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A range of ligands based upon 2-(aminomethyl)piperidine have been successfully complexed to Mg(i),
Zn(i) and group IV metal centres. These complexes have been characterised both in solution and solid
state with different coordination geometries realised dependant on the nature of the ligand. For the Mg(i)
and Zn(i) complexes, M(1-2),, were isolated and analysed by DOSY NMR spectroscopy. These ligands
also furnished diastereomeric group IV complexes, M(1-2),(O'Pr),. Group IV salalen and salan complexes,
M(4-5)(OR), were also found to be diastereomeric in nature, with either B-cis or a-cis geometries
respectively. The tridentate ligand, 6H,, yielded five coordinate complexes with both Ti(iv) and Zr(iv). All
complexes were screened for the ring opening polymerisation of rac-lactide under both solvent and melt
conditions. For the Mg(i) and Zn(i) complexes, good activity was observed with Zn(1-2), demonstrating
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Introduction

There are approximately 300 Mt's of plastics produced
annually, of which only 1% are from renewable resources." As
well as being bio-based, such renewable materials need to
have comparable material properties to conventional plastics
to fulfill the same range of applications. Poly(lactic acid) (PLA)
has received much interest due to its renewable credentials as
well as promising mechanical and biodegradation
properties.>”” The challenges for PLA are related to the ability
to control polymer tacticity, a property which greatly impacts
the thermal characteristics of the final material.® To achieve
this, a wide range of complexes for the ring opening polymeris-
ation (ROP) of lactide (LA) have been detailed in the literature.
Success has been achieved with Al(ur) complexes, with exqui-
site stereocontrol often being reported.”>* However, a
common drawback to Al(m) complexes is low activity, with
several days being required to achieve high conversions in
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immortal polymerisation characteristics.

extreme cases.'>'*?% Although this is not always the case, for
example we have shown that Al-salan complexes based on the
piperidine back bone can show excellent rates.'® The use of
Ga(m) and In(u) complexes has been shown to increase activity
relative to Al(m), but the level of stereocontrol is often much
reduced.?*? Group I metals have shown to be highly active for
the ROP and in some instances, Na(1) and K(1) complexes have
demonstrated strong isotactic tendencies.***® Lanthanide
based complexes have also received much attention, demon-
strating high activities with both heterotactic and isotactic PLA
being reported.®***

Relevant to this study is the application of group II, Zn(u)
and group IV metal complexes for the ROP of rac-LA. Mg(u)
and Zn(u) based complexes have been widely reported and
represent popular metal choices due to their high abundance
and biocompatibility. Such complexes often demonstrate high
activity and selectivity. The application of p-diketimate (BDI)
ligands with Mg(u)/Zn(u) typically affords highly active
alkoxide bridged species. Coates et al. have demonstrated a
[(BDI)Zn(O'Pr)], complex which facilitates rapid polymeris-
ation at ambient temperatures as well as furnishing highly
heterotactic PLA (P, = 0.94, 0 °C).** A similar result is achiev-
able with (BDI)Mg(O‘Bu) with the crucial factor being the
choice of solvent; Chisholm et al. have demonstrated high
heterotactic preference (P, = 0.90) for this system but only for
polymerisations carried out in THF.>® Ma et al. have reported a
series of chiral amino-monophenol ligands with both Mg(u)
and Zn(u).>*>* Due to pro-chirality of a coordinating nitrogen,
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diastereomers are generally observed for these complexes. For
the Mg(u) family of complexes, both heterotactic (P, = 0.78)
and isotactic (P, = 0.67) PLA are achievable in toluene within
an hour.”™* For the corresponding Zn(m) complexes, an
increased isotactic bias (P, = 0.84, T;,, = 166 °C) was realised
with bulkier ligand substituents.**>* Abbina and Du have pre-
pared a series of chiral amido-oxazilinate Zn(n) complexes.>®
These structures contain a three coordinate metal centre and
achieve high isotacticity (P, = 0.91, Ty, = 212 °C) at room temp-
erature. Redshaw et al. have trialled a Mg(u) calixarene
complex for the ROP of rac-LA.>® High conversion was achieved
in minutes and both heterotactic PLA (THF, P, = 0.85) and iso-
tactic PLA (toluene, P, = 0.70) were realised. Almost perfectly
heterotactic PLA has been prepared by Cui,”” using Mg(u)
phosphinimino-amine complexes. High conversion and
selectivity was observed at room temperature (THF, P, = 0.93)
and this control could be enhanced at 0 °C (P, = 0.98).

A series of group IV imino monophenolate complexes have
been prepared by Davidson.”® The Zr(iv) complexes demon-
strated a heterotactic bias under both solution and melt con-
ditions (P, < 0.78) and the system was found to be robust,
being resistant to the addition of water. Our work has also
focussed on group IV salalen structures.>® For this family of
complexes, optimal results were achieved with Hf(iv) which
furnished isotactic PLA (P, < 0.75). Related salan group IV
structures were found to demonstrate higher activity and main-
tained an isotactic bias (P, < 0.75).°° Use of chiral bipyrrol-
idine salan complexes increased the degree of stereocontrol
and activity (P, < 0.86, Tn, = 176 °C), with successful poly-
merisations being carried out in both solution and solvent free
ROP.”"®! Recently, we have reported a range of complexes
based upon 2-(aminomethyl)piperidine (2-AMP) frame-
works.">*? Imino monophenolate Al(m) complexes were shown
to be active for the ROP of rac-LA with selectivity and poly-
merisation rate being greatly influenced by the ortho aryl sub-
stituents.”® The related salalen Al(m) complexes had much
reduced activity with marginal stereocontrol.>”> Remarkably,
the corresponding Al(ur) salan complexes demonstrated a dra-
matic increase in activity and selectivity (P, = 0.83, Ty, =
177 °C).*?

