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Salan group 13 complexes – structural study
and lactide polymerisation†

James Beament, Mary F. Mahon, Antoine Buchard* and Matthew D. Jones*

Herein the preparation and characterisation of a series of group 13 salan complexes, with a bipyrrolidine

or N,N0-ethylenediamine backbone are disclosed. For the bipyrrolidine derived-salan ligand 1H2, the

Al(III) and Ga(III) complexes are pseudo trigonal bipyramidal in the solid-state, whereas the In(III)

complexes are best described as square based pyramidal structures. However, for the ethylenediamine

derived-salan ligand 2H2, all complexes are effectively square based pyramidal in their structure. The

complexes’ solution behaviour is also investigated by NMR spectroscopic methods and it is observed

that the solid-state structure is maintained in solution. The complexes have all been trialled for the ring

opening polymerisation of rac-lactide. With In(1)Cl controlled polymerisation and narrow molecular

weight distributions (1.01–1.08) are observed with heterotactic polylactide being prepared. Under the

conditions tested the Ga(III) and Al(III) complexes were shown to be inactive.

Introduction

In recent years there has been an explosion of research concerning
new initiators for the controlled ring opening polymerisation
(ROP) of lactide (LA) affording polylactide (PLA).1 The resultant
PLA is compostable and annually renewable from starch-rich
plant based materials. This material has the potential to replace
traditional petrochemical derived plastics for numerous appli-
cations, from high value biomedical areas to commodity uses.2

While organocatalysts and initiators commonly yield atactic PLA
from rac-LA,3 there are many metal centres that are active for the
stereoselective polymerisation of rac-LA to afford either heterotactic
or isotactic stereoblock PLA. Examples of such metal centres include
groups 1–4,4 lanthanides, Zn(II)4f,5 and pertinent to this study group
13 metals.6 There are many ligands that have found utility in this
area such as salan,4a,b,6b,c salen,6e–h,7 salalen8 and variations thereof,
including phosphasalen.9 In the case of indium the area is
dominated by salen ligands.10 However, other ligand systems
are known.11 InCl3 alone was first shown to be an active catalyst
by Tolman and Hillmyer in 2009, with high heterotacticity being
favoured in THF solution, when used in combination with
triethylamine and benzylalcohol.12 Recently, extensive studies
have been conducted by Mehrkhodavandi and co-workers who
have elegantly illustrated the advantages of In(III) complexes for
the controlled ROP of rac-LA.7,13 These have typically utilised

salen ligands with chirality in the backbone. For example, when
indium is complexed with Jacobsen’s ligand the resultant
complex was seen to be faster than the corresponding Al(III)
system, with isotactic (Pm = 0.77) PLA being realised.13a In these
studies aggregation of the indium complexes, due to the large
ionic radii of In(III),13i has be shown to be troublesome, and was
controlled by the use of bulky ligands. Ga(III) initiated ROP of
lactide is rare with only a handful of examples reported in the
literature.10,14 Further, complexes of In-‘‘salan-like’’ ligands
characterised in the solid-state are extremely rare.15 Thus, it is
pertinent to study the coordination chemistry of simple salan
related ligands with In(III) (to compare with Al/Ga) and screen
for the ROP of rac-LA.

New catalyst research in the area is driven by the need to
develop structure–activity-relationships and understand the
complex interplay between the ligand and the metal centre,
such relationships are lacking in the area. It has been shown
that very subtle changes to the ligand or switching the metal
centre can have dramatic consequences to the polymerisation.
For example, we have shown with a bipyrrolidine derived salan
ligand there is a switch in selectivity from highly isotactic PLA
Zr(IV)/Hf(IV) to highly heterotactic PLA for Al(III).4a Williams and
co-workers have observed similar switches with phosphasalen
complexes of different lanthanides.16 Further switching in
control are noted by comparing Al-(SalBinap) (isotactic) to
Y(SalBinap) (heterotactic) complexes of Coates and Pappalardo
respectively.17 Kol first introduced the bipyrrolidine ligand in
2009 to pre-determine the chirality at a group 4 metal centre.18 We
have previously illustrated that ligands based on the bipyrrolidine
backbone are highly effective for the ROP of lactide.4a,b More
recently, Kol has also utilised this backbone with Mg(II) and to

Department of Chemistry, University of Bath, Claverton Down, Bath BA2 7AY, UK.

