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Abstract

The indium complex InL,N" has been prepared from the reaction of 2 equiv of (‘Bu),P(O)CH,CH('‘Bu)OH
(HL) with InN"3 (N" = N(SiMes),). This complex reacts with a further equivalent of 2,6-di-ter¢-butylphenol or
HL to afford the adducts InL,(OAr) and InL;, respectively. Confirmation that the anion L~ exhibits “ligand
self-recognition” in the formation of predominantly homochiral complexes RR-InL,N" and SS-InL,N" is
obtained from'H and *'P NMR spectroscopic data. However, the self-recognition is less effective at the
indium cation, and mixtures of InL; complexes with different configurations are observed. Single-crystal X-
ray diffraction data confirm the five-coordinate, distorted bipyramidal In center in InL,N" and InL,(OAr) as
anticipated. Selected crystals of InL; show two of the possible configurations: one is the fac-RRR-InL;
complex, analogous to the lanthanide complexes LnL; reported previously (Ln =Y, Eu, Er, Yb); another is the
alternative, homochiral mer form RRR'-InL;. All three complexes are efficient single-component initiators for
the ring-opening polymerization of rac-lactide over a wide range of temperatures and monomer-to-initiator
ratios, exhibiting reasonable control over the synthesis of isotactic polylactide. Despite its poorly defined
structure, InL; is the fastest initiator among the three complexes for the polymerization of rac-lactide, and
shows the best tacticity control. The polylactide samples have high molecular weights M, ., (between 44 000

and 270 000 g/mol at completion) and narrow polydispersities (as low as 1.25 at completion).

1. Introduction

Polylactide (PLA) is a biocompatible and biodegradable polyester produced by ring-opening polymerization
(ROP) of lactide, a cyclic ester from natural sources. Polylactide possesses versatile physical properties and
has been widely used in tissue engineering and in media for the controlled release of drugs.'™* ROP of lactide
by single-site catalysts is the most efficient route to PLAs with a predicted molecular weight and narrow
molecular weight distribution. The past two decades have particularly witnessed the development of initiators
for improved polymer stereochemistry, one of the most critical factors in determining the physical and
mechanical properties of a polymeric material.”® Catalysts with excellent enantioselective control over the

chain initiation and propagation steps have been reported.’"

A wide variety of Al'" catalysts, particularly those supported by SALEN- or SALAN-type ancillary ligands,
have been demonstrated to show excellent molecular weight and stereochemical control in the ring-opening
polymerization of lactide, such as A (see Chart ).'**” However, from the rest of the complexes of group 13
metals, there are only two reported examples to date of a well-defined indium complex; B catalyzes the ROP
of rac-lactide in a living manner, showing modest isoselectivity.”* * It has recently been shown that simple
mixtures of indium trichloride, benzyl alcohol, and triethylamine catalyze the ROP of rac-lactide to form
highly heterotactic polylactide,*® and indium complexes have previously shown some potential as ROP

initiators of e-caprolactone polymerization.”'
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Chart 1.

We previously reported that a racemic mixture of a bidentate proligand rac-HL, which contains a single
stereogenic center, is resolved into a mixture of two homochiral C;-symmetric complexes for the first time
upon lanthanide complexation to form RRR-LnL; and SSS-LnL, C.** The resolution affords about 80% of the
product as a homochiral tris(L) complex, while the remaining 20% comprised diastereomers RRS-LnL; and

SSR-LnLs. The utility of ligand self-recognition® **

was demonstrated by the use of these chiral complexes as
initiators for the formation of isotactic polylactide. More recently, we have shown that the bis(L) adduct
YL,N" can be isolated from the reaction of YN"’; with rac-HL (N"” = N(SiMe;),), but with a less efficient
resolution: 65% of the product is homochiral RR- and SS-YL,N" and 35% is RS-YL,N".*> As indium is a
Lewis-acidic, trivalent metal with a smaller ionic radius than Y (#(In’") = 0.800 A, #(Y>") =0.900 A),***" and
a preference for five-coordinate geometries,”® it was deemed that better resolution with L would result. It is
generally regarded that indium metal is not toxic, but the toxicity of indium compounds has not yet been
thoroughly investigated, so it is not clear yet how it compares to yttrium and lanthanide salts, which are
regarded as nontoxic by ingestion.” Herein, we report the synthesis and characterization of chiral indium

complexes InL,N" (1), InL,(OAr) (2), and InL; (3) along with their molecular structures and activity in rac-

lactide polymerization.

2. Experimental Section
2.1 General Details

All manipulations were carried out using standard Schlenk techniques, or a Vacuum Atmosphere double
glovebox, under an atmosphere of dry nitrogen. Pentane, hexane, toluene, diethyl ether, and THF were dried
by passage through activated alumina towers and degassed before use. DME was distilled from potassium
under an atmosphere of dry nitrogen. All solvents were stored over potassium mirrors (with the exception of
THF and DME, which were stored over activated 4 A molecular sieves). Deuterated solvents were distilled

from potassium, degassed by three freeze—pump—thaw cycles, and stored under nitrogen.
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The epoxide 3,3-dimethyl-epoxybutane, purchased from Alfa Aesar, was distilled and stored over activated
molecular sieves prior to use, rac-lactide was purchased from Alfa Aesar, recrystallized from hot toluene,
washed with diethyl ether, and sublimed (10~ torr, 110 °C) prior to use. 2,6-Di-tert-butylphenol, purchased
from Aldrich, was sublimed (10~ Torr, 80 °C) prior to use. The compounds (‘Bu),P(O)CH,CH(‘Bu)OH (HL),

and the enantiopure form R-HL,* and In[N(SiMes),]; (InN"3)* were made according to literature procedures.