In this study, a range of ligand types (based on 2-AMP) are
prepared and complexed to a variety of metal centres. The
initial monophenol ligand set is readily converted to a salalen
ligand which is reducible to yield a salan. For the monophenol
ligands, Mg(u) and Zn(u) complexes are targeted. The bisphe-
nol systems are amenable to coordination to group IV metal
centres. The resultant complexes were then tested for their
activity in the ROP of rac-LA.

Results and discussion
Ligand synthesis

The procedure for ligand synthesis (except 2H) has been pre-
viously reported (Fig. 1 and 2).'**> For the monophenol
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Fig. 1 Synthesis and tautomerism of monophenolate ligands, 1-2H
and synthesis of 3H.
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Fig. 2 Synthesis of bisphenol ligands, 4—6H,.

ligands, 1H and 2H, a ring-chain tautomer is present in solu-
tion leading to a further bicyclic product (Fig. 1).

For the ‘Bu substituted aryl ring (1H), 89% of the product is
observed to be the desired imino form and for the unsubsti-
tuted aryl ring (2H), 74% of the product is represented by the
imino form (CDCl;, 298 K). For comparison, a pyridine based
ligand, 3H, was prepared according to literature methods.®?
From 1H, both salalen and salan ligands were also realised
(Fig. 2). A small amount (<10%) of bicyclic bisphenol, 6H, is
typically isolated with the salalen, 4H,, and this structure is
resistant to reduction and is also present in the salan, 5H,. To
determine the activity of resultant complex impurities, a route
was devised to produce 6H, in high yield and purity (Fig. 2).

Monophenolate complexes

Ligands, 1-2H were complexed to both Mg(u) and Zn(u)
(Fig. 3). The pyridine based ligand, 3H, has previously been
complexed with Zn(u) and therefore was only complexed to
Mg(11).%*%* Despite a 1:1 ligand-to-metal stoichiometry, only
the homoleptic complexes, M(1-3), were isolable from reaction
with the metal alkyl species. X-ray crystallographic analysis
revealed a pseudo octahedral complex for M(1), {M = Mg(u) or
Zn(u)} (Fig. 4).

The three trans groups show deviation between the antici-
pated 180° bond angle with the more rigid ¢rans imino groups
being closer to ideality {O(1/2)-Mg-N(2/4) = 158.95(7)°/163.2(2)°,
N(1)-Zn-N(3) = 178.62(18)°, O(1)-Zn-N,(2) = 165.48(16)°,
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Fig. 3 Synthesis of Mg/Zn(i) monophenolate complexes.

Fig. 4 Solid-state structure of Mg(l), (Top) and Zn(1), (Bottom).
Ellipsoids are shown at the 30% probability level and all hydrogen atoms
have been removed for clarity. Selected bond length (A) and angles (°):
Mg-0O(1) = 1.9963(16), Mg-0O(2) = 1.9751(15), Mg—-N(1) = 2.1359(18),
Mg-Ny(2) = 2.326(2), Mg—-N(3) = 2.105(9), Mg-N(4) = 2.257(7); O(1)-
Mg—-N,(2) = 158.95(7), N(1)-Mg-N(3) = 178.62. Zn-0O(1) = 2.0139(12),
Zn-Np(1) = 2.256(6), Zn—-N(2) = 2.1182(14); O(1)-Zn-N(1) = 165.48(16),
N(1)-Zn-N(3) = 171.56(8).

N(1)-Zn-N(3) = 171.56(8)°}. Within these geometries, a
mer-mer arrangement of ligands was observed.

For both Mg(un) and Zn(u) complexes of 1H disorder is
present in the solid-structure, being centred around the
aminopiperidine chiral centre. These secondary positions
clearly show an exchange in groups at the chiral centre with
the ring “flipped” to maintain the imino methyl group in the
equatorial position (Fig. 5). These two structures are
represented in the form of diastereomeric pairs in the form of
(RR/RS) and (SS/SR), for both Mg(1), and Zn(1),. A similar
solid-state geometry is anticipated for Mg/Zn(2),.

The presence of diastereomers for Mg/Zn(1/2), is supported
by '"H NMR spectroscopy, which shows multiple species in
solution. These species typically occur within narrow chemical
shift ranges, suggesting similar environments. DOSY NMR
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Fig. 5 Disordered positions of piperidine ring in Mg(1),.

Table 1 Diffusion coefficients (x107° m? s7%) of Mg(1),, Zn(1),, and 1H
(CgDe, 298 K)

Mg(1), Zn(1), 1H
Major 4.78 5.56 6.87
Minor 4.67 5.47

spectroscopy of both Mg(1), and Zn(1), revealed two distinct
sets of diffusion coefficients with a small difference be 4.67 x
107" m? s7" and 4.78 x 107" m” s (CeDs, 298 K) (Table 1).