E-mail: mj205@bath.ac.uk, a.buchard@bath.ac.uk; Fax: +44 (0)1225 386231;

Tel: +44 (0)1225 384908

† Electronic supplementary information (ESI) available: Full experimental and
the crystal data in the .cif format. CCDC 1510494–1510501. For ESI and crystallo-
graphic data in CIF or other electronic format see DOI: 10.1039/c6nj03844a

Received 8th December 2016,
Accepted 6th February 2017

DOI: 10.1039/c6nj03844a

rsc.li/njc

NJC

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
Fe

br
ua

ry
 2

01
7.

 D
ow

nl
oa

de
d 

on
 4

/2
5/

20
26

 1
:5

8:
28

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue

http://crossmark.crossref.org/dialog/?doi=10.1039/c6nj03844a&domain=pdf&date_stamp=2017-02-13
http://rsc.li/njc
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6nj03844a
https://pubs.rsc.org/en/journals/journal/NJ
https://pubs.rsc.org/en/journals/journal/NJ?issueid=NJ041005


This journal is©The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2017 New J. Chem., 2017, 41, 2198--2203 | 2199

some extent Al(III), highlighting the importance of these ligands
in the literature.19 We have shown the importance of the meso
chirality, in the controlled and selective polymerisation of
lactide.4a,b Thus, in this paper we expand upon the chemistry
of this system and report the full characterisation of a series
of group 13 complexes with our bulky salan derived meso-
bipyrrolidine ligand and an N,N0-ethylenediamine backbone
for comparison. To the best of our knowledge this is also the
first reported application of a monomeric In–salan complex for
the ROP of rac-LA.

Experimental
General considerations

The preparation and characterisation of all metal complexes
was carried out under an inert argon atmosphere using standard
Schlenk or glovebox techniques. All chemicals used were purchased
from Sigma-Aldrich and used as received except for rac-LA which
was recrystallized twice from dry toluene before use. Dry solvents
used in handling metal complexes were obtained via SPS (solvent
purification system). 1H and 13C{1H}, NMR spectra were recorded on
a Bruker 400 or 500 MHz instrument and referenced to residual
solvent peaks. CDCl3 was dried over CaH2 prior to use. Coupling
constants are given in Hertz. CHN microanalysis was performed by
Mr Stephen Boyer of London Metropolitan University. The ligands
were prepared as detailed in the literature.4a,20

Synthesis of complexes

In a typical experiment: ligand (1H2) (2.6 mmol) dissolved in
THF (10 mL) was added dropwise to a stirred suspension of
potassium hydride (5.2 mmol) in THF (10 mL) and stirred for
16 hours. The solution was then cooled to �78 1C and a solution
of InCl3 (2.6 mmol) in anhydrous THF (10 mL) was added
dropwise and after complete addition, the solution was left to
stir for a further 2 hours. After this time, the solvent was
removed and the white powder was dissolved in dry chloroform
and filtered through a pad of celite under Ar. The supernatant
was collected and removal of solvent yielded the crude product,
which was then recrystallised in dry hexane/toluene. In(1)Cl
yield: (1.61 g, 2.22 mmol, 85%). 1H-NMR (400 MHz, CDCl3, dH,
ppm); 7.30 (s, 2H; ArH), 6.76 (s, 2H; ArH), 4.73 (d, 12.7 Hz, 2H,
NCHHC), 3.41 (d, 2H, 2.5 Hz; NCH), 3.34 (d, 2H, 12.7 Hz;
NCHHC), 3.10 (m, 2H; CH2N), 3.00 (m, 2H; CH2N), 2.31 (m,
2H; CHH), 2.03 (m, 4H; CH2), 1.90 (m, 2H; CHH), 1.50 (s, 18H;
C(CH3)3) 1.28 (s, 18H; C(CH3)3); 13C{1H} NMR (100 MHz, CDCl3,
dC, ppm); 159.5 (C–O), 138.5 (Ar), 136.2 (Ar), 123.9 (C–H, Ar),
123.8 (C–H, Ar), 118.8 (Ar), 66.1 (NCH), 61.6 (NCH2),
52.4 (NCH2), 34.2 (C(CH3)3), 32.9 (C(CH3)3), 30.8 (C(CH3)3),
28.7 (C(CH3)3), 25.3 (CH2), 20.1 (CH2). Elemental analysis
(C38H58N2O2In1Cl1), (calculated) C: 62.94%, H: 8.06%, N:
3.86% (experimental) C: 63.01%, H: 8.08%, N: 3.86%. Al(1)Cl
(0.6 g, 0.94 mmol, 55%). 1H-NMR (400 MHz, CDCl3, dH, ppm);
7.23 (s, 2H; ArH), 6.73 (s, 2H; ArH), 4.45 (m, 2H; NCHHC), 3.32
(m, 6H; NCH), 2.84 (m, 2H; NCHHC), 2.17 (m, 2H; CH2N), 1.98
(m, 2H; CH2N), 1.86 (m, 2H; CHH), 1.42 (s, 18H; C(CH3)3), 1.24

