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Introduction

The ring-opening polymerization (ROP) of lactide, -caprolactone, -butyrolactone or trimethylene carbonate continues to receive growing interest because some of these cyclic esters are derived from biomass and the resulting biocompatible materials offer an attractive range of physical properties. 1 The number of key studies 2 and review articles 3 covering the design of metal catalysts enabling controlled, and often living, ROP reactions is a testimony to the health of the field. The step from academic laboratory to industrial plants is now a key item on the agenda. In this aim, so-called "immortal" ROP processes, known since the 1980's for oxiranes, 4 offer real promise. Unlike regular living polymerizations where each metal centre produces only one polymer chain during the entire process, the use of an inexpensive chain transfer agent (typically an alcohol) in immortal polymerizations 5 allows the production of many macromolecules per catalyst through reversible chain transfer between growing and dormant polymer chains. 3d,6 The advantages of such reactions have attracted attention, 7 and efforts are being made to implement them under industrial conditions. 8 Yet, the mechanisms of these reactions, and in particular the kinetic aspects, remain rather obscure.

In spite of all the achievements in terms of catalyst development, industrial processes still rely on tin(II) species such as Sn II (2-ethyl-hexanoate)2. 1,9 Several structurally well-defined tin(II) complexes generally featuring good performance in the polymerization of cyclic esters have also been released. 2k,10 We have used amino(ether)-phenolate tin(II) complexes to probe some of the mechanistic features of ROP reactions by 119 Sn{ 1 H} NMR spectroscopy and DFT computations,11 and this has led to a kinetic analysis of the (conventional) living polymerization of lactide. 12 Living and immortal polymerizations represent two distinctly different mechanistic scenarios and kinetic regimes: in living ROP the polymer Mn is given by the monomer/initiator ratio, while in immortal ROP it is defined by the monomer/ROH ratio. Duda and Penczek studied in detail the influence of alcohol concentration on the rate of ROP reactions catalyzed by Sn(2-ethylhexanoate)2 and related catalyst precursors, and they were able to detect several trends and identify some active species. 9 However, a comprehensive kinetic model has to our knowledge not been proposed for immortal polymerizations, and the simple models developed for living ROP cannot be applied to immortal systems. Tolman and Hillmyer assumed a Michaelis-Menten-type kinetic model, based on a pre-formed {L}AlOiPr catalyst in the absence of added alcohol, 13 and our own previous non-steady-state approach to living ROP also does not take excess alcohol into consideration. 12 The description of immortal systems therefore remains mostly empirical, and kinetic analysis is confined to the determination of partial orders in monomer, (pre)catalyst and transfer agent. 2r,7,11a Yet, metallocene-catalyzed olefin polymerization has taught us the virtues of a thorough understanding of the intricacies of polymerization kinetics. 14 We present here a general kinetic mechanism of the immortal polymerization of cyclic esters. Our initial attempts to identify Michaelis-Menten-type kinetic behavior in such systems were not successful, and we have therefore developed a model based simply on the known reaction steps in immortal ROP. This kinetic analysis is built on first principles only and makes no a priori assumptions as to the nature of the active species. In addition to the initiation (ki) and propagation (kp) parameters that characterize all polymerization reactions, the equations presented here take into account the exchange process (chain transfer, ke) specific to immortal ROP reactions.

The validity of the formal kinetics is then illustrated by a range of experimental data obtained during the polymerization of L-lactide or trimethylene carbonate mediated by group 14 complex / iPrOH binary catalysts, since these catalysts lend themselves well to kinetic monitoring (Chart 1). It is shown that non-linear regression of a single kinetic experiment allows the rapid and accurate determination of ki and kp. The influence of the ROH/Sn molar ratio with respect to the nature of the active species in these catalyst systems is discussed in the light of 119 Sn{ 1 H} NMR spectroscopic and kinetic investigations.

Chart 1.

Results and Discussion

Kinetic analysis of immortal polymerizations: [ROH] >> [catalyst].

So-called "immortal" ring-opening polymerizations of cyclic esters are performed in the presence of an alcohol ROH (such as isopropanol). Ring-opening and protolytic exchange reactions produce OH-terminated macromonomers R-(M)n-OH, with [OH] remaining constant throughout the whole process. Initially the catalyst Cat carries OR function, denoted as Cat(OR). For our kinetic mechanism we define catalyst initiation as the first insertion of monomer M into a metal-alkoxide bond, characterized by the rate constant ki; this process converts C(OR) into C(OMR). Subsequent insertion steps are taken to proceed with the propagation rate kp. For simplicity it is assumed that kp is identical for all subsequent chain growth steps. These steps are summarised in eq 1(a)- (c).