Larger values are found for Zn(1),, equal to 5.47 x 107° m* s™*
and 5.56 x 107'° m> s (C¢Dg, 298 K). The close agreement of
these values for each complex series is further evidence that the
samples are isomeric. For comparison, the diffusion coefficient of
the free ligand is also given; uncoordinated 1H diffuses at a faster
rate relative to the complexes {6.87 x 107 m” s (CeDs, 298 K)}.

For 3H, without any potential point of chirality, the "H and
BC{'H} spectra of the resultant Mg(n) complex reveal one
species in solution. Hence, an octahedral complex is likely
present in solution in an analogous fashion to Mg(1),. Unlike
the free ligand, the -CH,- groups connected to the pyridine
moiety are now split into a pair of diastereotopic doublets,
indicating their inequivalence once coordinated.

Group IV complexes

Complexation of the imino monophenol, 1H, to group IV
metals yielded M(1),(O'Pr),, where M = Ti(v) or Zr(wv) (Fig. 6).
Complexes based upon 1H, M(1),(O'Pr),, were characterised by
X-ray crystallography revealing a pseudo octahedral geometry in
each case (Fig. 7). The arrangement of ligands around the
metal centre conforms to an o-cis conformation with trans
phenoxy groups {O(3)-Ti-O(4) = 167.12(5)°/O(3)-Zr-O(4) =
163.02(5)°} and cis isopropoxide moieties {O(1)-Ti-O(2) =
104.60(6)°/O(1)-Zr-0O(2) = 101.64(6)°}. The solid-state structure
is a racemate with a A-SS/A-RR configuration. Comparison
of the bond lengths and angles for both Ti(1),(O'Pr),
and Zr(1),(O'Pr), show both complexes to be similar and

OH o
t Ti(O'Pr '
B \N/\j o Ti(1)(OPr),
HN Zr(O'Pr)4-HO'Pr ,
By " —_— Zr(1)(0'Pr),

Fig. 6 Synthesis of group IV monophenolate complexes.

This journal is © The Royal Society of Chemistry 2017
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Fig. 7 Solid-state structure of A-Ti(55-1),(O'Pr), (Top) and A-Zr(RR-
1),(O'Pr), (Bottom). Ellipsoids are shown at the 30% probability level and
all hydrogen atoms have been removed for clarity. Selected bond length
(A) and angles (°): Ti-O(1) = 1.8037(12), Ti-O(2) = 1.7852(12), Ti-O(3) =

1.9473(10), Ti-O(4) = 19316(10), Ti-N(1) = 2.2628(13), Ti-N(3) =
2.2825(12); O(1)-Ti-O(2) = 104.60(6), O(1)-Ti-N(3) = 162.39(5),
O(3)-Ti-O(4) = 167.12(5). Zr-0O(1) = 1.9245(13), Zr-0(2) = 1.9289(13),

Zr-0(3) = 2.0587(11), Zr-0O(4) = 2.0596(12), Zr—N(1) = 2.3979(14), Zr-
N(3) = 2.3979(14); O(1)-Zr-0(2) = 104.64(6), O(1)-Zr—N(3) = 161.42(6),
0O(3)-Zr-0(4) = 163.02(5).

compare well to related literature complexes in terms of their
metric data.”®

Analysis of the "H NMR spectra for M(1-2),(O'Pr), revealed
multiple species in solution (Fig. 8). This is to be expected due
to the potential for diastereomeric relationships, with three
points of chirality in the structure. It is assumed that the
major isomer is that observed for the crystal structure (A-SS/A-
RR) and the remaining species are due to the remaining dia-
stereomers (e.g., A-RS/A-SR or A-RS/A-SR). Similar observations
and assignments have been previously reported.*® The "*C{"H}
NMR spectra provides further evidence for the species to be
related diastereomers, having four distinct resonances for the

A-Ti(SS),0iPr, 1'}‘(22'1’23'-':2
A-TIRS-1);0Pr, 7TJ(F'S‘1)20’IPQ
A-TIRS-)01Pr  A-Ti(SS-1),0iPr, A-TI(RSA),0iPr
—

A-Ti(SS-1);0iPr;
167.821 167.011 pbcraliy

13C{1H}

167.57

167.931

N . pem
167.0 PPm 1665 4.90 4.80 4.70 4.60 4.50 4.40

168.5 168.0 167.5

Fig. 8 C{*H} NMR spectrum showing imino region and *H NMR spec-
trum showing methine region of Ti(1),(O'Pr),. Diastereomers have only
been indicated but are present as enantiomeric pairs.
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imino functionality in agreement with the number of inequiva-
lent species (Fig. 8). Further analysis via DOSY NMR
spectroscopy suggests the species in solution are diffusing at
a similar rate {CDCl;, 298 K, Ti(1),(O'Pr),, D = 5.47 x 10~ *°
m? s™'/Zr(1),(O'Pr),, D = 4.35 x 107" m* s 7'},

The complexation of 3H to Ti(O'Pr), afforded an un-
expected product. Instead of the anticipated bis-ligated
species, Ti(3),(O'Pr),, the isolated complex is the product of a
ligand dimerisation (Fig. 9, and ESIf). The resultant Ti(wv)
salalen complex is shown to adopt an octahedral geometry in
the solid-state with a f-cis arrangement of coordinating
groups. The new carbon chiral centres are observed to have
opposing stereochemical configurations and the titanium
centre also possesses chirality (A-RS/A-SR).