(s, 18H; C(CH3)3); 13C{1H} NMR (100 MHz, CDCl3, dC, ppm);
156.2 (C–O), 138.4 (Ar), 138.1 (Ar), 124.4 (C–H, Ar), 123.2 (C–H,
Ar), 120.4 (Ar), 67.8 (NCH), 62.3 (NCH2), 54.5 (NCH2), 35.3
(C(CH3)3), 34.3 (C(CH3)3), 32.1 (C(CH3)3), 30.1 (C(CH3)3), 27.0
(CH2), 21.8 (CH2). Elemental analysis (CHN), (calculated) C:
71.61%, H: 9.17%, N: 4.39% (experimental) C: 69.17%, H: 9.12%,
N: 4.31%.

Ga(1)Cl (0.93 g, 1.37 mmol, 53%). 1H-NMR (400 MHz, CDCl3,
dH, ppm); 7.28 (s, 2H, Ar), 6.77 (s, 2H, Ar), 4.66 (d, 2H, 12.2 Hz,
NCHHC), 3.75 (d, 2H, 2.5 Hz, NCH), 3.36 (d, 2H, 12.2 Hz,
NCHHC), 2.92 (4H, m, CH2N), 2.27 (m, 2H, CHH), 2.03 (m,
4H, CH2), 1.90 (m, 2H, CHH), 1.48 (s, 18H, tBu), 1.28 (s, 18H,
tBu); 13C{1H} (100 MHz, CDCl3, dC, ppm); 158.5 (C–O), 139.2
(Ar), 137.9 (Ar), 124.7 (C–H, Ar), 123.8 (C–H, Ar), 119.9 (Ar), 68.3
(NCH), 67.2 (NCH), 62.6 (NCH2), 54.2 (NCH2), 35.5 (C(CH3)3),
34.4 (C(CH3)3), 32.2 (C(CH3)3), 30.2 (C(CH3)3), 26.9 (CH2), 26.0
(CH2), 21.5 (CH2). Elemental analysis (CHN), (calculated) C:
67.11%, H: 8.60%, N: 4.12% (experimental) C: 66.82%, H:
8.56%, N: 4.64%. In(1)I (345 mg, 0.42 mmol, 42%). 1H-NMR
(400 MHz, CDCl3, 253 K, dH, ppm); 7.29 (s, 2H; ArH), 6.76 (s, 2H;
ArH), 4.76 (d, 12.7 Hz, 2H; NCHHC), 3.53 (d, 2.5 Hz, 2H; NCH),
3.34 (d, 12.7 Hz, 2H; NCHHC), 3.10 (m, 2H; CH2N), 2.97 (m, 2H;
CH2N), 2.31 (m, 2H; CHH), 1.99 (m, 4H; CH2), 1.90 (m, 2H;
CHH), 1.50 (s, 18H, (C(CH3)3)), 1.28 (s, 18H, (C(CH3)3)).
13C-NMR (100 MHz, CDCl3, 298 K, dC, ppm); 139.49 (Ar), 125.2
(Ar), 67.5 (NCH), 54.16 (NCH2), 52.4 (NCH2), 35.3 (C(CH3)3), 34.3
(C(CH3)3), 32.1 (C(CH3)3), 30.4 (C(CH3)3), 27.0 (CH2), 20.9 (CH2).
Elemental analysis (CHN), (calculated) C: 55.89%, H: 7.16%, N:
3.43% (experimental) C: 56.05%, H: 7.19%, N: 3.42%. Al(2)Cl
(680 mg, 1.16 mmol, 61%). 1H-NMR (400 MHz, CDCl3, dH, ppm):
(major series) 7.30 (s, 2H, Ar), 6.81 (s, 2H, Ar), 4.52–4.49 (d,
12.4 Hz, 2H, CHHN), 3.20 (d, 12.4 Hz, 2H, CHHN), 2.98 (m, 4H,
