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Constrained geometry scandium permethylindenyl complexes for 
the ring-opening polymerisation of L- and rac-lactide 
Nichabhat Diteepeng, Jean-Charles Buffet, Zoë R. Turner and Dermot O'Hare* 

The synthesis and characterisation of constrained geometry scandium permethylindenyl chloride, aryloxide and borohydride 
complexes Me2SB(tBuN,I*)Sc(Cl)(THF) (1), Me2SB(tBuN,I*)Sc(O-2,6-iPr-C6H3)(THF) (2), Me2SB(tBuN,I*)Sc(O-2,4-tBu-C6H3)(THF) (3) 
and Me2SB(tBuN,I*)Sc(BH4)(THF) (4) are reported. The activity of complexes 1–4 as initiators for the ring-opening 
polymerisation (ROP) of L- and rac-lactide is presented. The ROP of L- and rac-lactide using complexes 2 and 3 show first-
order dependence on monomer concentration, and produced isotactic polylactide (PLA) and moderate heterotactic PLA (Pr 
= 0.68–0.72), respectively. Good agreement between experimental and theoretical molecular weights of PLA (Mn) and 
relatively narrow dispersities (Mw/Mn < 1.20) were obtained. Complex 4 showed higher activity for ROP of L- and rac-lactide 
than 2 or 3, with second-order dependence on monomer concentrations. However, poorly controlled molecular weights and 
negligible heteroselectivity (Pr = 0.61–0.67) were observed. The effect of temperature and catalyst concentration for the 
ROP of L-lactide using 2 and 3 was also studied. 

Introduction 
Aliphatic polyesters derived from renewable resources have 
gained attention as alternatives for current petroleum-based 
plastics.1 Due to their mechanical and physical properties and 
their biodegradability and biocompatibility, potential 
applications of aliphatic polyesters are diverse such as single-
use packaging, medical sutures and drug-delivery.2 Ring-
opening polymerisation (ROP) of cyclic esters forms well-
controlled aliphatic polyesters in terms of molecular weight, 
composition and microstructure when using suitable initiators.3 
Group 3 metal (Sc and Y) complexes have been reported as 
initiators for the ROP of cyclic esters. In particular, yttrium 
complexes have been shown to demonstrate high activity and 
good polymerisation control.4 Scandium complexes, on the 
contrary, have been less studied.4m, 5 Okuda et al. reported the 
use of scandium amido complexes with bis(phenolato)-type 
ligand in the ROP of rac-lactide, producing highly heterotactic 
PLA (Pr = 0.78–0.95).5b A series of Group 3 (Sc, Y and La) amido 
complexes supported by a thiophene-linked bis(naphtholate) 
ligand afforded PLA with a decrease in heterotacticity with 
increasing ionic radius (metal (Pr): Sc (0.93); Y (0.84); La (0.50)).5c 
Another example of scandium amido complexes supported by 
amino-bridged bis(phenolate) ligands was reported by 
Carpentier and co-workers.5d Lower activity but better 
stereoselectivity in the ROP of rac-lactide initiated by scandium 
catalysts were observed compared to analogous yttrium 

complexes, rationalised by a more sterically crowded 
coordination sphere in scandium than yttrium. An example of 
scandium alkoxide complex supported by the phosphasalen 
ligand was reported to be inactive for the ROP of rac-lactide due 
to the monomer-insertion product which is unable to undergo 
the propagation step with other lactides.4m Scandium aryloxide 
supported by pentadentate (N2O3) salen group was reported to 
polymerise rac-lactide giving highly heterotactic PLA (Pr = 0.85) 
with narrow dispersity (Mw/Mn = 1.07).5h Ligand-free 
Sc(OCHPh2)3·(THF) was also reported as an active catalyst for 
the ROP of rac-lactide.5e However, kinetics and stereoselectivity 
of the ROP of rac-lactide using ligand free scandium complex 
were not reported. 

The presence of an ansa-bridge between two η5-
cyclopentadienyl-type ligands of metallocene complexes could 
enhance the reactivity of the metallocene system by increasing 
the reaction space at the metal centre due to decreased Cp-M-
Cp angle in comparison to non-bridged complexes, while 
retaining the stability of the complex by preventing the free 
rotation of the rings.6 An ansa-scandium hydride complex, 
which contains a dimethylsilylene unit (SiMe2) linked between 
two pentamethylcyclopentadienyl (C5Me5–, Cp*) ligands was 
used as a catalyst for the dimerisation of α-olefins and 
cyclisation of α-ω dienes.7 To promote the olefin insertion, one 
of the Cp* ligand was replaced by an amido group to render the 
metal more Lewis acidic and more electron deficient.8 Scandium 
hydride and alkyl constrained geometry complexes containing a 
linked amido-Cp* ligand reported by Bercaw et al. were active 
for the polymerisations of propylene, 1-butene and 1-pentene.8 
The indenyl ligand (C9H7–, Ind, I) has been an alternative to the 
cyclopentadienyl ligand (C5H5-, Cp).9 The more facile indenyl ring 
slippage from η5 to η3 hapticity results in higher activity of ligand 
substitution reactions compared to their analogous Cp 
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complexes.10 Permethylation of the indenyl ring (C9Me7–, Ind*, 
I*) has been shown to afford increased complex stability 
compared to Cp or Ind, attributed to more steric congestion, 
therefore leads to higher polymerisation activity.11 Group 4 
permethylindenyl constrained geometry complexes have been 
developed by our research group and used as catalysts for 
ethylene polymerisation.12 Recently, we reported group 4 
permethylindenyl ansa-bridged complexes used as initiators for 
the ROP of L-, D- and rac-lactide in the presence of benzyl 
alcohol as co-initiator.13 Highly heterotactic PLA (Pr = 0.75–0.81) 
were produced from the ROP of rac-lactide with narrow Mw/Mn 
values (1.12–1.16).  

