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ABSTRACT: Organoaluminum complexes with the formula
[(NHC)AlCl3‑nA′n] (NHC = IMes (IMes = 1,3-bis(2,4,6-
trimethylphenyl)imidazol-2-ylidene) or IDipp (IDipp = 1,3-bis-
(2,6-diisopropylphenyl)imidazol-2-ylidene); A′ = [1,3-(Si-
Me3)2C3H3]−; n = 0−2) were synthesized either through solution
or mechanochemical methods. Although an NHC adduct with
[AlA′3] did not form, [(IDipp)AlCl2A′] and [(IMes)AlClA′2] were
obtained and X-ray crystallography confirmed their construction around Al in a distorted tetrahedral environment. The
[(NHC)AlCl3‑nA′n] complexes, [AlA′3], and [Al(OiPr)3] (as a reference) were examined for their ability to polymerize L-lactide via
ring-opening polymerization to produce polylactide. All of them did so with varying degrees of e!ectiveness. Of the organoaluminum
species, the [(NHC)AlCl3] complexes were very weak initiators, and [AlA′3] the most e!ective, producing polymer molecular
weights up to 49 kDa (Mw), with the mixed chloro/allyl complexes in between. All initiators were slower than [Al(OiPr)3].

■ INTRODUCTION
Despite a millennia-long history,1 mechanochemistry has only
recently emerged as an increasingly applicable tool for
organometallic synthesis under solvent-free conditions.2
Initiated by the absorption of mechanical energy, often by
grinding and ball milling,3 mechanochemical reactions
represent “green chemistry” techniques by reducing solvent
waste and o!ering shorter reaction times, enhanced yields, and
improved selectivity when compared to analogous solution-
based approaches.4 One of the greatest benefits of
mechanochemically based synthesis is the potential access it
provides to new types of molecular structures, including low-
coordinate metal complexes.5
Unsolvated organometallics constitute one class of such low-

coordinate complexes. For example, the parent tri(allyl)
aluminum complex exists only in the form of solvent adducts
[Al(C3H5)3·S] (S = THF, pyridine, OPPh3).6 Attempts to
form the potentially more reactive unsolvated complex with
either the unsubstituted or substituted allyl ligand, [1,3-
(SiMe3)2C3H3]− (= [A′]−), with solution-based syntheses have
not been successful.2b,7 In contrast, a mechanochemical
approach, in which the reagents are ground without a solvent,
is e!ective and leads to the isolation of [AlA′3] in high yield.2b
As an additional benefit, the mechanochemically produced
complex displays greater reactivity in a stoichiometric context
than the solvated counterpart, a feature that could potentially
contribute to higher reactivity in catalytic reactions.4
To this aim, we sought to prepare new initiators for lactide

polymerization. Polylactide (PLA) is a biodegradable plastic
alternative (Figure 1a) that is sourced from renewable sources

including corn and sugar beets.8 PLA can be used for
packaging, drug delivery, and biomedical applications,9 and
has steadily grown in popularity in recent decades. Despite its
increasing adoption, there are still issues with PLA’s physical
properties and processing characteristics that are highly
sensitive to the polymerization conditions. Such issues have
kept its cost relatively high and prevented PLA from becoming
a commodity polymer.10
Although low-molecular-weight PLA can be generated by

direct polycondensation of lactic acid,9 higher-molecular-
weight PLA is routinely accessed via a milder alternative
route employing the ring-opening polymerization (ROP) of
lactide (Figure 1b).11 Since the first report of aluminum
isopropoxide as an initiator of ROP in 1991,12 aluminum
complexes have played a major role in the development of this
initiator class.12,13 Investigations have examined the e!ect of
steric bulk at the aluminum center and the strength of metal−
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Figure 1. (a) Repeating unit of polylactide (PLA) and (b) L-lactide.
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ligand bonds, and considerable work has been conducted with
polydentate N- or O-donor ligands, with both aluminum and
other early main-group metals.14 In contrast, organoaluminum
initiators are much less explored, comprising mainly β-
diketiminate-aluminum species with methyl or ethyl ligands,
sometimes including mixed chloro/alkyl species. Several
homoleptic organoaluminums [AlR3] (R = Me, Et, iBu, and
octyl) have been examined as potential ROP initiators and
their reactivity compared with [Al(OiPr)3]. Although con-
version of L-lactide is slower with [AlR3] species than with
isopropoxide, molecular weights can be higher by almost a
factor of two.13 As a complement to this work, we here report
the result of generating and employing bulky allyl aluminum
complexes as ROP initiators.

