Bimetallic salen aluminum complexes: cooperation
between reactive centers in the ring-opening
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A series of dinuclear aluminum alkyl complexes of general formula L-Al:Mes, where L are salen ligands with alkyl backbone

of different length between the nitrogen atoms (1,3-propylene (1), 1,5-pentylene (2) and 1,12-dodecaylene (3)), have been

prepared through alkane elimination reactions between each ligand and two equivalents of AlMes. The related hemi-salen

aluminum complex 4 was prepared by an analogous reaction between a phenoxy-imine ligand and a single equivalent of

AlMes. The activities of these binuclear aluminum complexes in the ring-opening polymerization (ROP) of rac-lactide and of

several epoxides have been investigated and compared. The dinuclear complex 1, bearing the salen ligand with the shortest

alkyl bridge, was the most active in the ROP of LA producing isotactic enriched PLA. Otherwise, the other complexes (2 and

3), in which metal centers are remote, produced atactic PLA with inferior activity. Analogous differences in terms of activity

emerged in the ROP of epoxides. The comparison of the catalytic behavior of the dinuclear complexes as well as their

mononuclear counterpart suggests the possibility of cooperation between the two reactive centers of the dinuclear species

in which these are close together.

Introduction

The salen ligands are ubiquitous in the coordination chemistry
of trivalent metals both of main and transition groups and their
complexes find wide applications in the field of homogeneous
catalysis for several reactions as oxidations, polymerizations,
and epoxidations.1.2

Salen complexes based on five-coordinate aluminum atoms are
among the most successful catalysts in the ring-opening
polymerization (ROP) of cyclic esters, such as lactide.3 Following
the initial findings of Spassky,* that reported the first example
of Salen-Al able to promote a controlled
polymerization of rac-lactide to moderately isotactic PLA,

complexes

Feijen,> and Coates® used chiral salen-type catalysts to mediate
the stereoselective polymerization of rac-lactide via the
enantiomorphic site control mechanism.

Subsequently Nomura’, Gibson® and Chen® reported achiral
catalysts able to promote
polymerization of rac-lactide via chain-end control mechanism.
At the same time, numerous examples of structurally related
dianionic tetradentate ONNO-type ligands such as salan,10
salalen! and dialkoxy-diimino? ligands have been deeply
investigated as coordination environments for the synthesis of
monometallic five-coordinate aluminum complexes active in

salen-aluminum isotactic
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the ROP of cyclic esters. Some of these complexes displayed
uncommon abilities in controlling the stereochemistry in the
ROP of rac-lactide, producing polymers with improved
stereoregularities!3 or original microstructures.4

More recently, bimetallic aluminum complexes have attracted
great attention as they have different catalytic behaviors in
comparison to their related monometallic species because of
the presence of two proximal Lewis acidic centers within the
same complex that can act in a concerted way.

Bimetallic five-coordinate salen-aluminum complexes have
been investigated as initiators for controlled and
stereoselective ROP of LA.15

On the other hand, the use of dianionic “ONNO” type ligands as
binucleating ligands for the formation of bimetallic species in
which the aluminum centers are tetra-coordinate is definitively
less explored.16.17

Carpentier et al. reported  enantiomerically  pure
diphenylethylene salen ligands for the synthesis of
monometallic five-coordinate and bimetallic tetra-coordinate
aluminum complexes. Both classes of complexes showed the
same activity in the ROP of LA but the bimetallic complexes
revealed to be inefficient in the stereocontrol of the process.18
The same behavior was observed by Ma with mononuclear and
dinuclear aluminum complexes supported by 6,6'-
dimethylbiphenyl-bridged salen ligands.’® The same author
described binuclear tetra-coordinate salan aluminum
complexes as efficient initiators for the copolymerization of L-
LA and e-CL, producing copolymers ranging from blocky to
random microstructures, depending on the catalyst structure
and the reaction conditions.2°

Evidences about the cooperation between two metal centers of
dinuclear tetra-coordinate aluminum complexes stabilized by



bis amine-phenolato ligands were recently discussed by Yao and
Yuan.?!

In this work we report the synthesis and the study of the
catalytic behavior of dinuclear aluminum complexes ligated by
salen-type frameworks in order to explore the possibility of the
cooperation between the two aluminum centers. Since the
distance between the metal centers is a critical parameter to
have cooperation between them, three bimetallic tetra-
coordinate aluminum complexes supported by salen — type
ligands, designed to feature two coordinative tasks at varying
distances from one another, were prepared. The related hemi-
salen aluminum complex was also synthesized.

