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Cationic indium catalysts for ring opening
polymerization: tuning reactivity with hemilabile
ligandst

Chatura Goonesinghe, Hootan Roshandel, Carlos Diaz, Hyuk-Joon Jung,
Kudzanai Nyamayaro, Maria Ezhova and Parisa Mehrkhodavandi @ *

This is a comprehensive study of the effects of rationally designed hemilabile ligands on the stability,
reactivity, and change in catalytic behavior of indium complexes. We report cationic alkyl indium
complexes supported by a family of hemi-salen type ligands bearing hemilabile thiophenyl (2a), furfuryl
(2b) and pyridyl (2c) pendant donor arms. Shelf-life and stability of these complexes followed the trend
2a < 2b < 2c, showing direct correlation to the affinity of the pendant donor group to the indium center.
Reactivity towards polymerization of epichlorohydrin and cyclohexene oxide followed the trend 2a > 2b
> 2c with control of polymerization following an inverse relationship to reactivity. Surprisingly, 2c
polymerized racemic lactide without an external initiator, likely through an alkyl-initiated coordination-
insertion mechanism.

Introduction

Hemilabile ligands have been extensively used to stabilize metal
complexes, and control and even alter reactivity.' A wide array of
elegant hemilabile ligand architectures support transition
metal centers with catalytic activity in processes such as
carbonylation,” alkylation,® amination,* cross-coupling,® and
olefin metathesis® among others.”

In contrast, there are only a handful of reports of the use of
hemilabile ligands with main group metals.® Due to their
tunable Lewis acidity and oxophilic nature, complexes of group
13 elements, especially aluminum® and indium' have been
used in a variety of reactions ranging from ring opening poly-
merization (ROP) of cyclic polar monomers to functionalization
of small molecules." However, among the group 13 metals,
almost all reports'? focus on aluminum complexes (Chart 1).

In cationic aluminum complexes, hemilabile ligands have
been used for stabilizing complexes. The first group 13
complexes bearing hemilabile ligands to show reactivity were
reported by Dagorne and co-workers.”® These cationic
aluminum complexes, A, bearing piperazine and morpholine
pendant arms, stabilized the cationic center and showed cata-
lytic reactivity for the ROP of propylene oxide. Kerton and co-
workers reported the ROP of e-caprolactone (e-CL) using
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a cationic aluminum complex B, stabilized by a morpholinyl
donor arm." Another cationic aluminum complex, C, proposed
to be stabilized by two hemilabile furfuryl pendant arms was
reported by Phomphrai and co-workers.*®

Control of reactivity using hemilability was demonstrated by
Shaver and co-workers by showing that the coordination of
various donor arms to an aluminum center in a series of
complexes, D, was key to obtaining control in the ROP of racemic
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lactide (rac-LA) and &-CL.*® Finally, Kerton and co-workers re-
ported an example of hemilabile donors altering reactivity in
aluminum complexes. They showed that the displacement of an
ancillary chloride ligand was facilitated by a hemilabile pendant
arm in a neutral complex, E, to initiate the (co)polymerization of
CO, and cyclohexene oxide (CHO).

To the best of our knowledge, the first indium complexes
bearing a hemilabile ligand architecture investigated for reac-
tivity were described by Mountford who reported an indium
alkyl complex supported by an aminophenolate ligand with
a 1,4,7-triazacyclononane hemilabile pendant arm (F); their
complex was unreactive towards all nucleophiles and reagents
examined.”” We have reported indium catalysts supported by
tridentate® and tetradentate'® amino/imino phenolate ligands
as catalysts for ROP reactions. However, due to their increased
electrophilicity and coordinative unsaturation, we have recently
focused on studying cationic complexes for the coupling of
epoxides and &-CL to form spiroorthoesters (G)* and the
copolymerization of cyclic ethers and lactide (H).** However,
both these complexes required solvent molecules for stabiliza-
tion, and the isolated complexes suffered from rapid decom-
position when the labile solvent molecules were lost. We
proposed that a ligand architecture with a hemilabile pendant
donor moiety could stabilize the cationic indium center, afford
greater control of reactivity, and potentially change the reac-
tivity pattern altogether.