NCH2), 2.44 (s, 6H, NCH3), 1.47 (s, 18H, tBu), 1.29 (s, 18H, tBu),
due to significant overlap in tBu, Ar region full assignment of
minor series is not possible. But it is clear from the NMR below.
13C-NMR (100 MHz, CDCl3, dC, ppm): 155.7 (C–O), 138.6 (Ar),
138.4 (Ar), 124.5 (Ar), 123.3 (Ar), 119.7 (Ar), 63.0 (CH2N), 55.2
(CH2N), 45.6 (NCH3), 35.5 (C(CH3)3), 34.2 (C(CH3)3), 32.0
(C(CH3)3), 30.1 (C(CH3)3). Elemental analysis (CHN): (calculated)
C: 69.77%, H: 9.30%, N: 4.79% (experimental) C: 67.57%, H:
9.50%, N: 4.75%. Ga(2)Cl (565 mg, 0.9 mmol, 48%). 1H-NMR
(400 MHz, CDCl3, dH, ppm): 7.31 (s, 2H, Ar), 6.80 (s, 2H, Ar),
4.71–4.68 (d, 12.1 Hz, 2H, CHHN), 3.25–3.22 (d, 12.1 Hz, 2H,
CHHN), 3.16 (m, 2H, CH2N), 2.95 (m, 2H, CH2N), 2.42 (s, 6H,
CH3), 1.51 (s, 18H, tBu), 1.28 (s, 18H, tBu); 13C-NMR (100 MHz,
CDCl3, dC, ppm): 158.0 (C–O), 139.3 (Ar), 138.6 (Ar), 124.8 (Ar),
124.1 (Ar), 199.8 (Ar), 63.4 (CH2N), 55.1 (CH2N), 45.0 (NCH3),
35.5 (C(CH3)3), 34.2 (C(CH3)3), 32.0 (C(CH3)3), 30.2 (C(CH3)3).
Elemental analysis (CHN): (calculated) C: 65.03%, H: 8.67%, N:
4.46% (experimental) C: 64.92%, H: 8.80%, N: 4.57%. In(2)Cl
(790 mg, 1.18 mmol, 42%). 1H-NMR (400 MHz, CDCl3, dH,
ppm): 7.31 (d, 2.5 Hz, 2H, Ar), 6.78 (d, 2.5 Hz, 2H, Ar), 4.81
(d, 11.8 Hz, 2H, CHHN), 3.20 (d, 11.83 Hz, 4H, CHHN), 2.93 (m,
2H, NCHHC), 2.40 (s, 6H, NCH3), 1.53 (s, 18H, tBu), 1.28 (s, 18H,
tBu); 13C-NMR (100 MHz, CDCl3, dC, ppm): 160.5 (C–O), 139.8
(Ar), 138.3 (Ar), 129.3 (Ar), 128.4 (Ar), 64.3 (CH2N), 55.4 (CH2N),
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43.8 (NCH3), 35.2 (C(CH3)3), 33.9 (C(CH3)3), 31.7 (C(CH3)3), 29.9
(C(CH3)3). Elemental analysis (CHN), (calculated) C: 60.67%, H:
8.09%, N: 4.16%, (experimental) C: 60.71%, H: 8.14%, N: 4.16%.

Crystallography

All data were collected, at 150 K, on a Rigaku SuperNova
diffractometer using radiation CuKa (l = 1.54184 Å). Structures
were solved by direct methods throughout and refined on F2