All complexes were tested as initiators in the ROP of rac-LA and
several epoxides.

Results and discussion
Aluminium complexes.

The reaction between the salen ligands and two equivalents of
AlMes proceeded through the elimination of methane to afford
the desired bimetallic aluminum-alkyl complexes [L-Al;Me4]
(Scheme 1) in quantitative yields.22

The identity of the complexes was established by H, and 13C
NMR spectroscopy.

The H NMR spectra of the complexes 1-3 in C¢Ds were all
consistent with the presence of two aluminum atoms per
ancillary ligand and pointed to symmetrical structures in
solution. Diagnostic resonances in the protonic spectra include
sharp singlets in the high-field region (between & =-0.20 and -
0.29 ppm) assigned to the equivalent protons of the Al-Me
groups. Inthe low-field region, singlets (6 = 7.13 and 7.29 ppm)
are detected for the equivalent CH=N moieties. The structural
characterization reported by Atwood for analogous aluminum
complexes, describes aluminum centers adopting a four-
coordinate distorted tetrahedral geometry.22

Complex 4 was obtained, in almost quantitative yield, by
analogous procedure, by reaction of the phenoxy-imine
proligand with a single equivalent of AlMes (Scheme 5).

Ring-opening polymerization of rac-( |lactide.

The bimetallic salen complexes 1-3 were tested as initiators for
the ROP of rac-lactide (Scheme 2). The reactions were
performed in toluene solution at 70 °C, in the presence of four
equivalents of isopropanol as activator. The obtained polymers
were characterized by NMR and GPC. The obtained data are
listed in Table 1.
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Scheme 1 Synthesis of complexes 1-3

The aluminum complex 1 was active in the ROP of rac-lactide
promoting the conversion of about 200 equivalents of
monomer within 12 hours (run 1, Table 1). This complex showed
an activity twice than that showed by the related monometallic
species reported by Nomura 7 and significantly higher than that
showed by phenoxy-imine aluminum complexes reported by
Carpentier?3 and by Redshow.?* Unpredictably, complexes 2
and 3 resulted much less active, and analogous conversions
were achieved only after 24 hours (cf. runs 2 and 3 with run 1
of Table 1).

All polymerizations proceeded in a controlled fashion, leading
to polymers with monomodal and moderately narrow
molecular mass distributions (Mw/M, = 1.09-1.20). The
molecular mass of the polymer2> obtained by 1 was in good
agreement with the theoretical value calculated hypothesizing
the formation of a single PLA chain per catalyst unit. Differently,
the molecular masses of the polymers obtained by 2 and 3 were
halved, suggesting that two polymer chains were formed by
catalyst unit, one for each metal center.

In terms of activity, complex 1 showed a TOF of 16.7 h-1, much
higher than those of complexes 2 and 3 (TOF of 3.5 h'land 3.1
h-1, respectively) although for complex 1 the growth of a single
polymer chain for each catalyst unit is supposed.

To explain these results, we postulate that the proximity of the
two metal centers in the bimetallic system 1 does not allow the
simultaneous growth of two polymer chains due to an excessive
steric hindrance, on the other hand, the cooperation between
the two reactive adjacent centers favors a high activity.2®
Otherwise, such interaction cannot take place in complexes 2
and 3 because of the higher distance between the reactive
centers, as a consequence of the longer alkyl backbone
between the imine functionalities.

The microstructures of the resulting PLAs were determined by
the analysis of the methine regions of the homonuclear
decoupled 'H NMR spectra. The spectrum of the poly(rac-LA)
obtained by 1 (Fig. 1) indicated an isotactic multiblock
microstructure with a Pn= 82% (where P, is the probability of
a meso-linkage between lactide units). The stereochemistry of
rac-lactide enchainment was evaluated by comparing the
integrals at the tetrad level, with calculated values by using
Bernoullian statistics (see Table S1 in the ESIT).
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Scheme 2 Ring-opening polymerization of rac-lactide.
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Table 1 Opening Polymerization of rac-LA by 1-3.

