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We report the rationalised design of aluminium initiators and their
application for ROP of rac-lactide (rac-LA). A very minor change to
the ligand backbone (imine reduction) to give secondary amines
was found to have a dramatic effect on activity and selectivity with
isotactic PLA being realised.

There is a significant range of aluminium initiators reported for
the ROP of rac-LA to afford polylactide (PLA). Aluminium is
attractive as it is a highly abundant metal. Initiators based on
aluminium are often reported to exert some degree of stereo-
control over the polymerisation of rac-LA with there being cases
of both isotactic and heterotactic preference in the literature, it
is difficult to predict or rationalise the selectivity. While such
polymerisations are well controlled in terms of polymer archi-
tecture and weight properties, they often suffer from slow rates
with many hours to several days required in solution and even
melt polymerisations. A challenge for the ROP of rac-LA is the
preparation of isotactic stereoblock PLA under industrially
relevant conditions and determining initiator structure activity
relationships. Other metal centres that are active for the pro-
duction of isotactic PLA include Zr(w),> Hf(w),"**>? y(m),?
In(m),* Zn(u)’ and lanthanides.®

One of the earliest examples of stereocontrolled PLA produc-
tion was demonstrated by Spassky and co-workers." Using
chiral binaphthyl Schiff base aluminium complexes, isotacticity
resulted from the solution ROP (70 °C, toluene, [LA]:[Init] =
75:1) with evidence of stereocomplexation being observed.
Reaction times from 5 hours (19% conversion) up to 281 hours
(98% conversion) are reported for this system. An isotactic
initiator was also prepared by Feijen et al, also utilising an
aluminium salen complex.’®" In this case, the ligand backbone
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was trans-1,2-cyclohexyl and P, values of 0.93 (solution,
[LA]:[Init] = 62:1) and 0.88 (melt, [LA]:[Init] = 200:1) are
reported with typical reaction times given in days. Examples of
relatively fast and well controlled Al(m) salen mediated polymer-
isations are provided by Nomura et al'®/ In one study, the
identity of two key positions upon the ligand (substituents ortho
to the phenoxy and the aliphatic backbone) are varied." The
achiral salen complexes screened generally showed isotactic
preference (P,, > 0.69) and solution reactions time varied from
0.4 to 72 hours depending on the nature of the substituents. In
particular, excellent stereocontrol was realised with ‘BuMe,Si
ortho groups and this was largely maintained at high tempera-
tures (130-180 °C, [LA]: [Init] = 300: 1), however preparation of
this particular initiator requires lengthy synthesis including
protection and deprotection. Gibson et al. have prepared eight
salan complexes based around a N,N’-disubstituted ethylenedia-
mine backbone.' Depending on substituent choice, strong
heterotactic or moderate isotactic preference was observed with
the solution polymerisation length typically being around 24 hours
(70 °C, [LA]:[Init] = 100: 1). More recently, Kol et al. have demon-
strated enantiomerically pure salalens based upon an amino-
methylpyrrolidine moiety."” Application of these for ROP of
rac-LA gave reasonable heterotacticity or gradient isotactic multi-
block PLA (P, = 0.82) in toluene (80 °C, [LA]: [Init] = 100:1).

In this work, a series of related salan complexes based on
2-aminopiperidine are reported. Reduction of the imine func-
tionality of the salalen structure afforded a secondary amine
salan and subsequent methylation at this position further yields
a tertiary amine based salan (Scheme 1). Important for industrial
applications, the salan ligands are colourless consequently
affording colourless complexes and white polymer. Ligands
1-2H, are prepared via a simple three step synthesis which is
achievable on a multigram scale within a day. All ligands have
been characterised by 'H and "*C{'H} NMR spectroscopy as
well as ESI-MS. The initial complexation of 1-3H, with AlMe;
(Scheme 2) afforded complexes each with 4 distinct species in
solution. It is postulated that these species are a consequence
of the inherent stereochemistry of the ligand and the new
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Scheme 1 Previously reported salalen ligands’ (A/BH,) and salan ligands
(1-3H,) used in this study.
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Scheme 2 Complexation of 1—3H, with Al(in).* PrOH added to Al(1-2)Me
only.