NMR spectra (‘H, “C{'H}, and *'P{'H}) were recorded at 298 K on a Bruker DRX 400 spectrometer, with an
operating frequency at 400.1 MHz ('H), 100.6 MHz (**C), and 161.9 (*'P), or on a Bruker ARX 250, DPX
360, or DMX 500, operating at 250.1, 360.1, or 500.1 ("H); 63.0, 90.7, or 126.0 (°C); and 101.3, 145.8, or
202.47 ('P) MHz, respectively. Chemical shifts are quoted in parts per million and are relative to external
SiMe,4 or H;PO,. Benzene-dg¢ and toluene-dg were purchased from Aldrich and distilled from potassium.
Elemental microanalyses were carried out by Mr. Stephen Boyer at the Microanalysis Service, London
Metropolitan University, United Kingdom. Polymer molecular weight and molecular weight distributions
were obtained using a Gel Permeation Chromatography PLgel 5 um Mixed-C column (300 x 7.5 mm) from
Polymer Laboratories on an Agilent 1100 HPLC. Data were analyzed using ChemStation software. Polymer
analysis was run using THF as the eluent at a flow rate of 0.5 mL/min at 35 °C. The polymer was detected
using a RID detector. Polystyrenes (Polymer Laboratories) with a peak molecular weight range from 580 to

300 000 g/mol were used as standards.

2.2 Synthesis of Complexes

Synthesis of InL,N"' (1) To a solution of 1 equiv of InN"5 in THF (100.0 mg, 0.17 mmol, 2 mL) was added a
solution of 2 equiv of HL in THF (89.1 mg, 0.34 mmol, 2 mL) at 25 °C, which was stirred overnight.
Volatiles were removed under reduced pressure and the residual solid recrystallized from hexane to afford
colorless 1. Yield: 96 mg (70%). The pure RR- diastereomer 1a was also made in a separate reaction using the

above procedure with racemic HL replaced by enantiopure R-HL.

"H NMR 8(C4D): 0.62 (s, 18 H, CH3), 1.12 (d, 18 H, “Jyc = 13.1 Hz, P-'Bu), 1.16 (s, 18 H, C-Bu), 1.22 (d, 18
H, *Jpc = 13.2 Hz, P-'Bu), 1.7-1.9 (m, 4 H, CH,), 4.37 (m, 2 H, CH). "C{'H} NMR &(C¢Ds): 6.6 (6 C, s,
SiMes), 24.0 (2 C, d, Jpc = 57.2 Hz, CH,), 26.6 (6 C, s, CMe;), 27.0 (6 C, s, P-CMes), 27.1 (6 C, s, P-CMe;),
79.4 (2 C, d, *Jpc = 6.1 Hz, C—OH). *'P{'"H} NMR &(C¢Dy): 83.8. Anal. Found: C, 51.14%; H, 9.75%; N,
1.83%. Caled: C, 51.18%; H, 9.85%: N, 1.76%. FTIR (nujol cm"): 2730 (w) 1309 (w), 1266 (m), 1104 (s,
P=O0 coordinated), 1025 (m), 896 (w), 807 (w), 728 (w).

Synthesis of InL,(OAr) (2) To a solution of 1 in C4Dg (100.0 mg, 0.125 mmol, 2 mL) was added a solution of
2,6-di-tert-butylphenol (25.8 mg, 0.125 mmol, 2 mL) at 25 °C, and the mixture was then heated for 16 h at 80
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°C. Volatiles were removed under reduced pressure. The residual solid was washed with hexane and dissolved
in DME. Then, the solution was evaporated slowly, to afford colorless 2. Yield: 80.2 mg (76.4%). The pure
RR- diastereomer 2a was also made in a separate reaction using the above procedure with racemic HL

replaced by enantiopure R-HL.

"H NMR 8(C¢D¢): 0.94 (d, 18 H, “Jpc = 13.7 Hz, P-Bu), 1.14 (d, 18 H, “Jpc = 13.5 Hz, P-'Bu), 1.15 (s, 18 H,
C-Bu), 1.90. (s, 18 H, Ph-'Bu), 1.7-1.9 (m, 4 H, CH,), 4.41 (m, 2 H, CH); 6.88 (t, 1 H, p-Ph), 7.44 (d, 2 H, H-
meta). C{'H} NMR &(C¢Ds): 33.1 (6 C, s, ‘Bu), 79.3 (2 C, s, C—-OH), 115.62 (1 C, p-Ph), 125.98 (2 C, m-
Ph), 141.0 (2 C, 0-Ph), 166.9 (1 C, C—0). *'P{'H} NMR 8(C¢Ds): 72.94. Anal. Found: C, 59.92%; H, 9.61%.
Caled: C, 59.85%; H, 9.69%.