Run Cat Time Conv. °®Mnec Mo °PDI 9Py °Tn
(h) (%) (x10%)  (x103) (%)
1 1 12 100 221 28.8 1.09 82 161.4
2 2 24 85 15.2 24.5 1.20 56 89.0
3 3 24 76 120 219 118 59 89.3

aAll reactions were carried out with 9.0 10® mol of catalyst at 70 °C, in 2 mL of
toluene, [cat]/[PrOH]/[rac-LA]= 1:4:200.PExperimental M (corrected using factor
0.58)%% and PDI values were determined by GPC analysis in THF using polystyrene
standards. <Calculated M, of PLA (in gmol) = 144,14 x ([rac-LA]/[cat]) x conversion
of LA. 9Py, is the probability of meso linkages as determined by H NMR
homodecoupling experiments. © The melting temperature (Tm) was determined
from the second heating at heating rate of 10 °C min-.
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The very good agreement observed suggests that the
stereocontrol proceeds via a chain end control mechanism,
whereby the stereochemistry of the last inserted LA unit in the
growing chain induces the stereoselection of the incoming
enantiomer. The tacticity of the PLA obtained was comparable
to that observed for the PLAs produced by the related
monometallic aluminum complexes reported by Gibson and
Nomura for which the pentacoordination of the metal center
was considered crucial for the stereoselection.”® Analogous
stereoselectivity was observed with phenoxy—imine aluminum
complexes only for encumbered benzyl-type imino
substituents.?3 The stereoregularity of the PLAs obtained by 2
and 3 was significantly lower (Pm = 56 and 59%, respectively)
showing the same behavior of analogous tetra-coordinate
aluminium complexes bearing bidentate phenoxy-amine?® or
phenoxy-imine?* ligands. This is coherent with the reduced
steric encumbrance around the reactive centers as a
consequence of the greater flexibility of the coordination
sphere imparted by the longer alkyl bridges.

NMR studies of the active species.

To elucidate the nature of the active species and the role of the
two proximal metal centers during the polymerization, some
experiments were performed in J-Young tube and followed by
1H, NMR and 2D spectroscopy (*H-'H COSY and NOESY). First, a
solution in deuterated benzene containing complex 1, four
equivalents of iPrOH and ten equivalents of L-LA was prepared.
After 1 hour at room temperature, no alcoholysis of complex 1
was observed and no conversion of the monomer was achieved.
This is consistent with observation reported in the literature,
indicating the formation of the alkoxide active species requires
an activation energy.??

Heating the solution at 70 °C, the disappearance of the
resonances for protons of Al-Me groups and of the signals
corresponding to the lactide monomer was observed in few

Fig. 1 Homodecoupled 'H NMR spectrum (600 MHz, CDCl;, 298 K) of a PLA
obtained by run 1 of Table 1.

minutes. The 'H NMR spectrum was very simple (Fig. 2), in the
aromatic region six different
corresponding to four different aromatic protons and two imine
protons of the coordinated ligand. In the aliphatic region, five
signals were evident corresponding to the diastereotopic
protons of the trimethylene bridge between the imine nitrogen
atoms. These evidences suggested the loss of the initial
symmetry of the metal complex. In addition, three doublets,
each integrating for six protons were observed between 0.90
and 0.93 ppm suggesting the presence of three isopropoxy
groups bound to the aluminum atoms. An additional doublet
was observed at 1.11, for the methyl protons of the terminal
isopropoxy group of the growing chain and a quartet was
observed for the methine proton of the repeating unit nearest
to the aluminum of the growing chain. Finally, methine and
methyl protons of the growing chain appeared at 5.09 and 1.37
ppm, respectively.

Subsequently, additional ten equivalents of lactide were added
to the solution, after 10 minutes the almost complete
conversion of monomer was observed and the pattern of the
propagating species resulted unchanged in the H NMR
spectrum, thus demonstrating the living nature of the active
species.

The whole picture is coherent with the formation of an
asymmetric propagating species, in which the growth of a single
chain occurred on one of the two metal centers of the binuclear
complex, although chain transfer phenomena between the two
aluminum atoms are plausible. The propagating species
revealed to be exceptionally stable since it was stored in
benzene solution for several weeks at room temperature and
no decomposition was observed.

signals were observed
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Scheme 3 Plausible Mechanism for the polymerization of L-LA Initiated by

complex 1- 'PrOH

The same NMR experiment was performed with complex 3.
Differently from what was observed for complex 1, the
alcoholysis of complex 3 proceed slowly even at 70 °C and about
two hours were required to obtain the isopropoxy derivative
quantitatively.

After this time, the 'H NMR spectrum, although less clear than
that discussed for complex 1, revealed a symmetric structure of
the propagating species, as clearly emerged by analysis of the
aromatic region of the spectrum. This showed only two signals
attributable to the four aromatic protons and a single resonance
for the two equivalent imine protons. This corroborates the
hypothesis that in the propagating species formed by complex
3 two polymeric chains grew, one for each metal center.