stereocentres that form upon complexation; the 2nd position of
the aminopiperidine ring is stereogenic and derived from a
racemic reagent while the bonding of both the nitrogen centres
to the metal centre also generates two further points of chirality.
Thus, there are potential diastereomers present in solution.
A similar observation was made for Al(A-B)Me for which there
are two stereocentres on complexation and two species observed
in solution.” Further to the previous work, the Me has been
exchanged with -OBn to form Al(A)OBn which was characterised
as a single diastereomer by '"H NMR analysis. Solid state analysis
shows the wrapping of the imino ligand around the aluminium
centre to be analogous to the Al(A)Me complex with the trigonal
bipyramidal geometry maintained (z = 0.72), (Scheme 3, Table 1).
For Al(1/2)Me, no suitable crystals were generated for X-ray
crystallography, however, for Al(3)Me, a solid state structure
was obtained and this revealed the complex structure to be
similar to that of the parent imine complex with a pentacoordinate
aluminium centre (t = 0.64).

The exchange of the aluminium methyl group for an alkoxide
moiety also allows for the isolation of well-defined salan species,

NP
1 \\\\\N

\\\\N
o'—AlI 02—Al'
[~ >
0? (o}
Al(A-B)Me _
Al(A)OBn Al(1-2)O'Pr
Al(3)Me

Scheme 3 Trigonal bipyramidal isomers observed for Al(i) complexes. N,
denotes the nitrogen within the piperidine ring.
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Table 1 Selected bond lengths (A) and angles (°) comparing salalen and
salan geometries

Al(A)OBn Al(1)0'Pr Al(2)0'Pr Al(3)Me
T 0.72 0.77 0.78 0.64
Al-0(1) 1.7585(10)  1.7991(8) 1.7955(9) 1.7633(10)
Al-0(2) 1.8262(10)  1.7730(8) 1.7644(9) 1.8024(10)
Al-N,(1) 2.1386(12)  2.0672(10)  2.0622(10)  2.2834(12)
Al-N(2) 1.9670(12)  2.1072(10)  2.1122(10)  2.0786(12)
Al-R 1.7356(10)  1.7400(9) 1.7418(9) 1.9765(15)
O(1)-A1-0(2) 95.30(5) 94.55(4) 96.12(4) 91.39(5)
O(1)-AI-N(2) 117.42(5) 170.31(4)  169.19(4)*  125.09(5)°
O(2)-Al-N,(1)  168.02(5)*  117.49(4) 113.74(4) 163.28(5)*
O(1)-Al-R 124.59(5)  102.45(4) 101.55(4) 122.02(6)
O(2)-Al-R 97.48(5) 124.16(4)  120.53(4) 102.08(6)
Np(1)-Al-R 87.48(5) 115.37(4) 122.62(4)  93.19(6)
N(2)-Al-R 117.42(5) 82.35(4) 82.13(4) 115.56(6)

“ Angles used to determine 7.

Al(1/2)0'Pr (Scheme 2). In solution, the "H NMR spectrum dis-
plays four aromatic resonances and one isopropoxide septet.
These complexes were purified by recrystallisation and the corres-
ponding solid state structure was shown to be subtly different to
Al(A)OBn/Al(3)Me (Fig. 1); while the trigonal bipyramidal alumi-
nium centre is maintained the wrapping of the ligand around the
metal is different. This is illustrated by the respective decrease/
increase of the Al-N,/Al-N bonds and an increase/decrease in the
Al-O(1)/AlO(2) bonds relative to the parent imine complex. These
changes are consistent with the exchange of axial-equatorial
position within the trigonal bipyramidal geometry.

The cause of this is thought to be due to a weak interaction
between the nitrogen hydrogen and isopropoxide oxygen which,
in this conformation, occupy the same plane and while not at
the optimum angle for hydrogen bonding are in close proximity
(N-H- - -O = 2.227 A). From structural studies the complexes with
ligands 1/2H, afford different coordination modes than either
imine or 3H, (Scheme 3).