■ RESULTS AND DISCUSSION
Synthesis of Aluminum Allyl NHC Adducts. Hetero-

leptic aluminum complexes [(NHC)AlCl3‑nA′n] (NHC = N-
heterocyclic carbene) were prepared by various solution and
mechanochemical methods, although not all methods worked
for every combination of ligands. For the trichloro species
[(NHC)AlCl3] (Figure 2a), the solution route described by
Schödel15 was adapted for the present work (eq 1; NHC =
IDipp (1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene) or
IMes (1,3-bis(2,4,6-trimethylphenyl)imidazol-2-ylidene))

+ [ ]AlCl NHC (NHC)AlCl (54 82%)
3

18 h, r.t.

hexanes

3 (1)

An analogous preparation involved grinding the reagents in a
planetary mill (PM) (eq 2). The reactions gave quantitative
yields and were complete in shorter times than the solution-
based routes, which is a commonly encountered benefit of
mechanochemically initiated reactions2c

Preparation of the mono(allyl) [(NHC)AlCl2A′] (Figure 2b)
complexes could be performed with either solution or
mechanochemical methods. For the solution route, the NHC
was dissolved in toluene, and then AlCl3 was added. After
allowing the solution to stir for 15 min, K[A′] was added, and
the combined mixture was allowed to stir for an additional 3 h.
The mixture was then filtered to remove KCl and the filtrate
evaporated to give a dark orange oil that solidified on standing
over several days, providing [(NHC)AlCl2A′] in high yield
(96% to quant.).
The mechanochemical equivalent could be done in one step,

combining NHC, AlCl3, and K[A′] and then grinding the
mixture for 15 min in a mixer mill (MM) (or 5 min in a
planetary mill at 300 rpm) (eq 3). The ground mixture was
extracted with a minimal amount of toluene, the extract
filtered, and dried. This approach generated more byproducts
than the solution route, although their formation could be
suppressed to some extent by prechilling the grinding jar in

liquid nitrogen before milling. A cleaner product in roughly
56−80% yield was obtained in this way

Under certain conditions, and only when using the solution
route to form [(IMes)AlCl2A′], small crystals of the
mesitylaminium salt N -(2-(mesitylamino)-3,5-bis-
(trimethylsilyl)pent-4-en-1-yl)-mesitylaminium chloride were
obtained. It was identified through its single-crystal X-ray
structure (see Figure S7), which, although definitive as to
composition, is of connectivity only quality. Its formation
apparently involves attack of the [A′]− ion on the CC
double bond of IMes, but we have not been able to reproduce
it consistently, and so cannot more precisely describe the exact
conditions required for its formation.
Attempts to form bis(allyl) complexes [(NHC)AlClA′2]

(Figure 2c) by extension of the previously used methods, i.e.,
mixing NHC, AlCl3, and 2 equiv. of K[A′] under either
solution or mechanochemical conditions (including variations
in time, temperature, solvent, and milling conditions),
produced only the mono(allyl) aluminum species and the
protonated allyl ligand (i.e., the propene HA′). Instead, these
complexes had to be accessed by combining (NHC)·HCl with
the mechanochemically generated [AlA′3],2b producing HA′ as
a byproduct (eq 4). Removal of the HA′ under vacuum gave
[(NHC)AlClA′2] complexes in moderate yield, ca. 35−40%

To complete the series of complexes, synthesis of [(NHC)-
AlA′3] adducts was attempted by combining [AlA′3] with
NHCs (eq 5). Even under forcing conditions that were more
energetic than those used for the other adducts, the attempted
reactions yielded only starting material

We hypothesized that steric crowding may be responsible for
the failure to form [(NHC)AlA′3] adducts. To examine this
possibility, an estimate of the congestion in the coordination
sphere of aluminum was generated with the Solid-G program16

on DFT-optimized models of [AlA′3] and [(IMes)AlA′3]. The
Gcomplex value represents the net coverage so that regions of the
coordination sphere where the projections of the ligands
overlap are counted only once; for [AlA′3], the Gcomplex value is
79.7% (see Figure S8 for an illustration of this). Although IMes
coordinates to [AlA′3] in the gas-phase approximation, the
Gcomplex value is pushed to 97.8%. There is no absolute cut-o!
value for stable structures, but the very high amount of steric
congestion that would be encountered in such an adduct