Analysis of Ti(3*)(O'Pr), by "H/**C{"H} NMR spectroscopy
reveals an increased number of -CH,—- and —-CH- resonances
due to the ligand dimerisation. A NH resonance is also identi-
fiable in the 'H spectra. Resonances related to inequivalent
isopropoxide groups are also observed suggesting the solid-
state structure is maintained in solution. There are also several
species observed for this complex.

From the complex filtrate, a second precipitate was isolated.
Subsequent analysis of which revealed a different NMR spec-
trum which was also consistent with the structure of Ti(3*)
(O'Pr), with increased purity. It is suggested that the second
product is a diastereomer, for which the chirality at the two
carbon centres is the same (RR/SS).

The complexation of 3H with Zr(iv) afforded the expected
bis-ligated product as shown by NMR spectroscopy. The
number of resonances indicates an equivalence of both
ligands and isopropoxide groups suggesting an a-cis confor-
mation. There is a broadness associated with the isopropoxide
and a -CH,- benzylic resonances which is resolved on cooling
(CDCls, 273 K).

The salalen, 4H,, was also successfully coordinated to Ti(wv)
and Zr(wv). For the Zr(iv) complexation, best results were

TiO/Pr), Ti(OPr),

Ti(3*)(O'Pr),

'Bu SN N
N~

Zr(O'Pr)4 HO'Pr

Zr(3)(O'Pr),

Fig. 9 Group IV complexes of 3H. Solid-state structure of Ti(3*)(O'Pr)..
Ellipsoids are shown at the 30% probability level and all hydrogen atoms
have been removed for clarity.
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achieved by employing Zr(OBu),, which furnished a complex
amenable to recrystallisation. The use of Zr(O'Pr),-(HO'Pr)
afforded the desired product, as suggested by "H NMR ana-
lysis, but the complex was not successfully purified. Solid-state
analysis of both metal complexes revealed a pseudo octahedral
structure with a f-cis geometry (Fig. 10 and 11). The alkoxide
groups have a cis relationship {O(1)-Ti-O(2) = 92.57(5)°/O(1)-
Zr-0(2) = 96.75(4)°} and the phenoxy groups of both com-
plexes are also mutually cis for {O(3)-Ti-O(4) = 90.30(6)°/O(3)-
Zr-0(4) = 91.45(5)°}. The imino bond-to-metal is observed to
be shorter relative to the amino bond {for Zr(4)(O'Bu),, Zr-N(1) =
2.3417(16) A vs. Zr-N(2) = 2.3417(16) A}. The stereochemical
configuration of both complexes is observed to be A-RS/A-SR.
The ligand wrapping and bond lengths/angles are consistent
with group IV complexes reported in the literature.®>*”

OH
Bu X A
Ti(O'Pr )
N/\O (©F0 Ti(4)(OPr),
N
HO Zr(O'Bu)
'Bu — "%~ 7y4)0'Bu),
4H
2 Bu Bu

Fig. 10 Synthesis of group IV salalen complexes.

Fig. 11 Solid-state structure of A-Ti(RS-4)(O'Pr), (Top) and A-Zr(SR-4)
(O'Bu), (Bottom). Ellipsoids are shown at the 30% probability level and
all hydrogen atoms have been removed for clarity. Selected bond length
(A) and angles (°): Ti-O(1) = 1.8351(11), Ti-O(2) = 1.8537(12), Ti-O(3) =
1.8890(12), Ti-O(4) = 1.9257(11), Ti-N(1) = 2.2038(13), Ti-N(2) =
2.3101(13); O(1)-Ti-0(2) = 92.57(5), O(1)-Ti—-N(1) = 169.83(5), O(3)-Ti—
O(4) = 91.79(5). Zr-0O(1) = 1.9398(14), Zr-0O(2) = 1.9535(14), Zr-0(3)
2.0209(12), Zr-0O(4) = 2.0731(13), Zr-N(1) = 2.3417(16), Zr-N(2)
2.4371(15); O(1)-Zr-0(2) = 96.75(4), O(1)-Zr-N(1) = 174.48(6), O(3)-Zr—
O(4) = 163.02(5).
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Analysis via "H NMR spectroscopy reveals two species in
solution at a ratio of approximately 5 :1 for both salalen Ti(wv)
and Zr(v) complexes (Fig. 12). It is proposed that the minor
series of resonances is due to the presence of diastereomers in
solution. Application of achiral salalens typically lead to the
formation of single diastereomers in solution despite the
chirality at both metal and nitrogen centres.®®®” It is therefore
tentatively suggested that the extra resonances are due to
A-SS/A-RR species, with the metal and nitrogen chirality
remaining unchanged.

Coordination of the related salan, 5H,, with group IV
metals was also realised (Fig. 13). For Ti(5)(O'Pr), due to the
reduction of the imino functionality, an o-cis geometry is
adopted having a trans relationship between phenoxy groups
{O(3)-Ti-O(4) = 161.33(5)°}. The two isopropoxide groups are
observed to be mutually cis {O(1)-Ti-O(2) = 105.58(6)°} in the
structure of Ti(5)(O'Pr),. The nitrogen centre within the piper-
idine ring has a lengthened bond relative to that of the second-
ary amine {Ti-N,,(1) = 2.3876(13) A/Ti-N(2) = 2.2797(13) A}. The
stereochemical configuration of the ligand is observed to be
SRS/RSR relating to the nitrogen, carbon and nitrogen centres
respectively. The metric data for Ti(5)(O'Pr) is consistent with
that of literature Ti(iv) salan complexes.®®®*”7° The related
Zr(v) complex, Zr(5)(O‘Bu), is assumed to adopt a similar geo-
metry to the Ti(iv) analogue. Investigation of the solution state
structure of Ti(5)(O'Pr), by 'H NMR spectroscopy revealed a
minor series which corresponds to ~10%. Nevertheless, the
resonances of the major product correlate to the solid-state
structure of Ti(5)(O'Pr),. While likely diastereotopic in nature,
the exact assignment of the extra resonances is increasingly

