROP of &-CL. Under
the same conditions, such niobium complexes exhibited excel-
lent conversions and afforded higher molecular weight pro-
ducts compared with the analogous tantalum complexes.

In the MALDI-TOF spectrum (Fig. 6), the PCL formed by 1
exhibits two major families of peaks. The main peaks are
assigned to polymer chains with PhCH,0O- end groups which
agreed with the '"H NMR spectra (Fig. S12, ESIt). The results
suggested the formation of Nb-OCH,Ph species acted as the

initiator for the ROP via the coordination-insertion
g x104
g 20
o
o~ ~0ny
154 - A Ly
,//// 107.13+114.12n+1.01 n_ mass
- 42 4901
43 5014
44 5128
o 45 5242
] — & /\OJJ\/\/\/OTH

n mass
43 4953
44 5067
45 5180
46 5295

114.12n+45+1.01

2000 3000 4000 5000 6000 7000 8000 9000
miz

Fig. 6 MALDI-TOF spectrum of the PCL catalysed by complexes 1
(Table 1, entry 1); n is the degree of polymerization.
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mechanism;>’ signals at 7.34 and 5.10 ppm indicating a benzyl
group and the peak at 3.64 ppm was ascribed to an OH terminal
group. A second distribution of peaks is associated with ethoxy
(-OCH,CH3;) and hydroxyl (-OH) end groups, which could also
be observed in the 'H NMR spectra (Fig. $12, ESIT). This result
indicated that an ethoxide niobium complex was also present
and involved in the ROP process via a coordination-insertion
mechanism.”®?” The successive series showed that there was a
m/z difference of 114 between neighbouring peaks, which
corresponds to the molecular weight of the monomer. The
end group of PCL isolated using 1 in the absence of BnOH
was also investigated by MALDI-TOF, and the spectrum
(Fig. S13, ESIt) confirmed that PCL with an ethoxy and hydroxyl
(-OH) end groups was formed.

Catalytic behaviour toward ROP of rac-lactide (r-LA)

Complexes 1-4 have also been screened for the ROP of r-LA
using the [LA], : [Nb/Ta],: [BnOH] ratio 250:1:1 over 24 h. The
results are depicted in Table 2. The reaction temperature was
first investigated, and it was observed that when the tempera-
ture was 130 °C, only the L'H, derived complexes 1 and 2-0.5
MeCN were active towards the ROP of r-LA, and the monomer
conversion reached 40% after 24 h for 1. It was evident that
complexes derived from L*H; were inactive at 130 °C even after
24 h (Table 2, entries 1-4). When the temperature was
increased to 160 °C, the activities substantially increased in
all cases (Table 2, entries 9-12). For example, a 92% conversion
was achieved using 4-2.25MeCN affording a polymer with M,, =
9000 with good control (PDI = 1.0) after 24 h (Table 2, entry 12).
We also tested the catalytic behaviour of complexes 1-4 in the
absence of BnOH at 130 °C and 160 °C. Interestingly, the results
suggested that addition of BnOH has a negative effect on the
polymerization rate and molecular weight (Table 2, entries 5-8
and 13-16). For a plot of conversion and time (min) for the
polymerization of -LA using 1-4, see Fig S14, ESL{ The kinetic

Table 2 ROP of r-LA catalysed by complexes 1-4
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1 y= 11.0E-4x-0.1167 R2=0.995
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=8 2:0.5MeCN  y= 5.59E-4x-0.0354 R?=0.972
v 32MeCN  y= 8.18E-4x-0.1128 R?=0.992
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Fig. 7 Plots of In([LAlo/[LAl) versus time catalyzed by complexes 1-4;
Reaction conditions: [LAlg: [Nb/Talg: [BnOH] = 250:1:1, [LA] = 10 mmol,
[catalyst 1 or 2] = 0.01 or 0.02 mmol (3 or 4), [BhOH] = 0.04 mmol (0.01 M
in toluene), reaction temperature: 160 °C.