data using the SHELXL-2014 suite of programs. All hydrogen
atoms were included in idealised positions and refined using
the riding model. Refinements was straightforward with only
the following points that merit note: in Al(1)Cl one methyl
group was disordered over two positions in a 55 : 45 ratio;
In2(1)2(OH)(OEt) contains 1.5 molecules of solvent in the asym-
metric unit and one tBu group is disordered over two positions
in a 50 : 50 ratio; In(2)Cl contains two molecules of toluene in
the asymmetric unit. One tBu group in Al(2)Cl was disordered
over two sites in a 75 : 25 ratio and a partial occupancy hexane
molecule (75%) was observed in the asymmetric unit. Two of
the tBu moieties in Ga(2)Cl were disordered over two sites in
ratios of 80 : 20 and 60 : 40 ratio, respectively. Residual solvent
in this structure {Ga(2)Cl} bore a strong resemblance to a
molecule of hexane (the recrystallisation solvent) but the electron
density was smeared in a manner that suggested that disorder,
above and beyond this smearing, was also prevalent. Thus, an
approach involving a very restrained solvent model was abandoned
in favour of employing PLATON SQUEEZE to address the guest
solvent in Ga(2)Cl and an allowance for one molecule of hexane in
the motif has been made in the formula presented herein. Further
for Ga(2)Cl residual electron density in this structure is in the region
of the ligand based on O1 and N1. Attempts were made to model
this, but at a site occupancy of approximately 10% for a potential
minor component (which seemed to be the cis isomer), the merit
of disorder modelling was questionable, and hence abandoned.
Interestingly, the raw frames of data suggested some crystal
twinning. However, the data from integration of the data as a
twin were not ultimately used, as the scale factor for the second
twin component refined to approximately 5%, with no tangible
advantage to the overall convergence of the model.

Ring-opening polymerisation (ROP) studies

For polymerisations, under an argon atmosphere, the required
monomer : catalyst : NEt3 : BnOH ratio was suspended in toluene
(10 mL) then heated up to 80 1C (upon which the mixture
solubilised) and stirred. In all cases 1.0 g of rac-LA was used.
After the reaction time the vessel was opened to air and
methanol (1–2 drops) was added to quench the reaction and
the resulting solid was dissolved in dichloromethane. The
solvents were removed in vacuo, an NMR spectrum was recorded
to establish conversion. The crude mixture was washed with
copious amounts of methanol to remove unreacted monomer to
afford the pure polymer. 1H NMR spectroscopy (CDCl3) and GPC
(THF) were used to determine tacticity and molecular weights
(Mn and Mw) of the polymers produced; Pr (the probability of
racemic linkages) values were determined by analysis of the methine
region of the homonuclear decoupled 1H NMR spectra.4f GPC were

recorded on an Agilent instrument using triple detection and
the multi analysis software. Polymer end-group analysis was
carried out using MALDI-ToF spectrometry on a Bruker Autoflex
speed instrument using DCTB (trans-2-[3-(4-tert-butylphenyl)-
2-methyl-2-propenylidene]malononitrile) as the matrix and
ionised using NaOAc.

Results and discussion
Complexes

The complexes were prepared as shown in Scheme 1. They were
isolated as colourless crystals in high purity, as confirmed by
elemental analysis.

The Ga(III) and In(III) complexes (Scheme 1 and Fig. 1) were
prepared via first synthesising the potassium salt of the ligand
and subsequent reaction with the metal–halide. Attempts to
prepare the potassium salt of the ligand with Me groups instead
of tBu on the aromatic ring were unsuccessful and an insoluble
material was isolated, thus synthetic efforts were concentrated
on 1/2H2. The Al(III) complex could more readily be synthesised
utilising AlCl(Et)2 as the precursor. All complexes were recrystallised
in hexane/toluene mixture, see Tables 1 and 2 for selected metric
data. To the best of our knowledge these are the first examples
of either a salan–In–Cl, salan–In–I or salan–Ga–Cl complex
characterised in the solid-state. For In(1)Cl/I the metal centres
are seen to be in a pseudo square based pyramidal (sqp)
geometry, which is exemplified by t = 0.32 {for In(1)I this is
0.28}. The t value is used as an aid regarding the preference of the
complex to form either a sqp structure or trigonal bipyramidal
(tbp) one.21 This is analogous to the In–Cl complexes of Jacobsen’s
ligand previously discussed.13a For this literature complex the In–N
bond lengths are 2.171(7) and 2.207(7) which are within 3 esds
and can therefore be considered equivalent. However, for both