In this work, a series of ansa-bridged scandium 
permethylindenyl complexes containing chloride, aryloxide or 
borohydride groups was prepared, and activity of those 
complexes for the ROP of L- and rac-lactide was investigated. 

Results and Discussion 
Synthesis and structural studies 

Ind*SiMe2Cl, proligand Me2SB(tBuN,I*)H2 and dilithium salt, 
Me2SB(tBuN,I*)Li2(THF)x, were synthesised according to a 
published literature.12c Ind*SiMe2Cl reacted with tBuNHLi in a 1:1 
molar ratio in THF to give Me2SB(tBuN,I*)H2 as a yellow oil product 
(Scheme 1a). Me2SB(tBuN,I*)Li2 was generated in situ from 
dropwise addition of 2.2 equivalents of n-BuLi into the solution 
of Me2SB(tBuN,I*)H2 in THF at 5 °C, affording a yellow solid of 
Me2SB(tBuN,I*)Li2(THF)0.25 in 54% yield after purification (Scheme 
1a). We note the value of x representing the amount of THF 
molecules measured in Me2SB(tBuN,I*)Li2(THF)x can be calculated 
from the 1H NMR spectrum of Me2SB(tBuN,I*)Li2(THF)x (Fig. S1). 
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Scheme 1 Synthesis of [Me2SB(tBuN,I*)][Li]2(THF)x and Me2SB(tBuN,I*)Sc(Cl)(THF) (1). 

Me2SB(tBuN,I*)Sc(Cl)(THF) (1) was prepared in 82% isolated yield 
via the salt elimination reaction of [Me2SB(tBuN,I*)][Li]2(THF)x and 
ScCl3·3THF in benzene at room temperature (Scheme 1b). The 
1H NMR spectrum of complex 1 (Fig. S2) shows resonances of 
methyl protons of Ind* in the range of 1.95–2.84 ppm and those 
of tBuN at 1.35 ppm. Two singlets at 0.75 and 0.94 ppm define 
the SiMe2 protons. The signals of methylene protons of a THF 
molecule coordinated to the metal centre were also observed. 

Scandium aryloxide complexes, 
Me2SB(tBuN,I*)Sc(O-2,6-iPr-C6H3)(THF) (2) and 
Me2SB(tBuN,I*)Sc(O-2,4-tBu-C6H3)(THF) (3) were synthesised via a 
salt elimination reaction of 1 with KO-2,6-iPr-C6H3 or 

KO-2,4-tBu-C6H3 in a 1:1 molar ratio in benzene at room 
temperature (Schemes 2a and 2b respectively). Complexes 2 
and 3 were isolated as pale-yellow and white solids in 75 and 
40% respectively. The 1H NMR spectra of 2 and 3 (Fig. S4 and S7) 
show five singlets corresponding to the indenyl methyl protons 
at 2.83–2.02 ppm and two singlets corresponding to the 
silylmethyl groups between 1.01–0.82 ppm. Multiplets 
corresponding to the methylene protons of coordinated THF of 
2 and 3 were observed at 3.35, 3.13 and 1.00 ppm. 
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Scheme 2 Synthesis of Me2SB(tBuN,I*)Sc(O-2,6-iPr-C6H3)(THF) (2) and 
Me2SB(tBuN,I*)Sc(O-2,4-tBu-C6H3)(THF) (3). 

Diffraction-quality crystals of 2 and 3 were grown via slow 
evaporation in benzene at room temperature. The molecular 
structures and selected distances and angles are shown in Fig. 1 
and 2, and Table 1. The solid-state structures of 2 and 3 show a 
distorted tetrahedral geometry at the metal centre. The Sc-
Cpcent bond length of 3 (2.1768(1) Å) is slightly longer than 2 
(2.1718(1) Å) due to the increased steric bulk of the tert-butyl 
group vs. the isopropyl group. The absence of tert-butyl group 
at the 6-C6H3 (ortho) position on the phenyl ring of 3 attributes 
to the smaller Sc-O-C bond angle (152.93(11)°) and the shorter 
Sc-O (1.9324(1) Å) and Sc-N (2.0546(1) Å) bond lengths in 
comparison to those of 2 (175.63(9)°, 1.9450(9) and 
2.0593(11) Å, respectively). To compare with the previously 
reported group 4 permethylindenyl complexes, the Sc-O-C bond 
angle and the Sc-O bond length of 2 are comparable to the Zr-
O-C bond angle and the Zr-O bond length of Z-
Me2SB(Cp,I*)ZrCl(O-2,6-Me-C6H3) (173.09(12)° and 
1.9628(12) Å).13 
 

 

Fig. 1 Solid-state structure of Me2SB(tBuN,I*)Sc(O-2,6-iPr-C6H3)(THF) (2). Ellipsoids are 

drawn at the 30% probability level. H atoms omitted for clarity. 
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Fig. 2 Solid-state structure of Me2SB(tBuN,I*)Sc(O-2,4-tBu-C6H3)(THF) (3). Ellipsoids are 

drawn at the 30% probability level. H atoms omitted for clarity. 