Herein, we report the first catalytically active cationic alkyl
indium complexes supported by ligands bearing hemilabile
pendant donor arms with varying donor strengths. We show the
pendant donor groups can be used to tune the stability of the
cationic alkyl indium complexes. Furthermore, we show that
these complexes can be used to control the ROP reactivity of
epichlorohydrin and cyclohexene oxide. Finally, we observe that
the reactivity of the cationic alkyl indium center towards ROP of
rac-LA is radically altered in the presence of a strong donor
group, allowing alkyl initiated polymerization. This is the first
example of using rationally designed hemilabile ligands to tune
the reactivity of indium complexes.

Results and discussion
Synthesis and characterization of complexes

The proligands (L,-q) can be synthesized using modified liter-
ature procedures® from (+)-trans-1,2-diaminocyclohexane and
2-carbaldehydes of thiophene (L,), furan (L), pyridine (L.), and
benzene (Lq) (see ESIt). Reactions of L, g with In(‘Bu); at room
temperature forms indium dialkyl complexes [L, 4]In'Bu, (1a-
d) (Scheme 1). Ly was synthesized as a control to approximate
the steric bulk of the donor arms in L, . without the donating
ability.

Solid-state structures of 1a-d determined by single-crystal X-
ray crystallography feature distorted square pyramidal indium
centers (Fig. S57-5S607). All the dialkyl species are isostructural
in the solid state, with the equivalent distances between the
hemilabile arm heteroatoms and the indium center in la-c
indicating the absence of significant interactions. This is most
apparent in comparison of this distance in 1c and the
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Scheme 1 Synthesis of neutral and cationic alkyl indium complexes.

analogous distance to the indium center from the ortho-C of the
benzyl group in 1d, where no interaction is expected (Fig. 1).

To determine donor group interaction in the solution-state
for complexes 1a-d, we used a modified Gutmann-Beckett
method to determine relative acceptor ability (Fig. 2).>* This
method involves the addition of triethylphosphine oxide
(OPEt;) to form an adduct with the metal complex. Complexes
1a-d did not show a significant change in *'P{'H} chemical
shifts relative to free OPEt;, indicating that the indium centers
of 1a-d have electronically similar environments. This excludes
the possibility of donor group interaction in the solution-state.
The "H and "*C{'H} NMR spectra obtained for 1a-d in CDCl,
agree with the solid-state structures (Fig. S17-S357).

The reaction of complexes 1a-d with [HNMe,Ph][BAr"] (BAr"
= tetrakis[3,5-bis(trifluoromethyl)phenyl]borate) in THF forms
the cationic species 2a-d (Scheme 1). The stability of the
complexes in the absence of donor solvents is related to the
affinity of the heteroatom to the indium center (Table S17).
Complexes 2a-c can be synthesized in non-coordinating
solvents such as dichloromethane and benzene, while 2d
formed decomposition products under these conditions.

(a)

Fig. 1 Molecular structures of complex (a) [LJIN'Bu, (1c) and (b) [Ly]
In'Bu, (1d) (depicted with thermal ellipsoids at 50% probability and H
atoms, as well as solvent molecules omitted for clarity).

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 3'P{*H} NMR spectra of OPEts with la-d show a similar
acceptor ability for neutral complexes. **P{*H} NMR (160 MHz, CgHs,
25 °C) chemical shift of free OPEts appears at 45 ppm.

Complex 2d could be synthesized at —30 °C in THF but was not
isolable with high purity. After several hexane washes, residual
THF can be removed from complexes 2a-c, while for complex 2d
THF cannot be removed. This is reminiscent of the similar alkyl
indium cationic catalyst G (Chart 1).°

The "H NMR signals arising from the heterocyclic protons in
2a-c shift significantly upfield compared to the neutral species
la-c, suggesting substantial shielding of these protons upon
formation of the cationic complexes. Further analysis of the 'H
NMR spectrum of 2¢ shows that the AB multiplet (v < 10 J)
arising from the diastereotopic methylene protons of the
pendant arm broaden and shift downfield by ~0.2 ppm
compared to 1c. In 2a, and to a lesser extent in 2b, the Ad for
these protons increase, in relation to 1a and 1b, resembling an
AX coupling (v = 10 J, Fig. 3). Based on these observations, we
propose that the upfield shift of heterocyclic proton signals
arise when the outer-sphere donor group approaches the
cationic indium center, enhancing shielding of the heterocyclic
protons. Coordination of the pendant donor groups to the
cationic center would restrict the free rotation around the
methylene carbon on the linker arm, thereby “locking” the
methylene protons in position and increasing the Aé of these
protons.

