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Effect of steric changes on the isoselectivity of
dinuclear indium catalysts for lactide polymerization

K. M. Osten,” D. C. Aluthge,” and P. Mehrkhodavandi®

A series of (+)- and (R,R)- tridentate diamino, ortho / para disubstituted phenolate proligands
H(NNOg) with various phenolate substituents was synthesized and used to make indium
dichloride complexes (NNOg)InCl, via salt metathesis of the deprotonated ligands with indium
trichloride. These complexes are dinuclear in the solid state, in contrast to previously reported
complexes with r-butyl or methyl phenolate substituents. Solution state '"H and PGSE NMR
spectroscopy suggest that a fast exchange between the monomeric and dimeric form of these
complexes may exist in solution and is likely influenced by the chirality of the complexes
undergoing aggregation. The indium dichloride complexes were utilized to synthesize
dinuclear indium ethoxide complexes via salt metathesis with sodium ethoxide. These
complexes were active for the polymerization of lactide. In situ and bulk polymerization data
confirmed differences in the activity and selectivity of these systems based on the phenolate

substituents as well as the ligand chirality.

Introduction

The possible commercial and environmental benefits of
poly(lactic acid) (PLA) have generated a great deal of interest
in improving the properties of this material.'* In particular,
there has been a focus on generating stereoregular PLAs from a
mixture of L- and D-lactide, racemic lactide (rac-LA), to
improve polymer mechanical properties.”” Melting point, in
particular, is affected strongly by polymer microstructure.
Random incorporation of L- and D-lactide forms atactic PLA,
which is amorphous, while block copolymers consisting of
isotactic L- and D-lactide have melting points greater than 230
°C.® Although organocatalysts have shown some success in
controlling polymer tacticity,’ the bulk of the work in this area
has concentrated on developing metal-based catalysts for the
ring opening polymerization (ROP) of rac-LA. In particular,
there has been a strong interest in group 13 metals.

Two different classes of catalyst have been developed to
enforce stereochemical control in the polymerization of rac-
LA. In the first class, bulky, achiral ligands, which enforce
chain-end control, are used as supports for Lewis acidic metals.
In particular, various achiral aluminum salen complexes with
excellent control of polymer tacticity have been reported.'®*'
These yield isotactic PLA (P, up to >0.9). In the second class,
chiral ligands are used as supports for Lewis acidic metals,
enforcing site-control of polymer tacticity. Of this type, chiral
aluminum salen complexes show excellent control of polymer
tacticity,'”'®?*7 although a number of indium-based catalysts
with various degrees of isoselectivity have been reported.?! 254
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However, development of a truly isoselective and active
catalyst for industrial use remains elusive and a perusal of
chiral isoselective systems shows that there is often no
straightforward way to attribute catalyst selectivity to ligand
substitution patterns.

Our group is interested in the use of Lewis acidic metal
catalysts for the polymerization of a variety of cyclic esters to
produce biodegradable polymers with commercially relevant
properties.*' In particular, we are
stereoselective polymerization of rac-LA to form isotactic
stereoblock or stereogradient PLA.**** To this end, we have
reported a family of dinuclear indium alkoxide catalysts with
varying degrees of activity and stercoselectivity for the
polymerization of racemic lactide.**** Our first reported
catalyst in this family, parent catalyst [(NNO,z,)InCl1],(n-Cl)(pt-
OEt) (Figure 1), synthesized from the parent dichloride
complex (NNO,)InCl,, is highly active for the polymerization
of racemic lactide but is only modestly isoselective (P, up to
0.62).*** Our recent efforts to improve this selectivity, by
modifications to the terminal amine substituents,*® the central
amine substituents or the ligand backbone® have not resulted in
the isolation of more selective indium catalysts. In each case,
the catalyst structure, aggregation pattern, or activity changed
with subtle changes to ligand structure.

These challenges highlight the difficulty of predicting
stereoselectivity in a given system without a systematic study
of ligand substituents. Thus, we wished to explore the role of
the phenolate substituents on the activity and stereoselectivity
of these types of dinuclear

interested in the

indium complexes in the
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polymerization of racemic lactide. We were particularly
interested in discerning not only the influence of the steric bulk
of these substituents on the stereoselectivity of these complexes
but also its influence on their nuclearity and reactivity. This

paper will detail the results of these studies.

X N

Ing

e

[(NNOg)InCl] o(u-Cl)(u-OEY)

Figure 1. Previously reported dinuclear indium catalyst [(NNOg,)InCl]5(p-Cl)(p-
OEt) for the polymerization of racemic lactide.

Results and Discussion
Synthesis and characterization of complexes

A family of racemic and enantiopure diaminophenolate
proligands with various ortho- and para-phenolate substituents
can be prepared according to previously published procedures
(Scheme 1).**3! Condensation of (£)- or (R,R)-N,N-dimethyl-
trans-1,2-diaminocyclohexane with the appropriate
salicylaldehyde forms the intermediate imines, which can be
reduced with NaCNBH; to form proligands (£)- and (R R)-
H(NNOsipp3) (R = Me, R, = SiPh3), HNNO,) (R; = 'Bu, R, =
Adamantyl, Ad) and H(NNOc,) (R; = R, = C(CH;),Ph =
Cumyl, Cm). The -corresponding salicylaldehyde starting
materials can be prepared according to published literature
procedures.>**

R4
2 OH 1. (#)- or R,R
R, - WNH, Rz
H - NH OH
N -
L
R 2. NaCNBH3 N
1 3. CH3COOH |

R1 = Me, R2 = SIPh3, (i)/(R,R) H(NNOSiPhS)
R; = Bu, R, = Adamantyl; (£)/(R,R) H(NNOaq)
Ry = Ry = C(CH3),Ph; (£)/(R,R) H(NNO¢p)

Scheme 1. Synthesis of racemic and enantiopure proligands H(NNOg) with
various phenolate substituents.

These proligands are both polar and highly soluble in most
organic solvents. This complicates the purification process and

occasionally results in low yields. In most cases, the
compounds can be purified by precipitation and
recrystallization from acetonitrile or methanol with the

exception of (R,R)-H(NNOc,,), which can only be obtained as
an oil. The '"H NMR spectra of the racemic and enantiopure
proligands are identical and show the diagnostic N-CH,-Ar

2| J. Name., 2012, 00, 1-3
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protons of the ligand backbone as diastereotopic doublets in the
3.8 — 4.1 ppm range for the SiPh; and Ad analogues (see SI,
Figures S1-2). For the cumyl analogues these protons appear as
a broad singlet at 3.81 ppm (Figure S3).

Deprotonation of the proligands (+)- or (R R)-H(NNOg)
with KO'Bu, followed by salt metathesis with InCl; affords the
dichloride intermediates (£)- and (R R)-(NNOg)InCl, (R, =
SiPh;, 1; Ad, 2; Cm, 3) in isolated yields of 30-88 % (Scheme
2).**% Single crystals of complex (+)-1 can be obtained at room
temperature by slow diffusion of hexane into a saturated
solution of the complex in THF and those for (+)-2 can be
obtained from a saturated solution of the complex in toluene.
Complex (+)-3 and all of the enantiopure complexes do not
yield single crystals.

R1 R1
R R
2 1)KoBu H 2

WNH  OH . SN0

. SN
O\ 2)InCls in—=C!
e S,
N N cl

| 7

(£)/(R,R) H(NNOs;ph3)
(£)/(R,R) H(NNO 5q)
(£)/(R,R) H(NNO¢p,)

(£)(R,R) (NNOsjpn3)InCl2 (1)
(£)(R,R) (NNO o9InCl5 (2)
(£)/(R,R) (NNOgy)InCl, (3)

Scheme 2. Synthesis of racemic and enantiopure indium dichloride complexes
with various phenolate substituents.

%@ﬁ?
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Figure 1. Solid-state molecular structures of complexes (RR/SS)-1 (top) and
(RR/SS)-2 (bottom). Structures are depicted with thermal ellipsoids at 50%
probability and solvent and H atoms omitted for clarity. Selected bond lengths
(A) for complex (RR/SS)-1: In1-N1 2.2747(12), In1-N2 2.3152(12), In1-Cl1
2.5788(4), In1-ci1’ 2.6160(4), In1-Cl2 2.3938(4), In1-01 2.0586(10); for complex
(RR/SS)-2: In1-N1 2.2623(13), In1-N2 2.3281(11), In1-Cl1 2.5622(4), In1-Cl1’
2.6686(4), In1-Cl2 2.4058(4), In1-O1 2.0833(10). Selected bond angles (°) for
complex (RR/SS)-1: In1-Cl1-In1’ 94.901(12), O1-In1-N2 98.88(4), 0O1-In1-Cl1
168.19(3), 01-In1-Cl1’ 86.09(3), N2-In1-Cl1 87.92(3), N2-In1-ci1’ 165.63(3), Cl1-
In1-Cl1' 85.099(12), N1-In1-Cl2 173.76(3); for complex (RR/SS)-2: In1-Cli-In1’
99.365(13), O1-In1-N2 104.24(4), O1-In1-Cl1 168.54(3), 01-In1-cl1’ 89.54(3), N2-
In1-Cl1 83.63(3), N2-In1-Cl1' 158.55(3), Cl1-In1-Cl1' 80.636(13), N1-In1-CI2
174.36(3).

The solid-state molecular structures of complexes (+)-1 and
(£)-2 can be determined by single crystal X-ray crystallography
(Figure 2). Complexes (+)-1 and (#)-2 crystallize as
heterochiral (RR/SS) dimers with an inversion centre and
distorted octahedral indium centers bridged by chloride ligands.
The two are nearly isostructural and have similar bond lengths
and angles (Figure 2; Table S1). The formation of such
heterochiral dimers is consistent with previously reported
dimeric indium complexes within this ligand family with
identical bridging ligands.******0 However, isolation of
dimeric indium dichloride complexes in the solid-state is
unusual; all previous solid-state structures of indium halide
species in this ligand family have been monomeric.

The '"H NMR spectra of the (£)- and (R,R)- analogues of
complexes 1-3 are not identical, an indication that aggregation
is also occurring in solution to form different species from the
racemic and enantiopure complexes (Figure 3). The N-CH,-Ar
protons of the ligand backbone appear as two multiplets at
different shifts in the racemic analogues compared to their
enantiopure In addition, there are small
differences in the shifts of the aromatic protons around 7 ppm
and the N-CH; protons around 2.3 ppm (Figures S4-6). Similar
minor differences are present for previously reported (+)- and
(R,R)-(NNO,,)InCl, (Figure 3).*+*

counterparts.

This journal is © The Royal Society of Chemistry 2012
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A M (RR)-Bu

(d) MU o' (£)-Bu
— FN (RR)-Cm
(c) M ﬂ (£)-Cm
AM, (RR)}-Ad

(b) M J.% (£)}Ad

M ,U\ (R.R)-SiPh3

(+)-SiPh3

-

" 5251 50 49 48 47 46 45 44 43 42 41 40 3.9 38 3.7 36 3.5
Chemical Shift (ppm)

Figure 3. Methylene region of the 'H NMR spectra (25 °C, CD,Cl,, a-c: 600 MHz,
d: 400 MHz) of (t)- (bottom) and (R,R)-(top) analogues of complexes (a) 1, (b) 2
(c) 3 and (d) complex (NNOyg,)InCl,.

