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Remarkably active (down to 0.001% Al) catalysts for ring-
opening polymerization of cyclohexene oxide under neat
reaction conditions are reported. High molecular weight
polymers with uniform dispersity are produced. Kinetic
data from NMR studies and MALDI-TOF MS data of the
polymers provide some mechanistic insight.

Aluminum is the most abundant of all metals in the earth’s
crust and its complexes can be used as Lewis acid catalysts or
as co-catalysts for a range of reactions.' In particular, they have
found broad applicability as homogeneous catalysts in
polymerization processes.” Recently, significant attention has
been given to their use in ring-opening polymerization (ROP)
reactions of lactide (LA) and e-caprolactone (CL) that yield
biodegradable polyesters of controlled molecular weight and
near uniform dispersity.’> They are also being widely explored
as catalysts for reactions of carbon dioxide with epoxides that
yield either polycarbonates or cyclic carbonate products.?
Aluminum species can also be active for polymerizations of
propylene oxide (PO),” cyclohexene oxide (CHO),*® *™ ¢ and
CHO-anhydride’ and PO-LA copolymerizations.® The areas of
polyether synthesis and stereoselective polymerization/
copolymerizations of epoxides have recently been reviewed and
provide good overviews of the concepts and possible
mechanistic considerations in these reactions.’

We recently showed that chloro-aluminum complexes of N-
piperazinyl and N-morpholinyl aminephenolate ligands,
including 2 herein, were active in ROP of CL to yield polymers
with the general formula (CI1{CL},OH) i.e. containing chloride
end groups.'® We proposed that these reactions proceeded in a
similar manner to ROP of trimethylene carbonate using
aluminum-salen chloride catalysts,'" which is to say that
reactions proceed via insertion into the AI-Cl bond. We also

This journal is © The Royal Society of Chemistry 2012

Hart Plommer,” Immanuel Reim® and Francesca M. Kerton**

showed that one of the N-morpholinyl aminephenolate
complexes catalytically active in  CO,/CHO
copolymerization to yield copolymers with a mix of ether and

was

carbonate linkages (i.e. polyether-carbonates).'® Because of the
relatively large number of ether linkages in these polymers, we
decided to investigate the first step in this process in more
detail, namely, the reaction of CHO with aluminum chloride
complexes.

Complexes 1 and 2 are easily prepared in near quantitative
yields via alkane elimination reactions of diethylaluminum
chloride with two equivalents of the corresponding protio
ligand (Scheme 1). Attempts to investigate the interaction of
one equivalent of CHO with the aluminum complexes on an
NMR scale in a range of solvents were unsuccessful due to the
fluxional nature of the complexes. Therefore, larger amounts
of CHO were added to samples and it was discovered that
polyether forms.

ROP of CHO was carried out using complexes 1 and 2
(Table 1) in the absence of solvent at room temperature. In
most cases, polymerization occurred rapidly to yield a viscous
monomer-polymer mixture that could no longer be stirred
magnetically. For 2 however, the polymerizations were much
slower, leading to less viscous solutions even after extended
reaction times. This indicates that the nature of the outersphere
heteroatom in the N-containing heterocycle has a significant
effect on these reactions. Differences in reactivity between the
N-piperazinyl and N-morpholinyl containing catalysts were also
seen in ROP of CL and CO,/CHO copolymerizations.'°

In an effort to determine the essential features of active
complexes, 3 was prepared (Scheme 2). Amine-bis(phenolate)
aluminum-alkyl and -alkoxide complexes similar to 3 have
been prepared previously and used for ROP of lactide."”” 3
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showed good activity in ROP of CHO and using small amounts
of toluene a higher conversion and less disperse polymer could
be obtained compared to the neat reactions (entries 9 and 7). In
contrast to 1, catalyst loadings could not be reduced past 0.1
mol%.

The activities of
complexes are clearly dependent on the nature of the ligand.
Since the maximum conversion of CHO that can be attained

these aluminum amine-phenolate

during neat polymerization depends on the molecular weight of
PCHO produced and the ability of CHO to solvate the catalyst
and polymer, turnover frequencies (TOFs) are the most
practical way to compare the catalysts. The conversion of 1000
equiv. of CHO was much quicker for 1 than 2 and 3 (Table 1,
entries 2, 3 and 6) and TOF values are an order of magnitude
higher for 1. The observed reactivity trend for complexes 1-3 is
in the order 1 >> 3 > 2. This implies that, although chloro
complexes of both monoanionic and dianionic aminephenolate
ligands give rise to active species, there is a more complex
relationship between ligand structure and reactivity at play that
warrants further investigation. Control polymerizations were
performed using two simple chloro-aluminum reagents under
similar reaction conditions to those employed with 1-3. AlCl;
(0.5 mol%) or Et,AICI (0.25 mol%) gave TOFs (min™") of 4 and
160, respectively, and a maximum M, of 32,000 Da with
relatively narrow dispersities (~1.3). These are significantly
lower activities and molecular weights than achieved using 1 at
similar loadings.

