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Ring-opening polymerization of ε-caprolactone
with a macrocyclic tetracarbene indium complex†
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The first chiral tetracarbene indium(III) complexes have been

synthesized by employing a rigid dianionic macrocyclic tetra-NHC

ligand. The macrocyclic indium tetra-NHC bromide and ethoxide

complexes are structurally similar to analagous salen complexes.

The indium ethoxide complex effectively promotes living ring-

opening polymerization of ε-caprolactone at room temperature.

Neutral auxiliary ligands that are ubiquitous for transition-
metal catalysts, such as N-heterocyclic carbenes (NHCs),1,2

have found limited application in p-block metal catalysis.3,4

Main group metals’ preference for ligands with anionic charac-
ter has limited NHCs to a single donor ligand (as a Lewis base)
in most cases,5–7 which has curtailed utilization of polydentate
NHCs as supporting ligands.8 Indeed, to circumvent this mis-
match, two primary strategies have been adopted to include an
anionic component to the NHCs. Preparation of NHC ligand
precursors which contain hydroxyl or amino functionality
gives rise to main group metal–NHC complexes with anionic
linkages to the NHC motif via alkoxy or amido tethers,
respectively.9,10 Alternatively, inclusion of borate groups within
NHC ligand precursors is an effective strategy towards main
group metal–NHC complexes which are stabilized by the
anionic contributions from distal borate moieties instead of
anionic tethers.11,12 While these two strategies have been effec-
tively employed for metals such as germanium and tin, there
are very few reports of tethered or borate-containing NHCs on
group 13 metals such as gallium,10,12 indium,11 or thallium.

This lack of effective NHC ligands for indium is disappoint-
ing since indium catalysis has been demonstrated to be

effective and selective for organic transformations such as
directed carbonyl–ene reactions,13 catalytic alcohol dehydra-
tion for SN1 reactions,14 and catalytic alkyne hydrofunctionali-
zation reactions.15 Beyond these molecular processes, indium
catalysis has particularly shined in the development of ring
opening polymerization processes, especially for the polymer-
ization of cyclic esters.16,17 Recently, the Williams,6,18 Rieger,19

Carpentier,20,21 and Mehrkhodavandi22–24 research groups
have all independently developed effective indium catalysts for
synthesis of polylactic acid (PLA) or polycaprolactone (PCL).
Notably, the auxiliary ligands for these systems are often Schiff
bases that are based on a tetradentate salen-type motif.

Our group has developed extensive chemistry for anionic
tetradentate NHC ligands which are structurally analogous to
salen-type ligands.25,26 These ligands are highly effective at
supporting iron catalysts for catalytic C2 + N1 aziridination
reactions.27 Recently, we reported an approach to synthesize a
D2-symmetric variant of this ligand with enhanced structural
rigidity.28 However, to our knowledge no anionic borate-based
NHCs have been employed for catalysis with p-block metals.

In this manuscript, we showcase the syntheses of stable
indium complexes supported by a chiral anionic tetracarbene
macrocyclic ligand. The absolute stereochemistries of the com-
plexes were confirmed by single crystal X-ray diffraction. An
indium complex with ethoxide as an axial ligand efficiently
promotes living polymerization of ε-caprolactone at room
temperature.

Results and discussion

We have previously described the synthesis of the chiral
macrocyclic ligand ((S,S)-1,2-Cy,BMe2TCH), 1, and its iron and palla-
dium complexes.28 To prepare the indium complex of 1, we
employed a similar ligation strategy. Compound 1 was deproto-
nated with nBuLi at −35 °C in THF before addition of indium(III)
bromide at room temperature (Scheme 1). Repeated extraction
and filtration of the crude product with benzene efficiently
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removes residual lithium bromide salts. ((S,S)-1,2-Cy,BMe2TCH)
InBr, 2, was crystallized by diluting a concentrated benzene
solution with n-pentane, affording colorless needles of 2 in
43% yield. Unlike our previously reported tetracarbene
complex of indium, 2 is stable in air free environments, which
is likely due to the improved steric protection of the chiral
pocket.11