The different reactivity showed by 1 and 3 toward the hexogen
alcohol suggests that the cooperation between the two metal
centers of complex 1 could have a role both during the
formation of the alkoxide derivative and during the propagation
reactions. Reasonably, the coordination of the alcohol at one of
the acidic aluminum atoms of the bimetallic species promotes
the alcoholysis of the Al-Me bonds of the proximal metal atom.
According to these evidences and referring to the generally
accepted mechanism for the ROP of lactide promoted by metal
alkoxides, a mechanism for the aluminum catalyst system 1, in
which the cooperation between the reactive centers is
supposed, as shown in Scheme 3.

First, the hexogen alcohol coordinates to the metal centers and
reacts exhaustively with the alkyl groups bound to the
aluminum atoms of complex 1 to form the catalytically active
species. Subsequently, one of the Lewis acidic metal centers
binds the incoming monomer and activates it to the attack by

Fig. 2 'H NMR spectrum (600 MHz, CsDs, 298 K) of the propagating species 1-PLA.

the metal alkoxide group of the proximal aluminum atom. The
growth of the polymer chain occurs by nucleophilic attach of
polymer chain at the coordinated monomer unit by shuttling
between the two aluminum centers.

Kinetic studies

In order to have more information about the mechanism for
polymerization of rac-lactide promoted by complexes 1-3,
kinetic investigations were conducted. Conversions of
monomer in toluene at 70 °C were monitored by H NMR
spectroscopy at different intervals.

For complex 1, kinetic studies showed that the polymerization
of rac-LA obeyed first-order kinetics in monomer with
instantaneous initiation (Fig. 4).

Otherwise, the ROP of rac-LA promoted by complex 3 showed
an induction time of about 2 hours (Fig. 5). After this time, as
shown by the second stage of the plot, the conversion of the
monomer describes a polymerization of first-order in monomer
concentration with a kapp of 0.0502 ht. The existence of an
induction period, coherently with that observed by NMR study
of the propagating species, is due to a slow reaction between
the metal complex and the isopropyl alcohol. The kapp for
complex 3 is significantly lower than that of complex 1. As
previously discussed, this suggests that the cooperation
between the two metal centers has a role both in the alcoholysis
reaction for the formation of the metal alkoxides and during the
polymerization reaction.
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Fig. 4 Kinetic plot for ROP of rac-LA promoted by 1. The concentrations were determined
by 'H NMR spectroscopy, [LA]o is the initial concentration of rac-LA and [LA]; the
concentration at time t. Pseudofirst-order rate constant is (kap, = 0.0912 h%, R=0.99689).
Reaction conditions: [Cat] = 0.01M; [LA]/[cat] = 100; T=343 K; toluene-d8 as solvent.
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Fig. 5 Kinetic plot for ROP of rac-LA promoted by 3. The concentrations were
determined by 'H NMR spectroscopy, [LA], is the initial concentration of rac-LA
and [LA]; the concentration at time t. The pseudofirst-order rate constant
kapp=0.0502 h'1, R = 0.99717. Reaction conditions: [Cat] = 0.01M; [LA]/[cat] = 100;

T=343 K; toluene-d8 as solvent.

Table 2 Polymerization of CHO using 1-3?

*Run Cat [cHol/ ProH Time Temp CHaCla *Conv. Mrcec M PDI
[Cat]/ (eq) (h) (°C) (mi) (%) (x10°) (x10°)
1 1 250 - 48 25 2 22 398.7 1038 1.43
2 1 250 - 033 25 - 40 256.6 196 172
3 2 250 - 033 25 - 40 223.7 196 177
4 1 250 4 48 25 2 27 184 132 1.66
5 1 500 - 0.08 70 - 74 380 363 2.09
6 1 250 4 0.08 70 - 95 43 5.8 1.67
7 1 500 4 0.08 70 - 79 107 9.7 1.79
8 1 750 4 0.25 70 - 85 124 156 176
9 1 1000 4 30 70 - 85 17.1 208 1.70
10 1 500 10 0.08 70 - 90 5.2 44 177

a Reactions were performed at room temperature in an inert atmosphere workstation by using 9.0 umol of catalyst and 4.5 mmol of CHO. PConversions determined by 'H NMR
spectroscopy. ¢ Determined by GPC . 9 Calculated M, of PCHO (in gmol) =98.14 x ([CHO]/[cat]) x conversion of CHO hypothesizing the formation of a single chain for catalyst unit

(runs 4-8), for runs 9-11 M,, =98.14 x ([CHO]/[cat+PrOH]) x conversion of CHO.