The disparity between the solution structures of the racemic
and enantiopure dichloride complexes may be due to the
chirality of dimeric indium complexes formed with this ligand
system. We have reported that heterochiral (RR/SS) dimers for
bis-ethoxide bridged [(NNOsg,)InCl(p-OEt)], are more
thermodynamically stable. A 1:1 mixture of the enantiopure
(RR/RR) and (SS/SS) [(NNOgp,)InCl(u-OEt)], dimers in
solution forms the heterochiral species.*® Assuming a similar
stability of heterochiral dimers in these dichloride complexes,
we can hypothesize that if these complexes dimerize in
solution, similarly to their solid-state structures, the racemic
complexes will form heterochiral dimers whereas the
enantiopure complexes will necessarily form homochiral
dimers or may remain mononuclear, thus resulting in the
disparity between the two spectra.

It is likely that a fast equilibrium between the monomeric
and dimeric forms of these complexes exists in solution, as was
previously proposed for analogous dimeric indium alkoxide
complexes within this ligand family.*® As the presence of two
sets of peaks in the "H NMR spectra of these complexes is not
observed at room temperature (see Figure 3 and Figures S4-6)
we can assume fast exchange is taking place between the
monomeric and dimeric indium chloride species and therefore
the chemical shifts would represent an average of the shifts of
the two species present in solution. Qualitatively, this is
corroborated by the relative broadness of the peaks in the
spectra of these compounds (Figure 3). Therefore, the position
of this equilibrium, and the chemical shifts seen in the NMR
spectra of these complexes, may be influenced not only by
typical factors such as temperature or concentration but also by
the chirality of the complexes undergoing dimerization due to
the relative stability of the hetero and homochiral dimers as
discussed above. This could help explain the disparities seen in
the NMR spectra of the racemic and enantiopure complexes.

Pulsed Field Gradient Spin Echo (PGSE) NMR
spectroscopy is often used to probe the nuclearity of
compounds in solution via the determination of their diffusion
coefficients (D;) and therefore their hydrodynamic radii (ry) and
comparing these to other calculated radii, such as those

J. Name., 2012, 00, 1-3 | 3
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estimated from 56-60

x-ray crystallographic data (ryny).
Differences of ~15 — 20% in the diffusion coefficients of two
species can be considered to be representative of a change in
the molecular volume by a factor of 2 (e.g. a change from
monomer to dimer).57’58 In fluxional systems, such as those
with a monomer-dimer equilibrium, the calculated diffusion
coefficients and hydrodynamic radii represent average values
dependent upon the composition of monomers/dimers in
solution under the experimental conditions used.>**

Recently, we used PGSE NMR experiments to confirm the
nuclearity of our parent #-butyl substituted complexes (+)-
(NNOgInCl, and  (2)-[(NNOg)InClL(u-CY(u-OEt)  in
solution (Table 1, entries 1, 4-5).48 In this case, the diffusion
coefficient of the dichloride complex is 14% smaller than the
corresponding proligand, but that of the ethoxide-bridged
complex is 25% smaller than the dichloride complex. This
suggests the dichloride is mononuclear in solution (or if the
system is fluxional as reported here, that the major species in
solution is the monomeric complex) while the ethoxide
complex remains dinuclear. These results are further supported
by the good agreement between the calculated hydrodynamic
radii of the complexes and the radii estimated from the solid-
state structure of (+)-(NNO,)InMe, (used as an approximation
of (£)-(NNO;,)InCl, as the structure of this complex is not
available) and the dinuclear solid-state structure of (%)-
[(NNO)InCl](pn-Cl)(n-OEt) (Table 1, entries 4-5).

In order to probe the nuclearity of the new indium
dichloride complexes in solution, the diffusion coefficients (D,)
and hydrodynamic radii (ry) of the racemic and enantiopure
silyl substituted dichloride complexes, (£)- and (R,R)-1, and the
adamantyl substituted complex (+)-2 were determined using
PGSE NMR spectroscopy. PGSE NMR data was also collected
for the corresponding proligands (£)-H(NNOg;pp3) and (£)-
H(NNO,q), as a low estimate of values corresponding to the

monomeric species, and the ethoxide complex (¥)-
[(NNOg;pp3)InCl],(pn-Cl)(n-OEt) (4) (see below), as an estimate
of wvalues corresponding to the dimeric species. The

aforementioned data for the parent z-butyl substituted ligand
and indium complexes was also used for comparison (Table 1).

4| J. Name., 2012, 00, 1-3

Table 1. Diffusion coefficients and radii for select species determined by
PGSE NMR spectroscopy.”

D,

—10 I;H r)gray

Compound Igzg iy (A)¢ (A)d

1 (#)-HNNOg,)" 12.0 52 -
2 (&)-H(NNOag) 10.2 6.0 -
3 (£)-H(NNOs;pp3) 9.1 6.3 -
4 (£)-(NNO,)InCL * 10.4 59  54°
5 (£)-[(NNOp,)InCl](p-Cl)(u-OEt) 7.8 7.5 7.3
6 (£)-(NNOa)InCl, (2) 9.1 6.4 8.0
7 (£)-(NNOsipp3)InCL, (1) 7.1 8.0 7.3
8 (R.R)-(NNOsipn3)InCl, (1) 7.0 8.0 -
9 g))—[(NNOsu»hz)InCl]z(u-Cl)(u-OEt) 6.5 36 3

“[Compound] = 45 mM in 1 mL of a 0.94 mM CD,Cl, solution of
tetrakis(trimethylsilyl)silane (TMSS) as an internal standard; “Calculated
from the slopes of the linear portions of the plots of In(I/I,) vs. Y25°G[A-
(8/3)] x 10" (m™?s) from PGSE NMR experiments (see SI, Figure S10);
‘Calculated from the observed D, values and the modified Stokes-Einstein
equation according to the literature (see SI for detailed procedure);***"%
dCalculated, where applicable, from the volume (V) of the crystal structure
unit cell as well as the number of molecules of the compound of interest (n)
occupying the unit cell assuming a spherical shape ryy = (3V/4mn)"? (see SI
for detailed procedure); “Value is for complex (£)-(NNOp,)InMe, as solid-
state structural data for (£)-(NNO,)InCl, is not available.

The observed diffusion coefficients for the #-butyl,*®
adamantyl, and silyl substituted proligands are 12.0, 10.2, and
9.1 (x 107" m?™") respectively and are inversely correlated to
the increasing steric bulk of the compounds (Table 1, entries 1-
3). The hydrodynamic radii are calculated from the D, values
and are necessarily larger for the larger species.

A comparison of the diffusion coefficients for the silyl
substituted dichloride complexes (£)- and (R,R)-1 shows a
difference of >20% between these species and the
corresponding proligand, suggesting that the major species in
solution is dinuclear, presumably the heterochiral dimer for the
racemic complex and the homochiral dimer for the enantiopure
complex (Table 1, entries 3 and 7-8). This is not surprising, as
the corresponding chemical shift differences and multiplicities
of the methylene protons in both silyl substituted analogues
(Figure 3) are similar to the related indium ethoxide complex
(£)-4 (see below), which has a similar diffusion coefficient to
complexes (+)- and (R,R)-1 and is therefore also proposed to be
dinuclear in solution (Table 1, entries 7-9). In contrast, the
diffusion coefficient of the adamantyl substituted dichloride
complex (+)-2 is similar to the parent system and shows a
difference of only 11% from the corresponding proligand,
suggesting the major species in solution is mononuclear (Table
1, entries 2 and 6). These observations are further supported by
the good agreement between the calculated hydrodynamic radii
(ry) of complexes (£)- and (R,R)-1 with the radius estimated
from the dinuclear solid-state structure (rya,) of (RR/SS)-1
(Table 1, entries 7-8). Conversely, there is poorer agreement
between the ry of (£)-2 and the ry,, of dinuclear (RR/SS)-2
(Table 1, entry 6), consistent with the dominant species in
solution being monomeric.

The disparity in chemical shifts between (+)-2 and (R,R)-2
may be caused by a combination of slightly different ratios of

This journal is © The Royal Society of Chemistry 2012
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monomers/dimers in solution for both species (assuming fast
exchange™), even if the dominant species is monomeric in both
cases, and the difference in the structures of the presumed
dimeric species that would form from the racemic and
enantiopure analogues (hetero vs. homochiral respectively).
Considering the differences between the chemical shifts of the
methylene protons of the silyl substituted analogues, where the
dominant species is dinuclear, and the relative similarities in
chemical shift differences and multiplicities of the methylene
protons of the adamantyl and t-butyl analogues, where the
dominant species is mononuclear, and the cumyl dichloride
complexes we can hypothesize that the cumyl analogues may
also be predominantly mononuclear in solution, albeit to
different degrees for the racemic versus enantiopure analogues
as discussed above (Figure 3).

Salt metathesis of complexes (£)- or (R,R)- 1-3 with NaOEt
yields the dinuclear indium ethoxide complexes (+)- or (R, R)-
[(NNOR)InCl],(n-Cl)(u-OEt) (R = SiPhs, 4; Ad, 5; Cm, 6) in
isolated yields of 42-58 % (Scheme 3). Due to the insufficient
purity of enantiopure complex (R,R)-3, complex (R,R)-6 was
not synthesized and will not be discussed further. The '"H NMR
spectra of the resulting enantiopure and racemic complexes are
identical and show the p-OCH,CH; protons as two sets of
4 ppm (see SI, Figures S7-9). These are flanked
by the diastereotopic N-CH,-Ar protons of the ligand backbone

multiplets at ~
which appear as doublets at ~ 5 and 3.5 ppm. A similar pattern
of resonances are observed for other dimeric mono-alkoxy
bridged complexes [(NNOg,)InX],(n-X)(p-OEt) (X = Cl, Br,
I).44'4‘”48’50 As described above, the dinuclear nature of complex

(£)-4 in solution can be confirmed by PGSE NMR
spectroscopy.
R1
\ / \ /
R
H\N ! 2N on HfN \ /Cln — N=H
TN/=o ) / \\C'
N/ -, Toluene
- | Cl
®HIRR)1 (£)(R,R) [(NNOg;pn3)InCl]o(u-Cl)(n-OFEt) (4)
(B/(R.R) 2 (£)/(R,R) [(NNO pg)InCl]5(n-Cl)(u-OEt) (5)
=3 (%) [(NNOcpm)InCl]o(u-Cl)(u-OEt) (6)

Scheme 3. Synthesis of indium ethoxide complexes with various phenolate
substituents.

Single crystals of complexes (£)-5 and (£)-6 can be
obtained at room temperature from saturated solutions of the
complexes in acetonitrile and toluene, respectively. Their
molecular structures, determined using single crystal X-ray
crystallography, are in agreement with previous compounds in
the series and show that complexes (+)-5 and (%)-6 crystallize
as homochiral dimers (Figure 4). Both indium centers have
distorted octahedral geometry and display similar bond lengths
and angles around the central core of the molecules (Figure 4;

Table S1).