Me2SB(tBuN,I*)Sc(BH4)(THF) (4) was synthesised from reaction of 
1 with KBH4 in a 1:10 molar ratio in THF at room temperature 
and was afforded as pale-yellow solid in 57% yield after work-
up (Scheme 3). The 1H NMR spectrum of 4 (Fig. S10) shows five 
resonances of the indenyl protons from 1.97 to 2.72 ppm, and 
two resonances of the SiMe2 protons at 0.78 and 0.96 ppm. 
Signals corresponding to a THF molecule coordinated to the 
metal centre were observed at 3.03 and 0.86 ppm. It is worth 
noting that the signals corresponding to BH4 groups were not 
observed from the 1H NMR spectrum (Fig. S10A). However, the 
chemical shift of the BH4 moiety is observed as a broad singlet 
at δ = 0.47 ppm from the 1H{11B} NMR spectrum (Fig. S10B). The 
11B NMR spectrum (Fig. S12) showed a quintet at δ = -23.9 ppm 
(1JB-H = 83 Hz). 
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Scheme 3 Synthesis of Me2SB(tBuN,I*)Sc(BH4)(THF) (4). 

Crystals of 4 suitable for a single crystal X-ray diffraction study 
were obtained from slow evaporation in benzene at room 
temperature. The molecular structure of 4 is shown in Fig. 3 and 
the selected bond lengths and angles are shown in Table 1. 
Complex 4 is pseudo four-coordinate with Sc coordinated to 
Ind*, tBuN, THF and the BH4 group coordinated in a κ3 mode to 
the metal with a Sc-B distance of 2.3572(16) Å. The metal-boron 
bond length is in the expected range.14 Monoborohydride or 
bisborohydride scandium complexes supported by amidinate or 
bis(phosphinimino) methanide ligands reported by Roesky et al. 
show BH4 groups in κ3 coordination mode with Sc-B bond 
lengths in the range 2.310–2.367 Å.5a, 14b, 14e The IR spectrum of 
4 (Fig. S13) shows characteristic bands at 2292 and 2464 cm–1 
assigned to terminal B-Ht unit which are in agreement with the 
aforementioned bisborohydride scandium complex (2291 and 
2495 cm–1).14b The Sc-Cpcent and Sc-N bond distances of 4 
(2.1631(1) and 2.0535(11) Å) are shorter than their analogue 
aryloxide complexes (2 or 3) due to the decreased steric 
hindrance of the BH4 group. Complex 4 also shows a smaller ∆M-

C distance (0.0785 Å) than those from 2 (0.0892 Å) or 3 
(0.0898 Å). 

 

Fig. 3 Solid-state structure of Me2SB(tBuN,I*)Sc(BH4)(THF) (4). Ellipsoids are drawn at the 

30% probability level. H atoms omitted for clarity (excepted for BH4
– group). 

Table 1 Selected bond lengths (Å) and angles (°) for Me2SB(tBuN,I*)Sc(O-2,6-iPr-C6H3)(THF) 
(2), Me2SB(tBuN,I*)Sc(O-2,4-tBu-C6H3)(THF) (3) and Me2SB(tBuN,I*)Sc(BH4)(THF) (4). (E.S.D. 
are given in parentheses). 

Complex 2 3 4 
Sc-Cpcent (Å) 2.1718(1) 2.1768(1) 2.1631(1) 
Sc-OAr (Å) 1.9450(9) 1.9324(1) - 
Sc-N (Å) 2.0593(11) 2.0546(1) 2.0535(11) 
Sc-B (Å) - - 2.3572(16) 
Sc-O-C (°) 175.63(9) 152.93(11) - 
Cpcent-Sc-O (°) 119.70(1) 120.07(1) - 
Cpcent-Sc-N (°) 103.99(1) 104.06(1) 104.70(1) 
∆M-C (Å) 0.0892 0.0898 0.07845 

Polymerisation of L- and rac-lactide studies 

Complexes 1–4 were used as initiators for the ring-opening 
polymerisation (ROP) of L- and rac-lactide.  

Me2SB(tBuN,I*)Sc(Cl)(THF) (1) was initially tested as a catalyst 
for the polymerisation of L-lactide. At 70 °C with a monomer-to-
catalyst ratio of 100 in benzene, more than 85% conversion of 
L-lactide was reached after 5 h (Table S3). A higher 
polymerisation rate was observed when benzyl alcohol was 
used as co-initiator with 94% conversion after 50 minutes under 
analogous conditions (Table S4). First-order dependence on 
monomer concentration was determined with kobs = 3.85 and 
0.40 h-1 for the ROP of L-lactide using 1 with and without benzyl 
alcohol, respectively (Fig. S36 and S37). Isotactic poly(L-lactide)s 
were produced and no epimerisation was observed, 
determined by 1H{1H} NMR spectroscopy (Fig. S14 and S15). 
Data for polymerisation of L- and rac-lactide using 
Me2SB(tBuN,I*)Sc(O-2,6-iPr-C6H3)(THF) (2) and 
Me2SB(tBuN,I*)Sc(O-2,4-tBu-C6H3)(THF) (3) are summarised in 
Table 2. Experiments were carried out in benzene with initial 
concentration of lactide monomer [LA]0 of 0.5 M and [LA]0:[Sc]0 
ratio of 1000. 

Complex 3 shows higher activity than 2 in the ROP of 
L-lactide at 70 °C. More than 90% monomer conversion was 
reached after 45 minutes using 3 and 4 h using 2. Kinetics 
studies show a first-order dependency on L-lactide 
concentration, evidenced by linear plots of ln([L-LA]0/[L-LA]t) vs. 
time of polymerisation (Fig. S38 and S48) with kobs = 0.66 and 
8.67 h–1 for the polymerisation using 2 or 3, respectively. 