study of the ROP of r-LA using 1-4 is shown in Fig. 7. The plot
exhibited first order dependence on the r-LA concentration. The
rate order observed is 4-2.25MeCN > 1 > 3-2MeCN > 2.
0.5MeCN. The L*H; derived Ta complex 4 showed the highest
rate [Kops = 17 x 10~ min~'] followed by the L'H, derived Nb
complex 1 [Kops =11 x 10~ * min~"], L?H; derived Nb complex 3-
2MeCN [Kgps = 8.2 x 107* min~'] and the L'H, derived Ta
complex 2 [Kops = 5.6 x 10~* min~']. Interestingly, for the ROP
of r-LA, these results show that the Ta-based complex performs
best when bound by the L?H; derived ligand set, whereas the
Nb system is superior in the case of the L'H, derived ligand.
To determine the stereo-chemical microstructure of the PLA
polymers, 2D homo J-resolved was employed and peaks were
assigned by reference to the literature.”®>® For example,

Run Cat. [LA]o:[cat.]o : [BnOH]* T (°C) Conv.? (%) M,° (calc.) M, (obs.) pDI¥ Pr
1 1 250:1:1 130 40 3708 1200 1.4 —
2 2 250:1:1 130 25 2358 900 1.6 —
3 3 250:1:1 130 3 — — — —
4 4 250:1:1 130 11 — — — —
5 1 250:1:0 130 72 6526 2700 1.3 —
6 2 250:1:0 130 39 3556 2000 1.2 —
7 3 250:1:0 130 4 — — — —
8 4 250:1:0 130 46 8326 2300 1.3 —
9 1 250:1:1 160 77 7038 4500 1.1 0.50
10 2 250:1:1 160 55 5058 2000 1.2 0.46
11 3 250:1:1 160 65 11808 9000 1.2 0.61
12 4 250:1:1 160 92 16668 9000 1.0 0.36
13 1 250:1:0 160 93 8416 7200 1.3 0.51
14 2 250:1:0 160 87 7876 4000 1.9 0.50
15 3 250:1:0 160 89 16 066 8000 1.2 0.59
16 4 250:1:0 160 99 17 866 10000 1.4 0.35

“ [r-LA] = 10.00 mmol, [catalyst 1 or 2] = 0.01 mmol, [3 or 4] = 0.02 mmol, [BnOH] = 0.04 mmol (0.01 M in toluene), 24 h. ® Determined by 'H NMR
spectroscopy. © My(calc.) = 144 x [LA]o/[Nb/Ta], x conv.% + Mepagroups assuming one propagation chain per metal atom. dMn(obs) and PDI
obtained by GPC in THF relative to polystyrene standards corrected by the Mark-Houwink correction factor Myops = M,,GPC raw data x 0.58. ¢ Pr is
the probability of r dyad as determined by 2D homo J-resolved NMR spectroscopic analysis.
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Fig. 9 *H NMR spectrum (400 MHz, CDCls) of the PLA obtained using 2-
0.5MeCN (Table 2, entry 14).

complex 4 gives isotactic PLA (Table 2, run 12 and 16, Pr=0.35-
0.36), while 3 shows a selectivity for heterotactic PLA (Fig. S15-
S22, ESI}).

Polymer end groups were analysed by "H NMR spectroscopy
and MALDI-TOF mass spectra. For example, for the ROP of r-LA
using 2-0.5 in the absence of BnOH in a 250:1:0 ratio, a series
of peaks were observed with the main peaks identified as
CH;CH,0- and OH end groups. The set of peaks, namely

Table 3 Synthesis of PLA-PCL copolymers catalysed by 4-2.25MeCN

View Article Online
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144.13 n + 45 + 1.01 + 22.99, is attributed to (LA), + -OCH,CH; +
H + Na* (Fig. 8). From the 'H NMR spectrum, a quartet peak
(e) at 0 4.15-4.20 ppm and a triple peak (f) at 1.27 ppm are
consistent with the presence of the end group OCH,CH3, whilst
the quartet peak (a) at ¢ 4.32-4.37 is the methine group of the
other end group (Fig. 9).

Copolymerization of ¢-CL and r-LA

Based on the results of the homopolymerizations of r-LA and
e-CL (Table 1, run 9 and Table 2, run 16), 4-2.25MeCN was
selected to further explore the ability for the controlled synth-
esis of diblock PLA-b-PCL or PCL-b-PLA and random copoly-
mers. The copolymerization of &-CL and r-LA was studied using
4-2.25MeCN with different feeding sequences at 160 °C and
with a ratio of [CL]:[LA]:[cat] = [125]:[125]:[1] (i.e. CL:LA =
50:50). Results are summarized in Table 3.