Polymerisations were carried out with lactide purified only
by recrystallisation to mimic industrially favoured conditions.
It can be immediately seen that the activity of complexes prepared

Fig. 1 Solid state structures for Al(2)O'Pr (top) and Al(3)Me (bottom).
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Table 2 Solution polymerisation data for Al(1-3)R and Al(A/B)Me

Entry  Initiator Time/h  Conv.%%  Pnf M, PDF
1° Al(A)Me 240 88 0.63 22700  1.06
2° Al(B)Me 240 88 0.44 20500  1.08
34 Al(1)Me 3 65 0.75 14900  1.06
4P Al(1)O'Pr 3 66 0.79 16750  1.04
5be Al(1)O'Pr 3 82 — 25550  1.04
6> Al(1)O'Pr 120 60 0.83 15800  1.04
7° Al(2)0'Pr 0.5 76 0.59 17900  1.03
8° Al(3)Me 120 49 0.64 18850  1.13

Entries 1/2 from McKeown et al.” Conditions: toluene, 80 °C. ¢ [LA]:
[1]:[BnOH] = 100:1:1.? [LA]:[T]: = 100:1. ° -LA. ¢ CH,Cl,, 25 °C.
¢ Determined via "H NMR spectroscopy. / Py, is the probability of isotactic
enchainment, determined via homonuclear decoupled "H NMR spectro-
scopy with deconvolution and averaging of the five equations. ¥ Molecular
weight via GPC analysis (in THF).

from salans 1/2H, are markedly improved relative to the corres-
ponding salalen complexes. Solution polymerisations (Table 2)
reach reasonable conversion and molecular weight after hours rather
than the several days (entry 1 vs. entry 3/4). For the aluminium
complex of 1H,, both the methyl and isopropoxide species were
trialled with the former having benzyl alcohol added as co-initiator.
Encouragingly, very similar results are observed in terms of polymer
weight and stereocontrol suggesting that the active alkoxide struc-
ture of the two initiators is likely to be identical. As for the imino
forms, all initiators prepared in this study demonstrate predictable
molecular weights and narrow distributions further highlighting the
controlled nature of the polymerisation.

The initiators based on 1H, demonstrate an increased iso-
tactic bias (P, ~ 0.8) relative to AH, based initiators with white
polymers resulting from the polymerisations. Interestingly,
polymerisations in toluene at 80 °C afforded slightly less
stereocontrol compared to some of the solvent free reactions
(Table 3) at higher temperatures. For the salan complexes based
on 2H,, the increase in initiator activity is more pronounced with
high conversion being attained within one hour. The tacticity

Table 3 Melt polymerisation data for Al(1/2)O'Pr

Entry  Initiator Time/h  Conv."/% P, My PDV
14 AI(I)O?PI‘ 0.3 75 0.81 52250 1.04
2P All)o'Pr 1 55 0.78 114100 1.18
3° Al())O'Pr 0.5 47 0.75 95150 1.13
44 Al(1)O'Pr 0.1 79 0.73 47600 1.26
5° Al(1)O'Pr 0.2 45 0.70 54500 1.24
4 Al(1)O'Pr  6.25 53 070 37250 1.15
7% Al(1)0'Pr 5 60 0.59 25550 1.55
8¢ Al(2)0'Pr 0.1 85 0.73 55750  1.13
9b Al(2)0'Pr 0.3 50 0.73 115300  1.09
10° Al(2)0'Pr 0.3 54 0.74 91100  1.17
114 Al2)O'Pr  0.05 89 0.72 53700 1.25
12°¢ AI(Z)O?Pr 0.2 68 0.70 66100 1.29
13/ Al2)O'Pr 1 70 070 51300 1.12
148 Al2)0'Pr 1 36 0.65 23000 1.21

“ Conditions: [LA]:[1]=300:1, 130 °C. ? [LA]:[1]=900:1, 130 °C. ° [LA]:
[1] = 900:1, 150 °C. ¢ [LA]:[I] = 300:1, 180 °C. °[LA]:[1] = 900:1,
180 °C./[LA]:[1]:[BnOH] = 3000:1:10, 150 °C. ¢ [LA]:[I]:[BnOH] =
3000:1:10, 180 °C. " Determined via 'H NMR spectroscopy. ' Py, is
the probability of isotactic enchainment, determined via homonuclear
decoupled "H NMR spectroscopy with deconvolution and averaging of
the five equations.’ Molecular weight via GPC analysis (in THF).
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imparted from these complexes is slightly isotactic which again
is more pronounced for solvent free polymerisations. The
N-methylated salan complex Al(3)Me, was also trialled for the
ROP of rac-LA. While the polymerisation appeared well con-
trolled, the activity and stereocontrol of the initiator was found
to be comparable to that of the salalen Al(A)Me, with days being
required to reach a reasonable conversion of LA. This result
indicates it is likely the rearrangement of the ligand around the
metal centre that accounts for the increased activity Al(1/2)O'Pr
which have different coordination motifs to Al(A/3)Me. We believe
that this is due to the weak interaction between the NH moiety
and the oxygen of the alkoxide.