OH
E \/\
R1
2 \/\N

L1H: R' =Bu, R2=Me, E= 0
L2H: R' =Bu, R2 = Me, E = NMe

RZ

Et,AICI (1 equiv.)

toluene

1:R'=Bu,R2=Me,E= 0

CI—/-‘\I"‘ R! 2: R' =Bu, R2 = Me, E = NMe
R?
o
N,,
)j e
E
Scheme 1
OH OH Bu ?| By
Bu Bu Et,AICI
\@/\N/\@ (1 equiv.) O—Pl\l-\"g/
B —
H toluene N
Bu O Bu Bu Bu
L3H 3
Scheme 2

To avoid gelation and potentially increase conversions,
some solution polymerizations with 1 were attempted using
CH,Cl,, toluene or THF as reaction media. Reaction rates were
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significantly reduced and for a 200:1 ratio of CHO:1 in 5 mL
solvent conversions of 28% (CH,Cl,), 18% (toluene) and <1%
(THF) were obtained after 20 h. The latter may be due to THF
preferentially coordinating to the Al centre over CHO.
Darensbourg and Chung have recently reinvestigated the
basicities of a range of ethers and esters,'? and this statement is
in agreement with the reported pK, values. A difference in
reactivity for ROP reactions in CH,Cl, and toluene was also
observed by Martinez e al.® in their study of multinuclear Al
complexes for CHO polymerizations, e.g. 96% yield in CH,Cl,
and 75% yield in toluene. They found that the addition of
benzenesulfonyl chloride to toluene improved activities,
reaching similar conversions to those performed in CH,Cl, with
no chloride additive. This suggests that the chloride group is

important in these ROP reactions.

Table 1 Polymerization of CHO using 1, 2, 3
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Entry | Complex| [CHOJ:[Al]| t/min Conv./% Jyas! pit! TOF

(Yield/%) n /min’!

1 1 100000:1 60 15 (13) 500 1.17 250
2 1 1000:1 1 58 (53) 180 1.20 580
3 2 1000:1 50 15 (6) - - 3
4 2 200:1 30 16 (3) 76.2 1.15 1
5 3 10000:1 1260 <1% - - -
6 3 1000:1 45 29 262 1.36 6
7 3 500:1 25 49 255 1.21 10
8 3 200:1 2 56 125 1.12 56
olel 3 500:1 40 66 110 1.08 8

[a] Reactions were performed neat at room temperature in the absence of
solvent unless otherwise indicated in an inert atmosphere workstation.
Conversions determined by 'H NMR spectroscopy. Isolated yields indicated
in parentheses. [b] Determined (in kg mol™) by GPC equipped with a multi-
angle light scattering detector. [c] Reaction performed in the presence of 160
uL toluene. Note, 7% conversion was obtained after 18 h in 5 mL toluene.

Of note is the very low loadings of 1 that could be used,
0.001 mol% relative to CHO (Table 1, entry 1), giving low
conversion (15%) of CHO but yielding a polymer with very
high M, (500,000 Da) and uniform dispersity. The only
catalysts reported to date for CHO polymerization that can
produce such high molecular weight polymers (albeit at longer
reaction times) are group 4 benzotriazole-phenolate complexes,
which could achieve M, values of up to 980,000 Da.'* Other
systems reported that give PCHO with high molecular weights
include the rare earth catalysts of Cui and co-workers'® that
attain M), up to 147,000 Da with a dispersity of 2.38, as well as
the Zn and Mg catalysts prepared by Bochmann and co-
workers'® that achieve up to 380,000 Da with a dispersity of
3.8. It should be noted that previous authors invariably report
M, determined via GPC calibrated with polystyrene standards,
and therefore some care must be taken in making direct
comparisons with our results based on multi-angle light
scattering.

The polymerization of various other epoxides (PO, styrene
oxide, limonene oxide, and epichlorohydrin) was attempted
using 1-3 (Table S1). In all cases, including microwave heated
reactions conducted at 60 °C with propylene oxide and at 130
°C with limonene oxide, no polymer was detected by 'H NMR.
Catalysts for ROP of CHO containing a range of other metals
16 8 titanium,

such as iron,'” zinc, magnesium, uranium,
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zirconium, and halfnium' are able to polymerize a number of
different epoxides (e.g. PO, epichlorohydrin). Therefore, it was
somewhat surprising that 1 could not polymerize any of the
other monomers studied. It is well known that the ring-opening
reactions of CHO are more facile than PO. It has been
suggested that this is due to the release of extra strain energy
upon polymerizing the bicyclic CHO monomer," but more
recently others have shown that the strain energies of CHO and
PO are essentially the same.”® This is also reflected by nearly
identical enthalpies of polymerization: -96.7 kJ mol" for
CHO?' and -94.5 kI mol' for PO (calculated using
thermodynamic data in the NIST chemistry webbook).
Therefore, differences in reactivity must be due to kinetic
effects and thus determination of reaction pathways
computationally would aid in discerning the differences
observed experimentally. One possible reason for the
differences in epoxide reactivity is steric i.e. the CHO monomer
is slimmer, due to its bicyclic nature, than the other monomers
studied,'®® and this means it can coordinate to the metal centre
more readily prior to ring-opening by a nucleophile.