Figure 2. Structures of NHC adducts R = 2,6-diisopropylphenyl or 2,4,6-trimethylphenyl: (a) [(NHC)AlCl3]; (b) [(NHC)AlCl2A′]; and (c)
[(NHC)AlClA′2].
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would likely discourage stable adduct formation, particularly in
the condensed phase. Note also that the calculated Al−Callyl
distances have lengthened by 0.06 Å in the hypothetical
[(IMes)AlA′3] complex, and the Al−Ccarbene distance is 2.157
Å, which is longer (and presumably weaker) than the
comparable 2.07−2.10 Å distances found for the other
NHC−Al complexes described here.
The NMR spectra for the [(NHC)AlCl3‑nA′n] (n = 1,2)

complexes display resonances consistent with η1-bound A′
ligands, indicating that the molecules are not fluxional (see
Figures S3 and S6). This is in contrast to the [AlA′3] complex,
which although displaying η1-bound ligands in the solid state,
is highly fluxional in solution, with the A′ ligands giving the
appearance of being π-bound down to −70 °C (e.g., only one
signal is observed for the otherwise inequivalent trimethylsilyl
groups).2b
Crystallographic Results. The IDipp version of [(NHC)-

AlCl2A′] was highly crystalline, forming crystals with little
e!ort. In contrast, the IMes analogue was amorphous, and X-
ray quality crystals were not obtained. Interestingly, the
situation was reversed in the [(NHC)AlClA′2] case, and
suitable crystals of [(IMes)AlClA′2] were obtained, as
discussed below.
Solid-State Structure of [(IDipp)AlCl2A′]. Colorless

crystals of [(IDipp)AlCl2A′] were grown from toluene over
several days. The asymmetric unit contains one molecule in a
general position. One isopropyl group was modeled as
disordered over two sites (0.51:0.49) (Figure 3). The
aluminum lies in the center of a distorted tetrahedron,
coordinated by the two chlorines, the IDipp carbene, and an
η1-bonded A′ ligand.
The Al−Ccarbene bond length of 2.069(3) Å is within the

typical range of 2.008−2.118 Å found for similar compounds,17
and is slightly elongated from that found in [(IDipp)AlCl3]
(2.018(2) Å).18 Compared to the [AlA′3] complex, the Al−
Callyl bond is barely longer (1.989(3) vs 1.964(2) Å), despite
the higher coordination number in [(IDipp)AlCl2A′].2b The
average Al−Callyl bonds are slightly lengthened from those in
[(IDipp)AlCl3] (2.154 and 2.128 Å, respectively).18
Solid-State Structure of [(IMes)AlClA′2]. Colorless

crystals of [(IMes)AlClA′2] were grown from hexanes over
several weeks (Figure 4). As in the structure of [(IDipp)-
AlCl2A′], the Al in [(IMes)AlClA′2] is in a distorted
tetrahedral environment. Probably reflecting the increased
steric bulk of the ligands, the distances of aluminum to the
ligands are slightly longer than those in [(IDipp)AlCl2A′]. For
example, the aluminum−carbene distance (2.105 Å) is longer
than in [(IDipp)AlCl2A′] (2.069 Å) by 0.036 Å. Similarly, the
Al−Cl bond (2.197(1) Å) has increased by 0.043 Å from the
Al−Cl distance in [(IDipp)AlCl2A′] (2.154 Å, ave.).
Polymerization Results. Polymerization results are

presented in Table 1 and Figure 5. As a summary of the
data, [AlA′3] was the most active allyl initiator of L-lactide.
Among the [(NHC)AlCl3‑nA′n] complexes, reactivity dropped
with increasing number of chloride ligands. Even when only
chlorides were present, which do not usually initiate lactide
polymerization, low (3−4%) conversion was observed. The
most likely source of initiation in these cases may be from
small amounts of adventitious water that acts as an external
initiating species; however, we were unable to conclusively
show this (attempts to analyze the end-groups were not
definitive).19

The identity of the NHC was not consistently associated
with the more active (highest % conversion) initiator; e.g., in
the monochloro species [(NHC)AlClA′2], the IMes complex
was more reactive, whereas with the dichloro compounds
[(NHC)AlCl2A′], the IDipp variant displayed higher con-
version. A similar flip was found with polydispersity values (Đ)
in which the IMes complex of the monochloro species
[(NHC)AlClA′2] provided PLA with a slightly lower dispersity
(Đ = 1.6 vs 2.0), whereas with the dichloro [(NHC)AlCl2A′]
compounds, the IDipp variant displayed substantially better
control (Đ = 2.1 vs 5.4). All polymerizations were generally
slow, most were not complete at 120 h, and there was
moderate to poor dispersity control (1.6 ≤ Đ ≤ 5.4) that is
comparable to that found using [Al(OiPr)3]3 under our
conditions (Đ = 3.4). Despite this, high-molecular-weight
PLAs were obtained when using some of the organoaluminum
initiators (e.g., Mw = 49 kDa with [AlA′3]).
It was found that the polymers produced via the initiators

[(IDipp)AlCl3], [(IMes)AlClA′2], and [Al(OiPr)3] (Table 1
and Figures S14, S18, and S20) each displayed a bimodal
molecular weight distribution. While this observation may
suggest the presence of two or more propagating species,
which could result due to di!erential ligation of active species
or the presence of aggregates, additional experimentation will
be required to confirm this.