When the same experiment was performed with complex 3 at
higher temperatures (100 °C) in the presence of four
equivalents of isopropyl alcohol no induction time was
observed and the catalytic activity improved significantly (fig S8
of ESIT).

Homopolymerization of Cyclohexene Oxide (CHO).

The previously discussed data strongly support the hypothesis
of a cooperation between the two reactive centers of the
dinuclear complex 1 favoured by the architecture of the salen
ligand that forces the two coordinative pockets in proximal
positions. Considering that the cooperation between two metal
centers is often invocated as an important requisite to have
highly active catalysts for the ring-opening polymerization3® and
copolymerization of epoxides,3! we started to investigate the
behaviour of these complexes in the ROP of several epoxides
(Table 2).
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Scheme 4 Ring-opening polymerization of CHO.

The reactivity of complexes 1-3 toward cyclohexene oxide
(CHO) was first examined in CH,Cl;, as solvent (Scheme 4). After
48 h at room temperature, a conversion of 22 % of the
monomer was achieved when complex 1 was used (run 1, Table
2). As expected, under the same polymerization conditions, no
activity was observed with binuclear complexes 2 and 3.

These observations are coherent with the hypothesis that the
cooperation between the proximal two reactive centers is a
fundamental prerequisite to have catalytic activity in this kind
of reaction. Thus, for complexes 2 and 3, where a longer alkyl
bridge connect the imine functionalities, the distance between
the coordinative pockets does not allow interaction between
the two aluminum atoms.

When the reaction was carried out in the absence of a solvent,
the polymerization occurred much more rapidly, leading to a
conversion of 40% of monomer within 20 min with complexes 1
and 2 (runs 2 and 3, Table 2), while still no conversion was
achieved with complex 3. The different behavior showed by
complex 2 in the polymerization performed in neat conditions
with respect to that done in the presence of solvent can be a
consequence of the different polarity of the reaction medium
that can influence the fluxionality of the binuclear complex and,
consequently, the interaction between the reactive centers.

To confirm definitively the responsibility of the cooperation
between the two metal centers in the ROP of CHO, we
synthesized the phenoxy-imine aluminum complex 4 whose
structure reproduces the coordinative environment of each
aluminum center in the dinuclear complexes (Scheme 5).

8y OH + AlMeg 8y o-A
-CH, \
tBy 'Bu

Scheme 5 Synthesis of complex 4.

This hemi-salen complex did not show polymerization activity,
not only when it was used in the same concentration of
aluminum centers used for bimetallic complexes but even when
this concentration was ten times higher. These results
unequivocally that, for these systems, the
polymerization proceeds via a bimetallic process that is favored
by the closeness of two metallic centers. The same observation
is reported in a recent work in which the ROP of CHO is
promoted by [UO,Cl>(THF)3] as a catalyst.32

confirm

In all cases, polyethers with high molecular masses and
molecular weight distributions less than 2.0 (Table 2) were
obtained. The examples of catalysts able to produce high
molecular weight polyethers are limited,33 they include group
434 and rare earth catalysts3> and, more recently, aluminum
amine-phenolate complexes reported by Kerton.3%

The discrepancy between the experimental molecular weights
and the theoretical ones calculated presuming the formation of
a single chain for catalysts unit, suggests a partial activation of
the catalysts, reasonably because of the poor nucleophilicity of
the alkyl ligands as initiating groups. To obtain a more strict
control over the molecular weights, the alkoxide derivative of
complex 1 was formed in situ by addition of four equivalents of
hexogen alcohol, according to the procedure followed in the
ring-opening polymerization of rac-lactide. The addiction of
alcohol had no effect on the catalytic activity (27 % of
conversion in 48 hours) but the molar masses of the obtained
polyethers became close to the theoretical values (cfs runs 1
and 4, Table 2). When the polymerization reaction was
performed at 70 °C the catalytic activity improved dramatically
and, even in the absence of alcohol, a very good control of the
molecular weights was achieved. These results suggest that
both the increase of the reaction temperature or the addition
of a hexogen alcohol as co-initiator at room temperature have
beneficial effects on the initiation rate. Thus, performing the
reactions at 70°C and in the presence of several equivalents of
alcohol, complex 1 appears to be well suited for achieving
immortal polymerization of CHO enabling the production of
many polymeric chains per metal initiator (runs 6-9, Table 2).
The linear relationship between the M, and monomer/ initiator
ratio (see runs 6-9 of Table 2 and Fig. S9 in the ESIT) confirms
the ability of the catalytic system 1/iPrOH to promote an
efficient control of the molecular masses.