To find an optimum reaction time for the copolymerization,
the relationship between the conversion of the monomers and
the reaction time following the addition of the first monomer
was studied. It was found that when &-CL was the first mono-
mer added (12 h polymerization time), then following addition
of -LA and an additional 36 h, the conversions of &-CL and r-LA
were 68% and 44% respectively. On increasing the first mono-
mer (e-CL) reaction time to 24 h, the final conversion of &-CL
and r-LA reached 95% and 59%, respectively. It was evident that
there was always an amount of unreacted LA when &-CL was
the first monomer added no matter how prolonged was the reaction
time. It was evident here that the ROP of &-CL was somewhat more
difficult than that of r-LA. This is typified by the homopolymeriza-
tion results whereby the activity of complex 4-2.25MeCN for &-CL
polymerization is rather low, and required 24 h to convert 250 equiv.
of &CL to 88% monomer conversion at 160 °C, whilst 18 h was
needed to convert 99% of the same amount of 7LA. The >C NMR
spectrum of the copolymer when &-CL was the first monomer added
and reacted for 24 h exhibits two carbonyl signals at 173.59 and
169.37 ppm, corresponding to the PCL and PDLLA block, respec-
tively (Fig. 10(b)). The absence of any other peaks between these two
carbonyl groups suggests no transesterification occurring in the
polymerization.*

In contrast, when r-LA was added first and then after 6 h
¢-CL was introduced, 4-2.25MeCN was found to be an efficient
initiator and could produce a block copolymer after 48 h with

First stage polymerization

Second stage polymerization

Run First monomer Time (h) Conversion first monomer

Second monomer Time (h) Conv. CL* (%) Conv. LA® (%) Mn(caic)” Mn(obs)” PDI”

1 CL 12 52 LA
2 CL 24 88 LA
3 LA 6 74 CL
4 LA 12 86 CL
5 LA 24 94 CL
6 LA + CL 48 — —

o

36 68 44 8851 6000 1.1
24 95 59 12079 8000 1.3
42 99 99 16000 11000 1.5
36 37 95 11232 8000 1.5
24 59 99 13160 9000 1.2
— 94 95 15294 13000 1.4

LA] = 3.46 mmol, [CL] = 3.46 mmol, [complex 4] = 0.028 mmol; solvent: toluene = 2 mL; temperature: 160 °C; reaction time: 48 h.  calculated from
H NMR spectroscopy. © My (obs) obtained by GPC in THF relative to polystyrene standards corrected by the Mark-Houwink correction factor.

¢ My(calc.) = My x [LAJo/[Ta] X %conv + Mc;, x [CL]o/[Ta] x %conv + Mendgroup-

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2022
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Fig. 10 Expanded 13C NMR spectra of copolymers prepared in sequential
copolymerization of r-LA and g-CL catalysed by 4-2.25MeCN. (a) Table 3,
entry 3; (b) Table 3, entry 2; (c) Table 3, entry 6.

conversions for e-CL and r-LA of 99% and 99%, respectively
(Table 3, entry 3). Increasing the LA polymerization time to
12 h and 24 h reduced the conversion of &-CL and led to
transesterification. In the "H NMR of PLA-b-CL (Fig. $23, ESI{),
the expected signals for the copolymer were observed; the end
groups of CH;CH,O- and OH were present. The C NMR
spectrum of the copolymer exhibits two carbonyl signals at
173.63 and 169.45 ppm, corresponding to the PCL and PDLLA
block, respectively (Fig. 10(a)).

For entry 6, we attempted the one-pot copolymerization of
r-LA and &-CL. After 48 h, the two monomers achieved high
conversions of 94% for &-CL and 95% for r-LA. The percentage
of CL-LA heterodiads could be calculated from the "H NMR
spectrum by comparing the relative intensity of the methylene
protons for CL-LA and CL-CL (Fig. S24, ESIt), and the percen-
tage of CL-LA heterodiads was 94% suggesting the copolymers
had random sequences.*" The chain microstructure of the
copolymer was studied by *C NMR spectrum (Fig. 10(c));
the carbonyl sequences were assigned according to the
literature.>** The average lengths of lactidyl unit L, and
caproyl unit L¢;, can be calculated according to the equations
as described by Kasperczyk.”> For PCL-co-PDLLA (Table 3,
entry 6), Ly = 2.5 and Lg, = 1.9, while Ly, is slightly longer.
The signal at 171 ppm, relating to the C-L-C sequence was not
detected indicating the absence of second mode of
transesterification.®® The molecular weights of the copolymers
were lower than their theoretical values, with polydispersity in
the range 1.1-1.5.