Figure 3. Thermal ellipsoid plot (50% level) of [(IDipp)AlCl2A′]. For
clarity, one conformation of the disordered isopropyl group is
omitted, as are all hydrogens except those on the C3 section of the A′
ligand. Selected bond distances (Å) and angles (deg): Al1−Cl1,
2.1533(9); Al1−Cl2, 2.1544(9); Al1−C1, 1.989(3); Al1−C10,
2.069(3); C1−C2, 1.492(4); C2−C3, 1.337(4); Cl1−Al1−Cl2,
106.02(4); Cl1−Al1−C1, 110.01(8); Cl2−Al1−C1, 116.44(9);
C1−Al1−C10, 114.79(10); Cl1−Al1−C10, 109.06(7); and Cl2−
Al1−C10, 99.74(7).
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The coordination number (CN) of aluminum may play a
role in the polymerization rate in that a highly coordinated

metal center would have to displace ligands to become active.
For example, aluminum isopropoxide forms clusters of trimers
and tetramers in solution, in which the aluminum has a CN of
4 or 5 in the trimer and 4 or 6 in the tetramer.20 Penczek and
co-workers have observed that trimeric [Al(OiPr)3]3 is much
faster than tetrameric [Al(OiPr)3]4 in the ROP of L-lactide, at
least partially reflecting the lower metal CN in the trimer.21

Analogously, a structural element of [AlA′3] that may
contribute to its activity is its 3-coordinate metal center.
This is a relatively uncommon feature in “[AlR3]” complexes
(many such complexes are found as dimers in the solid state,
with CN for the metal of four).22 The low CN for aluminum
may help accelerate the catalytic ROP process, much as it
assists in its stoichiometric reactivity.

Figure 4. Thermal ellipsoid plot (50% level) of [(IMes)AlClA′2]. For clarity, all hydrogens except those on the C3 section of the A′ ligands are
omitted. Selected bond distances (Å) and angles (deg): Al1−Cl1, 2.197(1); Al1−C1, 1.992(3); Al1−C10, 1.996(3); Al1−C19, 2.105(4); C1−C2,
1.489(5); C2−C3, 1.325(5); C10−C11, 1.505(6); C11−C12, 1.324(4); Cl1−Al1−C1, 104.4(1); Cl1−Al1−C10, 108.6(1); Cl1-Al−C19, 96.2(1);
C1-Al−C10, 112.6(2); C1-Al−C19, 112.0(1); and C10-Al−C19, 109.6(2).

Table 1. Results of Polymerization with L-Lactidea

initiator conv. (%) Mn (kDa) Mw (kDa) Đ (Mw/Mn)
[AlA′3] 80.5 22.8 48.8 2.1
[(IMes)AlClA′2] 47.3 9.3 50.1 5.4
[(IDipp)AlClA′2] 35.9 7.9 16.3 2.1
[(IDipp)AlCl2A′] 17.7 7.4 27.7 3.7
[(IMes)AlCl2A′] 6.0 10.2 16.6 1.6
[(IDipp)AlCl3] 4.0 7.4 27.7 3.7
[(IMes)AlCl3] 3.4 8.8 18.4 2.1
[Al(OiPr)3]b 96.7 18.7 66.0 3.4

a[L-lactide] = 1.0 M, benzene-d6, 90 °C, 100:1 [LA]/[Al], 0.007
mmol [Al], 119 or 120 h. bSame conditions as above but for 27 h.

Figure 5. Conversion as a function of time for various [(NHC)AlCl3‑nA′n] complexes, [AlA′3], and [Al(OiPr)3].
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■ CONCLUSIONS
A series of heteroleptic organoaluminum complexes were
prepared using a variety of mechanochemical and solution
routes. All complexes displayed some ability to polymerize L-
lactide without the use of external initiating species, such as
alcohols, with activity increasing as the number of allyl ligands
increases. The initiation was slow compared to aluminum
isopropoxide, but high-molecular-weight PLA could be
obtained, especially when using [AlA′3], with lower dispersity
than when using aluminum isopropoxide under identical
conditions.
While comparisons across lactide polymerization studies are

di#cult to make, as reaction conditions greatly a!ect the
resulting polymer, the reactivities of both heteroleptic and
homoleptic aluminum alkyl complexes have been compared to
that of aluminum isopropoxide complexes. The general trend
observed is that aluminum alkoxide complexes usually result in
faster polymerization, but aluminum alkyl complexes lead to
comparable, if not higher, molecular-weight polymers.13,23
These conclusions are consistent with the findings discussed
here and suggest that continued development of low-
coordinate initiators may provide valuable advances in lactide
polymerization.
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