NOESY NMR spectra of 1la-c¢ showed no through space
interaction between heterocyclic protons and isobutyl protons
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Fig. 3 (a) Methylene protons (H*) are an AB pair in 1a and 1b. (b) In 2a
and 2b they act like an AX pair (*H NMR at 300 MHz in CDCls at 25 °C).
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Fig. 4 Significant through space interactions between heterocyclic
protons and methyl protons of the isobutyl ligand (NOESY NMR
spectra 400 MHz, CDCls, 25 °C).

(Fig. S21, S26 and S317). However, heterocyclic protons on 2a-c
show NOE interactions with the methyl protons of the isobutyl
ligands (Fig. S40, S47 and S54t) indicating increased proximity
of the pendant donor groups to the isobutyl methyl groups
through the coordination of the side arms (Fig. 4).

Hemilabile behavior of complexes

In previously reported studies with aluminum complexes
bearing hemilabile ligands, temperature was a defining factor
in complex stability and reactivity. At high temperatures,
Phomphrai and co-workers reported the decomposition of
cationic aluminum complex E, while Shaver and co-workers
reported a loss of control in polymerization of e-CL with
complex C (Chart 1).*>*¢ It is likely that decomposition or loss of
control occurs with the de-coordination of hemilabile groups at
these higher temperatures.

Variable temperature (VT) "H NMR spectroscopy (25-125 °C,
C¢DsBr) of cationic complexes 2a—-c show significant changes,
while the neutral analogues do not change in this temperature
range (Fig. S63-S65f). The thiophene complex 2a shows
significant and irreversible decomposition beginning at 45 °C,
while the pyridyl complex 2¢ was highly stable, with only minor
changes in chemical shifts even at 120 °C. In contrast, the furan
complex 2b shows a gradual downfield migration of the a fur-
furyl proton with increasing temperature, a Aé of ~0.6 ppm
(Fig. 5). At higher temperatures (125 °C, C¢D5sBr) the chemical
shift of the o proton approaches that of the free ligand (6 = 7.20
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Fig. 5 f(a—d) VT H NMR (400 MHz, CgDsBr, 25-125 °C) spectra
showing downfield migration of the a proton of the furfuryl group (+) in
2b. (e) Spectrum of the free ligand (L) at 125 °C.
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ppm). This change is reversible when the temperature is low-
ered to 30 °C.

We propose that the de-shielding of the o proton occurs as
its proximity to the indium center decreases with increasing
fluxional behavior of the In-Ogy., interaction at higher
temperatures. This behavior of 2a-c is directly related to the
donor ability of the heterocyclic pendant groups. The greater
donor ability of pyridine (donor strength, Ds = 38) compared to
furan and thiophene (Ds = 11 and 10, respectively) accounts for
the unexpected stability of 2¢.>* However, donor strength alone
does not explain the dramatic difference in stability between 2a
and 2b. The higher stability of 2b can be accounted for by the
greater aromaticity of thiophene and the availability of elec-
trons in furan for bonding.*

For these complexes to be truly hemilabile, the pendant
donor arm must change its bonding in response to other
coordinating ligands or solvent molecules possessing a greater
donor ability.* We studied the hemilabile behavior of furan
substituted 2b in detail due to its “Goldilocks” stability and the
easily observable a-proton chemical shift in the "H NMR spectra
(Fig. 6). With the addition of THF (Dg = 17) to 2b, a ~0.5 ppm
downfield shift of the a-proton signal was observed in the 'H
NMR spectrum (Ce¢Dg) of the mixture, indicating a loss of
proximity of the furan moiety (Fig. 6b). With a weaker donor
such as epichlorohydrin (ECH), only a ~0.1 ppm downfield shift
is observed, while addition of pyridine (Ds = 38, donor number
Dy = 33.1)*° causes a ~0.6 ppm downfield shift. Addition of
OPEt; had the greatest effect with a ~0.9 ppm downfield shift
(Fig. 6d). While, OPEt; has a lower donor number (Dy = 24)
than pyridine, the predominantly anionic nature of the oxygen
leads to a stronger interaction with the cationic indium center
and a greater fluxionality of the In-Opg,,, interaction.?”