This journal is © The Royal Society of Chemistry 2012
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Figure 4. Solid-state molecular structures of complexes (t)-5 (top) and (*)-6
(bottom). The structures are depicted with thermal ellipsoids at 50% probability
and solvent and H atoms omitted for clarity. Selected bond lengths (A) for
complex (+)-5: In1-N1 2.2708(16), In1-N2 2.3806(17), In1-O1 2.0792(13), In1-02
2.1411(13), In1-Cl1 2.6525(5), In1-Cl2 2.4221(5), In2-N3 2.2594(16), In2-N4
2.3680(16), In2-03 2.0590(13), In2-02 2.1486(13), In2-Cl1 2.6523(5), In2-CI3
2.4200(5); for complex (+)-6: In1-N1 2.2769(17), In1-N2 2.3468(18), In1-O1
2.0902(14), In1-02 2.1308(15), In1-Cl1 2.7023(9), In1l-Cl2 2.4218(9), In2-N3
2.2721(17), In2-N4 2.3554(17), In2-03 2.0748(15), In2-02 2.1288(15), In2-Cl1
2.6388(8), In2-Cl3 2.4301(8). Selected bond angles (°) for complex (+)-5: In1-Cl1-
In2 86.835(15), In1-02-In2 116.42(6), O1-In1-N1 87.86(5), 02-In1-N1 94.42(5),
01-In1-N2 104.55(5), 02-In1-N2 160.08(4), N1-In1-N2 76.07(6), N1-In1-CI2
168.08(4), N2-In1-Cl2 92.03(4), O1-In1-Cl1 165.13(4), 02-In1-Cl1 77.31(4), O3-
In2-N3 87.88(6), 02-In2-N3 91.83(5), 03-In2-N4 99.38(6), 02-In2-N4 160.64(5),
N3-In2-N4 76.60(6), N3-In2-CI3 169.65(4), N4-In2-CI3 93.42(4), 03-In2-Cl1
168.94(4), 02-In2-Cl1 77.19(4); for complex (+)-6: In1-Cl1-In2 86.076(19), In1-02-
In2 117.71(6), O1-In1-N1 87.26(6), 02-In1-N1 92.41(6), O1-In1-N2 102.35(6), O2-
In1-N2 159.88(6), N1-In1-N2 76.57(6), N1-In1-Cl2 169.87(4), N2-In1-Cl2 94.42(4),
01-In1-Cl1 165.17(4), 02-In1-Cl1 76.73(4), 03-In2-N3 87.36(6), 02-In2-N3
95.13(6), 03-In2-N4 100.99(6), 02-In2-N4 163.22(6), N3-In2-N4 76.48(6), N3-In2-
CI3 169.13(4), N4-In2-CI3 92.66(4), 03-In2-Cl1 166.05(4), 02-In2-CI1 78.21(4).

Polymerization studies.

of rac-LA with the
complexes (£)-4-6 with various equivalents of monomer show

Bulk polymerizations racemic
molecular weights (M,) fairly consistent with theoretical values
and low polydispersities (PDI) (Table 2). The adamantyl and
cumyl catalysts (£)-5 and 6 show slight isotactic biases, with P,
values of ~ 0.6 (Table 2, entries 3-6), which are comparable to
(£)-[(NNO,,)InCl]5(u-Cl)(u-OEt) under similar conditions.***®
In contrast, catalyst (+)-4 shows reduced isoselectivity, with P,
values indicative of essentially atactic polymers (0.53). The
enantiopure complex (R,R)-4 shows a slight heterotactic bias
(P, ~ 0.44). A similar situation is observed with the parent

J. Name., 2012, 00, 1-3 | 5
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catalyst, where enantiopure [(NNO,,)InCI],(n-Cl)(p-OEt)
displays reduced isoselectivity (P, ~ 0.5) compared to the

racemic catalyst (P, ~ 0.6).***8

Table 2. Results for the polymerization of rac-LA by catalysts (+)-4-6."

[LA]/ Motheo” M, 6ec®

Entry Catalyst [cat ] (emol’)  (gmol’) PDI¢ P
1 (+)-4 550 76000 84270 1.04 0.53
2 (+)-4 930 130000 153100 1.02 0.53
3 *)-5 530 73000 53100 1.04 0.58
4 *)-5 820 110000 96680 1.08 0.58
5 (+)-6 540 77000 68930 1.03 0.58
6 (£)-6 880 120000 86220 1.16 0.57

*Polymerizations reached >94% conversion (determined by 'H
NMR spectroscopy); °Calculated from [LA],/[initiator] x LA
conversion X Mra (144.13) + Menagrowps (46.07); °Determined by
GPC measurements in THF; “Determined by 'H{'H} NMR
spectroscopy and Bernoullian statistics.

The polymerization of rac-, L- and D-LA with catalysts (+)-
and (R,R)- 4 and 5 and (+)-6 can be studied at room temperature
in CDCl; via in situ '"H NMR spectroscopy. The plots of
In([LA]) versus time show slow initiation periods followed by
first order propagation from which k., data can be extracted
(Table 3, Figures S11-15). These reactions are monitored in an
NMR tube, and the conversion is determined based on the
integration of monomer peaks compared to an internal standard.
Based on these spectra, there may be some unreacted catalyst in
each of the samples generated by 4, 5 and 6, as well as
[(NNOp)InCl](p-Clh)(n-OEt), however it is impossible to
quantify the amount of unreacted catalyst in these systems
under these conditions due to overlap of their peaks with those
of the polymeryl species (Figures S16-20). This may account
for the slight differences in rate between the different catalysts
shown in Table 3.

The dilute catalyst concentrations (~2 mM) used in these
experiments, as well as the absence of precipitate formation
during polymerization, indicate that poor solubility of the
catalysts is unlikely to be the cause of these observations.
Indeed, monitoring the polymerization of rac-LA with catalyst
(£)-4 in CD,Cl,, in which the catalyst has higher solubility
versus CDCl;, does not appear to affect the observed rate
constants (Table 3 and Figures S11-12).

The racemic catalysts show no preference for the
polymerization of either the L- or D-lactide, resulting in A /kp
(kye1) values of ~1 for all four systems (Table 3, entries 2-3, 8-9,
14-15, 20-21). The polymerization of rac-LA with (+)-4-6 is
slightly slower than with L- or D-LA, in line with observations
of the parent complex [(NNOg,)InCl],(p-Cl)(p-OEt) (Table 3,
entries 1, 7, 13 and 19).*® Only the silyl substituted catalyst (+)-
4 deviates from this trend, with observed rate constants equal,
within error, for rac-, L- and D-LA. As mentioned above, the
racemic complexes are all homochiral dimers, thus the slower
rates of rac-LA polymerization over L- or D-LA
polymerization with (£)-5-6 may be due to catalyst inhibition
by the mismatched monomer, as was proposed for the parent

6 | J. Name., 2012, 00, 1-3

catalyst.*® This may not be the case for catalyst (+)-4 due to a
lower selectivity between L- and D-LA, as noted below.

As with the parent complex [(NNO3,)InCl],(n-Cl)(n-OEt),
the enantiopure catalysts (R,R)-4 and 5 show higher rates of
polymerization for L-LA compared to D-LA with &k, values of
12 and 6 respectively (Table 3, entries 11-12 and 17-18). The
kinetic behavior of the adamantyl catalyst (R,R)-5 is similar to
the parent system which has a k, of 14 (Table 3, entries 5-6).*
The magnitude and trends in the kinetic data as well as the
catalyst molecular weight control and stereoselectivity are also
very similar between the two catalyst systems.

These data show that making large changes to the ortho
phenolate substituent in these complexes has an impact on
polymer tacticity. Polymerization of rac-LA with the silyl
substituted catalyst (£)-4 yields essentially atactic PLA (P, ~
0.5). Although there is still a preference for L-LA with (R,R)-4,
the &, of 6 is significantly lower than that for (R R)-5 or the
parent complex and clearly demonstrates the importance of the
ortho phenolate substituent in determining the stereoselectivity
of these systems.

A possible explanation for this reduction in selectivity for a
catalyst with a bulkier group may be catalyst dissociation in
solution in the presence of lactide. Previous studies in our
group attributed a loss of stereoselectivity in the polymerization
of rac-LA upon increasing the steric bulk of the terminal amine
substituents of the parent catalyst system (from methyl to n-
propyl) to a change in the nuclearity of the complex during
polymerization.** The clear observation of the dichloride
species during in situ monitoring of the polymerization
confirmed that the bulkier n-propyl groups caused dissociation
of the dimeric catalyst during polymerization and a
corresponding loss of stereoselectivity.*® Although the PGSE
NMR spectroscopic data for catalyst (£)-4 suggest a dinuclear
structure in solution, this is in the absence of added monomer.
The 'H NMR spectra of the polymerization of rac-LA by
catalyst (+)-4 (in either CDCl; or CD,Cl,) shows the presence
of the dichloride complex (+)-1, although extensive overlap of
the peaks for (£)-1 with the polymeryl species
quantitative estimates of dissociation difficult (Figures S16-17).

make
This suggests that disruption of the nuclearity of complex (+)-4

during polymerization may also be the reason for its reduced
stereoselectivity in the polymerization of rac-LA.

This journal is © The Royal Society of Chemistry 2012
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Table 3. Effects of catalyst structure and chirality on the kinetics of the
polymerization of rac, L and D-LA by (£)/(R,R) [(NNO,)InCI],(p-
CI)(u-OEt) (parent),* 4 and 5 and (+)-6."

—3 —1\b krel
Catalyst Monomer kobs (X 107 87) (ki)
1 (£)-parent rac-LA 1.7
2 (£)-parent L-LA 3.0 1
3 (£)-parent D-LA 3.0
4 (R,R)-parent rac-LA 0.62 (0.21)°
5 (R,R)-parent L-LA 3.4 14
6 (R,R)-parent D-LA 0.25
7 (2)-4 rac-LA 1.0 (0.91)7
8 (+)-4 L-LA 1.1 1
9 (+)-4 D-LA 1.2
10 (R,R)-4 rac-LA 0.40 (0.52)¢
11 (R,R)-4 L-LA 1.5(1.7)¢ 6
12 (R.R)-4 D-LA 0.24
13 (£)-5 rac-LA 2.4
14 (*)-5 L-LA 34 1
15 (£)-5 D-LA 3.4
16 (R,R)-5 rac-LA 0.74
17 (R,R)-S L-LA 3.4 12
18 (R,R)-5 D-LA 0.28
19 (£)-6 rac-LA 1.4
20 (£)-6 L-LA 1.7 1
21 (£)-6 D-LA 1.8

*All polymerization were carried out with 200 eq. LA and followed by
in situ "H NMR spectroscopy (400 MHz, CDCls, 25 °C) to over 90%
conversion with [LA] = 0.48 M and [cat] = 2.4 mM and 1,3,5-
trimethoxybenzene (0.03 M) used as an internal standard; "Determined
from the negative of the slope of the linear portions of the plots of
In([LA]) vs. time; “There are two linear regions in the plot of In([LA])
vs. time for this catalyst, with a faster rate (0.62) up to ~30 min. then a
sharp decrease to a lower rate (0.21) after 30 min;** “Values in
parentheses were measured in CD,Cl, under similar conditions.