Cat(OR) + M → Cat(OMR), ki (1a) Cat(OMR) + M → Cat(OM2R), kp (1b) Cat(OM2R) + M → Cat(OM3R), kp (1c) etc. 
Since in an immortal polymerization an excess of ROH is present that interchanges with the growing polymer chain, in principle this exchange also has to be considered, eq 2(a) and 2 (b). As long as unconsumed alcohol ROH is present, the exchange will proceed with the rate ke′, which may differ from the rate ke once all ROH is consumed. The approximation ke′ = ke was considered a reasonable working hypothesis and was applied to maintain the scheme mathematically manageable. 15 Note that provided ke is sufficiently large, the exact value of the exchange rate constants do not impact the overall kinetics (vide infra). It can be shown (for full derivation of the kinetic model, see Supporting Information) that:

(3a) (3b)
where 1 and 2 are given by

1,2 = ½ { -(ke [OH]T + ki [M] + ke [Cat]T) ± [(ke [OH]T + ki [M] + ke [Cat]T) 2 -4 ki [M] ke [Cat]T] 1/2 } (3c)

The Monomer Conversion.

In immortal ROP the enchained monomers M are distributed over OH-terminated (major) and C-terminated (minor) molecules. The conversion, i.e. the concentration of bound monomer [M]B, is given by:

[M]B = kp[M] [Cat]T t + (ki -kp) ke -1 [M] ( 2 -1 ) -1 × {(ke [Cat]T + 1) 1 -1 2 [-1 + e 1t ] -(ke [Cat]T + 2) 1 2 -1 [-1 + e 2t ] } (4) 
with 1,2 as defined in eq (3c). Eq (4) (cf. Supporting Information) describes the rate of monomer consumption as a function of time. Since for a given experiment [Cat]T, [HO]T and [M] are known experimental values, this equation can be fitted to experimental curves using the three rate constants ke, ki and kp which characterize all immortal ROP reactions. The initiation phase, whether under "immortal" or "living" conditions, is often overlooked in available kinetic analyzes of ROP reactions but can provide an explanation for the positive or negative curvature of the consumption profiles in the early stages of the reaction.

Tin-catalyzed immortal ring-opening polymerizations

Tin(II) precatalysts are suited to the monitoring of ROP reactions by NMR techniques, 11,12 because they offer a good compromise of activity, control over the polymerization parameters and robustness. 16 The applicability of eq (4) was therefore tested using the tin(II) catalyst shown in Chart 1.

A range of polymerizations carried out in toluene-d8 at 25-80 °C were monitored by 1 H NMR spectroscopy. The immortal ROP of L-LA mediated by the binary group 14 precatalysts 1-6 activated by a molar excess of iPrOH shows an initiation phase, as well as the effect of monomer depletion when conversion exceeds 60%. The initiation phase is more evident when plotting the slope of the conversion curve as a function of conversion (Figure 1). typically for this and all related catalysts, the rate of monomer consumption follows first-order dependence upon monomer concentration. Eyring analysis of data for the ROP of L-LA in the temperature range 40-80 °C gave activation parameters (H ‡ = 13.2 kcal•mol -1 and S ‡ = -32.8

cal•K -1 •mol -1
) comparable with those reported before for related systems; 10 the largely negative value of S ‡ points at an associated transition state (cf. Supporting Information Figure S1). induces slightly better activity than the heteroleptic amido catalyst precursor 1.