A single-crystal of solvated 2b-2THF suitable for single
crystal X-ray crystallographic analysis was obtained through the
slow evaporation of a THF/hexamethyldisiloxane solution. The
structure of 2b-2THF revealed a distorted octahedral indium
center with THF molecules in the axial position (Fig. 7). The
bond distances and angles of 2b-2THF resemble those of
cationic salen indium complex H (Chart 1).>* The de-
coordination of the furfuryl pendant arm in the presence of
an external donor entity confirms that 2b displays true hemi-
labile behavior.

Although the solid-state structure of 2b-2THF shows the
coordination of two THF molecules and the complete de-
coordination of the pendant donor arm, the structure is

(e) o

0 @ )\ " Wil
\|n/-"<< J\ JAUWAN (CH)P=0
/ \ I * N

2b e priree

Fig. 6 IH NMR (400 MHz, CeDe, 25 °C) downfield shift of the furfuryl
o proton signal (x) of 2b in the presence of (b) THF, (c) pyridine, (d)
triethylphosphine oxide and (e) epichlorohydrin.
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Fig. 7 Molecular structures of complex 2b-2THF (depicted with
thermal ellipsoids at 50% probability and H atoms, minor disorders as
well as solvent molecules and counter anion omitted for clarity).

different in solution. The DOSY NMR spectrum (C¢Dg) exhibits
independent diffusion of 2b and THF (Fig. 8). These results
point to a weak association of 2b with THF in solution phase.
This observation held true for DOSY NMR of mixtures of 2a and
2c¢ with THF as well (Fig. S70 and S727). It is possible that this
apparent independent diffusion of the complexes and THF is
due to fast exchange occurring relative to the NMR time scale at
25 °C at 400 MHz.

Polymerization of epoxides

The cationic ring opening polymerization (ROP) of epichloro-
hydrin (ECH) in C¢Dg was used as a model reaction to determine
the effect of hemilabile donor groups on reactivity and the
polymers were characterized by gel permeation chromatog-
raphy (GPC, Table 1). Complex 2d, which lacks a donor arm,
shows the highest activity at 25 °C with an initiation efficiency
(percentage of catalyst initiating polymerization)*® of 99%,
while complex 2¢ with the strong pyridine donor arm does not
polymerize ECH even at 80 °C.

Complexes 2a and 2b catalyze the ROP of ECH at 25 °C with
61% and 39% initiation efficiencies, respectively. The initiation
efficiency of 2b approaches that of 2a at higher temperatures
indicating that both complexes achieve similar reactivity at
elevated temperatures. Additionally, when triphenylphosphine
is added to the reaction mixture, polymerization of the epoxide
halts due to the formation of a stable quaternary phosphonium
species at the cationic chain end.” This confirms the cationic

y B

log(m?/s)
Complex =
ST
¢ 10y 1 l| o
F w2
CiD; THF L a0
I I v R
B 46

ppm

Fig. 8 DOSY NMR spectrum of 2b with excess THF (*H NMR, diffusion
time (4) = 0.85 s, gradient length (6) = 400 us, 400 MHz, CgDg, 25 °C).

This journal is © The Royal Society of Chemistry 2020
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Table 1 Polymerization of epichlorohydrin with cationic alkyl indium complexes®

Aa— ty,

Temp. (°C) Cat. Conv.? (%) M, caf (Da) M,? (Da) pe i (%)
1 25 2a 59 16 900 27 000 1.42 61
2 35 2a 61 16 900 21 300 1.56 80
3 60 2a 59 16 400 19 300 1.22 85
48 25 2a <1 — — — —
5" 25 2a <1 — — — —
6 25 2b 34 9400 24 000 1.23 39
7 35 2b 61 16 900 29 300 1.33 58
8 60 2b 55 15 300 21 200 1.30 72
9 25 2b <1 — — — —
10" 25 2b <1 — — — —
11 25 2¢ <1 — — — —
12 60 2¢ <1 — — — —
13 80 2¢ <1 — — — —
14° 25 2d 73 20 400 20 500 1.50 99

“ Reactions were performed in Ce¢Ds for 24 h. [ECH] = 6.37 M, [cat] = 20 mM. [ECH]/[cat] = 300. ® Conversion was monitored by 'H NMR
spectroscopy. © My, ca = calculated number averaged molecular weight = [ECH]/[cat] X conversion x molar mass of ECH. ¢ M, determined
using GPC in THF. ¢ Dispersity = M,/M,. / Initiation efficiency = (M, ca/M,) x 100. € With the addition of triphenylphosphine. " [ECH] =

2.94 M, [cat] = 10 mM, [ECH]/[cat] = 300. ' Catalyst was not isolable.

nature of the polymerization mechanism (Table 1, entries 4 and
9).