The MALDI-TOF spectrum of the PCHO sample obtained in run
6 of Table 2 (Fig. S10 in the ESIT) showed a single series of peaks
with a mass difference between them of 98 Da. The data are
consistent with the formation of sodium adducts of PCHO
chains bearing hydroxyl and isopropoxide end groups (PrO-
{CHO}x-H-Na*).

The microstructure of the obtained poly(1,2-cyclohexeneoxide)
was investigated by 'H NMR and 13C NMR spectroscopy. In the
IH NMR spectrum, three peaks (6 3.52, 3.39, and 3.36),
attributable to syndiotactic (rr), heterotactic (mr and rm), and
isotactic (mm) triads, were observed for the methine protons.
Correspondently, three main signals were found in the 33C NMR
spectrum for the methine carbons at 6 80.0, 78.7, and 75.6,
confirming the stereoirregularity of the polymer.

Various other epoxides (PO, styrene oxide and epichlorohydrin)
were tested as monomers in the ROP by using complex 1. In all
cases, including reactions conducted at 70 °C no polymers were
detected by 'H NMR. These results, although uncommon, find a
precedent in the behavior of the aluminum catalysts reported
by Kerton.36



Cationic polymerization of cyclohexene oxide (CHO) and
propylene oxide (PO)

Cationic aluminum species are generally expected to have very
high Lewis acidity and, therefore, are interesting catalysts for
the ROP of epoxides.38

The catalytic system formed by 1 activated by two equivalents
of B(CsFe)s was found to be very active in the ROP of
cyclohexene oxide under mild reaction conditions (2 mL of
CH)Cl,, 25 °C). The instantaneous conversion of 500
equivalents of monomer was observed to produce an oily
atactic poly(cyclohexeneoxide), as confirmed by 13C{1H} NMR.
The molecular mass of the obtained PCHO was 13.4 103 g mol!
with a PDI of 2.24.

The same catalytic systems were tested toward a less reactive
monomer such as PO (see Table 3). While the neutral aluminum
complexes 1 and 4 were inactive in PO polymerization at room
temperature, the corresponding cationic species, obtained by
addition of B(CgFs)3, revealed to be highly active. When complex
1 was activated by a single equiv. of B(CsFe)s, a conversion of
47% of monomer was achieved after 30 seconds (run 1, Table
3), by doubling the amount of cationizing agent the conversion
reached 80% (run 2, Table 3). The same results were obtained
when complex 4, activated by B(CeFs)s, was used in the same
molar concentration of aluminum centers (cf runs 1 and 3 with
runs 2 and 4 in Table 3, respectively).

This is coherent with the hypothesis that the present PO
polymerization catalysis proceeds via a Lewis acid-assisted
cationic mechanism, therefore the yield is depending only by
the concentration of the cationic initiators and, in this case, no
cooperation between the adjacent aluminum centers is
observed.

The polymerization activity and the TOF (valuated on the
concentration of the aluminum centers) were similar for both
complexes, and much higher than those reported for five-
coordinated aluminum complexes3240 and comparable to those
reported for related cationic aluminum complexes supported
by bidentate monoanionic ligands.*!

The GPC analysis of the obtained oily polymers exhibited the
formation of a low-molecular-weight samples (M, = 687-762)
with a moderately narrow polydispersity (PDI = 1.17-1.38).

Table 3 Polymerization of PO using 1 and 4 / B(CeFs)3?

Run  Cat B(GeFs)s Yield Mneec °PDI  TOF
(eq) (%) (x10°) (s

1 1 1 47 762 138 78

2 1 2 80 715 131 66
3¢ 4 1 50 687 125 83
4¢ 4 1 80 690 117 6.7

aReactions were performed at room temperature in an inert atmosphere workstation by
using 9.0 umol of catalyst and 4.5 mmol of PO in 2 mL of CH,Cl,, reaction time= 30 sec.
b Conversions determined by *H NMR spectroscopy. ¢ Determined by GPC. ¢ 18 umol of
catalyst and B(CgFs)s.

Experimental
Materials and Methods.

All manipulations of air- and/or water-sensitive compounds
were carried out under a dry nitrogen atmosphere using a Braun
drybox or standard Schlenk line techniques.
Glassware and vials used in the polymerization were dried in the

Labmaster

oven at 120 °C overnight and exposed three times to vacuum-
nitrogen cycles.