Conclusions

In this study we set out to investigate the role of the
phenolate substituents and the chirality of our tridentate ligand
system on the stercoselectivity of dinuclear indium alkoxide
catalysts for the ring opening polymerization of rac-LA. To this
end, we synthesized a family of racemic and enantiopure
diaminophenolate  proligands  with phenolate
substituents and used them to generate a family of indium
dichloride complexes as intermediates towards the synthesis of
active indium alkoxide complexes.

We observed a difference in the nuclearity of the indium
dichloride complexes with changes to the ortho-phenolate
substitutent.  In contrast to previously reported dihalide
complexes made with the parent ortho/para di-t-butyl
substituted ligand system, the dichloride complexes discussed
in this paper, namely complexes (+)-(NNOg;pp3)InCl, (1) and
(£)-(NNOZ)InCl, (2), were dinuclear in the solid-state,
forming heterochiral (RR/SS) dimers bridged by chloride
ligands. Solution state 'H and PGSE NMR spectroscopy
confirmed that these complexes are most likely undergoing fast
exchange between the monomeric and dimeric forms in
solution, with the position of the equilibrium depending not
only on concentration and temperature but also the chirality of

various

This journal is © The Royal Society of Chemistry 2012
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the complexes undergoing aggregation. The results indicate that
(£)- and (R,R)-1 most likely exist as predominantly the
dinuclear structure in solution, whereas complexes (+)- and
(R,R)-2 and 3 were more likely to be monomeric in solution.
Interestingly, this penchant for aggregation was independent of
the steric bulk of the ortho-phenolate group.

The polymerization of rac-LA with (£)-4-6 indicated that
all three catalysts are relatively well controlled, producing
polymers with controlled molecular weights and low PDI
values. The adamantyl and cumyl substituted analogues S and 6
had similar stereoselectivity to the parent system, yielding
isotactically enriched PLA (P, ~ 0.6).
substituted analogue (4), was less stereoselective, with the

In contrast, the silyl

racemic catalyst producing essentially atactic PLA (P, ~ 0.5).

The difference in behaviour of the silyl substituted catalyst
extends to the rates of polymerization. A comparison of the
rates of polymerization of L- and D-LA with (R,R)-4 and 5
showed that while the adamantyl substituted complex 5 had a
ki of ~12, which is similar to the value observed for the parent
system (14), the silyl substituted catalyst 4 had a significantly
reduced k. value of ~6. In previously reported systems with
significantly bulky groups we have attributed the loss in
selectivity to catalyst dissociation. We did find convincing
evidence of catalyst dissociation during polymerization for
catalyst 4, although the extent of this dissociation is difficult to
quantify due to significant overlap of the peaks for the
dissociation product (complex 1) with the polymeryl species
(Figures S16-17).

We can conclude that changing the steric bulk and/or
electronic properties of the phenolate substituents in this
tridentate ligand system does not lead to more active and/or
stereoselective indium catalysts for lactide polymerization. Our
experience with the different indium complexes made within
this tridentate ligand family show that the different aggregation
modes and the degrees of freedom possible for these indium
complexes will complicate any effort to enhance selectivity
using this ligand system. Therefore, other avenues towards
producing more selective catalysts are being pursued.

Experimental

General methods.

Unless otherwise specified all air and/or water sensitive
reactions were carried out using standard Schlenk techniques
under N or in a N, filled MBraun glovebox. A Bruker Avance
600 MHz spectrometer was used to record the 'H NMR,
BC{'H} NMR, and '"H{'H} NMR spectra. 'H NMR chemical
shifts are given in ppm versus residual protons in deuterated
solvents as follows: & 5.32 for CD,Cl, and & 7.27 for CDCls.
BC{'H} NMR chemical shifts are given in ppm versus residual
3C in solvents as follows: & 54.00 for CD,Cl, and & 77.23 for
CDCl;. Diffraction measurements for X-ray crystallography
were made on a Bruker X8 APEX II diffraction with graphite
monochromated Mo-K « radiation. The structures were solved
by direct methods and refined by full-matrix least-squares using
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the SHELXTL crystallographic software of the Bruker-AXS.

Unless specified, all non-hydrogens were refined with
anisotropic displacement parameters, and all hydrogen atoms
were constrained to geometrically calculated positions but were
not refined. EA CHN analysis was performed using a Carlo
Erba EA1108 elemental analyzer. The elemental composition
of an unknown sample was determined by using a calibration
factor. The calibration factor was determined by analyzing a
suitable certified organic standard (OAS) of a known elemental
composition. Molecular weights were determined using an
Agilent 1200 Series pump and autosampler, Phenomenex
columns (Phenogel 5 pm 10E4A LC Column 300 x 4.6 mm, 5
K - 500 K MW; Phenogel 5 pum 10E3A LC Column 300 x 4.6
mm, 1K - 75K MW; Phenogel 5 um 500 A LC Column 300 x
4.6 mm, 1K - 15K MW), Wyatt Optilab rEX (refractive index
detector A= 690 nm, 40 °C), Wyatt tristar miniDAWN (laser
light scattering detector operating at A = 690 nm), and a Wyatt
ViscoStar viscometer. The column temperature was set at 40
°C. A flow rate of 0.5 mL/min was used and samples were
dissolved in THF (ca. 2 mg/mL) and a dn/dc value of 0.042
mL/g was used. Narrow molecular weight polystyrene

standards were used for calibration purposes.

Materials

Toluene, diethyl ether, hexane, and tetrahydrofuran were
degassed and dried using alumina columns in a solvent
purification system. The tetrahydrofuran was further dried over
sodium/benzophenone and vacuum transferred to a Straus flask
and degassed prior to use. In addition CH;CN and CH,Cl, were
refluxed over CaH, in a solvent still and transferred to a Straus
flask where they were degassed prior to use. Deuterated
solvents were dried over CaH, and vacuum-transferred to a
Straus flask and then degassed through a series of freeze-pump-
Deuterium-labelled NMR
purchased from Cambridge Isotope Laboratory or Aldrich.

thaw cycles. solvents were
InCl; was obtained from Strem Chemicals and used without

further purification. Potassium z-butoxide was sublimed prior to

use. H)- and (R,R)-N,N-dimethyl-trans-1,2-
diaminocyclohexane, 2-hydroxy-5-methyl-3-(triphenyl
silyl)benzaldehyde, 2-hydroxy-3,5-bis(2-phenylpropan-2-yl)

benzaldehyde and 3-((37,5r,7r)-adamantan-1-yl)-5-(z-butyl)-2-
hydroxybenzaldehyde were prepared according to modified

literature procedures. 32->*!

Lactide samples were obtained
from Purac Biomaterials and recrystallized several times from

hot toluene and dried under vacuum prior to use.

General procedure for synthesis of imines. The desired
(*)- or (R,R)-N,N-dimethyl-trans-1,2-
diaminocyclohexane (9.60 mmol) was transferred using
25 mL) to a appropriate
salicylaldehyde (8.00 mmol) in methanol (25 mL). The mixture

amine

methanol solution of the

was stirred for 18 h at room temperature. The resulting
suspension was either filtered yielding the crude product as a
yellow solid or pumped to dryness yielding the crude product as
a yellow foamy residue depending on the solubility of the

8 | J. Name., 2012, 00, 1-3

imine.  Further  purification achieved  through

recrystallization in a variety of solvents (see below for details).

was

Synthesis of 2-(((x)-trans-2-(dimethylamino)
cyclohexylimino)methyl)-4-methyl-6-(triphenylsilyl)phenol.

The title compound was isolated as a bright yellow solid after
filtration of the crude reaction mixture. The crude solid was
dissolved in a minimum of hot methanol and the solution was
cooled to 0 °C causing precipitation of the pure product, which
was isolated via vacuum filtration as a yellow solid and dried
under vacuum prior to use (1.42 g, 86 %). 'H NMR (600 MHz,
25 °C, CDCly): 6 8.30 (1H, s, CH=N), 7.64 (6H, m, SiPh;),
7.36 (9H, m, SiPh3), 7.15 (1H, m, Ar-H), 7.01 (1H, m, Ar-H),
3.22 (1H, m, CHN), 2.54 (1H, m, CHN), 2.25 (6H, s, N(CH;),),
2.19 (3H, s, Ar-CH3), 1.79 (3H, m, DACH), 1.71 (1H, m,
DACH), 1.54 (1H, m, DACH), 1.26 (3H, m, DACH). *C{'H}
NMR (150 MHz, 25 °C, CDCl;): & 164.5, 163.1, 141.6, 136.4,
134.9, 133.9, 129.2, 127.6, 126.9, 121.2, 118.0, 70.0, 66.6,
40.8, 34.7, 25.3, 25.2, 24.5, 20.5. Anal. Calc. for C3,H3sN,0S:i:
C, 78.72; H, 7.38; N, 5.40. Found: C, 78.80; H, 7.32; N, 5.17.

Synthesis of 2-(((R,R)-trans-2-
(dimethylamino)cyclohexylimino)methyl)-4-methyl-6-
(triphenylsilyl)phenol. The title compound was isolated as a
bright yellow solid after filtration of the crude reaction mixture.
The solid was dried under vacuum with no further purification
necessary (1.016 g, 78 %). '"H NMR (600 MHz, 25 °C, CDCl,):
5 8.29 (1H, s, CH=N), 7.64 (6H, m, SiPh;), 7.35 (9H, m,
SiPh3), 7.16 (1H, m, Ar-H), 7.01 (1H, m, Ar-H), 3.22 (1H, m,
CHN), 2.53 (1H, m, CHN), 2.25 (6H, s, N(CH;),), 2.19 (3H, s,
Ar-CH;), 1.78 (3H, m, DACH), 1.71 (1H, m, DACH), 1.54
(1H, m, DACH), 1.27 (3H, m, DACH). *C{'H} NMR (150
MHz, 25 °C, CDCl;): & 164.5, 163.1, 141.6, 136.4, 134.9,
133.9, 129.2, 127.6, 126.9, 121.2, 118.0, 70.0, 66.6, 40.8, 34.7,
25.3, 25.2, 24.5, 20.4. Anal. Calc. for C;4H3sN,0Si: C, 78.72;
H, 7.38; N, 5.40. Found: C, 78.85; H, 7.27; N, 5.08.