ARTICLE Dalton Transactions 

4 | Dalton Trans., 2019, 00, 1-9 This journal is © The Royal Society of Chemistry 2019 

Please do not adjust margins 

Please do not adjust margins 

Table 2 Selected polymerisation data using complexes 2 and 3.a  

Cat. 
T 

(°C) 
LA 

t 
(h) 

Conv. 
(%) 

Mn 

(GPC)b 
Mn 

(calcd)c 
Mw/Mn 

2 70 L- 4 90 111160 129868 1.12 
2 70 rac- 1 86 82380 124104 1.10 
3 70 L- 0.75 95 84560 137101 1.19 
3 50 L- 1 88 126400 127014 1.10 
3 50 rac- 1.5 94 129940 135660 1.10 

aConditions: [LA]0:[Sc]0 = 1000, [LA]0 = 0.5 M, 7.0 mL benzene. bDetermined by GPC 
in chloroform at 30 °C against PS standards (Mn values are corrected by factor of 
0.58).15 cCalculated Mn for PLA synthesised by using 2 = conv.(%) x 1000 x 144.1 + 
178.1 and calculated Mn for PLA synthesised by using 3 = conv.(%) x 1000 x 144.1 
+ 206.2. 

Table 3 Selected polymerisation data using various concentrations of complex 2.a  

[L-LA]0:[2]0 
t 

(h) 
Conv. 
(%)b 

kobs 

(h-1) 
Mn 

(GPC)c 
Mn 

(calcd)d 
Mw/Mn 

1000 4 90 0.66 ± 0.01 111160 129868 1.12 
800 3 90 0.82 ± 0.03 87810 103930 1.12 
600 3 93 1.07 ± 0.04 68220 80586 1.14 
400 2.75 94 1.47 ± 0.05 56470 54359 1.17 

aConditions: [L-LA]0 = 0.5 M, 7.0 mL benzene at 70 °C. bMeasured by 1H NMR 
spectroscopic analyses. cDetermined by GPC in chloroform at 30 °C against PS 
standards (Mn values are corrected by factor of 0.58).15 dCalculated Mn for PLA 
synthesised by using 2 = conv.(%) x 1000 x 144.1 + 178.1. 

Good agreement between the experimental and calculated 
number averaged molecular weights (Mn) with narrow Mw/Mn 
value (1.12) of PLA obtained from using 2 suggested that all 
metal centres of 2 were active during polymerisation. Whereas 
the considerably lower than expected Mn and broader Mw/Mn 
value (1.19) for 3 were observed attributed to the presence of 
intramolecular transesterification reaction leading to chain-
shortening effect.16 The polymerisation of L-lactide with 3 was 
also carried out at 50 °C, and aliquots were collected every 
7.5 minutes for 1 h. After the induction period of 30 minutes, 
first-order dependence on [L-LA] was determined with kobs = 
3.91 h–1 (Fig. S51). Better control over molecular weight of PLA 
was observed for the ROP conducted at 50 °C compared to 70 °C 
as the experimental Mn is consistent with the expected value, 
and the Mw/Mn value (1.10) becomes narrower. Isotactic pure 
poly(L-lactide) was formed, without epimerisation, during ROP 
of L-lactide with 3, confirmed by a single resonance in the 
methine region of the homonuclear decoupled 1H{1H} NMR 
spectrum (Fig. S26). 

The ROP of rac-lactide using 3 at 50 °C also shows a first 
order dependence on rac-lactide concentration with a similar 
rate to L-lactide (kobs = 3.70 and 3.91 h–1 for rac- and L-lactide, 
respectively). An induction period of 45 minutes was observed 
(Fig. S52). The polymer tacticity studied by {1H}1H NMR 
spectroscopy showed that 3 produced PLAs with moderate 
heteroselectivity (Pr = 0.70–0.72) (Fig. S27). For 2, the 
polymerisation rate of rac-lactide is twice as fast as those for 
L-lactide (Fig. 4) suggesting the preference of racemic linkage 
(kobs = 2.46 and 0.66 h–1 for rac- and L-lactide, respectively). 
Moderate heterotactic PLAs with Pr = 0.68–0.71 were produced 
(Fig. S22). It remains unclear why the polymerisation behaviour 

of 2 shows significantly different rates between L- and rac-
lactide polymerisation, while the similar polymerisation rates 
were observed between L- and rac-lactide polymerisation using 
3 under analogous conditions. 

 

Fig. 4 Plots of ln([LA]0/[LA]t) vs. time of polymerisation. Red squares: ROP of L-lactide 
using 2, kobs = 0.66 ± 0.01 h–1, R2 = 0.996. Blue circles: ROP of rac-lactide using 2, kobs = 
2.46 ± 0.15 h–1, R2 = 0.992. Conditions: [LA]0:[2]0 = 1000, [LA]0 = 0.5 M, 7.0 mL benzene 
at 70 °C. 

It is worth noting an induction period of 5 – 45 minutes for 
polymerisation L-and rac-lactide using 2 and 3. Significant 
induction periods have been observed for the polymerisation of 
cyclic esters catalysed by metal complexes with alcohol as co-
initiators.17 However, such induction periods involving metal 
alkoxide or aryloxide catalysts are rare. Gibson et al. reported 
the polymerisation of rac-lactide using tin(II) alkoxide 
supported by β–diketiminate ligands with induction periods 
from 8 – 67 minutes.18 A slower insertion of the second (and 
possibly third and fourth) monomer units compared to the 
facile insertion of the first lactide monomer into the tin(II) 
alkoxide bond was reported as contributing to the induction 
period. 

Despite similar bond distances and angles of 2 and 3, higher 
L- and rac-lactide polymerisation activity of 3 than 2 could be 
explained by a less crowded coordination environment at the 
metal centre due to the less bulky aryloxide group, 
O-2,4-tBu-C6H3 of 3 vs. O-2,6-iPr-C6H3 of 2, facilitating lactide 
monomer coordination to the metal centre and polymerisation 
by the aryloxide initiating group (Fig. S63).  