Experimental

All manipulations were carried out under an atmosphere of dry
nitrogen using Schlenk and cannula techniques or in a con-
ventional nitrogen-filled glove box. e-Caprolactone was dried
over molecular sieves (3 A). Toluene were dried over sodium/
benzophenone, and acetonitrile from calcium hydride. All
solvents were distilled and degassed prior to use. All chemicals
were purchased from Sigma Aldrich or TCI UK and used as
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received. IR spectra (nujol mulls, KBr windows) were recorded
on a Nicolet Avatar 360 FT IR spectrometer. Elemental analyses
were performed by the elemental analysis service at the London
Metropolitan University, or the Department of Chemistry at the
University of Hull. MALDI-TOF mass spectra were acquired by
averaging at least 100 laser shots. Molecular weights were
calculated from the experimental traces using the OmniSEC
software. NMR spectra were recorded at 400 MHz on a JEOL
ECZ 400S spectrometer.

Crystallography

Full sets of Xray diffraction intensity data were collected using
modern X-ray diffractometers at the National Crystallography Ser-
vice in Southampton, UK. Routine processing of raw intensity data
and multi-scan absorptions corrections were applied. The structures
were solved using dual-space methods within SHELXT and full-
matrix least squares refinement was carried out using SHELXL-
2018%° vig program Olex2.*” All non-hydrogen positions were located
in the direct and difference Fourier maps and refined using
anisotropic displacement parameters.

Synthesis of [Nby(OEt)g(L")4(n-0),] (1). To L'H, (1.00 g,
4.38 mmol) in toluene (30 mL) was added [Nb(OEt)s]
(1.11 mL, 4.38 mmol) and the system was refluxed for 12 h.
On cooling, volatiles were removed in vacuo, and the residue
was extracted into MeCN (30 mL). Standing for 2 to 3 days at
ambient temperature afforded colourless crystals of 1. Yield:
0.55 g, 30%. Anal. caled for C,,HgoNb,O,, (1669.00 g mol )
requires: C 51.81, H 4.83% Found: C 51.75, H 5.09%. HR-MS
(EI): m/z 1487.40 [Nby(OEt)s(L'),~40Et + H]. "H NMR
(400 MHz, CD;CN, 25 °C): ¢ 7.56 (m, 12H, arylH), 7.52 (bm,
6H, arylH), 7.30 (m, 15H, arylH), 7.22 (m, 9H, arylH), 4.76 (m,
2H, OCH,), 4.52 (bm, 2H, OCH,), 4.39 (q, J = 7.2 Hz, 10H,
OCH,), 3.51 (bm, 2H, OCH,), 1.32 (m, 3H, CH3), 1.21 (m, 18H,
CHS;), 1.08 (m, 3H, CH,). IR: 3442(w), 3179(w), 2957(s), 2923(s),
2853(s), 2726(m), 2341(s), 1958(w), 1806(w), 1771(w), 1749(w),
1733(w), 1694(w), 1683(w), 1634(m), 1588(m), 1558(w), 1540(w),
1520(w), 1505(w), 1488(w), 1458(s), 1377(s), 1312(w), 1260(s),
1210(m), 1096(s), 1057(s), 1019(s), 919(m), 856(w), 800(s),

i Crystallographic data for 1-4.

Crystal data for compound 1: C;,HgoNb,0,,, M = 1669, Monoclinic,
space group C2/c, a = 22.2498(4), b = 14.4513(2), ¢ = 25.8064(5) A v=
7575.3(3) A*, Z=4,D,=1.463 g cm‘3 F(000) = 3408, T =100(2) K, p =
0.661 mm %, )(Mo Kat) = 0.71075 A, Omay = 57.396°, R, ([ > 20(I)] =
0.0317, WR, (all data) = 0.0856.