Synthesis of 2-(((x)-trans-2-(dimethylamino)
cyclohexylimino)methyl)-4-z-butyl-6-(adamantan-1-
yDphenol. The reaction mixture was filtered yielding the title
compound as a yellow solid. This solid was dried under
vacuum with no further purification necessary (2.06 g, 74 %).
'"H NMR (600 MHz, 25 °C, CDCl;): & 8.31 (1H, s, CH=N),
7.30 (1H, m, Ar-H), 7.07 (1H, m, Ar-H), 3.20 (1H, m, CHN),
2.64 (1H, m, CHN), 2.29 (6H, s, N(CHz),), 2.20 (6H, m, Ad),
2.10 (3H, m, Ad), 1.88 (1H, m, DACH), 1.81 (9H, m, Ad +
DACH), 1.66 (1H, m, DACH), 1.32 (9H, s, C(CHj3)3), 1.30 (3H,
m, DACH). *C{'H} NMR (150 MHz, 25 °C, CDCl,): § 164.3,
158.6, 139.7, 136.8, 126.5, 125.6, 118.1, 69.8, 66.7, 40.8, 40.3,
37.2, 35.0, 34.1, 31.5, 29.1, 25.2, 24.7, 23.9. Anal. Calc. for
CyoHy4N,O: C, 79.76; H, 10.16; N, 6.42. Found: C, 79.92; H,
10.37; N, 6.28.

Synthesis of 2-((R,R)-trans-2-(dimethylamino)

cyclohexylimino)methyl)-4-z-butyl-6-(adamantan-1-
yDphenol. The reaction mixture was filtered yielding the title

This journal is © The Royal Society of Chemistry 2012
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compound as a yellow solid. This solid was dried under
vacuum with no further purification necessary (0.552 g, 77 %).
'"H NMR (600 MHz, 25 °C, CDCl;): & 8.31 (IH, s, CH=N),
7.31 (1H, m, Ar-H), 7.07 (1H, m, Ar-H), 3.20 (1H, m, CHN),
2.64 (1H, m, CHN), 2.28 (6H, s, N(CHj3),), 2.20 (6H, m, Ad),
2.10 (3H, m, Ad), 1.88 (1H, m, DACH), 1.81 (9H, m, Ad +
DACH), 1.65 (1H, m, DACH), 1.32 (9H, s, C(CH}3)3), 1.30 (3H,
m, DACH). *C{'H} NMR (150 MHz, 25 °C, CDCl,):  164.3,
158.6, 139.7, 136.8, 126.5, 125.6, 118.0, 69.8, 66.7, 40.8, 40.3,
37.2, 35.0, 34.2, 31.5, 29.1, 25.2, 24.7, 23.9. Anal. Calc. for
CyoHy4N,O: C, 79.76; H, 10.16; N, 6.42. Found: C, 79.60; H,
10.35; N, 6.01.

Synthesis of 2-(((£)-trans-2-(dimethylamino)
cyclohexylimino)methyl)-4,6-bis(2-phenylpropan-2-
yDphenol. The title compound was isolated as a yellow solid
after filtration of the crude reaction mixture. The solid was
dried under vacuum with no further purification necessary
(2.199g, 80 %) 'H NMR (600 MHz, 25 °C, CDCl3): § 8.20 (1H,
s, CH=N), 7.29 (5H, m, Ar-H + C(CH;),Ph), 7.21 (5H, m,
C(CH3),Ph), 7.13 (1H, m, C(CH3),Ph), 7.01 (1H, m, Ar-H),
3.11 (1H, m, CHN), 2.52 (1H, m, CHN), 2.20 (6H, s, N(CH3),),
1.78 (5H, m, NH + DACH), 1.71 (6H, s, C(CH;),Ph), 1.69 (3H,
s, C(CH;),Ph), 1.66 (3H, s, C(CH;),Ph), 1.50 (1H, m, DACH),
121 (3H, m, DACH). “C{'H} NMR (150 MHz, 25 °C,
CDCly): & 163.7, 158.0, 1509, 150.7, 139.1, 135.9, 128.7,
128.0, 127.8, 127.6, 126.8, 125.6, 125.6, 125.0, 118.2, 69.8,
66.5, 42.4, 42.2, 40.6, 34.9, 31.0, 30.9, 29.7, 29.2, 25.2, 24.6,
23.8. Anal. Calc. for C33H4,N,O: C, 82.11; H, 8.77; N, 5.80.
Found: C, 82.11; H, 8.41; N, 5.69.

Synthesis of 2-(((R,R)-trans-2-(dimethylamino)
cyclohexylimino)methyl)-4,6-bis(2-phenylpropan-2-

yDphenol.
vacuo yielding the crude product as a yellow foamy residue.

The reaction mixture was pumped to dryness in

This residue was dissolved in a minimum of hot petroleum
ether and the solution was cooled to 0 °C causing the
precipitation of the pure product, which was isolated via
vacuum filtration as a yellow solid and dried under vacuum
prior to use (0.555 g, 41 %). '"H NMR (600 MHz, 25 °C,
CDCl3): 6 8.18 (1H, s, CH=N), 7.28 (5H, m, Ar-H +
C(CH;),Ph), 7.19 (5H, m, C(CHj),Ph), 7.11 (1H, m,
C(CH3),Ph), 6.99 (1H, m, Ar-H), 3.09 (1H, m, CHN), 2.50
(1H, m, CHN), 2.17 (6H, s, N(CH3),), 1.77 (5H, m, NH +
DACH), 1.69 (6H, s, C(CH;),Ph), 1.67 (3H, s, C(CHj;),Ph),
1.64 (3H, s, C(CH;),Ph), 1.48 (1H, m, DACH), 1.19 (3H, m,
DACH). “C{'H} NMR (150 MHz, 25 °C, CDCl;): § 163.7,
158.0, 150.8, 150.6, 139.1, 135.8, 128.7, 127.9, 127.7, 127.6,
126.7, 125.6, 125.5, 124.9, 118.1, 69.8, 66.5, 42.4, 42.1, 40.6,
34.9, 31.0, 30.9, 29.7, 29.2, 25.2, 24.6, 23.7. Anal. Calc. for
C3;3H4oNO: C, 82.11; H, 8.77; N, 5.80. Found: C, 82.02; H,
8.87; N, 5.56.

General procedure for the synthesis of proligands (¥) and

(R,R) H(NNOg). NaCNBH; (23 mmol) was added to a
solution of the appropriate imine (4.5 mmol) in acetonitrile

This journal is © The Royal Society of Chemistry 2012
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(100 mL) and the reaction mixture was stirred for 30 min.
Acetic acid (23 mmol) was added dropwise to the solution and
it was stirred at room temperature for 18 h. The mixture was
diluted with 2% MeOH in DCM (100 mL) and washed with
IM NaOH (3 x 100 mL). The organic layer was dried over
MgSO,, filtered, and pumped to dryness in vacuo to afford the
crude compound. The crude compounds were purified using a
variety of methods (see below for details). The purified ligands
were then stirred in the glovebox under N, atmosphere with dry
hexane and either filtered (if insoluble) or pumped to dryness
(if soluble) to remove trace water and/or methanol impurities
before use in metal chemistry.

Synthesis of 2-(((x)-trans-2-(dimethylamino)
cyclohexylamino)methyl)-4-methyl-6-(triphenylsilyl)phenol

(#)-H(NNOs;pn3)-
white coloured foamy residue. The residue was dissolved in a

The crude product was isolated as an off-

minimum of hot methanol and the solution was cooled to 0 °C
causing precipitation of the pure product, which was isolated
via vacuum filtration as an off-white solid and dried under
vacuum prior to use (0.227 g, 48 %). 'H NMR (600 MHz, 25
°C, CDCly): & 7.64 (6H, m, SiPhj), 7.34 (9H, m, SiPh;), 6.93
(1H, m, Ar-H), 6.82 (1H, m, Ar-H), 4.07 (1H, d, *Jyq = 12 Hz,
N-CH,-Ar), 3.89 (1H, d, 2/ = 12 Hz, N-CH,-Ar), 3.35 (1H,
m, NH), 2.37 (1H, m, NCH), 2.17 (6H, s, N(CH3),), 2.14 (3H,
s, Ar-CH;), 2.13 (1H, m, NCH), 2.00 (1H, m, DACH), 1.77
(2H, m, DACH), 1.63 (1H, m, DACH), 1.11 (4H, m, DACH).
BC{'H} NMR (150 MHz, 25 °C, CDCly): & 161.6, 137.1,
136.4, 135.5, 130.9, 128.9, 127.5, 127.1, 123.6, 120.0, 66.5,
59.7, 51.3, 40.0, 31.6, 25.3, 24.7, 20.9, 20.6. Anal. Calc. for
C34H40N,0Si: C, 78.41; H, 7.74; N, 5.38. Found: C, 78.17; H,
7.50; N, 5.21.

Synthesis of 2-((R,R)-trans-2-(dimethylamino)
cyclohexylamino)methyl)-4-methyl-6-(triphenylsilyl)phenol
(R,R)-H(NNOk;jpp3). The crude product was isolated as an off-
white coloured foamy residue. The residue was dissolved in a
minimum of hot methanol and the solution was cooled to 0 °C
causing precipitation of the pure product, which was isolated
via vacuum filtration as a pale off-white solid and dried under
vacuum prior to use (0.293 g, 58 %). 'H NMR (600 MHz, 25
°C, CDCl): & 7.65 (6H, m, SiPh;), 7.34 (9H, m, SiPh;), 6.93
(1H, m, Ar-H), 6.83 (1H, m, Ar-H), 4.07 (1H, d, >Jyq = 12 Hz,
N-CH,-Ar), 3.90 (1H, d, 2/ = 18 Hz, N-CH,-Ar), 3.36 (1H,
m, NH), 2.37 (1H, m, NCH), 2.17 (6H, s, N(CHj),), 2.15 (3H,
s, Ar-CH;), 2.14 (1H, m, NCH), 2.01 (1H, m, DACH), 1.77
(2H, m, DACH), 1.64 (1H, m, DACH), 1.12 (4H, m, DACH).
BC{'H} NMR (150 MHz, 25 °C, CDCly): & 161.6, 137.2,
136.4, 135.5, 131.0, 129.0, 127.5, 127.2, 123.6, 120.0, 66.4,
59.6, 51.2, 40.0, 31.5, 25.3, 24.7, 20.9, 20.6. Anal. Calc. for
C34H40N,0Si: C, 78.41; H, 7.74; N, 5.38. Found: C, 78.09; H,
7.94; N, 5.22.

Synthesis of 2-(((x)-trans-2-(dimethylamino)

cyclohexylamino)methyl)-4-~-buyl-6-(adamantan-1-
yDphenol (£)-H(NNO,4). The crude compound was isolated
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as an off-white oily residue. The residue was dissolved in a
minimum of hot acetonitrile and the solution was cooled to 0
°C causing precipitation of the pure product, which was isolated
by vacuum filtration as an off-white solid and dried under
vacuum prior to use (0.365 g, 41 %). '"H NMR (600 MHz, 25
°C, CDCly): 6 7.16 (1H, m, Ar-H), 6.89 (1H, m, Ar-H), 4.06
(1H, d, 2y = 12 Hz, N-CH-Ar), 3.72 (1H, d, *Jyq = 12 Hz, N-
CH>-Ar), 2.36 (1H, m, NCH), 2.30 (1H, m, NCH), 2.20 (6H, s,
N(CHj3),), 2.18 (6H, m, Ad), 2.08 (3H, m, Ad), 1.78 (9H, m, Ad
+ DACH), 1.63 (1H, m, DACH), 1.30 (9H, s, C(CHj;);), 1.21
(4H, m, DACH). *C{'H} NMR (150 MHz, 25 °C, CDCl,): &
154.9, 140.2, 136.2, 123.5, 122.7, 122.5, 66.6, 58.7, 51.4, 40.5,
40.0, 37.2, 37.0, 34.2, 31.7, 29.7, 29.2, 25.4, 24.7, 20.9. Anal.
Calc. for CyyHy4N,O: C, 79.40; H, 10.57; N, 6.39. Found: C,
79.51; H, 10.96; N, 6.10.