To further elucidate the polymerisation behaviour of 2, ROP 
of L-lactide with 2 using different catalyst loadings was carried 
out at 70 °C in benzene in order to determine the kinetic order 
dependence on catalyst concentration and propagation rate 
constant (kp). The L-lactide concentration was held constant at 
0.5 M, while [2] was varied, providing a ratio of [L-LA]0:[2]0 = 
1000, 800, 600 and 400. All polymerisations are summarised in 
Table 3. First order dependence on L-lactide concentration plots 
are shown in Fig. 5. A small induction period of 0.5 h was 
observed in each polymerisation. The gradient of 0.80 from the 
plot of –ln(kobs) vs. –ln[2]0 is indicative of first-order dependence 
on concentration of 2 (Fig. 6). The propagation rate constant (kp) 
of 999 M–1 h–1 was calculated from the graph between kobs vs. 
[2]0 (Fig. 7). The overall rate law was determined as –d[L-LA]/dt 
= kp[L-LA][2]. Fair agreement between molecular weights, Mn, 
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determined from GPC and those predicted for one polymer 
chain growing per metal centre and narrow Mw/Mn (<1.2) were 
observed in all cases (Tables 2 and 3). These are indicators of a 
living ROP which implies that each metal centre generates a 
single PLA chain and all PLA chains are of equal length. The 1H 
NMR spectrum of oligomers synthesised by 2 (Fig. S32) shows 
signals at 7.06, 6.90 and 3.16 ppm corresponding to the 
O-2,6-iPr-C6H3 end group, suggesting a coordination-insertion 
mechanism. The 1H{1H} NMR spectra of PLAs (Fig. S16–S19) 
show an absence of epimerisation during the ROP of L-lactide 
by 2. 
Complexes 2 and 3 display a faster rate for the ROP of lactide in 
comparison with those reported for scandium catalysts under 
similar conditions. Carpentier and co-workers reported a 
scandium alkyl complex supported by a phenoxy-
amidopyridinate ligand with iPrOH as co-initiator in toluene at 
60 °C which took 15 minutes to reach 87% conversion with 
[rac-LA]0:[Sc]0:[iPrOH]0 = 100:1:1.5f Only 4% conversion was 
achieved after 90 minutes when [rac-LA]0:[Sc]0:[iPrOH]0 = 
500:1:1. Carpentier and co-workers also reported the use of a 
scandium amide complex with iPrOH as co-initiator for the ROP 
of rac-lactide in toluene at 60 °C;5d with [rac-LA]0:[Sc]0:[iPrOH]0 
= 500:1:1, 74% of monomer was polymerised after 2 h. 
However, the PLA obtained possessed a narrow Mw/Mn (1.06) 
and displayed better stereocontrol with Pr = 0.82–0.75 
(compared to Pr = 0.72–0.71 from 2 or 3).The effect of 
temperature on L-lactide polymerisation activity using 2 and 3 
was studied. The polymerisation temperature was varied 
between 50–80 °C. The enthalpy of activation (∆H‡) and entropy 
of activation (∆S‡) were calculated from an Eyring plot of 
ln(kobs/T) vs. 1/T, providing ∆H‡ = 56 kJ mol–1 and ∆S‡ = –
86 J mol–1 K–1 for 2 and ∆H‡ = 33 kJ mol–1 and ∆S‡ = –133 J mol–
1 K–1 for 3 (Fig. 8). These values are in agreement with reported 
values indicating a high order in transition state in a 
coordination-insertion mechanism.19 

Me2SB(tBuN,I*)Sc(BH4)(THF) (4) is also an efficient catalyst for 
the polymerisation of L- and rac-lactide. At 60 °C with [LA]0:[4]0 
= 500–1000 in benzene, monomer conversions of 72–91% were 
attained after 15 minutes (Table 4). 

 

 

Fig. 5 Plots of ln([L-LA]o/[L-LA]t) vs. time of polymerisation. ROP of L-lactide using 2. 
[L-LA]0/[Sc]0 = 400, red square: kobs = 0.66 ± 0.01 h–1, R2 = 0.996. [L-LA]0/[Sc]0 = 600, blue 
circle: kobs = 0.82 ± 0.03 h–1, R2 = 0.985. [L-LA]0/[Sc]0 = 800, yellow triangle: kobs = 

1.07 ± 0.04 h–1, R2 = 0.988. [L-LA]0/[Sc]0 = 1000, green down triangle: kobs = 1.43 ± 0.03 h–

–1, R2 = 0.997. Conditions: [L-LA]0 = 0.5 M, 7.0 mL benzene at 70 °C. 

 

Fig. 6 Plot of ln(kobs) vs. ln[2]0. ROP of L-lactide using 2. Slope = 0.80 ± 0.03 with R2 = 0.997. 
Conditions: [L-LA]0 = 0.5 M, 7.0 mL benzene at 70 °C. ln(kobs) with standard error are 
calculated from two ln(kobs) values over duplicate experiments. 

 

 

Fig. 7 Plot of kobs vs. [2]0. ROP of L-lactide using 2. Slope = 999 ± 60 with R2 = 0.993. 
Conditions: [L-LA]0 = 0.5 M, 7.0 mL benzene at 70 °C. kobs with standard error are 
calculated from two kobs values over duplicate experiments. 

 

 

Fig. 8 Eyring plot of –ln(kobs/T) vs. 1/T. Red square: ∆H‡ = 56 ± 5 kJ mol–1, ∆S‡ = –
86 ± 13 J mol–1 K–1 for ROP of L-lactide with 2. Blue circle: ∆H‡ = 33 ± 1 kJ mol–1, ∆S‡ = –
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133 ± 2 J mol–1 K–1 for ROP of L-lactide with 3. ln(kobs/T) with standard error are 
calculated from two ln(kobs/T) values over duplicate experiments. 