Non-linear regression was performed to assess the validity of eq (4), substituting [Cat]T by

[Sn]T for the concentration of the total of tin species involved. The value of ke for all curve-fitting experiments collected in Table 1 was set to 100 L•mol -1 •s -1 . 17 The decision to constrain ke to a high value (i.e. ke >> ki, kp) is justified by the fact that well-controlled immortal ROP processes produce polymers with narrow molecular weight distributions (typically Mw/Mn < 1.10), 7,11,12 a fact which can only be accounted for by assuming that the rate of exchange between dormant and growing macromolecules is much greater than initiation and chain growth. 18 The values of ki and kp determined using eq (4) for immortal ROP reactions fall characteristically in the range 0.50 -5.00 × 10 -2 L•mol -1 •s -1 , and are similar to those determined for regular living polymerizations catalyzed by the same tin(II) precatalysts under comparable conditions. 12 Since these binary systems exhibit first order kinetics in [monomer] and a zero order dependence in [iPrOH] when sufficient excess of alcohol is used (ca. 5 -7 equiv vs. the metal, see below), the relationship kobs = kp × [Sn]T is verified to an excellent level of accuracy (Table 1). Observed rate constant determined from the semi-logarithmic plot of monomer conversion vs. time. c Determined by curve-fitting using eq (4), and arbitrarily setting the value of ke to 100 L•mol -1 •s -1 for all entries. d Determined from eq (5) corresponding to the monomer depletion phase.

[M]/[Sn]T/[iPrOH]T [M] (M) [Sn]T (mM) [iPrOH]T (mM) kobs × 10 4 b (s -1 ) kp × 10 2 c (L•mol -1 •s -1 ) ki × 10 2 c (L•mol -1 •s -1 ) kp × 10 2 d (L•mol -1 •s -1 )
The validity of our analysis was further supported by comparing values of kp determined using eq (4) and those obtained by conventional methods for the controlled polymerization of L-LA promoted 2 without added alcohol (i.e. under living conditions; see below for the role of excess alcohol in immortal polymerizations catalyzed by 1-5/iPrOH). The linear plot of kobs vs.

[Sn]T indicates first order dependence in precatalyst concentration (cf Supporting Information, Figure S2), and the propagation rate constant obtained as the slope (kp = 4.84 ± 0.01 × 10 -2 L•mol -1 •s -1 ) was commensurate with those determined by fitting the same data sets to eq (4) with [iPrOH]0 = 0 mol•L -1 (in the range 4.09 ± 0.06 -4.83 ± 0.01 × 10 -2 L•mol -1 •s -1 ). 19 Conventional analysis (i.e. plots of ln(kobs) vs. ln([Sn]T)) affords of course a single value of kp, with no access to ki, for a complete set of experiments where [Sn]T is changed, while curve-fitting each of these experiments to the kinetic model affords its own value of kp.

Cases where an initiation period is observed are characterized by ki < kp (entries 1 -2 and 14 -16). In the present tin system the two rate constants remain roughly of the same order of magnitude. As expected from the kinetic mechanism, there is no impact on the molecular weight distributions of the polymers that are produced with these tin(II) catalyts: independent of the reactions conditions, Mw/Mn < 1.11 is systematically found at partial monomer conversion (cf. SI Table S2).

An example of immortal ROP of L-LA catalyzed by the 1/iPrOH binary catalyst submitted to curve-fitting with eq (4) is presented in Figure 2. The curve fitting for enchained monomer [M]B as function of reaction time depicted shows that at 25 °C, initiation of the polymerization of M = L-LA catalyzed by 1 + 5 iPrOH is slower than propagation, ki = 0.62 ± 0.01 × 10 -2 and kp = 1.54 ± 0.04 × 10 -2 L•mol -1 •s -1 ; the curve shape is typical of such scenarios. 

L•mol -1 •s -1 , kp = 1.54 ± 0.04 × 10 -2 L•mol -1 •s -1 ; R 2 > 0.999.
For representative curve-fitting plots of [M]B vs. time for other experiments in Table 1 see Supporting Information (Figures S3 -S8). In all cases, the agreement between the theoretical curves established from eq (4) and the experimental data was excellent (R 2 ≈ 0.999). Examples where the initiation is faster than propagation were obtained for more reactive systems and/or higher temperature. 20 The polymerization of L-LA catalyzed by the homoleptic 5 + 10 iPrOH at 45 °C (Table 1, entry 5; SI Figure S9) and that catalyzed by the tin(II) lactate 2 + iPrOH at 60 °C with high loadings of monomer and chain transfer agent (Table 1, Trimethylenecarbonate. TMC shows similar behavior, but with a more pronounced initiation phase (Figure 3). The immortal ROP of TMC mediated by 1/iPrOH is slower than that of L-LA (Table 1).