Synthesis of InL; (3) To a solution of InN"; in THF (100 mg, 0.17 mmol, 2 mL) was added a THF solution of
HL (132 mg, 0.50 mmol, 2 mL) at 25 °C, and the mixture heated for 7 days at 80 °C. Volatiles were removed
under reduced pressure and the residual solid recrystallized from DME to afford colorless 3. The complex

isolated was analyzed by NMR spectroscopy to be a mixture of isomers. Yield: 70.9 mg (47.0%).

'H NMR §(C¢D): 1.15-1.4 (complex mixture, 57 H, P'‘Bu and C'Bu), 1.7-1.9 (m, 6 H, CH,), 4.4—4.8 (m, 3 H,
CH).’'P{'H} NMR &(C¢Dy): 65.6 (0.5), 68.6 (0.36), 69.4 (1.0) [relative intensities in brackets]. Anal. Found:
C, 56.07%; H, 10.00%. Calcd: C, 56.12%; H, 10.09%.

IR data (nujol, cm™'): 2730 (w), 1357 (m), 1236 (m), 1211 (m), 1186 (m), 1106 (s, P=0 coordinated), 1065 (s,
P=0 uncoordinated), 1016 (s), 961 (s), 823 (m), 643 (m).

IR data (toluene solution, cm'): 2585 (m), 1942 (m), 1802 (m), 1605 (m), 1455 (m), 1249 (s), 1212 (s), 1178
(s), 1107 (s, P=0 coordinated), 1077 (s, P=0 uncoordinated), 1040 (s), 966 (m), 931 (m), 895 (m), 842 (s),
784 (s).

2.3 X-Ray Crystallographic Structure Determination for Complexes 1, 2, and 3

Single crystals of 1, 2, and three different samples of 3 were mounted on a glass fiber and transferred to a
Bruker SMART APEX CCD diffractometer*' equipped with a graphite-monochromated Mo Ka radiation
source (. = 0.71073 A) and ® scan measurement. Data were integrated using SAINT, and absorption
correction was performed with the program SADABS. Structure solution and refinement was carried out using
the SIR 92 program,” WinGX,* and the SHELXTL* suite of programs, and graphics were generated using
Ortep.*” All non-hydrogen atoms were refined with anisotropic thermal parameters. Hydrogen atoms were

placed using a “riding model”. Details are given in Table 1.
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Table 1. Experimental Crystallographic Data for Complexes 1-3*

compound InL,N"", 1 InL,(OAr), 2 InL;, 3 InL;’, 3'
empirical formula C34H7gIn1NIO4PQSi2 C42HgIInO5P2 C42H901HO6P3.C4H1002 C42H9()IHOGP3
M, 797.91 842.83 988.99 898.87
cell setting monoclinic orthorhombic tetragonal monoclinic
cryst syst P12/nl P212121 P4, P121/cl
a, b, c(A) 13.5420 (7), 10.9614 10.5951 (2), 12.5537 (18), 12.5537 (18), | 19.2795 (5),
(6), 14.4927 (8) 18.1438 (4), 35.309 (7) 12.5166 (3),
24.2262 (5) 21.7618 (5)
a, B, vy (deg) 90.000 (0), 92.340 (2), 90.00, 90.00, 90.00, 90.00, 90.00 90.00, 105.110
90.000 (0) 90.00 (1), 90.00
V(A% 2149.49 (3) 4657.13 (2) 5564.6 (16) 5069.87 (14)
Z 2 4 4 4
Dgred Mg m™) 1.23 1.20 1.181 1.18
p(mm ") 0.713 0.614 0.55 0.599
cryst form prism block prism prism
color colorless colorless colorless colorless
cryst size (mm) 0.53x0.33 x0.18 0.35x0.32x0.21 | 0.20 x0.10 x 0.03 0.65 x 0.40 x 0.25
T(°C) -150 (2) —150 (1) -178 (2) -150 (1)
F(000) 855.9 1807.8 2135.8 1935.8
data collection SMART (Siemens, SMART dtprofit.ref SMART
1993) (Siemens, 1993) (Siemens, 1993)
diffractometer Bruker Smart Apex Bruker Smart Bruker SMART APEX Bruker Smart
CCD area detector Apex CCD area CCD area detector Apex CCD area
detector detector
absorption multiscan multiscan multiscan multiscan
correction
Tiin 0.6314 0.6283 0.766 0.6087
Tinax 0.7461 0.7461 1.000 0.7461
no. of measured, 25829, 6157, 5864 47190, 13576, 24372, 7628, 5615 76637, 14888,
independent, obsd 12674 47190
reflns
criterion for obsd 1>20(]) 1>20(]) 1>20(]) 1>20(])
reflns
Rint 0.036 0.041 0.152 0.047
Rinerge 0.031 0.050 0.152 0.044
Omax (deg) 30.5 30.5 23.3 30.5
R[F* > 0.0391, 0.0844, 1.181 0.0557, 0.1128, 0.091, 0.287, 1.04 0.0555, 0.0465,
26(F*)],WR(F"), S 1.167 1.164
no. of reflns 6157 13576 7628 14888
no. of params 234 475 495 517
H-atom treatment riding riding riding riding
weighting scheme calculated calculated calculated calculated
APrmaxs Apmin (€ A7) | +1.146, —0.732 +1.020, —0.729 +1.16,-1.43 +2.115, —0.667
absolute structure Flack H D (1983), Acta | Flack HD (1983), | Flack H D (1983), Acta Flack H D (1983),
Cryst. A39, 876—881 Acta Cryst. A39, Cryst. A39, 876—881 Acta Cryst. A39,
876—881 876—881
Flack parameter 0.492 (19) 0.95 (6)

Computer programs: Bruker SMART version 5.624 and 5.625 (Bruker, 2001); Bruker SAINT version 6.36a
(Bruker, 2002); Bruker SHELXTL (Bruker, 2001); SHELXL-97 (Sheldrick, 1997); enCIFer (Allen, 2004);
PLATON (Spek, 2003).