7.947 791 7487 743 7159 6.077 6907
I

0.2 1.0
| | | | ppm
MRS AR AR AL R LA AR AL AR LARE LRSS AL AR AR LSS AR RARAS LARS AL ASS LARRARAS MARAR)
5.50 5.45 5.40 535 5.30 5.25 5.20 5.15 5.10 5.05 5.00 495

Fig. 12 H NMR (CDCls, 298 K) spectra of Ti(4)(O'Pr), showing imino-
aromatic region and methine region with A-RS and A-SS assignment.
Diastereomers have only been indicated but are present as enantiomeric
pairs.

Ti(O'Pr),

B
N

5H,

Ti(5)(O'Pr),
Zr(O'B
(OBu) Zr(5)(0'Bu),

Fig. 13 Synthesis of group IV salan complexes.

This journal is © The Royal Society of Chemistry 2017
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complex due to four points of chirality for Ti(5)(O'Pr),.
Previous reports concerning the coordination of chiral ligands
to Ti(iv) have demonstrated a change in chirality at the metal
centre is common for these systems.®®’%’' A switch to A
chirality at the metal could be the origin of the diastereomers
for this system, with the A chirality being preferred during syn-
thesis or recrystallisation (Fig. 14). In contrast, the '"H NMR
spectrum for Zr(5)(O'Bu), revealed the presence of a pure
complex in solution.

The bicyclic ligand, 6H,, was also coordinated to group IV
metals (Fig. 15). Complexation with Zr(O'Bu), afforded the
crystalline product, Zr(6)(O'Bu),. The complex geometry is
observed to be trigonal bipyramidal with a tert-butoxide and
amine group occupying the pseudo axial positions {N(1)-Zr-
O(1) = 168.83(7)°} (Fig. 16). Use of a bulkier Zr(iv) source as
well as sterically demanding aryl groups furnishes exclusively
the alkoxide complex; we have previously reported a related
series of Zr(iv) complexes that demonstrated a strong tendency
in forming the bis-ligated species, Zr(L),.>*

The metric data is similar to that of a related Ti(iv) complex
published previously, albeit with a reduced ideality towards
the trigonal bipyramidal geometry (z = 0.78).>* Analysis of both
Zr(v) and Ti(v) complexes of 6H, via NMR spectroscopy
demonstrates the maintaining of the solid-state structure in
solution and the presence of a single species.

Polymerisation studies

Polymerisations were carried out with rac-LA which was singly
recrystallised before use. Polymerisations with Mg(1-3), and

A-Ti(SRS-5)(O'Pr), A-Ti(SRS-6)(OPr),

Fig. 14 Solid-state structure of A-Ti(SRS-5)(O'Pr), and potential di-
astereomeric configuration. Ellipsoids are shown at the 30% probability
level and all hydrogen atoms have been removed for clarity. Selected

bond length (A) and angles (°): Ti-O(1) = 1.8079(12), Ti-O(2) =
1.7906(12), Ti-O(3) = 1.9138(11), Ti-O(4) = 1.9121(11), Ti-N(1) =
2.3876(13), Ti-N(2) = 2.2797(13); O(1)-Ti-O(2) = 105.58(6), O(1)-Ti—
N(1) = 163.11(5), O(3)-Ti-O(4) = 161.33(5).

oy Ti(O'P

Bu N 1R g, Csdil Ti(8)(O'Pr);
Zr(O'Bu)y .
By Zr(6)(O'Bu),
t
6H, Bu

Fig. 15 Synthesis of group IV salan complexes.
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Fig. 16 Solid-state structure of Zr(6)(O'Bu),. Ellipsoids are shown at the
30% probability level and all hydrogen atoms have been removed for
clarity. Selected bond length (A) and angles (°): Zr-O(1) = 1.9229(18),
Zr-0(2) = 1.9300(17), Zr-0O(3) = 2.0181(18), Zr-0O(4) = 1.9890(18), Zr-
N(1) = 2.420(2); O(1)-Zr-0(2) = 104.28(8), O(1)-Zr—-N(1) = 168.83(7),
O(3)-Zr-0(4) = 122.23(8).

Zn(1-2), were performed in solution (toluene) at 80 °C. In the
first instance, an equivalence of benzyl alcohol was added to
aid initiation (Table 2). For the majority of complexes, high
conversion was achievable within one hour, with the Zn(u)
complexes generally displaying greater activity. In exception to
this, Mg(2), was shown to be less active in this time frame.
The PLA produced by these complexes was essentially atactic.