Table 4 Selected polymerisation data using complex 4.a 

[LA]0:[4]0 
T 

(°C) 
LA 

t 
(h) 

Conv. 
(%) 

Mn 

(GPC)b 
Mn 

(calcd)c 
Mw/Mn 

500 60 L- 0.25 86 43620 61967 1.22 
500 60 rac- 0.25 91 31260 65570 1.27 

1000 60 L- 0.25 72 65360 103756 1.22 
1000 50 L- 0.67 81 65930 116725 1.25 
1000 50 rac- 0.67 91 60730 131135 1.26 

aConditions: [LA]0 = 0.5 M, 7.0 mL benzene. bDetermined by GPC in chloroform at 
30 °C against PS standards (Mn values are corrected by factor of 0.58).15 cCalculated 
Mn for PLA synthesised by using 4 = conv.(%) x 1000 x 144.1 + 4. 

 

Fig. 9 Plots of 1/[LA]t vs. time of polymerisation. Red square: ROP of L-lactide using 4, kobs 
= 13.88 ± 0.30 M–1 h–1, R2 = 0.996. Blue circle: ROP of rac-lactide using 4, kobs = 
40.70 ± 1.48 M–1 h–1, R2 = 0.991. Conditions: [LA]0:[4]0 = 1000, [LA]0 = 0.5 M, 7.0 mL 
benzene at 50 °C. 

Polymerisations at 50 °C with [LA]0:[4]0 = 1000 were conducted 
in order to gain insight into the kinetic behaviour. 
Polymerisation of L- or rac-lactide with 4 shows no induction 
period and second-order dependence on lactide concentration 
as determined by linear plots of 1/[LA]t vs. time of 
polymerisation; this contrasts the first-order dependence 
observed when using complexes 2 or 3 (Fig. 9). A second-order 
dependence on monomer concentration is unusual but not 
unprecedented. A proposed mechanism involves two lactide 
monomers per active site of the catalyst (Fig. S64).20 Examples 
have been disclosed for the ROP of lactide promoted by group 
2 and zinc,21 lanthanum,20 yttrium22 or neodymium23 catalysts. 
The second-order rate constant of polymerisation of rac-lactide 
(41 M–1 h–1) is three times higher than that of L-lactide (14 M–

1 h–1). It is worth noting that the polymerisation mixtures 
formed a gel towards the end of polymerisation, causing 
incomplete monomer conversion especially from L-lactide to 
PLA. Similar behaviour was reported for the ROP of ε-
caprolactone using borohydride catalysts.24 

Higher polymerisation activity using 4 was found compared 
to the aryloxide analogues (2 or 3). However, there was poorer 
agreement between the experimental Mn and those calculated 
for one polymer chain per metal centre (Mn(GPC) approximately 
half of Mn(calcd)) and broader Mw/Mn values (1.22–1.27) were 

observed (Table 4). In addition, PLAs produced from 
polymerisations at 50 or 60 °C show slight heterotacticity with 
Pr = 0.61–0.67 determined by 1H{1H} NMR spectroscopy (Fig. 
S29 and S30), lower than PLAs synthesised using 2 or 3 (0.68–
0.72). These data show the effect of intermolecular 
transesterification occurred extensively during or after 
propagation, which is commonly observed for polymerisations 
with borohydride complexes.5a, 14e, 24c, 25 
ROP of rac-lactide using 4 showed higher activity and better 
stereocontrol than a scandium monoborohydride catalyst 
supported by amidinate ligand reported by Roesky and co-
workers.5a In this case, polymerisation of rac-lactide show 
60-70% monomer conversion after 1 h with [rac-LA]0:[Sc]0 = 
200–300 in toluene at 60 °C. Expected Mn values are half of 
those predicted (similar to 4) and Mw/Mn values are in the range 
of 1.42-1.43. Slightly heterotactic PLAs were formed with Pr ca. 
0.62 which is lower than those from 4. 

MALDI-ToF mass spectra of low molecular weight PLA 
produced by 4 (Fig. S34 and 35) show peak envelopes 
corresponding to α,ω-dihydroxy telechelic PLA, which implies 
PLA terminated with -OH and -CHMeCH2OH end groups. It has 
been reported in the literature that BH4– could act as the 
reducing agent and initiating group in the ROP of LA or 
ε-caprolactone, giving polymer with a -CH2OH end group by the 
reduction at the carbonyl carbon of monomer by two hydrides 
from BH4– ligand prior initiation.24a, 24b, 25-26 The separation 
between peak envelopes by ∆m/z = 72.0 Da confirmed 
intermolecular transesterification. The mechanism of ring-
opening polymerisation of lactide catalysed by 4 (Fig. S64) is 
proposed based on previous studies.25, 27 

Conclusions 
Four new scandium permethylindenyl constrained geometry 
complexes were synthesised, characterised and used as 
initiators for the polymerisation of lactide monomers. 

More than 85% of L- or rac-lactide was converted, using 2 
and 3, to isotactic PLA or moderately heterotactic PLA (Pr = 
0.68–0.72). All polymers display narrow Mw/Mn values (1.10–
1.19) with good agreement between experimental and 
theoretical molecular weights. Kinetic studies for the ROP of L- 
and rac-lactide using 2 or 3 demonstrate first-order 
dependence in monomer concentrations.  

Complex 4, on the other hand, showed second-order 
dependence on monomer concentrations. The ROP of L- or 
rac-lactide by 4 is more active than those using 2 or 3 under 
analogous conditions. However, poor control of molecular 
weight (Mn) and broad polydispersities (Mw/Mn) values (1.22–
1.27) were obtained due to intermolecular transesterification.  