Benzene, hexane and toluene (Sigma Aldrich) were distilled
under nitrogen over sodium benzophenone. CH,Cl, was distilled
over CaH,. The aluminum precursor AlIMes was purchased from
Aldrich and was used as received. Deuterated solvents were
dried over molecular sieves. Rac-Lactide was purchased from
Aldrich and dried in vacuo over P,0s for 72 h, and afterward
stored at —20 °C in glovebox. CHO and PO were purchased from
Aldrich and distilled over CaH,. All other chemicals were
commercially available and used as received unless otherwise
stated.

The salen ligands were prepared according to the procedure
described in the ESI . The phenoxy-imine ligand and complex 4
were synthesized as previously described.42

Instruments and measurements. The NMR spectra were
recorded on Brucker Advance 250, 300, 400 and 600 MHz
spectrometers at 25 °C, unless otherwise stated. Chemical shifts
(6) are expressed as parts per million and coupling constants (J)
in hertz. 'TH NMR spectra are referenced using the residual
solvent peak at § = 7.16 for CsDgs and 6 = 7.27 for CDCls. 13C NMR
spectra are referenced using the residual solvent peak at 6 =
128.06 for CsDg and 6 = 77.23 for CDCls.

Melting points (Tm) of polymers were measured by differential
scanning calorimetry (DSC) using a DSC 2920 apparatus
manufactured by TA Instruments under a nitrogen flux of 50 mL
min-! with a heating and cooling rate of 10 °C min-! in the range
-10to 200 °C. All calorimetric data were reported for the second
heating cycle.

Synthesis of complexes.

Complex 1. To a stirred solution containing AlMe3 (0.056 g, 0.78
mmol) in benzene (2 mL) was added dropwise a solution of the



ligand precursor L1 (0.200 g, 0.39 mmol) in benzene (2 mL). The
solution was stirred for 2 h at room temperature. The solvent
was removed under vacuum, forming a pale yellow solid in
almost quantitative yield (92%).

1H NMR (250 MHz, C¢Dg, 298 K): 6 7.70 (d, J = 2.5 Hz, 2H, ArH),
7.14 (s, 2H, CH=N), 6.79 (d, J = 2.5 Hz, 2H, ArH), 2.84 (t,J = 7.0
Hz, 4H, CH,), 1.72 (t,J = 7.0 Hz, 2H, CH>), 1.60 (s, 18H, t-Bu), 1.32
(s, 18H, t-Bu), -0.29 (s, 12H, Al-CHs).

13C NMR (250 MHz, CgDg, 298 K): 6 172.3, 162.0, 141.0, 139.3,
132.2, 128.9, 118.8 (Ar or ArCHN), 54.7 (C=NH), 35.6 (C(CH3)3),
34.1 (C(CHs)s), 31.5 (C(CHs)s), 29.5 (C(CH3)s), -8.8 (Al-CHs3).
Complex 2. To a stirred solution containing AlMes (0.047 g, 0.68
mmol) in benzene (2 mL) was added dropwise a solution of the
ligand precursor L2 (0.180 g, 0.34 mmol) in benzene (2 mL). The
solution was stirred for 2 h at room temperature. The solvent
was removed under vacuum, forming a pale yellow solid in
almost quantitative yield (95%).

IH NMR (250 MHz, C¢Ds, 298 K): & 7.69 (d, J = 2.5 Hz, 2H, ArH),
7.26 (s, 2H, CH=N), 6.84 (d, J = 2.5 Hz, 2H, ArH), 2.87 (t,J = 7.2
Hz, 4H, N-CH2), 1.60 (s, 18H, t-Bu), 1.32 (s, 18H, t-Bu), 1.23-1.29
(m, 4H, C-CH,-CH,-N), 0.77 (m, 2H, C-CH.-C), -0.24 (s, 12H, Al-
CH3).

13C NMR (250 MHz, Cg¢Ds, 298 K): 6 171.8, 161.9, 140.9, 139.0,
131.8, 128.9, 128.5, 128.2, 128.1, 118.8 (Ar or ArCHN), 57.3
(C=NH), 35.6 (C(CHs)s3), 34.1 (C(CHs)s3), 31.5 (C(CHs)s), 29.5
(C(CH3)3), -8.9 (AI-CH3).