Synthesis of 2-(((R,R)-trans-2-(dimethylamino)
cyclohexylamino)methyl)-4-#-buyl-6-(adamantan-1-
yDphenol (R,R)-H(NNO,q). The crude compound was
isolated as a pale yellow oily residue. The residue was
dissolved in a minimum of hot acetonitrile with a small amount
DCM added to fully dissolve the oil. The solution was cooled to
0 °C causing precipitation of the pure product, which was
isolated by vacuum filtration as an off-white solid and dried
under vacuum prior to use (0.924 g, 40 %). 'H NMR (600
MHz, 25 °C, CDCl;): 6 7.17 (1H, m, Ar-H), 6.90 (1H, m, Ar-
H), 4.07 (1H, d, 2Jyy = 12 Hz, N-CH,-Ar), 3.73 (1H, d, *Jyyy =
12 Hz, N-CH,-Ar), 3.38 (1H, m, NH), 2.37 (1H, m, NCH), 2.29
(1H, m, NCH), 2.21 (6H, s, N(CHj),), 2.19 (6H, m, Ad), 2.09
(3H, m, Ad), 1.82 (9H, m, Ad + DACH), 1.72 (1H, m, DACH),
1.31 (9H, s, C(CHj)3), 1.22 (4H, m, DACH). “C{'H} NMR
(150 MHz, 25 °C, CDCl;): 6 155.0, 140.1, 136.2, 123.6, 122.6,
122.5, 66.6, 58.7, 51.4, 40.4, 40.0, 37.2, 37.0, 34.2, 31.7, 29.2,
25.4,24.7,20.9. Anal. Calc. for C,0H44N,O: C, 79.40; H, 10.57,
N, 6.39. Found: C, 79.24; H, 10.81; N, 6.27.

Synthesis of 2-(((£)-trans-2-(dimethylamino)
cyclohexylamino)methyl)-4,6-bis(2-phenylpropan-2-
yDphenol (£)-H(NNOc,,). The crude product was isolated as
an off-white foamy residue. The residue was dissolved in a
minimum of hot methanol and the solution was cooled to 0 °C
causing crystallization of the pure product, which was isolated
via vacuum filtration as off-white crystals and dried under
vacuum prior to use (0.752 g, 65 %). 'H NMR (600 MHz, 25
°C, CDCl;): & 7.28 (4H, m, C(CH;),Ph), 7.19 (6H, m, Ar-H +
C(CH3),Ph), 7.12 (1H, m, C(CHj3),Ph), 6.76 (1H, m, Ar-H),
3.81 (2H, m, N-CH,-Ar), 3.18 (1H, m, NH), 2.26 (1H, m,
NCH), 2.14 (6H, s, N(CHj;),) 2.13 (1H, m, NCH), 1.89 (1H, m,
DACH), 1.74 (2H, m, DACH), 1.70 (9H, s, C(CHj;),Ph), 1.66
(3H, s, C(CHj;),Ph), 1.60 (1H, m, DACH), 1.09 (3H, m,
DACH), 0.98 (1H, m, DACH). “C{'H} NMR (150 MHz, 25
°C, CDCl;): 6 154.5, 151.5, 151.4, 139.3, 135.0, 127.8, 127.6,
126.8, 125.7, 125.3, 124.7, 124.6, 123.8, 66.3, 59.1, 51.5, 42.4,
42.1, 40.0, 31.5, 31.0, 30.0, 29.2, 25.2, 24.6, 20.8. Anal. Calc.
for C33H44N,0: C, 81.77; H, 9.15; N, 5.78. Found: C, 81.48; H,
9.41; N, 5.67.
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Synthesis of 2-((R,R)-trans-2-(dimethylamino)
cyclohexylamino)methyl)-4,6-bis(2-phenylpropan-2-
yDphenol (R,R)-H(NNOc,,). The crude product was isolated
as a thick, yellow coloured oil. The oil was washed with
petroleum ether several times, decanting the supernatant
solution each time, until no more oil appeared to dissolve. The
supernatant petroleum ether solutions were combined together
and pumped to dryness in vacuo yielding the desired product as
a thick, off-white coloured oil (2.71 g, 54%). '"H NMR (600
MHz, 25 °C, CDCl): § 7.28 (4H, m, C(CH;),Ph), 7.17 (6H, m,
Ar-H + C(CH3),Ph), 7.11 (1H, m, C(CH;),Ph), 6.74 (1H, m,
Ar-H), 3.80 (2H, m, N-CH-Ar), 2.25 (1H, m, NCH), 2.12 (6H,
s, N(CHj),) 2.09 (1H, m, NCH), 1.87 (1H, m, DACH), 1.72
(2H, m, DACH), 1.68 (9H, s, C(CH;),Ph), 1.65 (3H, s,
C(CH;),Ph), 1.58 (1H, m, DACH), 1.08 (3H, m, DACH), 0.96
(1H, m, DACH). *C{'H} NMR (150 MHz, 25 °C, CDCL): &
154.5, 151.5, 151.4, 139.3, 135.0, 127.8, 127.6, 126.7, 125.7,
125.3, 124.7, 124.5, 123.8, 66.3, 59.1, 51.4, 42.4, 42.1, 40.0,
31.5, 31.0, 299, 29.2, 25.2, 24.6, 20.8. Anal. Calc. for
C;3;3H4N,O: C, 81.77; H, 9.15; N, 5.78. Found: C, 81.61; H,
9.15; N, 5.43.

General procedure for the synthesis of indium dichloride
complexes () and (R,R) (NNOg)InCl,. Potassium z-butoxide
(0.040 mmol) was transferred using toluene (5 mL) to a
solution of the appropriate proligand (+)- or (R,R)- H(INNOg)
(0.040 mmol) in toluene (5 mL). This solution was stirred at
room temperature for 16 h, and the solvent was removed in
vacuo yielding (+)- or (R R)- K(NNOg) in quantitative yield.
The potassium salt (+)- or (R,R)- K(NNOg) (0.040 mmol) was
dissolved in THF (5 mL). Indium trichloride (0.040 mmol) was
transferred to this solution using THF (5 mL). The mixture was
stirred at room temperature for 18 h, then filtered through glass
fibre filter paper and pumped to dryness in vacuo to obtain the
crude compound. The crude compounds were purified by a
variety of methods depending on the proligand used (see below
for details).

Synthesis of complex (£)-1. The crude complex was isolated
as a white foamy residue. Acetonitrile was added to the residue
and the solution was stirred for several minutes causing
precipitation of a white solid. The solution was filtered on a
glass frit and a white powder was collected and stirred with
ether for approximately 30 min. The solution was pumped to
dryness in vacuo yielding the desired as compound as a white
solid in approximately 90 % purity as determined by 'H NMR
spectroscopy (0.2008 g, 79 %). Attempts at further purification
were unsuccessful. Single crystals of complex (£)-1 were
grown by slow diffusion of hexane into a saturated solution of
the complex in THF at room temperature and were analysed by
single crystal X-ray diffraction. '"H NMR (600 MHz, 25 °C,
CD,Cl,): & 7.63 (6H, m, SiPh;), 7.31 (9H, m, SiPh;), 7.04 (1H,
m, ArH), 6.83 (1H, m, ArH), 5.02 (1H, d, 2/, = 12 Hz, CH,N),
3.78 (1H, d, 2Jyy = 12 Hz, CHN), 2.94 (1H, m, NH), 2.74 (1H,
m, CHN), 2.54 (1H, m, CHN), 2.44 (1H, m, DACH), 2.38 (3H,
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s, NCH3), 2.12 (3H, s, NCH;), 1.83 (3H, m, DACH), 1.27 (1H,
m, DACH), 1.20 (2H, m, DACH), 1.12 (3H, s, Ar-CHj;), 0.98
(1H, m, DACH). *C{'H} NMR (151 MHz, 25 °C, CD,Cl,): &
169.3, 139.7, 137.5, 137.3, 136.8, 135.0, 129.1, 127.8, 127.8,
124.8, 124.7, 118.8, 65.8, 50.5, 44.2, 37.1, 31.1, 25.1, 25.0,
22.2, 20.6. Anal. Calc. for C34H3CLInN,OSi: C, 57.88; H,
5.57;N, 3.97. Found: C, 58.30; H, 5.68; N, 4.79.

Synthesis of complex (R,R)-1. The crude complex was
obtained as an off-white foamy residue. Acetonitrile was added
to this residue and the solution was stirred for several minutes
causing precipitation of an off-white solid. The solution was
filtered on a glass frit and an off-white solid was collected and
stirred with ether for approximately 30 min. The solution was
pumped to dryness in vacuo yielding the desired compound as
an off-white solid in approximately 90 % purity as determined
by '"H NMR spectroscopy (0.1246 g, 57 %). Attempts at further
purification were unsuccessful. '"H NMR (600 MHz, 25 °C,
CD,Cl): 6 7.64 (6H, m, SiPh;), 7.31 (9H, m, SiPh;), 7.07 (1H,
m, ArH), 6.87 (1H, m, ArH), 5.16 (1H, d, 2/, = 18 Hz, CH,N),
3.80 (1H, d, 2/ = 12 Hz, CH,N), 2.96 (1H, m, NH), 2.67 (1H,
m, CHN), 2.54 (1H, m, CHN), 2.45 (1H, m, DACH), 2.33 (3H,
s, NCH3), 2.15 (3H, s, NCH;), 1.78 (3H, m, DACH), 1.17 (3H,
m, DACH), 1.05 (3H, s, Ar-CH;), 0.95 (1H, m, DACH).
BC{'H} NMR (151 MHz, 25 °C, CD,Cl,): & 169.4, 139.6,
137.6, 137.3, 136.8, 135.2, 129.1, 127.8, 127.8, 124.9, 124.7,
118.9, 65.6, 53.8, 50.5, 44.1, 37.0, 31.2, 25.1, 25.0, 22.1, 20.6.
Anal. Calc. for C3,H;39C1,InN,OSi: C, 57.88; H, 5.57; N, 3.97.
Found: C, 57.70; H, 5.50; N, 4.04.