Single crystals of 1 were grown from a cooled hexane solution; single crystals of 2 and 3’ were grown via

evaporation of a DME solution, and single crystals of 3 were grown from a cooled hexane/DME solution.
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2.4 Lactide Polymerization

General procedure: a Schlenk flask was charged with rac-lactide (500 mg, 3.47 mmol), which was dissolved
in the volume of solvent required (to give the ratio in the table entry), and the solution was stirred at a desired
temperature (given in the table). To this was added a solution of initiator (1 to 3) in a solvent via cannula
(details given in each table entry). Aliquots were removed via syringe and quenched/precipitated with MeOH
(after the time stated in the table). The obtained polymer was dissolved in dichloromethane, filtered through

silica gel 60, and dried. The yield for each completed polymerization was quantitative.

3. Results and Discussion
3.1 Synthesis of Complexes rac-InL,N"’, 1; rac-InL,(OAr), 2; and rac-InL;, 3

A reaction mixture of InN"'; and 2 equiv of HL at =78 °C was allowed to warm to room temperature and

worked up after 16 h to afford diastereomers of the complex 1, rac-InL,N" (eql).

N(SiME3)2
BU%P:O’“En‘O:PBU‘Z rac-
H l.; H RR-/:)?S—
In{N(SiMes)z}s 0 0% s0%
+2 THF E
But  -78°C Bu' Bu'
ButgP/\r"J R
rac- Il -2 HN(SiMey), N(SiMes),
© H’O l
Bu,P—O!"In=O=PBu’;, meso-
- t RS-
H ol ) \y 10 %
Bu! H (1)

Enantiopure R-HL was also used in the synthesis of diastereomerically pure InL,N" (i.e., RR-InL,N", 1a). The
'H and *'P{'H} NMR spectra of solutions of 1a show a single ligand environment for RR-InL,N" (see the
Supporting Information, Figure SI 1). NMR spectra of solutions of 1 show the same resonances assigned as
the homochiral isomers RR-InL,N" and SS-InL,N", this component of the mixture comprising approximately
90% of the product. The remaining 10% of the total yield is the meso diastereoisomer RS-InL,N", although

the resonances are difficult to integrate since they overlap with those of the bulk homochiral product.

Heating a mixture of InL,N" and 1 equiv of 2,6-di-fert-butylphenol at 80 °C for 16 h afforded the complex
rac-InLy(OAr) 2 (Ar = C¢H3-Bu'-2,6) (eq 2) after workup.
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N(SiMe3)z

Buf,P==0! -|n-==O=PBuf,
rac- H 4% H OAr

0 0 I
- . CgDg, 80°C ButzF’:Oh.m«‘O:PButz
t B L
Bu Bu -HN(SiMe;), ac- kaOl ) \!:I)
OH 7

+ Buf Bul Buf Bu!

(2)

The 'H and *'P{'"H} NMR spectra of 2 in benzene-ds at room temperature display a single set of resonances
for the fert-butyl groups, indicating that both ligands are equivalent. The NMR spectra of 2a, the complex RR-
InL,(OAr) made from R-HL, are shown in the Supporting Information (Figure SI 2). As above, comparison of
the sets of spectra for 2 and 2a show that approximately 90% of compound 2 is homochiral (a mixture of RR-

and SS-InL,(OAr)).

A reaction between InN"; and 3 equiv of HL at 80 °C for seven days afforded the complex rac-InL; 3 after

workup (eq 3).

In{N(SiMe3)2}
+3
CeDs, 80°C

Bu'
- ; —-
rac-Bu z'ﬂ/\r -3 HN(SiMes)-
0 H'D

~ ; Bu'
YoH \H BB
"
' t Bu';P. t
racinLy =| BuzPy } ?‘Q;FEU 2 VP, _?I\\D‘SPBU ; ?
rac- I + rac- oI + rac- But . :
0% = YO={1y , ,f—j G‘O-ZIH H O':_.l"'.‘ '‘O=PBu';
BU'?<_;9 But BubuRy = But .0 0
; PBU k‘ H PBu’; ‘W
— Bu! Bu® |
fac- mer- 5-coordinate- (3)

The NMR spectra of solutions of analytically pure 3 in benzene-ds at room temperature display multiple
resonances in the fert-butyl region of the "H NMR spectrum and in the *'P NMR spectrum, indicating that a
mixture of compounds with different arrangements of the three ligands around the metal is present. It is

assumed that some of these will be the five-coordinate form of InL; in which one phosphine oxide group
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remains uncoordinated. A variety of NMR spectroscopic experiments (1D and 2D, 'H and *'P) are included in

the Supporting Information, sections 1 and 2, Figures SI 3—12.