Table 2 Mg(n) and Zn(i) complexes for polymerisation of rac-LA

Complex Time/h  Convs, % P Mymeo! My’ 2
Mg(1),* 1 72 0.51 10500 8300  1.10
Mg(2),¢ 1 40 0.47 6450 2100  1.10
Mg(3),* 1 81 0.53 11800 10000  1.10
Zn(1), ¢ 0.08 90 0.57 13 050 10550 1.05
Zn(1),” 0.5 95 0.57 13800 12200  1.10
(2),¢ 0.25 74 0.56 9300 6650 1.08
(2),” 05 58 0.59 8300 8050  1.05
Mg(1),° 1 17 0.53 2600 28800  1.14
Mg(3),¢ 1 25 0.52 3700 48450  1.19
Zn(1), ¢ 0.5 41 0.58 6000 82300 1.28
Zn(2), ¢ 0.5 9 0.59 1400 28 300 1.07
Mg(1),¢ 05 61 0.61 26450 23250  1.81
Mg(1),° 0.5 74 0.60 32050 17400  1.49
Mg(2),¢ 1.5 67 0.57 29050 5550  1.57
Mg(3),?  0.07 53 0.66 23000 28100  1.43
Mg(3),¢  0.07 63 0.66 27300 22000 1.41
Zn(1), 4 0.15 49 0.59 21250 42300 1.37
Zn(1),° 0.1 69 0.57 29900 32250 1.18
Zn(1),”/ 0.3 69 0.57 29900 24750 112
Zn(2),°¢ 1.5 84 0.51 36700 7650 1.51
Conditions: [LA]:[I]: [BhOH] = 100:1:1, 80 °C, toluene. ”[LA]:[I] =

1000:1:10, 80 °C, toluene. [LA]:[I]:[BnOH] = 100: 1, 80 °C, toluene.
?ILA]:[1] = 300:1, 130 °C. °[LA]:[1]:[BnOH] = 300:1:1, 130 °C.
JILA]:[1]: [BnOH] = 3000:1:10, 130 °C. ¢ Determined via 'H NMR
spectroscopy. " P, is the probability of heterotactic enchainment, deter-
mined via homonuclear decoupled "H NMR spectroscopy. ‘ Theoretical
molecular weight calculated from conversion {[LA]/[BnOH] x (conv. x
144.13) + 108.14} (rounded to the nearest 50)./ Determined from GPC
(in THF) referenced against polystyrene standards with a correction
factor of 0.58 applied.
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There was very little difference between the activity and stereo-
control exerted by Mg(1), and Mg(3),.

For this series of complexes, it was found that the addition
of excess alcohol, during the polymerisation quenching
process, facilitated depolymerisation reactions. This is illus-
trated by GPC traces of such polymer before and after MeOH
wash which show a broadening of the polymer chain distri-
bution {for Mg(1),, see ESI{}. As a consequence of this, further
polymerisations were not quenched. Such observations have
previously been noted in the literature.”>”* This depolymerisa-
tion was found to be more pronounced for Mg(1), which lead
to the rapid formation of oligomers and lactates, whereas for
Zn(1), treatment with methanol resulted in a broadening of
the GPC trace and a tail towards low molecular weight. It is
also noted that Mg(3), initially afforded a pale yellow polymer
which became red on prolonged exposure to air. This has pre-
viously been observed and attributed to a ligand oxidation
process.®> The Zn(n) complexes were also active with under
immortal polymerisation conditions ([LA]:[Zn]:[BnOH] =
1000:1:10), achieving reasonable conversion with molecular
weight being dependent on the [LA]:[BnOH] ratio. An NMR
scale polymerisation was carried out for Zn(1), (CDCl;, 298 K,
[LA]:[Zn]:[BnOH] = 20: 1: 1). The initial combination of com-
plexes and alcohol demonstrated the Zn(u) complex to be inert
towards alcoholysis. On addition of rac-LA, polymer was
observed to be produced without any change in the complex
resonances suggesting the operation of an activated monomer
mechanism (see ESIt). Further to this, DOSY analysis of the
system suggested there was no major interaction between
polymer and Zn(u) centre. Kinetic analysis of the polymeris-
ation with Zn(2), (toluene, 353 K, [LA]:[Zn]:[BnOH] =
100:1:1) yielded a linear plot of In([LA],/[LA],) against time
(kapp = 5.21 = 0.51 h™") indicating the polymerisation proceeds
with a first order dependence on monomer (see ESIT).

The resultant molecular weight of solution polymerisations
with BnOH co-initiator demonstrates a reasonable correlation
with the predicted value. However, the molecular weight
achieved by Mg(2),, is much lower than anticipated. In each
case, the distribution of molecular weights is narrow again
implying a controlled polymerisation (P < 1.10). Further ana-
lysis via MALDI-ToF mass spectrometry gives comparable
values of molecular weight and generally shows the presence
of polymer chains with a BnO- and -H end groups (see ESI,
Table S17). For each Mg(1/3) complex, there is a minor series
due to transesterification side reactions. For Mg(3), there is
also evidence of intramolecular transesterification with low
molecular weight cyclic oligomers being observed For Mg(2),,
only cyclic species are observed.

Analysis of polymer derived from Zn(1/2), via MALDI-ToF
mass spectrometry indicates a minimal degree of undesirable
transesterification reactions. The literature complex, Zn(3),,
was shown to be active in the absence of co-initiator under
solution conditions.®® Under similar conditions, the activity of
the complexes Mg(1/3), and Zn(1-2), is observed to be much
reduced within the same time frame, with Zn(1), being the
most active. Despite the low conversion, relatively high mole-
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cular weights are afforded with the distribution of polymer
chain remaining relatively narrow. It is unclear if initiation
is due to a ligand phenoxy moiety or monomer impurities
(see ESIY).