Complex 3. To a stirred solution containing AlMes (0.034 g, 0.47
mmol) in benzene (2 mL) was added dropwise a solution of the
ligand precursor L3 (0.150 g, 0.23 mmol) in benzene (2 mL). The
solution was stirred for 2 h at room temperature. The solvent
was removed under vacuum, forming a pale yellow solid in
almost quantitative yield (94%).

IH NMR (300 MHz, C¢Ds, 298 K): & 7.69 (d, J = 2.5 Hz, 2H, ArH),
7.26 (s, 2H, CH=N), 6.84 (d, J = 2.5 Hz, 2H, ArH), 2.87 (t, ) = 7.6
Hz, 4H, N-CH3), 1.60 (s, 18H, t-Bu), 1.32 (s, 18H, t-Bu), 1.23-1.29
(m, 4H, C-CH,-CH,-N), 0.77 (m, 2H, C-CH»-C), -0.24 (s, 12H, Al-
CH3).

13C NMR (400 MHz, Cg¢Dg, 298 K): 6 171.5, 162.0, 140.9, 138.8,
131.6, 128.8, 118.9 (Ar or ArCNH), 57.9 (C=NH), 35.6 (C(CH3)s),
34.1 (C(CHs)s), 31.5 (C(CHs)s), 30.4 (CH,), 29.6 (C(CH3)3), 27.0
(CH>), -8.9 (Al-CH3).

rac-Lactide polymerization.

The polymerization was carried out in inert atmosphere. In a
Braun Labmaster glovebox, a magnetically stirred reactor vessel
(10 mL) was charged with a solution of rac-lactide in toluene.
Subsequently, a toluene solution of metal-complex and PrOH
(0.1 M) was added. The reaction mixture was stirred at 70 °C. At
desired times; small aliquots of the reaction mixture were
sampled, dissolved in CDCl; and analyzed by H NMR
spectroscopy. At the end of the polymerization the product was
precipitated in MeOH then filtered and dried under vacuum
oven.

CHO polymerization.

Bulk: The polymerization was carried out in inert atmosphere.
In a Braun Labmaster glovebox, a magnetically stirred reactor
vessel (10 mL) was charged with a solution of metal-complex
(and 'PrOH) in CHO. The reaction mixture was stirred at RT or at
70 °C. At desired times, small aliquots of the reaction mixture
were sampled, dissolved in CDClz and analyzed by 'H NMR
spectroscopy. At the end of the polymerization the product was
dissolved in hexane and then precipitated in HCI:Ethanol 1:3.
Solution: The polymerization was carried out in inert
atmosphere. In a Braun Labmaster glovebox, a magnetically
stirred reactor vessel (10 mL) was charged with a CH,Cl; solution
(2 mL) of metal-complex (and 'PrOH) and CHO. The reaction
mixture was stirred at RT. At desired times, small aliquots of the
reaction mixture were sampled, dissolved in CDCl3 and analyzed
by *H NMR spectroscopy. At the end of the polymerization the
product was dissolved in hexane and then precipitated in
HCl:Ethanol 1:3.

Conclusions

Dinuclear aluminum complexes ligated by salen-type
frameworks, selected to feature two metal sites at varying
distances from one another, were synthesized and tested as
initiators in the ring-opening polymerization of rac-LA and
epoxides. All activated by isopropyl
promoted controlled homopolymerization of rac-LA showing
different activities depending on the distance between the two
metal centers as consequence of the possibility of synergic

complexes, alcohol,

interaction between the metal centers. Dinuclear complex in
which the aluminum centers are proximal has been found to be
5 times more active than complexes in which longer alkyl
bridges prevent the interaction between the reactive aluminum
centers. The NMR studies of the structure of the active species
showed that when the two reactive centers are proximal the
growth of the polymer chain occurs on a single aluminum
center. Otherwise, the independent grow of two polymer
chains, one for each metal center, is supposed when the two
reactive centers are distant.

Kinetic studies indicated that no induction period is present in
the ROP of lactide promoted by a dinuclear complex, activated
with an exogenous alcohol, in which the two reactive centers
are proximal while an induction period of two hours is necessary
for complexes in which the distance between the aluminum
centers prohibits any cooperation. All these data support the
hypothesis of a synergic action between the two metal centers
that has a role both in the alcoholysis reaction and in
propagation steps. This supposition was confirmed by the
results obtained in the ROP of cyclohexene oxide where the
complex bearing the shortest distance between the two
aluminum centers was the only active. These results highlight
that the cooperation between metal reactive centers in a



multinuclear species can be induced by an opportune ligand
design.
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