A variable-temperature 'H and *'P NMR spectroscopic study of 3 in toluene-ds was undertaken. A stackplot
showing the variation with temperature of the *'P{'H} NMR spectra of rac-InL; (3) are shown in the
Supporting Information (Figure SI4). At low temperatures (238 K), the *'P {'"H} NMR spectrum shows four
sharp resonances in the region 65—70 ppm (with an integration ratio of 3:3:2:3). At 298 K, they have collapsed
to three resonances with an integration ratio of 6:2:3, which remains essentially unchanged up to 338 K. This
confirms the presence of different geometric isomers. The lower-frequency resonance (65.5 ppm) is
tentatively assigned as the pendant PO group of a monodentate ligand. So far, we were unsuccessful in
obtaining '"’In NMR spectra of solutions of 3, possibly due to its fluxional behavior and high quadrupole

moment of indium (/ = 9/2).

The FTIR spectra in the solid state and solution are more informative than the NMR spectra of3, since it is
possible to see both a coordinated P=0 (1106 cm™ ") and uncoordinated P=0 (1065 cm ") in the solid-state
spectrum (nujol mull) or alternatively a coordinated P=0 (1107 cm™") and uncoordinated P=0 (1077 cm ') in

solution (noncoordinating toluene solution).

Thus, although the bulk composition and purity of 3 has been confirmed, the number of species and
identification of the range of structures of the compounds present in the bulk has not been possible. Different
batches of single crystals have been structurally analyzed to provide further insight (vide infra). However,
considering that one ligand is lost upon initiation of lactide polymerization, it seemed reasonable to study the

utility of 3 as a polymerization initiator in spite of our incomplete understanding of its solution structure.

3.2 Crystal Structures of Complexes 1-3
3.2.1 Crystals Structures of Complexes 1 and 2

Colorless crystals of complexes 1 and 2 suitable for a single-crystal X-ray diffraction study were grown from
a hexanes solution and a DME solution, respectively. The molecular structures are depicted in Figure 1. The
configuration of the molecules shown is In(R-L),N" for 1 and In(S-L),(OAr) for 2. The homochirality is
crystallographically imposed by 2-fold rotational symmetry for 1. In both crystals, the other enantiomer is also

present in the same crystal.

The metal center in each complex shows a distorted trigonal bipyramidal geometry, with the sterically
demanding (Bu'),PO groups opposite each other in axial sites. The apical group (amido in 1 and aryloxo in 2)

occupies one equatorial site, the other two being occupied by the alkoxide groups of the ligand. The O—In—O
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angle formed by the two phosphine oxide ligating groups is close to linear in both (O1-In—O1'= 170.38° for
1, 03-In—O1 = 173.29° for 2).

The apical group and the two alkoxide oxygens form a trigonal plane in each complex, with angles close to
120° (02-In—02' = 111.40, O2—In—N1 = 124.30° for 1, O2—In—04 = 107.75°, O4—In—05 = 132.14°,
05-In—02 = 119.67° for 2). The aryloxide ligand is bent by a very large angle (C29—05—In1: 129.3(2)°).
Space filling plots that show how the large amido and aryloxo ligands in the two crystals help the ligand self-

recognition of the two L ligands are contained in theSupporting Information (Figure SI 13).

(®)

Figure 1. Displacement ellipsoid drawing of 1 (a) and 2 (b) 50% probability ellipsoids. All hydrogen atoms
except the chiral CH group are omitted. Selected distances (A) and angles (deg) for 1: In1-02, 2.0604(13);
In1-01, 2.2337(13); In1-N1, 2.101(2); O1-In1-01", 170.38(7); O2—In1-02’, 111.40(8); O1-In1—NI1,
94.81(4); 02—In1-N1, 124.30(4); 02—-In—01, 86.50(5). Selected distances (A) and angles (deg) for 2:
In1-01, 2.193(2); In1-02, 2.037(2); In1-05, 2.072(2); O3—-In1-01, 173.29(10); O2—In1-04, 107.75(13);
04-In1-05, 132.14(12); O5-In1-02, 119.67(12); C29-05-In1, 129.3(2).

3.2.2 Crystal Structure of rac-InL;, 3

Three different batches of crystals of 3 suitable for a single-crystal X-ray diffraction study were isolated from
concentrated DME solution or a mixture of hexane and DME solution, two afforded mer-RRR-InL; and one

afforded fac-RRR-InL;. Figure 2 contains drawings of the two different molecular structures.
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(a) & /@ )
5

Figure 2. Displacement ellipsoid drawings of rac-InL;, 3, in the homochiral form fac-RRR-InL; (a) and mer-
RRR-InL; 3’ (b), 50% probability ellipsoids. The tert-butyl groups and all hydrogen atoms except those at the
chiral carbon atoms are omitted. Selected distances (A) and angles (deg) for 3: In1-05, 2.268(9); In1-03,
2.274(9); In1-01, 2.265(9); 03—In1—-01, 89.9(3); O6—In1-02, 99.1(3); O2—-In1-04, 101.1(4); O4—In1-05,
169.1(4); 05-In1-06, 85.7(3). Selected distances (A) and angles (deg) for 3': In1-05, 2.3333(16); In1-03,
2.2707(17); In1-01, 2.2768(16); O3—In1-01, 166.24(6); 06—In1—02, 95.68(7); O2—In1-04, 102.65(7);
04-In1-05, 83.20(6); O5-In1-06, 80.24(6).