Synthesis of complex (£)-2. The crude complex was isolated
as a yellow, foamy residue. Toluene was added until the residue
just dissolved (1-3 mL), then hexane was added until a
precipitate just began to form (2-5 mL). The solution was left in
the freezer (-35 °C) overnight, causing the precipitation of a
pale yellow solid. The solution was filtered on a glass frit
yielding the purified complex as a pale yellow powder, which
was dried under vacuum prior to use (0.2518 g, 80 %). Single
crystals of complex (£)-2 were grown from a saturated solution
of the complex in toluene at room temperature and were
analysed by single crystal X-ray diffraction. '"H NMR (600
MHz, 25 °C, CD,Cly): 6 7.17 (1H, m, Ar-H), 6.84 (1H, m, Ar-
H), 443 (1H, m, N-CH>-Ar), 4.00 (1H, m, N-CH,-Ar), 2.76
(1H, m, NCH), 2.72 (3H, s, N(CHj3),), 2.56 (2H, m, NCH +
NH), 2.42 (1H, m, DACH), 2.29 (3H, s, N(CHj3),), 2.22 (3H, m,
Ad), 2.17 3H, m, Ad), 2.03 (3H, m, Ad), 2.00 (1H, m, DACH),
1.89 (2H, m, DACH), 1.83 (3H, m, Ad), 1.75 (3H, m, Ad), 1.34
(1H, m, DACH), 1.28 (9H, s, C(CH3)3), 1.22 (3H, m, DACH).
BC{'H} NMR (151 MHz, 25 °C, CD,Cl,): & 161.8, 140.1,
138.7, 125.5, 124.9, 121.2, 66.3, 55.2, 51.9, 44.7, 41.0, 38.3,
37.9, 37.7, 34.5, 32.0, 31.6, 30.0, 25.0, 25.0, 22.5. Anal. Calc.
for C,oH4sCLInN,O: C, 55.87; H, 7.28; N, 4.49. Found: C,
56.16; H, 7.27; N, 4.51.

Synthesis of complex (R,R)-2. The crude complex was
isolated as a yellow residue. The residue was dissolved in a
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minimum of ether, then hexane was added causing precipitation
of a yellow solid. The supernatant solution was removed and
the resulting solid was washed 2x with more hexane. The solid
was dried under vacuum yielding the purified complex as a pale
yellow powder in approximately 90 % purity as determined by
"H NMR spectroscopy (0.0213 g, 30 %). Attempts at further
purification were not successful and therefore elemental
analysis of this complex was not pursued. 'H NMR (600 MHz,
25 °C, CD,ClLy): & 7.19 (1H, m, Ar-H), 6.88 (1H, m, Ar-H),
4.16 (1H, m, N-CH,-Ar), 4.10 (1H, m, N-CH,-Ar), 2.74 (3H, s,
N(CH3),), 2.66 (1H, m, NCH), 2.59 (2H, m, NCH + NH), 2.43
(3H, s, N(CHj3),), 2.21 (4H, m, DACH + Ad), 2.17 (3H, m, Ad),
2.09 (1H, m, DACH), 2.04 (3H, m, Ad), 1.90 (1H, m, DACH),
1.88 (1H, m, DACH), 1.83 (3H, m, Ad), 1.75 (3H, m, Ad), 1.34
(1H, m, DACH), 1.28 (9H, s, C(CHj;);), 1.20 (3H, m, DACH).
BC{'H} NMR (151 MHz, 25 °C, CD,Cl): & 161.4, 140.5,
139.3, 125.1, 121.9, 66.8, 55.9, 52.3, 44.7, 41.0, 38.1, 37.9,
37.7,34.6, 32.0, 31.9, 30.0, 25.0, 25.0, 22.5.

Synthesis of complex (+)-3

The crude complex was isolated as a pale off-white residue.
This residue was stirred with ether for approximately 30 min,
causing the precipitation of a white solid. This solution was
filtered on a glass frit yielding the pure complex as a white
powder, which was dried under vacuum prior to use (0.2459 g,
88 %). '"H NMR spectroscopy confirmed the presence of small
unknown impurities in the purified complex, however attempts
at further purification were unsuccessful. '"H NMR (600 MHz,
25 °C, CD,CL): & 7.31 (1H, m, Ar-H), 7.27 (4H, m,
C(CH;),Ph), 7.24 (2H, m, C(CHj),Ph), 7.16 (3H, m,
C(CH;),Ph), 7.03 (1H, m, C(CH;),Ph), 6.69 (1H, m, Ar-H),
4.35 (1H, d, %y = 12 Hz, N-CH-Ar), 3.84 (1H, m, N-CH,-
Ar), 2.63 (1H, m, NCH), 2.54 (3H, s, N(CHj3),), 2.40 (2H, m,
NCH + DACH), 2.34 (1H, m, NH), 1.91 (1H, m, DACH), 1.84
(1H, m, DACH), 1.78 (4H, m, C(CH;),Ph + DACH), 1.73 (3H,
s, N(CHj3),), 1.68 (3H, s, C(CHj;),Ph), 1.67 (3H, s, C(CH;),Ph),
1.57 (3H, s, C(CHj;),Ph), 1.27 (1H, m, DACH), 1.11 (3H, m,
DACH). “C{'H} NMR (151 MHz, 25 °C, CD,Cl,): & 161.4,
152.3, 151.6, 139.1, 137.6, 128.3, 128.0, 128.0, 127.2, 127.2,
126.9, 125.8, 125.1, 120.9, 66.0, 55.0, 51.5, 44.4, 42.7, 42.5,
37.5, 31.7, 31.4, 31.3, 31.3, 27.8, 24.9, 22.4. Anal. Calc. for
C33H4;CLINN,O: C, 59.21; H, 6.47; N, 4.18. Found: C, 59.36;
H, 6.51; N, 4.96.

Synthesis of complex (R,R)-3.
isolated as a pale yellow, foamy solid. The solid was dissolved

The crude complex was

in a minimum of ether then hexane was added causing
precipitation of a small amount of off-white solid, which was
filtered on a glass frit. The filtrate was pumped to dryness and
this process was repeated, yielding a second portion of the
product. The solids were combined and dried under vacuum
yielding an off-white solid (0.3198 g, 74 %). The 'H NMR
spectrum of the solid showed a mixture of the desired complex
and a significant amount of unknown impurities. A small
amount of pure complex was obtained by precipitation from a
saturated solution of this crude complex in hexane, however
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large-scale purification using this method was not successful
and purification and full characterization of this complex was
not pursued further. '"H NMR (600 MHz, 25 °C, CD,Cl,): &
7.32 (1H, m, Ar-H), 7.28 (4H, m, C(CH;),Ph), 7.21 (2H, m,
C(CH;),Ph), 7.16 (3H, m, C(CHj),Ph), 7.04 (1H, m,
C(CH3),Ph), 6.74 (1H, m, Ar-H), 4.02 (1H, m, N-CH,-Ar),
3.96 (1H, m, N-CH,-Ar), 2.63 (3H, s, N(CHj3),), 2.55 (1H, m,
NCH), 2.42 (2H, m, NCH + DACH), 2.16 (3H, s, N(CHj3),),
2.00 (2H, m, NH + DACH), 1.88 (1H, m, DACH), 1.81 (1H, m,
DACH), 1.75 (3H, m, C(CH;),Ph), 1.68 (3H, s, C(CH3),Ph),
1.67 (3H, s, C(CH3),Ph), 1.60 (3H, s, C(CHj;),Ph), 1.27 (1H, m,
DACH), 1.11 (3H, m, DACH). “C{'H} NMR (151 MHz, 25
°C, CD,Cl,): 8 160.88, 152.1, 151.7, 139.8, 138.2, 128.4, 128.0,
127.5, 127.3, 127.1, 127.0, 125.9, 125.1, 121.8, 66.5, 55.9,
52.0, 44.5, 42.8, 42.5, 37.8, 31.7, 31.3, 31.3, 31.1, 28.6, 25.0,
24.9,22.5.

General procedure for the synthesis of indium ethoxide
®#) and (R,R) [(NNOgR)InCl],(p-Cl)(p-OEt).
Toluene (5 mL) was used to transfer sodium ethoxide (0.1394

complexes

mmol) to a solution of the appropriate indium dichloride
complex (0.1422 mmol) in toluene (5 mL). The solution was
stirred at room temperature for ~ 18 h, then the mixture was
filtered through glass fibre filter paper and purified by a variety
of methods depending on the dichloride used (see below for
details).

Synthesis of complex (+)-4. The filtered crude reaction
mixture was concentrated in vacuo until a white precipitate just
began to form (1-2 mL). Ether (~ 5 mL) was then added and the
solution was stirred for several minutes. The solution was
filtered on a glass frit yielding a white solid. The solid was
collected and stirred with ether for approximately 30 min, then
pumped to dryness for several hours to remove residual
solvents. This yielded the purified complex as a white solid
(0.0306 g, 58 %). 'H NMR spectroscopy confirmed the
presence of small unknown impurities in the purified complex,
however attempts at further purification were unsuccessful. 'H
NMR (600 MHz, 25 °C, CDCL): § 7.71 (6H, m, SiPhj), 7.32
(9H, m, SiPhj), 7.24 (1H, m, ArH), 6.80 (1H, m, ArH), 4.92
(1H, d, “yy = 12 Hz, CH,N), 3.93 (1H, m, OCH,CHj;), 3.64
(1H, d, *Jyy = 12 Hz, CH,N), 2.84 (1H, m, NH), 2.76 (1H, m,
CHN), 2.37 (2H, m, CHN + DACH), 2.30 (3H, s, NCH;), 2.17
(3H, s, NCH;), 1.75 (3H, m, DACH), 1.13 (4H, m, DACH),
0.92 (3H, s, Ar-CH;), 0.84 (1.5H, t, *Jyy = 12 Hz, OCH,CH}).
BC{'H} NMR (151 MHz, 25 °C, CDCly): & 165.5, 139.9,
137.0, 136.8, 136.1, 135.3, 128.4, 127.4, 127.2, 124.2, 123.5,
118.9, 64.2, 62.6, 52.6, 50.2, 43.6, 36.5, 30.6, 24.7, 24.6, 21.5,
20.4, 19.7. Anal. Calc. for C,;oHg;Cl3In,N4O5Si,: C, 59.18; H,
5.89; N, 3.94. Found: C, 58.84; H, 5.99; N, 4.07.

Synthesis of complex (R,R)-4.
isolated as a clear, colourless oily residue. The residue was

The crude complex was
dissolved in a minimum of toluene, then hexane was added

until a white solid precipitated out of solution. The supernatant
solution was removed, then the solid was washed 2x with more
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hexane. The solid was dried under vacuum yielding the purified
complex as a white solid (0.0532 g, 42 %). 'H NMR
spectroscopy confirmed the presence of small unknown
impurities in the purified complex, however attempts at further
purification were unsuccessful. '"H NMR (600 MHz, 25 °C,
CDClL): 8 7.70 (6H, m, SiPh;), 7.32 (9H, m, SiPh;), 7.24 (1H,
m, ArH), 6.79 (1H, m, ArH), 4.92 (1H, d, 2/, = 12 Hz, CH,N),
3.93 (1H, m, OCH,CH,), 3.64 (1H, d, *Jiy; = 12 Hz, CH,N),
2.83 (1H, m, NAH), 2.76 (1H, m, CHN), 2.36 (2H, m, CAN +
DACH), 2.30 (3H, s, NCHj3), 2.16 (3H, s, NCHj3), 1.75 (3H, m,
DACH), 1.13 (4H, m, DACH), 091 (3H, s, Ar-CHj;), 0.84
(1.5H, t, *Jyy = 12 Hz, OCH,CH3). *C{'H} NMR (151 MHz,
25 °C, CDClL): & 165.5, 139.9, 137.0, 136.1, 135.3, 128.4,
127.4, 124.2, 123.5, 118.9, 64.2, 62.6, 52.6, 50.2, 43.6, 36.5,
30.6, 24.8, 24.6, 21.5, 204, 19.7. Anal. Calc. for
C;0Hg;CL3In,N4O5S1,: C, 59.18; H, 5.89; N, 3.94. Found: C,
59.41; H, 5.97; N, 3.99.