Experimental section 
Synthesis of Me2SB(tBuN,I*)Sc(Cl)(THF) (1) 

To the solid mixture of ScCl3·3THF (4.62 g, 12.6 mmol) and 
Me2SB(tBuN,I*)Li2(THF)0.35 (4.38 g, 12.0 mmol) was added 
benzene (30 mL). The reaction mixture was stirred at room 
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temperature for 18 h and then the volatiles were removed in 
vacuo. Extraction into benzene followed by evaporation of the 
reaction mixture to dryness gave an orange solid. The solid was 
then washed with pentane (3 x 30 mL) to afford 
Me2SB(tBuN,I*)Sc(Cl)(THF) (1) as a pale yellow solid (4.70 g, 82%). 
1H NMR (C6D6, 400.2 MHz, 298 K): 3.09 (4H, overlapping m, 
OCH2CH2), 2.84 (3H, s, Ind*Me), 2.59 (3H, s, Ind*Me), 2.57 (3H, 
s, Ind*Me), 2.50 (3H, s, Ind*Me), 1.96 (6H, s, Ind*Me), 1.35 (9H, 
s, NCMe3), 0.94 (3H, s, SiMe), 0.84 (4H, overlapping m, 
OCH2CH2) and 0.75 (3H, s, SiMe). 13C{1H} NMR (C6D6, 100.6 MHz, 
298 K): 141.57 (Ind*), 136.40 (Ind*), 129.58 (Ind*), 129.20 
(Ind*), 128.59 (Ind*), 127.19 (Ind*), 121.70 (Ind*), 95.49 (Si-
CInd*), 73.08 (OCH2CH2), 54.37 (NCMe3), 35.20 (NCMe3), 24.90 
(OCH2CH2), 22.11 (Ind*Me), 17.21 (Ind*Me), 16.93 (Ind*Me), 
16.14 (Ind*Me), 15.86 (Ind*Me), 15.62 (Ind*Me), 11.39 (SiMe) 
and 9.08 (SiMe). Anal. found (calcd. for C25H41ClNOScSi): C, 62.4 
(62.5); H, 8.5 (8.6); N, 2.8 (2.9)%. 

Synthesis of Me2SB(tBuN,I*)Sc(O-2,6-iPr-C6H3)(THF) (2) 
To the solid mixture of Me2SB(tBuN,I*)Sc(Cl)(THF) (1, 0.800 g, 
1.67 mmol) and K(O-2,6-iPr-C6H3) (0.390 g, 1.83 mmol) was 
added benzene (30 mL). The reaction mixture was stirred at 
room temperature for 18 h and then the volatiles were 
removed in vacuo. Extraction into benzene followed by 
evaporation of the reaction mixture to dryness gave an orange 
solid. The resulting solid was washed with pentane (4 x 20 mL) 
to afford Me2SB(tBuN,I*)Sc(O-2,6-iPr-C6H3)(THF) (2) as a pale 
yellow solid (0.780 g, 75%). Pale yellow crystals suitable for an 
X-ray diffraction study were obtained from slow evaporation of 
a benzene solution at room temperature. 1H NMR (C6D6, 
400.2 MHz, 298 K): 7.21 (2H, d, 3JH-H = 7.5 Hz, m-C6H3), 7.01 (1H, 
t, 3JH-H = 7.5 Hz, p-C6H3), 3.51 (2H, sept., 3JH-H = 6.8 Hz, CHMe2), 
3.35 (2H, m, OCH2CH2), 3.13 (2H, m, OCH2CH2), 2.62, 2.60, 2.53, 
2.37 (3H each, s, Ind*Me), 2.04 (6H, s, Ind*Me), 1.37 (6H, d, 3JH-H 
= 6.8 Hz, CHMe2), 1.30 (9H, s, NCMe3), 1.26 (6H, d, 3JH-H = 6.8 Hz, 
CHMe2), 1.00 (4H, overlapping m, OCH2CH2), 0.99, 0.84 (3H 
each, s, SiMe) ppm. 13C{1H} NMR (C6D6, 100.6 MHz, 298 K): 
157.66, 139.33, 136.84 (Ind*), 136.54 (C6H3), 128.73, 126.60 
(Ind*), 123.50 (m-C6H3), 118.98 (Ind*), 118.55 (p-C6H3), 94.38 
(Si-CInd*), 72.70 (OCH2CH2), 54.52 (NCMe3), 35.11 (NCMe3), 
26.04 (CHMe2), 25.27, 25.18 (CHMe2), 24.78 (OCH2CH2), 22.15, 
17.39, 17.04, 16.19, 16.10, 14.67 (Ind*Me), 11.56, 10.10 (SiMe) 
ppm. 

Synthesis of Me2SB(tBuN,I*)Sc(O-2,4-tBu-C6H3)(THF) (3) 
To the solid mixture of Me2SB(tBuN,I*)Sc(Cl)(THF) (1, 0.920 g, 
1.92 mmol) and K(O-2,4-tBu-C6H3) (0.540 g, 2.11 mmol) was 
added benzene (30 mL). The reaction mixture was stirred at 
room temperature for 18 h and then the volatiles were 
removed in vacuo. Extraction into benzene followed by 
evaporation of the reaction mixture to dryness gave an orange 
solid. The resulting solid was washed with pentane to afford 
Me2SB(tBuN,I*)Sc(O-2,4-tBu-C6H3)(THF) (3) as a white solid 
(0.500 g, 40%). Pale yellow crystals suitable for an X-ray 
diffraction study were obtained from slow evaporation of a 