The 1H NMR spectrum for 2 shows a C2-symmetric complex
with resonances broadly similar to square planar
((S,S)-1,2-Cy,BMe2TCH)Pd (Fig. S1†).28 Two separate 1H NMR signals
are observed for protons bound to the chiral carbons and there
are four vicinal doublets that correspond to the imidazolylidene
protons. Like similar diamagnetic five coordinate tetracarbene
complexes that we have reported previously, the protons from the
methyl groups attached to the borate moieties are diastereotopic
and locked into a single conformation.26,28,29 Finally, the 13C
NMR spectrum for 2 gives two carbene resonances at 179.36 ppm
and 178.15 ppm (Fig. S2†).28

Single crystal X-ray diffraction for ((S,S)-1,2-Cy,BMe2TCH)InBr
shows that the complex adopts a slightly distorted square pyra-
midal geometry (Fig. 1A). The In–C bond distances are inequi-
valent with In–C1 (2.20(2) Å) and In–C3 (2.20(2) Å) being
shorter than In–C2 (2.29(2) Å) and In–C4 (2.28(2) Å). Likewise,
the trans angles across the macrocycle are also not equivalent,
where C1–In–C3 is 153.3(7)° while C2–In–C4 is 140.0(8)°. These
tight angles move the indium atom out of the macrocycle’s
plane much more than the achiral variant, (Et,BMe2TCH)InBr,
which we previously reported.11

We were interested in synthesizing an indium alkoxide
complex since alkoxide ligands are effective initiators for ring-
opening polymerization of cyclic esters.6,18 Since 2 bears a
single axial bromide ligand, we thought that ligand metathesis
could allow for preparation of a macrocyclic tetra-NHC indium
(III) alkoxide complex. Indeed, treating a benzene solution of 2
with thallium ethoxide resulted in immediate precipitation of
pale yellow TlBr salt and afforded ((S,S)-1,2-Cy,BMe2TCH)In(OEt), 3,
in 67% yield after crystallization (Scheme 1).

The NMR spectra for 3 are similar to 2, but feature
additional resonances related to the ethoxide ligand, with
diagnostic 1H NMR resonances at 4.01 and 1.23 ppm for the
ethoxide ligand (Fig. S6†). Furthermore, the triplet-of-doublet

Scheme 1 Synthesis of indium complexes 2 and 3.

Fig. 1 X-Ray crystal structures of 2 (A) and 3 (B). Purple, olive, blue,
orange, red, grey, and white ellipsoids (50% probability) represent
indium, boron, nitrogen, bromine, oxygen, carbon, and hydrogen atoms,
respectively. Solvent molecules and H-atoms on non-stereogenic
carbons are omitted for clarity. One conformer from the asymmetric
unit cell of both 2 and 3 are shown. Selected bond distances (Å) and
angles (°) are as follows: for 2, In1–C1, 2.20(2); In1–C2, 2.29(2); In1–C3,
2.20(2); In1–C4, 2.28(2); In1–Br1, 2.583(3); C1–In1–C3, 153.3(7); C2–In1–

C4, 140.0(8). For 3, In1–C1, 2.326(2); In1–C2, 2.221(2); In1–C3, 2.343(2);
In1–C4, 2.235(2); In1–O1, 2.07(1); C1–In1–C3, 145.73(6); C2–In1–C4,
149.16(6).
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resonances related to diastereotopic protons on the stereo-
genic cyclohexane carbons are shifted upfield to 6.00 and
4.21 ppm relative to those in the 1H NMR spectrum for 2 (6.39
and 4.31 ppm). The 13C NMR spectrum for 3 gives two carbene
carbon resonances at 181.77 ppm and 180.39 ppm in addition
to two new resonances at 63.14 and 23.65 ppm which corres-
pond to ethoxide carbons (Fig. S7†).