The complexes are also tested under solvent free conditions
(130 °C, [LA]:[1] = 300:1 or [LA]:[I] = 300:1:1). The poly-
merisations with Mg(1), was hampered by the insolubility of
this complex in the molten LA. As a consequence, the reaction
time was lengthened. The molecular weight control afforded
by these complexes is poor, with lower than theoretical values
being realised, even in the absence of BnOH. However, slight
heterotacticity is demonstrated by these Mg(u) systems (P, =
0.60). A faster reaction, with slightly more of a heterotactic pre-
ference, is achieved with Mg(3),, which was fully soluble in the
LA melt. A more controlled polymerisation is achieved by
employing Zn(1),, which is also fully soluble in the LA melt. At
this higher temperature, the reaction in the absence of benzyl
alcohol achieves higher conversion, indicating the initiation
step may have a thermal barrier, perhaps due to insertion of a
ligand phenoxy moiety. Under these conditions, a higher mole-
cular weight than predicted is afforded, indicating fewer
chains are initiated relative to the amount of metal centres.
The addition of BnOH yields PLA with a good agreement
between experimental molecular weight and predicted. Zn(1),
can also perform under immortal melt conditions
(3000:1:10, 130 °C). While there is a slight increase in poly-
merisation time, the molecular weight achieved is comparable
to the LA to co-initiator ratio, with a relative improvement of
polymer chain distribution. The solvent-free polymerisation of
Mg/Zn(2), was slow and poorly controlled. It is tentatively
suggested that the less hindered metal centres are susceptible
to decomposition under these conditions. The titanium based
complexes were tested under melt conditions (130 °C, 300: 1),
having isopropoxide groups to initiate polymerisation directly
(Table 3). The bis-ligated complex, Ti(1),(O'Pr),, was found to
be a poor complexes for the ROP of rac-LA achieving 58%
under melt conditions after 24 hours. The observed molecular
weight is much lower than anticipated suggesting the for-
mation of oligomers. The salalen complexes, Ti(3*/4)(O'Pr),,
were observed to only reach 15-17% conversion after 24 hours
under these conditions. In this instance, coordination of LA

Table 3 Ti(iv) complexes for polymerisation of rac-LA

Complex Time/h  Conv., % P.”  Mpmeo® My b
Ti(1),(O'Pr), 24 58 0.49 12550 2850 1.36
Ti(3*)(O'Pr), 24 15 — — — —
Ti(4)(O'Pr), 24 17 — — — —
Ti(5)(0'Pr), 3 75 0.52 16250 13900 1.04
Ti(6)(O'Pr), 18 72 0.51 15550 10350 1.31

Conditions: [LA]: [I] = 300: 1, 130 °C, solvent free. “ Determined via 'H
NMR spectroscopy. ” P; is the probability of heterotactic enchainment,
determined via homonuclear decoupled 'H NMR spectroscopy.
“Theoretical molecular weight calculated from conversion {300 x
conv. x 144.13) + M,(end group)}/2 (rounded to the nearest 50).

Determined from GPC (in THF) referenced against polystyrene stan-
dards with a correction factor of 0.58 applied.

This journal is © The Royal Society of Chemistry 2017
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may be restricted due to high metal coordination and bulky
aryl substituents. The titanium salan complex, Ti(5)(O'Pr), is
more active reaching high conversion within 3 hours. The
Ti(iv) salan complex affords a narrow distribution of polymer
chains with a molecular weight consistent with two chain per
metal centre. Geometrically, the structures are different with
the salalen adopting a fac-mer geometry and the salan, a
fac—fac arrangement. This increased activity on going from
salalen to salan also correlates with the observations made for
the respective aluminium complexes.'>??

The bicyclic complex Ti(6)(O'Pr), achieved reasonable con-
version within 18 hours, however, molecular weight control
was poor (P = 1.31). The activity of Ti(6)(O'Pr), is much
reduced compared to a previously reported bicyclic analogue.>?
In no instance is stereocontrol exerted by this series of com-
plexes which is analogous to the majority of Ti(iv) complexes
in the literature.’®%%7477

The bis-ligated species, Zr(1),(O'Pr), was more active than
the related Ti(iv) complex, Ti(1),(O'Pr),. In solution (toluene,
80 °C), reasonable conversion was achieved after 2 hours and
under solvent free conditions, less than 1 hour was required.
However, similar to the Ti(iv) complex, only lower molecular
weight was achievable. In comparison, Zr(3),(O'Pr), achieves a
higher molecular weight with improved control albeit with a
longer polymerisation time. The Zr(iv) salalen complex was
also assessed for activity in the ROP of rac-LA. For Zr(4)(O'Bu),,
improved activity is observed relative to the Ti(iv) salalen.

However, there is a large difference between observed and
theoretical molecular weight values for the solution polymeris-
ation, with a relatively broad distribution of chain lengths (b =
1.34). Both of these facts may indicate a slow initiation
process, due to the disfavoured insertion of ‘BuO- into the
monomer.** To test this, polymerisation was carried out in the
presence of one equivalence of BnOH. Under these conditions,
the both molecular weight and distribution are reduced (P =
1.21) indicating an increase in control, which is mirrored by
better agreement between theoretical and actual M,.
Furthermore, the polymerisation is observed to be more rapid
(71%, 3 h). The solvent-free polymerisation achieves reason-
able conversion within 30 minutes, however, a broad mole-
cular weight distribution is observed under these conditions
(b = 1.42). Under solution or melt conditions no stereocontrol
is achieved by Zr(4)(O'Bu), (Table 4).