benzene solution at room temperature. Assignment for 
aromatic protons of 3 is shown on Fig. S7. 1H NMR (C6D6, 
400.2 MHz, 298 K): 7.54 (1H, d, 4JH-H = 2.6 Hz, 3-C6H3), 7.34 (1H, 
dd, 3JH-H = 8.5 Hz, 4JH-H = 2.6 Hz, 5-C6H3), 6.96 (1H, d, 3JH-H = 
8.3 Hz, 6-C6H3), 3.35, 3.11 (2H each, m, OCH2CH2), 2.83, 2.58, 
2.53, 2.43 (3H each, s, Ind*Me), 2.02 (6H, s, Ind*Me), 1.57 (9H, 
s, 2-CMe3-C6H3), 1.39 (9H, s, 4-CMe3-C6H3), 1.30 (9H, s, NCMe3), 
1.05 (3H, s, SiMe), 0.94 (4H, m, OCH2CH2) and 0.82 (3H, s, SiMe) 
ppm. 13C{1H} NMR (C6D6, 100.6 MHz, 298 K): 160.13 (1-C6H3), 
140.26 (Ind*), 139.64 (4-C6H3), 136.66 (Ind*), 135.16 (2-C6H3), 
128.55, 128.45, 127.50, 126.60 (Ind*), 123.88 (5-C6H3), 123.32 
(3-C6H3), 123.17 (6-C6H3), 118.95 (Ind*), 94.35 (Si-CInd*), 72.73 
(OCH2CH2), 54.61 (NCMe3), 35.51 (NCMe3), 35.39 
(2-CMe3-C6H3), 34.42 (4-CMe3-C6H3), 32.15 (4-CMe3-C6H3), 
30.29 (2-CMe3-C6H3), 24.75 (OCH2CH2), 22.31, 17.19, 17.02, 
16.63, 16.21, 14.80 (Ind*Me), 11.62, 9.58 (SiMe) ppm. Anal. 
found (calcd. for C39H62NO2ScSi): C, 71.8 (72.1); H, 9.5 (9.6); N, 
2.25 (2.2)%. 

Synthesis of Me2SB(tBuN,I*)Sc(BH4)(THF) (4) 
To the solid mixture of Me2SB(tBuN,I*)Sc(Cl)(THF) (1, 0.800 g, 
1.04 mmol) and KBH4 (0.450 g, 5.20 mmol) was added THF 
(30 mL). The reaction mixture was stirred at room temperature 
for 18 h and then the volatiles were removed in vacuo. 
Extraction into benzene followed by evaporation of the reaction 
mixture to dryness gave an orange solid. The resulting solid was 
washed with pentane (4 x 20 mL) to afford 
Me2SB(tBuN,I*)Sc(BH4)(THF) (4) as a pale yellow solid (0.440 g, 
57%). Pale yellow crystals suitable for an X-ray diffraction study 
were obtained from slow evaporation of a benzene solution at 
room temperature. 1H NMR (C6D6, 400.2 MHz, 298 K): 3.03 (4H, 
m, OCH2CH2), 2.72, 2.60, 2.53, 2.51 (3H each, s, Ind*Me), 1.97 
(6H, s, Ind*Me), 1.35 (9H, s, NCMe3), 0.96 (3H, s, SiMe), 0.86 
(4H, m, OCH2CH2), 0.78 (3H, s, SiMe) ppm. The resonance 
corresponding to BH4 was not observed. 1H{11B} NMR (C6D6, 
400.2 MHz, 298 K): 3.03 (4H, m, OCH2CH2), 2.72, 2.60, 2.54, 2.51 
(3H each, s, Ind*Me), 1.97 (6H, s, Ind*Me), 1.35 (9H, s, NCMe3), 
0.97 (3H, s, SiMe), 0.85 (4H, m, OCH2CH2), 0.78 (3H, s, SiMe), 
0.47 (4H, br s, BH4) ppm. 13C{1H} NMR (C6D6, 100.6 MHz, 298 K): 
140.38 (Ind*), 136.83, 129.27, 128.71, 128.59, 127.03, 121.79 
(Ind*), 95.40 (Si-CInd*), 73.69 (OCH2CH2), 54.25 (NCMe3), 35.92 
(NCMe3), 25.02 (OCH2CH2), 22.28, 17.07, 17.00, 16.13, 15.97 
(Ind*Me), 11.58, 9.78 (SiMe) ppm. 11B NMR (C6D6, 128.4 MHz, 
298 K): -23.9 (qt, 1JB-H = 83 Hz, BH4) ppm. IR (NaCl plates, Nujol 
mull, cm-1): 2464 (s, ν(B-H)), 2292 (s, ν(B-H)), 2208 (m), 2127 
(m), 1642 (m), 1287 (m), 1193 (s), 1016 (s). 

General polymerisation procedure 
A stock solution of catalyst (17.5 μmol) in benzene (2.5 mL) was 
prepared. The stock solution of catalyst (3.50 μmol, 0.5 mL) was 
added into a benzene solution of lactide (0.504 g, 3.50 mmol, 
6.5 mL) in the ampoule, corresponding to an initial lactide 
concentration of 0.5 M and a monomer-to-catalyst ratio of 
1000. The polymerisation ampoule was then stirred in the 
preheated oil bath at desired temperature. Aliquots (ca. 0.1 mL) 
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were taken at appropriate time intervals and quenched with 
THF (ca. 0.3 mL). The volatiles were evaporated to give PLA. The 
monomer to polymer % conversion was determined using 1H 
NMR spectroscopy, and measured by integration of the CHMe 
resonances of the unreacted monomer and PLA. After the 
chosen time, the reaction was quenched with THF. The polymer 
was isolated by addition of pentane to a concentrated solution 
of PLA to yield a precipitate which was washed with pentane 
and dried under vacuum at 30 °C. 
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