Synthesis of complex (£)-5. The crude complex was isolated
as a pale yellow residue. The residue was dissolved in ether (1-
2 mL) and hexane was added until a pale yellow precipitate
began to form (~ 5 mL). The solution was concentrated in
vacuo to < 2 mL volume, then more hexane (1-2 mL) was
added causing precipitation of more solid. This process was
repeated 1 more time, yielding a cloudy pale yellow solution,
which was filtered on a glass frit. The resulting pale yellow
solid was collected and dried under vacuum. The filtrate was
dissolved in ether (1-2 mL) and hexane was added (~ 5 mL).
This solution was filtered a second time yielding more pale
yellow solid, which was combined with the first batch and dried
under vacuum several hours to yield the purified complex as a
pale yellow solid (0.0603 g, 42 %). Single crystals of complex
(£)-5 were grown from a saturated solution of the complex in
acetonitrile at room temperature and were analysed by single
crystal X-ray diffraction. '"H NMR (600 MHz, 25 °C, CDCL): &
7.14 (1H, m, Ar-H), 6.73 (1H, m, Ar-H), 4.99 (1H, d, *Jyy = 12
Hz, N-CH,-Ar), 4.48 (0.5H, m, -OCH,CH;), 4.40 (0.5H, m, -
OCH,CH,), 3.74 (1H, d, *Jyy = 12 Hz, N-CH,-Ar), 2.84 (1H,
m, NCH), 2.77 (1H, m, NCH), 2.69 (3H, s, N(CHj3),), 2.56 (1H,
m, DACH), 2.48 (1H, m, NH), 2.27 (3H, m, Ad), 2.18 (3H, m,
Ad), 2.03 (3H, s, Ad), 2.02 (3H, s, N(CH;),), 1.91 (1H, m,
DACH), 1.86 (2H, m, DACH), 1.82 (3H, m, Ad), 1.73 (3H, m,
Ad), 1.32 (1.5H, t, *Jyy = 6 Hz, -OCH,CH;), 1.28 (9H, s,
C(CH;)3), 1.25 (2H, m, DACH), 1.13 (1H, m, DACH), 1.03
(1H, m, DACH). *C{'H} NMR (151 MHz, 25 °C, CDCL): &
162.5, 139.0, 136.4, 125.7, 123.8, 118.7, 64.6, 62.8, 52.6, 50.8,
44.2, 40.5, 38.1, 37.4, 37.4, 33.9, 31.8, 30.8, 29.4, 24.8, 24.7,
21.9, 19.5. Anal. Calc. for CgHgsCl3In,N4O3: C, 57.36; H,
7.62; N, 4.46. Found: C, 57.37; H, 7.52; N, 4.47.

Synthesis of complex (R,R)-5. The crude reaction mixture was
filtered and pumped to dryness in vacuo yielding a pale yellow
foamy solid. This solid was stirred in ether for approximately
30 min, then pumped to dryness in vacuo yielding the product
as a pale yellow foamy solid (0.0483 g, 44 %). Due to the high
solubility of this compound in all common organic solvents it
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was used without further purification. '"H NMR (600 MHz, 25
°C, CDClLy): & 7.13 (1H, m, Ar-H), 6.72 (1H, m, Ar-H), 4.99
(1H, d, *Jyy = 12 Hz, N-CH,-Ar), 4.48 (0.5H, m, -OCH,CHs),
4.40 (0.5H, m, -OCH,CHj3), 3.74 (1H, d, 2Jyyy = 12 Hz, N-CH,-
Ar), 2.84 (1H, m, NCH), 2.77 (1H, m, NCH), 2.69 (3H, s,
N(CH;),), 2.57 (1H, m, DACH), 2.48 (1H, m, NH), 2.27 (3H,
m, Ad), 2.18 (3H, m, Ad), 2.03 (3H, s, Ad), 2.02 (3H, s,
N(CH;),), 1.91 (1H, m, DACH), 1.86 (2H, m, DACH), 1.82
(3H, m, Ad), 1.73 (3H, m, Ad), 1.32 (1.5H, t, *Jyy = 6 Hz, -
OCH,CH;), 1.28 (9H, s, C(CH;)3), 1.25 (2H, m, DACH), 1.13
(1H, m, DACH), 1.03 (1H, m, DACH). *C{'H} NMR (151
MHz, 25 °C, CDCL): & 162.5, 139.0, 136.3, 125.7, 123.8,
118.7, 64.6, 62.8, 52.6, 50.8, 44.2, 40.5, 38.1, 37.4, 37.4, 33.9,
31.8, 30.8, 29.4, 24.8, 247, 21.9, 19.5. Anal. Calc. for
CeoHosCl3In,N4O5:  C, 57.36; H, 7.62; N, 4.46. Found: C,
54.82; H,7.29; N, 4.93.

Synthesis of complex (£)-6. The crude complex was isolated
as a clear, colourless residue. This residue was stirred with
hexane for approximately 30 min, causing the precipitation of a
white solid. The solution was filtered yielding the purified
complex as a white powder, which was dried under vacuum
prior to use (0.0402 g, 78 %). Single crystals of complex (+)-6
were grown from a saturated solution of the complex in toluene
at room temperature and were analysed by single crystal X-ray
diffraction. '"H NMR (600 MHz, 25 °C, CDCly): 3 7.37 (1H, m,
Ar-H), 7.26 (6H, m, C(CH3),Ph), 7.15 (3H, m, C(CH;),Ph),
6.99 (1H, m, C(CH;),Ph), 6.55 (1H, m, Ar-H), 4.82 (1H, d,
ZJuu = 12 Hz, N-CH>-Ar), 3.99 (0.5H, m, -OCH,CHs), 3.81
(0.5H, m, -OCH,CHa), 3.55 (1H, d, *Jiyy = 12 Hz, N-CH,-Ar),
2.66 (1H, m, NCH), 2.59 (1H, m, NCH), 2.42 (3H, s, N(CHj3),),
2.27 (2H, m, NH + DACH), 1.78 (3H, s, C(CH;),Ph), 1.74 (3H,
m, DACH), 1.72 (3H, s, C(CHj;),Ph), 1.70 (3H, s, C(CHj3),Ph),
1.64 (3H, s, C(CH;),Ph), 1.16 (1H, m, DACH), 1.15 (3H, s,
N(CHj;),), 1.05 (1H, m, DACH), 0.96 (1H, m, DACH), 0.90
(1.5H, m, -OCH,CH;), 0.85 (1H, m, DACH). *C{'H} NMR
(151 MHz, 25 °C, CDCl;): 6 161.9, 152.3, 151.2, 138.1, 135.2,
128.8, 127.7, 127.3, 126.9, 126.7, 125.7, 125.1, 124.1, 118.7,
64.3, 62.6, 52.4, 50.4, 43.8, 42.2, 42.0, 36.5, 31.1, 31.0, 31.0,
30.5, 27.6, 24.7, 245, 21.7, 19.2. Anal. Calc. for
CesHo1Cl3In,N,O5: C, 60.57; H, 6.80; N, 4.15. Found: C,
60.66; H, 6.99; N, 4.03.

Determination of the Kkinetics of rac, L. and D lactide
polymerization. Three stock solutions of rac, L and D lactide
(960 mM) and an internal standard 1,3,5-trimethoxybenzene
(60 mM) were made in 1 mL volumetric flasks in CDCl; and
0.5 mL of each solution was syringed into three separate
Teflon-sealed NMR tubes and frozen using a liquid N, cold
well. Next, a buffer layer of CDCl; (0.25 mL) was added to
each tube and frozen using the liquid N, cold well. Then, a
catalyst stock solution (9.6 mM) was made in a 2 mL
volumetric flask in CDCIl; and 0.25 mL of this solution was
syringed into each of the three tubes and frozen using the liquid
N, cold well. The tubes were quickly evacuated while frozen
and sealed under vacuum to remove N, from the headspace of
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the tube. The tubes were kept frozen in liquid N, until use. Each
sample was quickly warmed to room temperature and mixed
before inserting into the NMR spectrometer (400 MHz Inverse
Avance Bruker Spectrometer). The polymerizations were then
monitored to over 90 % conversion by 'H NMR spectroscopy.
The delay time between removal of the tube from the liquid N,
and the first 'H NMR spectrum taken was measured by
stopwatch. While every effort was made to complete the set-up
of the experiment within a similar time frame for all samples
(typically 5-10 minutes) the fast rates of polymerization for
some samples led to the first '"H NMR experiment being taken
at significant conversion of monomer (t = 0 up to 30 %
conversion for some samples, e.g. for L-LA polymerization).
The initiation periods observed in the plots of In([LA]) vs. time
(see SI, Figures S11-S15) therefore do not represent the whole
of the initiation period for these samples and can therefore not
be compared between different samples.

Representative large-scale polymerization of rac-LA

The appropriate amount of catalyst (e.g. for 500 eq. LA, 0.0028
mmol) was transferred using DCM (~ 3 mL) to a stirring
solution of rac-LA (0.200 g, 1.39 mmol) in DCM (~ 2 mL).
The stirred overnight at room
temperature and a test sample was removed and pumped to
dryness, then dissolved in CDCl; and analysed by 'H and
'"H{'H} NMR spectroscopy to determine conversion and
tacticity, respectively. The rest of the reaction mixture was

resulting mixture was

concentrated in air under vacuum to < 1 mL volume, then
methanol was added while stirring to precipitate the pure
polymer as a white solid. The supernatant solution was
removed and the resulting polymer was dissolved in a
minimum of DCM (< 1 mL). Again, methanol was added while
stirring to precipitate the pure polymer and the supernatant
solution was removed. This process was repeated 1 more time
and the resulting polymer was washed once with pure
methanol, then dried under vacuum overnight at room
temperature. The polymer was then dried under vacuum
overnight at ~ 50 °C in a vacuum oven and the 'H NMR
spectrum was taken of the dried polymer to confirm that no
catalyst or solvent remained before analysis by GPC in THF.
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H-N——In_ In—N-H

R ='Bu or adamantyl (RR)-{NNOR)INCIl (1-Cl)(u-OE?) R=SPh,
L- or D-lactide - L- or D-lactide -

N

L-LA' "D-LA

Functionalized diaminophenolates as ligands for dinuclear indium catalysts were investigated in the ring-opening
polymerization of lactide. An increase in the steric bulk of the ligand phenolates decreases the selectivity of the catalyts due to
catalyst dissociation during polymerization.