Initial data showed that this reaction proceeds with slow initiation; this was confirmed by curvefitting (SI Figure S11): ki = 1.70 ± 0.04× 10 -2 and kp = 3.05 ± 0.06 × 10 -2 L•mol -1 •s -1 . 

Monomer depletion

During ROP reactions, the concentration of monomer decays with first-order dependence on monomer and catalyst concentration, that is

[M]t = [M]0 e -kp [Cat] T t
Since the concentration in bound monomer is [M]B = [M]0 -[M]t, the later phase of the polymerization can be fitted to eq (5):

[M]B = [M]0 (1 -e -kp [Cat] T t ) (5)
The values of kp determined using data points for conversion above 50% are in the range 1.12 × 10 -2 to 48.00 × 10 -2 L•mol -1 •s -1 . These values are in excellent agreement with those estimated independently for the initial stage of the reaction using eq (4), which provides good confirmation of the validity of the non-linear model. Significantly, the homoleptic tin bis(alkoxide) 3 (n = 2) shows different kinetic behavior (cf.

SI Table S3). The addition of 0-24 equiv of iPrOH has no effect on the rate of reaction; within experimental error, the rates of polymerization with Sn(OiPr)2 and {LO i }Sn(OiPr) + iPrOH (4 equiv or more) are near-identical (and not retarded by added HN(SiMe3)2).

These kinetic data, together with the similarity of the propagation rates kp determined using the kinetic model for the immortal ROP of L-LA with 1 or 5 in the presence of excess alcohol (Table 1), suggest that the increase in rate with increasing alcohol content observed for amido catalyst precursors is related to the generation of alkoxide species. The formation of {LO i }Sn(OiPr) by reaction of {LO i }Sn(N(SiMe3)2) with iPrOH is quantitative and irreversible, as demonstrated by NMR spectroscopy. 23 Moreover, we have shown previously that excess alcohol is able to reversibly release the phenol ligand from heteroleptic phenolate tin(II) alkoxide complexes. 11a Hence, further experiments were carried out to assess whether the increase in reaction rate with increasing [ROH] is the result of the slow conversion of the poorly active tin amide precursor into the much more active alkoxide species {LO i }Sn(OiPr) and/or Sn(OiPr)2 (Scheme 2). In this case, after formation of the isopropoxide(s), one would expect the reaction rate to be identical to that of the living polymerization, or that measured starting with pre-made {LO i }Sn(OiPr).

Scheme 2

Without added alcohol, the amido complexes 1, 4 and 5 constitute sluggish ROP initiators, and do not afford controlled reactions. 24 For example, the batch-scale ROP of Table 2 summarises the influence of iPrOH concentration in the polymerization of L-LA catalyzed by 1-5 during NMR-scale reactions. Whereas the reaction catalyzed by 1 is slow in the absence of added alcohol (line 1), at the same temperature the reaction is faster and the molecular weight is controlled 12 if one equiv of iPrOH is added to the system (line 2). By contrast, the lactato complex 2 and the bis(isopropoxide) 3 both catalyze ROP of L-LA without alcohol (line 1). Rates increase in the sequence 1 < 2 < 3. The addition of 2-10 equiv of HN(SiMe3)2 to 3 do not alter the rate of the polymerization catalyzed by tin bis(isopropoxide) (Table 2 lines 1, 5 and12).