The polymerization of highly reactive cyclohexene oxide
(CHO)* provides a dramatic example of the tuning of reactivity
through the introduction of a hemilabile donor arm. Under
neat, dilute, and even low temperature conditions, 2a and 2b
polymerize CHO in an uncontrolled fashion, forming polymers
with high dispersity and irreproducible molecular weights

Table 2 Polymerization of cyclohexene oxide with cationic alkyl
indium complexes®
[0}
O —

Temp. (°C) Cat. Solv. Conv.” (%) M, caf (Da) M,?(Da) P°
1 25 2a Neat * — ~13 000 ~7
2 25 2a CgDg * — ~20 000 ~4
3 0 2a Tol. * — ~19 000 ~3
4 25 2b  Neat * — ~14 000 ~5
5 25 2b  Ce¢Dg * — ~30 000 ~3
6 0 2b Tole * — ~24 000 ~3
7 25 2¢ Neat 58 113 800 80 800 2.23
8 60 2¢ Neat 93 182 500 82 800 1.78
9 25 2¢ Ce¢De 91 26 800 108 600 1.47
10/ 25 2¢  Neat — — — —

“ Reactions were performed for 24 h. In solution [CHO] = 8.0 M, [cat] =
5.6 mM. [Epoxide]/[cat] = 300, in neat conditions [epoxide]/[cat] = 2000.
Conversion was monitored by "H NMR spectroscopy. ‘ My ca =
calculated number averaged molecular weight = [CHO]/[cat] x
conversion x molar mass of CHO. ¢ M, determined using GPC in
THF. °Dispersity = M,/M,. JWith the addition of
triphenylphosphine. *Not determined due to uncontrolled reaction.

This journal is © The Royal Society of Chemistry 2020

(Table 2, entries 1-6). In contrast to these species, 2¢ reacts
slowly to produce higher molecular weight, lower dispersity
poly(cyclohexene oxide) even in neat conditions. Reactions
carried out at a higher temperature show greater conversions,
while those carried out in solution show increased molecular
weights with a significant lowering of dispersity (Table 2, entries
7-9). Although 2c is not highly controlled in general, this
change in reactivity clearly shows the significant impact of the
hemilabile arm.

Polymerization of racemic lactide (rac-LA)

The ROP of rac-LA does not proceed through a cationic mech-
anism (Table 3). Under the reaction conditions 2a did not
polymerize rac-LA while 2b showed <20% conversion of

Table 3 Polymerization of racemic lactide with cationic alkyl indium
complexes®

Xr— dohey,

Catalyst Conv.” (%) M, ca(Da) M,?(Da) D° i (%)
1 2a <1 — — S —
2 2b 20 — — R —
3 2c 94 34 000 130000 132 26

¢ Reactions were performed for 24 h in toluene at 100 °C. [rac-LA] =
1.6 M, [cat] = 6.4 mM. [racLA]/[cat] = 250. ? Conversion was
monitored by 'H NMR spectroscopy. ° M, ca = calculated number
averaged molecular weight = [rac-LA]/[cat] x conversion x molar
mass of rac-LA. ¢ M,, determined through GPC in THF. ° Dispersity =
My/M,. 7 Initiation efficiency = (My ca/Mn) x 100.

Chem. Sci., 2020, 11, 6485-6491 | 6489
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monomer. Possibly due to the formation of low molecular
weight oligomers, the products could not be isolated. In
contrast, 2¢ produced high molecular weight, low dispersity
polymer with high conversion.