MALDI-ToF analysis of polymers resultant of Al(1/2)O'Pr
(Table 2, entries 4 and 7) highlighted the controlled nature of
the polymerisation in solution showing no evidence of transes-
terification and yielding molecular weight values consistent
with conversion, end groups and GPC analysis. Further investi-
gation into Al(1/2)O'Pr revealed controlled polymerisation char-
acteristics with the molecular weight showing linear increase
with conversion in solution at 80 °C (see ESI}). First order
kinetics was also shown by a linear concentration:time plot for
each initiator (Fig. 2 and ESIt). The apparent rate constants, kapp,
were found to be 0.37 and 2.7 h™* for Al(1)0'Pr and Al(2)O'Pr
respectively (Tol, 80 °C, 100:1); evidently, the shorter reaction
timescale allows for differentiation between the rates of
Al(1/2)0'Pr and the increased activity for Al(2)O'Pr is attributed
to the reduced steric hindrance offered by the dimethyl phenol
moiety. The rate constant for the polymerisation of Al(1)O'Pr
with 1-lactide as also evaluated and found to be 0.58 h™* (Fig. 2
and Table 2, entry 5). NMR spectroscopy showed no evidence of
epimerisation for the polymerisation of r-LA. The relative
kinetics for the polymerisation of rac- or 1-LA allows for the
estimation of tacticity; the Py, value from this kinetic perspective
is found to be 0.78 which is in accord with that found for the
solution polymerisation via NMR spectroscopy. DSC analysis of
the polymer prepared at room temperature (Table 2, entry 6)
reveals a Ty, = 177 °C, further highlighting the isotactic bias of
Al(1)O'Pr. The mechanistic pathway is unclear due to the use of
a racemic ligand. Neither chain end mediated nor enantio-
morphic mediated polymerisation can be ruled out and neither
can a polymeryl exchange mechanism be discounted; such an

2 1 y =4.8292x - 0.2492 y =0.5785x - 0.0787
R? = 0.9466 - R?=0.9873
=15 4
;. y =0.3716x - 0.0317
< R?=0.999
= 1 9
<
5 @ rac-LA (Solution)
c
0.5 4 W L-LA (Solution)
rac-LA (Melt)
0 T T T T !
0 1 2 3 4 5
Time/h

Fig. 2 Semi-logarithmic plot for the solution polymerisation of Al(1)O'Pr.
Conditions: solution, toluene, 80 °C, [LA]: [A(L)O'Pr] = 100:1, [LAlp =
0.694 mol dm~2 or melt, 130 °C, [LA] : [Al1)O'Pr] = 300:1.
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exchange has been invoked for Al(m) complexes and could be
potentially in operation to form stereoblocks and reduce the
overall isotacticity. 8"

To assess the applicability of these initiators, further poly-
merisations of Al(1/2)0'Pr were performed. Under standard
solvent free conditions (130 °C, 300:1) the activity and control
of these initiators is maintained (Table 3, entries 1/8). At this
temperature, an increase in monomer-to-initiator ratio (900: 1)
is tolerated with minimal reduction of selectivity and molecular
weight control and relatively small increase in reaction time.
Higher temperature solvent free reactions (150 and 180 °C) were
also found to be successful. Generally, higher conversion is achieved
more rapidly and control is not significantly reduced. To assess
activity under industrial conditions, immortal polymerisations were
carried out with reduced metal content and co-initiator to moderate
molecular weight (JLA]:[I]:[BnOH] = 3000: 1: 10). These conditions
are found to be feasible for Al(1/2)O'Pr, with a reasonable degree of
isoselectivity still being maintained despite extended reaction times
at high temperatures (Table 3, entries 6 and 7, 13 and 14). The
resultant molecular weight demonstrates these initiators ability to
facilitate molecular weight and tacticity control under extremely
challenging conditions although it is noted that 5 hours at 180 °C
(Table 3, entry 7) does cause a deterioration in molecular weight
suggesting a stability limit for Al(1)O'Pr.

In conclusion we have shown how altering the coordination
geometry of simple salans around Al(m) can have dramatic
consequences in terms of activity and selectivity. We wish to thank
the EPSRC for funding the CDT at Bath (EP/G03768X/1) and Purac
for the donation of lactide. For full experimental details see ESIT
and http://doi.org/10.15125/BATH-00220 for the data.
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