Unusually, attempts to polymerise rac-LA with the related
Zr(w) salan, Zr(5)(O"Bu),, were unsuccessful in solution and for
solvent-free reactions. For the five coordinate Zr(6)(O'Bu),
complex, similar molecular weight control and activity is
demonstrated in both solution and under melt conditions.
However, closer examination of the homonuclear decoupled
'H spectrum for PLA derived from Zr(6)(O'Bu), shows an
unusual enhancement of the isi resonance (see ESIt). This is
due to stereorandom transesterification giving rise to polymer
linkages not typically observed for rac-LA.°>”®7° These linkages
are determined to be related to iss, sss, and ssi tetrads from
analysis of the methine region in the "*C{'H} NMR spectrum
(see ESIT) and should not be present for the ROP of rac-LA.*
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Table 4 Zr(v) complexes for polymerisation of rac-LA
Complex Time/h Conv.%, % P.° Mymeo! Mo — BF
Zr(l)Z(OfPr)2 ‘2 62 0.53 4500 2950 1.12
Z1(1),(O'Pr), b os 80 0.60 17350 6950 1.17
Zr(3),(O'Pr),* 6 63 0.45 4500 4000 1.07
Zr(4)(O'Bu),* 4 72 0.53 5250 16350 1.34
Zr(4)(O'Bu),® 3 71 0.56 5200 5900 1.21
Zr(4)(O'Bu), b 04 69 0.52 15000 13400 1.42
7r(6)(0O'Bu),* 4 77 0.60 5600 6500 1.10
Zr(6)(0‘Bu), b 025 75 0.60 16300 15600 1.19

Conditions: “[LA]:[I] = 100:1, 80 °C, toluene. "[LA]:[1] = 300:1,
130 °C, solvent free. ‘[LA]:[I]:[BnOH]: = 100:1:1, 80 °C, toluene.
4 Determined via *H NMR spectroscopy. ¢ P, is the probability of hetero-
tactic enchainment, determined via homonuclear decoupled '"H NMR
spectroscopy. / Theoretical molecular weight calculated from conver-
sion {[LA)/[I] x (conv. x 144.13)/2 + My(end group)} (rounded to the
nearest 50). ¢ Determined from GPC (in THF) referenced against poly-
styrene standards with a correction factor of 0.58 applied.

These tetrads coincide with the isi resonance in the 'H NMR
spectrum, hence the overall dominance of this resonance.

MALDI-ToF mass spectrometry analysis was performed on
polymer derived from Zr(iv) alkoxides (see ESIT). For
Z1(1),(O'Pr),, in solution, the observed molecular weight series
is higher than GPC and more consistent with the theoretical
value (Mp,marpr = 4200 g mol™"). There is one major series
with 72 ¢ mol™' spacing indicating transesterification
reactions are occurring under these conditions, with PrO- and
H- end-groups. There is also evidence of cyclic PLA oligomers
from application the of Zr(1),(O'Pr), as well as TFA (trifluoro-
acetic acid) capped polymer (the TFA is the counterion for the
Na(1) source in MALDI).

In another instance, a series related to methoxy capped PLA
was observable due to washing with MeOH. The polymer
derived from the solvent-free polymerisation was also amen-
able to MALDI-ToF analysis. Similar observations are made as
for the solution polymerisation, with 'PrO-, H- and TFA- end-
groups present as well as cyclic structures. For the solvent-free
MALDI-ToF spectrum, the distribution is not symmetrical with
a substantial tail to low molecular weight. Zr(3),(O'Pr), affords
one main polymeric series with a spacing of 72 ¢ mol™" indi-
cating the presence of undesirable transesterification reac-
tions, however, the correct end groups are evident. For the
salalen complex, Zr(5)(O'Bu),, the polymer prepared in the
absence of co-initiator is too large to be analysed by
MALDI-ToF. However, the addition of BnOH afforded lower
molecular weights amenable to characterisation. The spectrum
is dominated by polymer containing the expected BnO- end
group, with a symmetrical distribution and a 72 g mol™" peak
spacing. Trace amounts of ‘BuO- capped polymer is observed at
lower molecular weight. For polymer derived from Zr(6)(O'Bu),,
there are no peaks associated with the expected ‘BuO- end
group via MALDI-ToF analysis. Instead, the main series, which
has a spacing of 72 g mol™", correlates well with methoxy end
groups. Evidently, transesterification or cyclic oligomer ring
opening occurs during polymer work-up. A minor series is also
present which is shown to possess no end-groups.
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Conclusions

Racemic ligands based upon 2-(aminomethyl)piperidine have
been prepared and complexed to a range of metals. The
majority of complexes reported are found to be diastereomeric
in solution and characterised by a combination of X-ray crystal-
lography and NMR spectroscopic methods. These complexes
were assessed for their ability to polymerise lactide. For the
Mg(u) and Zn(u) complexes, good activity and molecular
weight control is generally achievable in solution. For Zn(1-2),,
immortal polymerisation was shown to be feasible. These com-
plexes demonstrated activity under solvent free conditions.
The Ti(iv) complexes were found to be relatively poor for the
ROP of rac-LA with only Ti(5)(O'Pr), demonstrating a con-
trolled polymerisation. Increased activity and control was
achievable with the Zr(iv) complexes, which is in agreement
with literature precedent.
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