The polymerization of rac-LA in the absence of an external
initiator by 2¢ is unexpected. Analysis of the resultant polymer
by MALDI-TOF mass spectrometry (MS) indicates that the
polymerization is initiated by the In-isobutyl moiety (Fig. S747).
While there have been reports of neutral indium and rare-earth
alkyl species capable of initiating ROP of rac-LA with an alkyl
group,* to the best of our knowledge, 2c¢ is the first cationic
metal complex to do so. In complex G, we found that the alkyl
group attached to the cationic indium center is very stable even
in the presence of trace amounts of water.>* However, in 2¢ and
to a lesser extent in 2b, the electrophilicity of the indium center
is decreased through the coordination of the hemilabile donor
arm, weakening the In-C bond. We propose that with the
presence of a strong hemilabile donor, the lability of the iso-
butyl group increases allowing it to act as an initiator in the
polymerization of rac-LA.

Mechanistic considerations

Based on the experiments above, we can propose two contrast-
ing mechanisms for the ROP of epoxides and rac-LA with cata-
lysts 2a-c. As the controlled ROP of CHO is limited to complex
2¢, we will use ECH as a model to discuss reactivity patterns
(Scheme 2). The ROP of ECH proceeds via a cationic mecha-
nism, in which the role of the catalyst is limited to the initiation
step and is reflected in the initiation efficiency of the catalysts.
Initiation requires the extensive dissociation of the hemilabile
donor, therefore complex 2c is not active for the ROP of ECH.

For complex 2b, the donor arm dissociates reversibly, with
more pronounced fluxional behavior of the In-Og, bond with
increasing temperatures. This facilitates the coordination of
epoxide, resulting in higher initiation efficiencies at elevated
temperatures (Scheme 2a and b). At these temperatures the
dissociation of the pendent arm for 2a is not reversible and it
decomposes in the absence of donors (monomers or solvent).

Monomer concentration also affects initiation efficiencies.
At low [ECH] the monomer coordinates to the cationic center
reversibly; however, under these conditions, polymerization
does not proceed (Table 1, entries 5 and 10). At higher [ECH]
polymerization is initiated, and propagation ensues with the
attack by a second epoxide molecule (Scheme 2c).

E=Sor0

—‘®

(>45 °C for 2a) (\[
~ N,

u

7
E,

De-coordination
and decomposition

Scheme 2 Proposed behavior of cationic complexes with (a)
increasing temperature, (b) in the presence of a low concentration of
epoxide and (c) at high concentration of epoxide resulting in cationic
polymerization.
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In contrast, we propose that rac-LA is polymerized through
an alkyl-initiated coordination-insertion mechanism. This
requires a highly activated In-C bond, which is not present in
complexes 2a, 2b, or G. Complex 2c is active because of the
greater donor ability of the pyridyl group, which decreases the
electrophilicity of the indium center, polarizing the In-C bond.
The difference in reactivity towards the ROP of rac-LA under the
same conditions shows the clear influence the donor arm has
on the reactive behavior of the complexes. This represents a rare
example of changing reactivity patterns using a hemilabile
donor group.

Conclusions

In this study we show that the donor ability of the heterocyclic
moiety on ligand supports for cationic indium complexes
profoundly affects the labile behavior of the pendant donor
arms, and thus impacts the stability and the reactivity of the
complexes. Through the addition of the hemilabile donor
groups, we were able to achieve the following outcomes:

First, the complex stability and shelf life was significantly
improved in hemilabile ligand bearing complexes 2a-c relative
to the solvent stabilized 2d. The stability followed a trend with
a direct correlation of complex stability to the donor ability of
the pendant groups (2d < 2a < 2b < 2¢).

Second, the reactivity could be controlled by regulating the
coordination of reactants to the indium center. The reactivity is
inversely related to stability with 2a and 2b, both of which are
active for the ROP of epichlorohydrin. Unusually for a cationic
species, 2¢ showed controlled reactivity towards ROP of CHO in
neat conditions. The ROP of epoxides provides proof of reac-
tivity control enforced by the hemilabile ligand system.

Third, typical reactivity of cationic alkyl indium complexes
was altered by the addition of the pyridyl pendant group in 2c.
Complex 2¢ was capable of alkyl initiated ROP of rac-LA through
a coordination insertion mechanism. This provides an example
of altering reactivity at the metal center by a hemilabile ligand
system.

We aim to use our studies in furthering reactivity with
cationic indium complexes.
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