The C;-symmetric, octahedrally coordinated RRR-InL;/SSS-InL; was observed for complex 3(Figure 3a). This
is the same structure as was found by spectroscopic and X-ray diffraction analyses for the lanthanide analogs
with a fac ligand arrangement. However, in 3', one of the ligands points in the opposite direction, b in Figure

3, forming a homochiral octahedral complex with a mer ligand conformation.*®

OP oP
0
\\\\O\ \\\\\ Fw
—M OP In o)
PO/ | PO/

\_° Ne

(a) fac RRR-ML; (b) mer RRR-InL3
M=InY

Figure 3. Drawing of molecular structures identified by crystallography for (a)rac-ML; with the ligands in the
C;-symmetric conformation and fac configuration, M = In, Y, and (b) rac-InL; with a mer ligand and mer

configuration.
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Interestingly, the only significant difference in the coordinated ligand geometries is that In—OP in the mer

ligand is longer than the two other In—OP bond lengths (compare In—O5 = 2.3333 A with In-O1 =2.2768 A

and In1-0O3 =2.2707 A). This is shown in Table 2, and highlighted visually in a space-filling plot, in

comparison with YL; (see Supporting Information, Figure SI 14).

Table 2. Metal Oxygen Distances in rac-InL;, 3, and the mer Ligand Structure 3’

distances (A), angles | “fac ligand” | “fac ligand” | “mer ligand’ | “fac ligand” | “fac ligand” | “fac ligand”
(deg) 3 3 3 3 3 3

In-OP 2.2768(16) 2.2707(17) 2.3333(16) 2.268(9) 2.27409) 2.265(9)
In-OR 2.0864(16) 2.0656(16) 2.0611(16) 2.077(9) 2.073(9) 2.074(9)
O-P 1.5106(17) 1.5120(18) 1.5084(17) 1.487(10) 1.512(10) 1.499(10)
O-R 1.385(3) 1.393(3) 1.399(3) 1.366(17) 1.400(17) 1.411(16)
P-C 1.816(3) 1.816(3) 1.805(3) 1.802(14) 1.820(15) 1.819(15)
c-C 1.556(3) 1.552(3) 1.551(3) 1.572(18) 1.46(2) 1.51(2)
P-C1-C2-0O —61.9(2) -57903) —65.6(3) 68.3(13) 65.0(15) 67.9(13)

From the above data on 3, we conclude that, even in the compound made from enantiopure ligands, there are

at least three isomers present in the solid state and in solution: fac, mer, and a five-coordinate InL; isomer

with a free PO (presumably five-coordinate and not dimeric).

3.3 Polymerization of L- and rac-Lactide Using Complexes 1, 2, and 3

3.3.1 L- and rac-Lactide Polymerization Using rac-InL,N"’, 1

First, rac-InL,N"" ( 1) was tested as an initiator for the polymerization of rac-lactide (eq 4). A solution of 1

was added to a solution of rac-lactide; the polymerization conditions and results are collated in Table 3.

jioio\
o} 0" R
+

”iof O
0o

S."”l
0 _J

rac-lactide

1,2,0r3
CHzclz or THF

n

isotactic chains of PLA

“
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Table 3. Polymerization of rac-Lactide by rac-InL,N", 1

entry | cat/monomer/solvent T(°C) | time | conv.*(%) M,,,epr’c(g/mol) Mn,thd(g/mol) MM | P,
ratio (mol %) (h)

1 1:554:11000° 25 16 95 64000 76727 1.63

2 1:1108:11000° 25 1 7 5000 11 509 1.08

3 1:1108:11000° 25 2 14 19000 23498 1.18 atactic

4 1:1108:11000° 25 4 20 28000 32929 1.12 0.39

5 1:1108:11000° 25 6 25 34500 41081 1.10 0.37

6 1:1108:11000° 25 8 26 39500 42679 1.11 0.37

7 1:1108:11000° 25 24 56 38000 90314 1.26 atactic

8 1:1108:94008 25 16 >99 120500 159049 1.56 0.35

9 1:1108:94000% 25 16 25 37000 41081 1.96 atactic

10 1:1108:94000% 25 24 28 81000 45077 1.48 atactic

11 1:1108:94000% 25 48 52 46500 83601 1.87

a Conversion of LA monomer {([LA]o — [LA])/[LA]o}. b Measured by GPC, values based on polystyrene
standards, weight corrected by multiplication by 0.58 [Mark—Houwink equation]. ¢ The probability of
forming a new isotactic dyad (assuming negligible transesterification), determined by 'H NMR spectroscopy.
d Molecular weight theoretical calculated using My, = conv. x [mono]y/[cat]o XMmeno- € Polydispersity index

(M/M,), PDL, measured by GPC. f Solvent = tetrahydrofuran. g Solvent = CH,Cl,.