Crystals of suitable quality for SCXRD were obtained via
vapor diffusion of n-pentane into a benzene solution of 3. Like
2, a distorted square pyramidal geometry is observed in the
crystal structure for 3 with C1–In–C3 as 145.73(6)° while C2–In–
C4 is 149.16(6)° (Fig. 1B). The In–CNHC bond lengths for 3
between 2.221(2) Å and 2.343(2) Å are longer compared to
those for 2. The In–O1 bond distance (2.07(1) Å) is comparable
to the few other examples of monomeric indium alkoxides.6,30

Ring opening polymerization (ROP) of ε-caprolactone (CL)
promoted by 2 and 3 was examined to determine the effective-
ness of 1 as an auxiliary ligand versus similarly structured tet-
radentate ligands.18,19,24 As such, the reactivities of complexes
2 and 3 with CL were tested under conditions similar to pre-
vious reported methods: 1 mmol CL, 0.01 mmol complex
(7.5 mM, benzene), at 25 °C. The PCL products were analyzed
using size exclusion chromatography (SEC). Reaction kinetics
were monitored by quenching aliquots at specified time inter-
vals before 1H NMR analysis.

Synthesis of PCL was attempted first with 2 as initiator.
These reactions quickly produced extremely viscous mixtures
that gave inconsistent kinetic data and afforded PCL products
with unexpectedly high molecular weights and high dispersity

values. These observations suggest poor initiation efficiency
from the In–Br unit, which affects poor molecular weight
control over PCL products.31 These results prompted the syn-
thesis of 3 so that an efficient and unambiguous initiator for
CL ROP could be prepared.

When complex 3 was used as the initiator for CL ROP,
kinetic experiments showed rapid consumption of CL consist-
ent with a first-order reaction rate (Fig. 2A), albeit with a slight
induction period. The linear correlation between the polymer
number-averaged molecular weight (Mn) and monomer conver-
sion suggests that 3 promotes living CL ROP (Fig. 2B and
Table S1†). Strict molecular weight control was maintained
over the PCL products that were made using 3; dispersity
values were narrowed from 1.24 to 1.08 as monomer conver-
sion increased, which indicates single site activation (Fig. 2B).
Efficient, living CL ROP by 3 is further evidenced by the mono-
modal molecular weight distributions observed throughout
the reaction (Fig. 2C).

Matrix-assisted laser desorption ionization time-of-flight
mass spectrometry (MALDI-TOF-MS) analysis of PCL samples
prepared using 3 showed only one series, which was identified
as PCL with ethoxy end groups (Fig. 2D). The identity of the
end groups is further evidenced in the 1H NMR spectrum for
purified PCL samples prepared using 3 (Fig. S12†), which gives
signals of requisite integration as a quartet (4.20 ppm) and a
triplet (1.32 ppm). These signals are consistent with reported
spectra for PCL produced with metal ethoxide initiators.32,33

Considering the first-order reaction kinetics, narrow molecular
weight distribution, and observed end group fidelity, we

Fig. 2 (A) Kinetic plots for polymerization of ε-caprolactone (CL) using 3 as initiator ([initiator] : [CL] = 1 : 100, [M] = 0.075 M in benzene). (B)
Molecular weight (Mn,SEC) and dispersity correlation with CL conversion for polycaprolactone (PCL) synthesized using 3. (C) SEC traces for PCL syn-
thesized using 3 at different CL conversions. (D) MALDI-TOF mass spectrum of PCL synthesized using 3.
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propose an ethoxy-initiated coordination–insertion mecha-
nism for CL ROP with 3 as initiator (Fig. 3).32,33

Conclusions

We have synthesized two C2-symmetric indium complexes that
are supported by chiral macrocyclic tetracarbenes. These com-
plexes were characterized by multinuclear NMR, HRMS, and
SCXRD. Switching from a bromide to an ethoxide axial ligand
enabled living polymerization of ε-caprolactone at room temp-
erature with preserved ethoxy end groups. These results high-
light a new platform for indium catalysis that is not based on
salen/half-salen derivatives for CL ROP, but instead on NHCs
as supporting ligands. This study increases the diversity of
ligand structures that can be used to support In-catalysed CL
polymerisation. Future research will focus on developing other
cyclic ester polymerizations that take advantage of the chiral
pocket on these main group complexes.
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