MALDI-TOF mass spectra were obtained on the polymers
in order to identify end-groups, as no phenolate or other end
groups were seen in their 'H NMR spectra. It has been reported
that laser desorption techniques induce significant
fragmentation of polyethers and consequently only small
oligomers are seen when using this technique,® but these
methods have been useful in identifying chloride end groups in
polyethers and copolymers. The MALDI-TOF spectrum of the
PCHO formed using 3 (Table 1, entry 9), Fig. S1, is described
here. The spectrum shows two prominent series of peak
distributions with a mass difference between them of 36 Da,
which corresponds to the mass of HCI. Successive peak
distributions of either series are separated by 98 Da which
equals the mass of the CHO monomer. These data are
consistent with the formation of sodium adducts of both cyclic
PCHO ({CHO}, Na") [e.g. n = 8, m/z 807.58 (expt), m/z 807.52
(calcd)] and PCHO chains, the latter being capped with
hydroxyl and chloride end groups (CI{CHO},H-Na") [e.g. n =
8, m/z 843.55 (expt), m/z 843.50 (calcd)]. Since HCI was
unable to catalyze these reactions under identical conditions,
the identification of a chloride end group confirms the role of
the chloride ligand in ring-opening of the epoxide. In previous
research, P(CL) polymers containing chloride end groups could
be made with complex 2."°

The polymers obtained with 1-3 were analyzed by DSC.
Glass transition temperatures obtained were 68-69 °C, in
agreement with values found for PCHO by Kim et al.,”*> who
polymerized CHO to give PCHO with M, in the range of
12,400 to 24,900. No exotherm corresponding to a
crystallization process could be observed on cooling, indicating
that these polymers are amorphous. The stereochemistry of the
PCHO was analyzed via 'H and '*C NMR spectroscopy (Fig.
S2 and S3). No stereocontrol was achieved in these
polymerizations, as three peaks at & 3.53, 3.44, and 3.37 in the
"H NMR spectra were observed corresponding to the methine
protons are characteristic of syndiotactic (#r), heterotactic (rm
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and mr), and isotactic (mm) triads. The atactic nature of the
polymer was also confirmed by the presence of three broad
peaks at 8 78.8, 77.7, and 75.6 (methine carbons) in the *C
NMR spectra. The stereochemistry is in accordance with the
finding of others using similar achiral Al catalysts.*™®

Kinetic studies on the ROP of CHO using 2 were carried
out under neat conditions using a co-axial NMR tube
containing CDCIl; for locking. The slower reactivity of this
catalyst meant it was a practical choice for NMR monitoring.
Rates of stirring could not be readily controlled within the
spectrometer and may have led to inhomogeneity that produced
scattering and curvature in the data for two samples. These
studies show that the polymerization is first-order in [Al],
indicated by the linear relationship between k.., and [2] (Fig.
1). The slope of this graph gives a propagation rate of 0.0568
M min™! and the intercept is close to the origin suggesting that
minimal catalyst deactivation occurred through the presence of
impurities. More studies are needed to determine whether the
reactions proceed via a monometallic (intramolecular) or
bimetallic (intermolecular) mechanism. Namely, whether the
chloride initiator originates on the same Al centre as the
coordinated CHO or on a neighbouring complex. For recently
reported ROP of epoxides using [UO,Cl,(THF);] as a
catalyst,'®® an intermolecular process is favoured and we think
that a similar mechanism is at work in our catalyst system.
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In summary, we have shown that amine-phenolate
complexes of aluminum containing ancillary chloride ligands
are active catalysts for ROP of CHO under neat conditions. In
some cases, very low catalyst loadings (0.001%) can be used
and high molecular weight amorphous polymers (M, up to
500,000) are obtained. The reactions are generally inhibited in
the presence of solvents, especially THF, and are first order in
[Al]. The reactions are initiated by nucleophilic attack of the
coordinated epoxide by a chloride anion, as evidenced by
MALDI-TOF analysis of the resulting polymers. Further
studies are needed to unequivocally determine whether the
reaction proceeds via a monometallic or bimetallic process, and
to determine the extent of reactivity across a wider range of

aluminum amine-phenolate species.
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Al(III) catalysts at concentrations as low as 0.001% ring-open cyclohexene oxide to
yield high molecular weight polyether with narrow dispersity.