At room temperature, with a monomer/catalyst/solvent ratio of 1108:1:11000, entry 6, the polymerization is
slow; a conversion of 26% is attained after 8 h, the molecular weight is high (39 500 g/mol), and the PDI good
(1.11). Entries 2—6 show the linear relationship between M,and increasing monomer conversion (plotted in
Supporting Information Figure SI 15) and the good correlation of the theoretical molecular weight, calculated
assuming that the polymer chain growth occurs from a single ligand site at the metal at low conversion. The
PDI remains low until 56% conversion, entry 7, by which point it has increased to 1.26. It is also important to
notice that M,, is lower in entry 7 than in entry 6 due to the onset of competing transesterification reactions.
The use of dichloromethane rather than THF as the solvent for the polymerization reaction increases the rate;
full conversion is attained after 16 h withM,, .y,, of 120 500 g/mol, and a PDI of 1.56, entry 8. Compared with
the indium initiator reported by Mehrkhodavandi et al.,*® the polylactide polymers made here have similar PDI
values (around 1.1—1.5) and polymer molecular weights (from 20 000 to 40 000 g/mol). Mass spectral analysis
of the polymer indicates that each chain is terminated by a —N(SiMes), group in this case (see the Supporting
Information, section 4.1). For comparison, InN"; showed no initiation of rac-lactide in CH,Cl, (83:1:70 000

monomer/initiator/solvent) at room temperature after 16 h (Supporting Information, section 4.5).

The influence of the stereochemical purity of the catalyst was also investigated in the polymerization of L-
lactide by rac-InL,N" (1) and RR-InL,N" (1a). Complex 1 polymerizes L-lactide (SS-lactide) more slowly
than 1a, demonstrating that the RR- form favors the insertion of the L-lactide and thus shows faster and better
controlled polymerization of L-lactide. As shown in Table 4, entries 12 and 13, the PDI of polymer made by 1
of 2.81 is compared to 1a with 1.13. It appears that the SS-InL2N"" also present is still reactive, but not to

generate the polymer at an appreciable rate. It may be that it catalyzes transesterification more readily in the
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absence of a fast polymerization, decreasing the quality (molecular weight and PDI) of the polymer already

formed. >

Table 4. Comparison of Polymerization of L-Lactide Using rac-InL,N", 1, and RR-InL,N", 1a

entry | cat/monomer/ | initiator | 7(°C) time (h) | conv.*( Mn,epr’c( Mo | MM, | P,f
solvent ratio %) g/mol) mol)
(mol %)
12 1:554:9400" rac- 25 16 91 26500 73290 2.81 0.37
InL,N"
13 1:554:9400" RR- 25 16 >99 63500 90011 1.13 0.99
InL,N"

a Conversion of LA monomer {([LA]o — [LA])/[LA]o}. b Measured by GPC, values based on polystyrene

standards, weight corrected by multiplication by 0.58 [Mark—Houwink equation]. ¢ The probability of

forming a new isotactic dyad (assuming negligible transesterification), determined by '"H NMR spectroscopy.

d Molecular weight theoretical calculated using My, = conv. x [mono]o/[cat]y XM eno- € Polydispersity index

(M/M,), PDI, measured by GPC. f Solvent = CH,Cl,;.

3.3.2 Polymerization rac-Lactide Initiated by rac-InL,(OAr) 2 and rac-InL; 3

The data from a series of polymerizations of rac-lactide by 2 and 3 in dichloromethane solution are collated in

Table 5.

Table 5. Polymerization Data of rac-Lactide Using rac-InL,(OAr), 2, and rac-InL;, 3

entry | cat. | cat/monomer/solvent | T(°C) | time | conv.’(%) Mn,eprc(g/mol) Mn,thd(g/mol) MM, | P,
ratio (mol %) (h)

14 3 1:624:6200" 25 16 95 44500 86508 2.08 -

15 3 1:624:1100008 25 2.5 56 51000 50913 1.66 0.63

16 3 1:624:1100008 25 16 83 120500 75893 1.25 0.52

17 3 1:1248:1100008 25 0.17 | 2

18 3 1:1248:1100008 25 0.5 9 26500 16594 1.46 0.30

19 3 1:1248:1100008 25 1 21 39500 39501 1.23 atactic

20 3 1:1248:1100008 25 4 42 139000 76115 1.28 0.44

21 3 1:1248:1100008 25 8 45 147000 81706 1.30 0.47

22 3 1:1248:1100008 25 16 99 236000 174467 1.28 0.54

23 3 1:2496:1100008 25 16 78 243 000 280474 1.43

24 3 1:2496:1100008 25 40 91 282500 332420 1.43 0.36

25° 2 1:1170:1000008 25 16 42 105000 71169 1.66 0.38

a Conversion of LA monomer {([LA]o — [LA])/[LA]o}. b Measured by GPC, values based on polystyrene

standards, weight corrected by multiplication by 0.58 [Mark—Houwink equation]. ¢ The probability of

forming a new isotactic dyad (assuming negligible transesterification), determined by "H NMR spectroscopy.

d Theoretical molecular weight calculated using Mg, = conv. x [mono]y/[cat]o XMoo € Polydispersity index

(M,/M,), PDI, measured by GPC. f Solvent = THF. g Solvent = CH,Cl,.
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At room temperature, with a monomer/catalyst ratio of 1248:1, full conversion is attained after 16 h to afford

a polymer with an M, ¢, 0f 236 000 g/mol, an M, 4, of 174 467 g/mol, and a PDI of 1.28 (Table 5, entry 22).

The polymerization is slightly slower with a monomer/catalyst ratio of 2496:1; a conversion of 78% is
attained after 16 h to afford a polymer with an M, ., of 243 000 g/mol, an M, e, of 280 474 g/mol, and a PDI
of 1.43 (entry 23).