Scheme 1 Synthesis of complexes under investigation.
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In(1)Cl/I and there is a significant difference between the In–N
bond lengths e.g. In(1)Cl 2.2684(11) vs. 2.3539(11) Å. For
Ga(1)Cl t = 0.76 indicative of a distorted trigonal bipyramidal
geometry at the metal centre, this is also the case for Al(1)Cl

with t = 0.68. Previously, we reported the complex Al(1)(OiPr),
which also afforded t = 0.68.4a This tbp geometry is further
exemplified by analysis of the angles between the two planes
formed by the C6-aromatic rings, Al(1)Cl = 1331, Ga(1)Cl = 1341
whereas In(1)Cl/I = 161/1581. As a structural comparison Al/Ga/
In(2)Cl were prepared. The solid state structure of In(2)Cl is
analogous to In(1)Cl, with t = 0.38 and similar metric data.
However, there is a difference for Al/Ga(2)Cl with t = 0.26/0.29
respectively indicating a preference for a square based pyramidal
geometry in those cases. Interestingly, the N–Me groups are
effectively cis to each other in In(2)Cl, whereas in the solid-state
structures for Al/Ga(2)Cl these groups are trans.

In all cases {bar Al/Ga(2)Cl} the solid-state structures appear
to be maintained in solution and the ligand remains ‘‘locked’’ once
coordinated as evidenced by the formation of clear diastereotopic
doublets in the 1H NMR spectrum (CDCl3, see ESI†). Furthermore,
there are two singlets in the aromatic region of 1H NMR spectrum
and six aromatic resonances in the 13C{1H} NMR spectrum
indicating that both phenoxides are equivalent in solution. For
the bipyrrolidine complexes there are four carbon –CH2– resonances
and one –CH– resonance present in the NMR spectrum. For
Al/Ga(2)Cl there are clearly two species present in solution in
approximately a 75 : 25 ratio for Al(2)Cl and 95 : 5 for Ga(2)Cl.
The major species has an NMR spectrum analogous to In(2)Cl
with one resonance for the N–CH3 group, implying in solution
the major species is most likely the cis isomer. The minor series
has two N–CH3 resonances and a more complex series of
doublets for the methylene protons which is expected for the
trans isomer. DOSY indicated that the two species in solution
have analogous diffusion constants, ca. 6.3 � 10�10 m2 s�1,
which would be expected for cis/trans isomers, thus ruling out
possible monomer–dimer equilibria. In(1)I showed fluxionality
on the NMR time scale and it was necessary to cool the sample
to 253 K to obtain sharp resonances. This may be related to
tbp–sbp exchanges in solution or cis–trans exchange processes.

Reaction of In(1)Cl with NaOEt, in an attempt to generate an
alkoxide, led to an intractable mixture of products, as previously
observed for a SalBinap–InCl complex of Mehrkhodavandi.13b

However, we were able to isolate a bridged In–OH/OiPr complex
(see ESI†) although this was in low yield. The coordination motif
of the ligand in this octahedral complex is analogous to that
observed for similar meso-ligated group 4 complexes.4a Presumably,
during the polymerisation the indium centre is 6 coordinate
(ligand, lactide and polymer chain) thus this illustrates the
likely coordination of ligand in the catalytically active species.

Polymerisation studies

The complexes were initially trialled for the polymerisation of
rac-LA in toluene at conditions of 100 : 1 : 1 : 1 (LA : metal :
BnOH : NEt3) at 80 1C, Table 3. These conditions are typical
for In–Cl initiated polymerisation, the exact role of NEt3/BnOH
is open to debate and the reader is directed to the following for
pertinent mechanistic studies with InX3.12b Regardless of the
exact mechanism, the polymerisation is initiated by benzyl
alcohol and catalysed by the Indium complex (as confirmed
by MALDI-ToF and the lack of activity observed when no In

Fig. 1 Solid-state structure for In(1)Cl, Ga(1)Cl and In(2)Cl. Ellipsoids are
shown at the 30% probability level and all hydrogen atoms have been
removed for clarity.