For 2-0.5MeCN: C73H81,5N0_5Ta4022, M = 2041.68, Monoclinic, space
group C2/c, a = 22.2617(4), b = 14.3187(2), ¢ = 25.8451(8) A, V =
7491.0(3 )A3 Z=4,D,=1.810 g cm™°, F(000) = 3964, T = 100(2) K, yt =
5.896 mm !, )(Mo Ka) = 0.71075 A, me =57.400° R, ([I > 20(I)] =
0.0194, WR, (all data) = 0.0475.

For 3-2MeCN: CggH;4NgNb,O,3, M = 1369.15, Monoclinic, space
group C2/c, a = 54.0723(4), b = 10.74623(10), ¢ = 22. 47203(18) A v=
13041.45(19) A’, Z= 8, D, = 1.395 g cm >, F(000) = 5680, T = 100(2) K, ;1 =
0.413 mm )(Mo Koc) = 0.71075 A, Hmax = 57.400°, R, ([I > 20(I)] =
0.0340, WR, (all data) = 0.0881.

For 4-2.25MeCN: Cgg5sH-475N6.25Ta,0,3, M = 1555.49, Monoclinic,
space group C2/c, a = 54. 1856(8), b = 10.7080(2), ¢ = 22.4972(4) A, V =
13038.2(4) A%, Z = 8, D, = 1.585 g cm°, F(000) = 6236, T = 100(2) K, 1t =
3.416 mm™*, J(Mo- Koc) = 0.71075 A, Opax = 58.702°, R, ([I > 20(I)] =
0.0561, WR, (all data) = 0.1510.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2022
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760(w), 738(w), 730(w), 708(m), 699(w), 668(w), 657(w), 619(W),
608(m), 589(w), 551(m), 542(m), 486(w), 463(w).

Synthesis of [Tas(OEt)s(L")4(1n-0),]-0.5MeCN (2-0.5MeCN). As
for 1, but using [Ta(OEt)s] (1.14 mL, 4.38 mmol) and L'H, (1.00 g,
4.38 mmol) affording 2 as colourless prisms. Yield: 1.11 g, 50%.
Anal. caled for C,,HgoTa,0,, (2021.20 g mol ') requires: C 42.79, H
3.99% Found: C 42.69, H 4.45%. HRMS (EI): m/z 1099.27
[Tay(L")4(OEt)s-Ta-2(L")-4(OEt)-4(Et) + 8H]'. '"H NMR (400 MHz,
CD;CN, 25 °C): 0 7.56 (m, 12H, arylH), 7.39 (m, 6H, arylH), 7.30(m,
13H, arylH), 7.24 (m, 9H, arylH), 4.60 (m, 2H, OCH,), 4.46 (q, ] =
6.8 Hz, 10H, OCH,), 4.15 (bm, 2H, OCH,), 3.51 (q, J = 6.8 Hz, 2H,
OCH,), 1.32 (m, J = 6.8 Hz, 3H, CHj3), 1.20 (overlapping t, 18H, CH3),
1.09 (t, ] = 7.2 Hz, 3H, CH;). IR: 3359(w), 3165(w), 2958(s), 2923(s),
2853(s), 2727(m), 2671(m), 1704(w), 1658(w), 1651(m), 1634(m),
1293(m), 1537(w), 1463(s), 1377(s), 1303(m), 1260(s), 1096(s),
1024(s), 919(m), 840(w), 801(s), 722(s), 700(w), 659(w), 638(w),
619(w), 606(m), 551(m), 486(w), 467(w), 448(w).

Synthesis of [Nb,(OEt),(L’H,)4(n-0)]-2MeCN (3-2MeCN). As
for 1, but using [Nb(OEt)s] (1.11 mL, 4.40 mmol) and L*H; (1.00 g,
4.40 mmol) affording 3 as colourless prisms. Yield 0.60 g, 40%.
Ce4HesN,Nb, 045 (sample dried in vacuo for 2 h, -2MeCN) requires C
59.72, H 5.33, N 4.35% Found: C 59.34, H 5.21, N 4.11%. HR-MS
(EI): m/z 1366.14 [Nb,(OEt)y(L°H,),(1-0)-2MeCN-3H]". "H NMR
(400 MHz, CD5CN, 25 °C): 6 7.25 (bm, 40H, arylH), 3.51 (overlapping
q,J = 7.2 Hz, 8H, OCH,), 2.11 (bs, 8H, NH,), 1.10-1.07 (5x s, 3H, 6H,
3H, 3H, 3H, OCH,CH; + 2MeCN). IR: 3444(w), 2957(s), 2923(s),
2853(s), 2350(w), 2285(w), 1732(w), 1682(m), 1633(w), 1574(w),
1557(w), 1538(w), 1462(s), 1377(s), 1261(s), 1094(s), 1020(s), 917(w),
865(w), 800(s), 722(m), 700(m), 665(w), 633(w), 553(W), 464(w).