The GPC chromatogram traces show shoulders on the main peaks at low conversion (Table 5, entries 17—19),

but these disappear at high conversion (Table 5, entries 20—22).

The molecular weights follow a linear relationship to monomer conversion. This dependence, and the low

polydispersities measured, indicate the controlled propagation characteristics of these polymerizations.

Figure 4 contains the GPC chromatogram traces for a selection of the polymerization reactions of rac-lactide
by rac-InL; (3). The series show how the experimental molecular weight increases with an increasing
monomer/catalyst ratio, 624:1 (M, ey, 0of 120 500 g/mol), 1248:1 (M, ex, of 236 000 g/mol), and 2496:1 (M, exp
of 282 500 g/mol; Table 5, entry 16, 22 and 24, Figure 4a), and how it depends on the nature of the initiator.

a
) — Entry 16 b)
10000 Entry 22 10000 -
Entry 24 1 —Entry9
— Entry 25
8000 8000 y
Entry 22
& >
& g
2 6000 Z  eo004
5] 3
2 2,
(=0 1]
¢ &
" 4000 - 4000
2000 2000 o S
S —— N ‘__/
=) == i _____._,'T:‘-""‘_J'
0 == T T T T T 0 L] T v T ¥ T ¥ T ¥ T v T
8 10 12 14 16 6 8 10 12 14 16
Retention Volume (mL) Retention Volume (mL)

Figure 4. For the polymerization of rac-lactide. (a) GPC chromatogram traces for monomer/catalyst ratios of
624:1, 1248:1, and 2496:1 according to Table entry. (b) GPC chromatogram traces for the polymerization of
rac-lactide using 1, 2, and 3 with monomer/catalyst ratios of 1:1108, 1:1170, and 1:1248, respectively.

The influence of the initiating group on the polymerization was investigated. Mass spectral analysis of the
polymer indicates that each chain of polymer is terminated by a —N(SiMejs),, —(OAr), or —L group for 1, 2, or
3, respectively, as was also observed for the initiators YL; and YL,N". At room temperature, with a

monomer/catalyst ratio of around 1200:1, the polymerization is faster and shows the best control with 3 (99%
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conversion, M, ., of 236 000 g/mol, PDI of 1.28) and then with 2 (42.1% conversion, M, ¢, of 105 000 g/mol,
PDI of 1.66); and finally, 1 is the poorest (25% conversion, M, ¢, of 37 000 g/mol, PDI of 1.96). These
observed data correlate well with the expected rate of insertion of the initial lactide monomer being faster into
a metal-alkoxo, followed by aryloxo, and finally an amido bond, see also the data in Figure 4b.*”* Thus, 3 is
behaving as a predominantly five-coordinate species in solution, or the sixth (PO) arm is particularly labile in

this complex, observations backed up by the NMR and FTIR spectroscopic studies above.

Determination of the stereochemical microstructure of the PLA was achieved through inspection of the
methine region of homonuclear decoupled 'H NMR spectra of the resultant polymers (Figure 5). These
polymers display a reasonable degree of isotacticity, which is desirable for the formation of higher melting
stereocomplexes from lactide polymers.”” ' Analysis of the 'H NMR spectra of the polymers shows the mmm
tetrad resonance for the CHMe proton on the polymer backbone to comprise 50 to 63% of the chemically
inequivalent methine resonances (Figure 5a, mmm tetrad of 63%, entry 15 and Figure 5b, mmm tetrad of 53%,
entry 22). This demonstrates a significant amount of isotactic polymer. The presence of insertion defects in
the polymer gives rise to a smaller set of methine resonances due to presence ofmmr:mrm:rmr:rmm
arrangements of the chiral centers. The ratio of these defect resonances is 1:2:1:1, which are caused by single
insertion defects (e.g., polymer microstructures of —RRRRRRSSRRRRRR— (and vice versa)) rather than the
formation of a stereoblock polymer (where the defects would be due to a polymer microstructure of

—RRRRRRSSSSSS— (and vice versa)).

mmm mmm

rmr mmr  rmm mrm

rmr mmr rmm mrm

5.27 5.24 5.21 5.18 .15 5.12 5.27 5.24 5.21 5.18
f1 (ppm) f1 (ppm)

Figure 5. Methine region of homonuclear decoupled "H NMR spectra of a) isotactic PLA (Table 5, entry 15)

b) isotactic PLA (Table 5, Entry 22) with assigned tetrad resonances arising from insertion errors.

4. Conclusion

We have synthesized a series of five- and six-coordinate indium complexes derived from chiral

(‘Bu),P(O)CH,CH(‘Bu)OH. Their catalytic behavior in the ROP of rac-lactide polymerization varies
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remarkably. Complex rac-InL; (3) had the highest activity and stereoselectivity among all complexes, despite
the spectroscopic data, suggesting that it is not a configurationally well-defined complex. We suggest that if
complex 3 is mostly present in solution as a homochiral, but only as five-coordinate species, then the third,
monodentate ligand L may act as an initiating alkoxide group for chain end control. This still leaves a chiral
pocket at the metal generated by the two remaining L's, which helps to control further insertions of chiral
lactide monomers. Studies of the polymerization of other biorenewable monomers by these complexes are in

progress.
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