Table 1 Selected bond lengths (Å) and angles (1) for complexes with 1H2

Al(1)Cl Ga(1)Cl In(1)Cl In(1)I

M–X 2.1802(6) 2.2043(4) 2.3683(4) 2.69445(19)
M–O(1) 1.7820(11) 1.8436(10) 2.0768(9) 2.0536(14)
M–O(2) 1.7540(11) 1.8828(10) 2.0574(10) 2.0907(14)
M–N(1) 2.0285(13) 2.2527(11) 2.2684(11) 2.2723(17)
M–N(2) 2.2147(13) 2.0513(12) 2.3539(11) 2.3719(16)
N(1)–M–O(2) 126.79(6) 122.74(5) 134.92(4) 134.49(6)
O(1)–M–N(2) 167.65(5) 168.58(4) 154.02(4) 151.10(6)
N(1)–M–X 114.99(4) 94.37(3) 111.62(3) 102.49(4)

Table 2 Selected bond lengths (Å) and angles (1) for complexes with 2H2

Al(2)Cl Ga(2)Cl In(2)Cl

M–X 2.1720(9) 2.2073(6) 2.3700(5)
M–O(1) 1.7789(18) 1.8603(16) 2.0310(13)
M–O(2) 1.7551(17) 1.8411(13) 2.0737(13)
M–N(1) 2.052(2) 2.0873(18) 2.3544(17)
M–N(2) 2.211(2) 2.2344(18) 2.2572(16)
N(1)–M–O(2) 143.66(9) 142.42(7) 155.56(6)
O(1)–M–N(2) 159.19(9) 159.98(9) 132.71(6)
N(1)–M–X 103.78(6) 104.74(5) 97.55(4)
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complex is present). Under these conditions and time (up to
5 days at 80 1C) only the indium complexes displayed any
polymerisation activity. With the Ga/Al complexes only monomer
was isolated after work up. This may well be related to the fact
that the ‘‘smaller’’ Lewis acidic metals are screened from
coordinating a molecule of lactide or the strength of the M–X
bond prevents the formation of the alkoxide.

Previous work has shown that the Al–OiPr complex of 1H2

{Al(1)(OiPr)} was active under melt conditions (75% conversion
after 48 h) producing atactic PLA.4a In this present study the
Al/Ga–Cl complexes were tested under melt conditions but
failed to produce any polymer. However, there is a dramatic
switch in selectivity and activity with In(III), which produced
heterotactic PLA in 24 h in solution. Using InCl3 (with NEt3 : BnOH
at 100 : 1 : 1 : 1 {LA : In : BnOH : NEt3}) we achieved a conversion
of 96% in toluene at 80 1C under the same time frame.12 The
molecular weight of the resulting PLA was 17 800 g mol�1 with a
dispersity of 1.45 and, Pr = 0.71. The PLA produced with our
complexes is more monodispersed, with increased tacticity
control. Further, given the high purity and good control of
molecular weight any activity caused by residual or generated
InCl3 is unlikely.

In all indium cases PLA with a high heterotactic was observed,
as indicated by an enhancement in the isi and sis tetrads in the
1H{1H} NMR spectrum (see ESI†). It was observed that In(2)Cl was
significantly less selective than In(1)Cl, thus polymerisation
optimisation was performed with In(1)Cl. Without the addition
of BnOH and NEt3 no polymer could be observed, however,
without the addition of NEt3 polymerisation still proceeded albeit
at a significantly reduced conversion. With increasing monomer :
catalyst ratio the appropriate increase in polymer Mn was observed,
indicating a very well controlled polymerisation. This was further
supported by very low dispersities in all cases. The MALDI-ToF of
the PLA 100 : 1 : 1 : 1 at 80 1C indicated the BnO– and –H end groups
and the main repeat unit was 144 g mol�1 with a minor series
with a repeat unit of 72 g mol�1 indicative of a low degree of
transesterification (see Fig. SI12, ESI†). Interestingly the iodide
complexes afforded a significantly lower yield than the chloride. A
similar trend was observed when using InX3 (InCl3 vs. InI3).12b It was
hypothesised that the halide remains in the coordination sphere of
the indium centre and this accounts for the differences in reactivity.

Conclusions

In conclusion we have prepared the first examples of salan
complexes of the form M–X (X = Cl, I and M = In, Ga). There is a
switch from trigonal bipyramidal to square based pyramid
upon increasing the size of the cation for 1H2, whilst for 2H2

no such change is observed, illustrating the rich and diverse
chemistry of the group 13 elements. This change, in part, is
presumably related to the rigidity of the bipyrrolidine derived
ligand system. For the first time we have shown that indium–
salan complexes can be effective initiators for the production of
heterotactic PLA with narrow dispersities and controllable
molecular weights, these results are complementary to the rich
chemistry of In–salen complexes. This highlights the importance
of the combination of metal/ligand in the rational design of
initiators for the controlled ROP of cyclic esters.
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