Synthesis  of  [Tay(OEt),(L*H,),(p-0)]-2.25MeCN  (4-
2.25MeCN). As for 1, but using [Ta(OEt)s] (1.14 mL, 4.40 mmol)
and L°H; (1.00 g, 4.40 mmol) affording 4 as colourless prisms. Yield
1.03 g, 60%. CesgsH74.75N625T2,013 requires C 52.89, H 4.84, N 5.63%
Found: C 5248, H 458, N 556%. HRMS (EI): m/z 739.76
[Tay(OE),(L°H,),(1-O)-20Et-2(L’H,)}-Ta]. 'H NMR (400 MHz,
CD;CN, 25 °C): 0 7.74 (m, 2H, arylH), 7.63 (m, 1H, arylH), 7.50
(m, 3H, arylH), 7.26 (bm, 35H, arylH), 3.51 (q, J = 7.2 Hz, 8H, OCH,),
2.38 (s, 8H, NH,), 1.08 (t, J = 7.2 Hz, 12H, CH,). IR: 3436(w), 3308(w),
2955(s), 2923(s), 2854(s), 2726(w), 2671(w), 1693(m), 1650(w), 1643(w),
1632(w), 1573(w), 1552(w), 1530(w), 1463(s), 1377(s), 1301(w), 1261(m),
1191(w), 1142(w), 1095(m), 1073(m), 1022(m), 918(w), 891(w), 873(w),
800(m), 767(w), 722(m), 697(w), 633(w), 563(w), 468(W).

Kinetic method

Kinetic experiments were carried out using a Youngs tap NMR
tube at the required temperature. For example, under nitrogen,
¢-CL (1.74 mmol, 0.19 mL), toluene-dg (0.5 mL) and BnOH in
toluene (0.01 M, 0.69 mL) were added to the NMR tube containing
0.12 mL of a stock solution of complex in toluene (0.033 mL mg™ ).
The sample was then analyzed at 15 minute intervals.

Conclusions

In this work, we have isolated and structurally characterized
two different families of complexes on reacting the acids

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2022
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Ph,C(X)CO,H (L'H,, X = OH; L’H; X = NH,) with the group V
metal alkoxides Nb(OEt)s (M = Nb, Ta). In the case of benzilic
acid (L'H,), the products were tetranuclear complexes of the
form [M,(OEt)g(L")4(n-0),], whereas for 2,2’-diphenylglycine
(L’H,), dinuclear complexes of the type [M,(OEt),(L*H,)4(1-0)]
were produced. The benzilic acid derived complexes 1 and 2-
0.5MeCN exhibited good activities in the ROP of &-CL in the
presence of BnOH (conversions were somewhat lower in the
absence of BnOH), with the Nb system affording superior
conversion. Complexes 1-4 were all active for the ROP of r-LA
in the absence of BnOH at 160 °C. The Ta-based complex
performs best when bound by the L>H; derived ligand set,
whereas the Nb system is superior in the case of the L'H,
derived ligand. The analysis of the stereoselective indicated
complex 4 affords an isotactic PLA (P, = 0.35). End group
analysis confirmed the alkoxide moiety of the complex initiated
the ROP of &-CL or r~-LA by a coordination-insertion mecha-
nism. Copolymerizations of &-CL or r-LA, in the presence of 4-
2.25MeCN, were conducted using different feed sequences.
Block copolymers of PLA-b-CL and PCL-b-LA and random
copolymers PLA-co-CL were successfully synthesized by adjust-
ing the feed sequence.

The two new families of niobium and tantalum complexes
reported herein, add to the sparse number of examples
reported to-date that utilize these metals in catalysts for the
ring opening polymerization of cyclic esters.
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