Remarkably, the addition of 1 equiv of iPrOH or methyl (S,S)-lactidate to either 1 or 4 provides catalysts that essentially behave in the same fashion as 2 by itself (Table 2). Addition of more than 1 equiv of alcohol to 1-5 provides useful information. Instead of matching the catalytic activity observed for pre-formed bis(isopropoxide) 3, the reactivity of the Sn(II) bis(amide) 5 does not change if two equiv of iPrOH are used instead of one. This suggests that, contrary to expectations, the in situ reaction 5 + 2 iPrOH does not generate tin bis(isopropoxide) but instead affords an intermediate species assumed to be Sn(OiPr)(N(SiMe3)2) (as further evidenced by 119 Sn NMR spectroscopy; vide infra). This mixed-ligand complex can be independently prepared by mixing 3 and 5 to give crystalline [Sn(-OiPr){N(SiMe3)2}]2 (7). 1 H DOSY NMR diffusion measurements showed that it remains dimeric in aromatic solution. The synthesis, crystal structure and spectroscopic data of 7 are given in the Supporting Information.
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The complex engages in reversible equilibria leading to the formation of small amounts (ca. 3% at 25 °C, 9% at 60 °C) of [Sn(OiPr)2]2 and Sn(N(SiMe3)2)2. Increasing the temperature shifts the equilibrium towards homoleptic complexes; these changes are reversible on cooling to 25 °C. The 119 Sn{ 1 H} NMR spectrum of isolated 7 exhibits a single triplet centred on 119Sn = +42.1 ppm ( 1 J119Sn-14N = 263 Hz). The product formed in situ by reaction of Sn(N(SiMe3)2)2 ( 5) and 1 equiv of iPrOH in concentrations similar to those used for ROP reactions also featured the same resonance at 119Sn = +42.0 ppm. On the other hand, three multiplets at 119Sn =+91.8, +35.4 and +4.0 ppm were detected in the 119 Sn{ 1 H} NMR spectrum of the reaction between 5 and 2 iPrOH. A spectrum also showing these resonances together with an additional one at 119Sn = +42.1 ppm (corresponding to the formation of 7) was also obtained by mixing 5 and 2 equiv of [Sn(OiPr)2]2 (3). Attempts to establish clearly the origin of these resonances were unsuccessful, but they probably relate to bimetallic species of the type [Sn2(OiPr)(N(SiMe3)3] and [Sn2(OiPr)3(N(SiMe3)], or even higher mixed tin(II) aggregates.

Complex 7 catalyzes ROP reactions without added alcohol. The Schlenk-scale ROP of L-LA at 60 °C initiated by 7 is controlled and gives 84% isolated yield after 4 h ([L-LA]T/[Sn]T = 25:1, [L-LA]T = 0.75 M, Mn,theo = 3,100 g•mol -1 ; Mn,NMR = 4,500 g•mol -1 ; Mn,SEC = 5,300 g•mol -1 , Mw/Mn = 1.17). End-group analysis by 1 H NMR spectroscopy and MALDI-ToF MS shows that OiPr is the sole initiating group in ROP reactions catalyzed by 7. During kinetically monitored polymerizations performed under identical conditions, the rate of reaction measured for 7 (kobs = 15.1 ± 0.1 × 10 -4 s -1 and kp = 15.7 ± 0.1 × 10 -2 L•mol -1 •s -1 ) matches that measured for 5/1-2 iPrOH (Table 2).

119 Sn{ 1 H} NMR spectroscopy proved informative on the speciation of the 5/1-2 iPrOH system. Addition of 10 equiv of iPrOH to 5 (119Sn = +776.0 ppm), i.e. under conditions pertaining to immortal ROP reactions, generates quantitatively the expected bis(isopropoxide) 3 (broad resonance at 119Sn = ca. - ppm), and indeed kinetic measurement for immortal polymerizations showed that 5 + 10 iPrOH (kobs = 18.7 × 10 -4 s -1 , kp = 17.49 ± 0.05 × 10 -2 L•mol -1 •s -1 ) catalyzed the reaction with rates very similar to 3 + 8 iPrOH (kobs = 22.7 × 10 -4 s -1 , kp = 25.86 ± 0.16 × 10 -2 L•mol -1 •s -1 ). Relevant 119 Sn{ 1 H} NMR data are given in the Supporting Information (Figure S15).

The above kinetic, synthetic and spectroscopic data and the previously demonstrated ability of excess iPrOH to displace phenolic ligands from aminoether-phenolate heteroleptic complexes {LO i }Sn(OiPr) show that provided the alcohol concentration is sufficiently hightypically 7 equiv or more vs. Sn(II)-all catalyst precursors 1-5 generate the same active species, namely the homoleptic Sn(OiPr)2, at a rate which depends on the presence and nature of the ancillary phenolate ligand. All eventually polymerize L-LA at about the same rate under immortal conditions (Scheme 3 and Figure 5). Since initiation cannot be detected with 3 (the fastest catalyst), it appears reasonable to infer that the initiation observed in some cases for ROP reactions catalyzed by our tin(II) precatalysts in the presence of excess alcohol (ki < kp in Table 1) results from slow formation of {LO i }Sn(OiPr) and/or Sn(OiPr)2. 25 An identical phenomenon was observed by Duda and Penczek in their studies of ROP reactions (lactide, -caprolactone) catalyzed by the binary system Sn(2-ethyl-hexanoate)2 + nBuOH. 9a-b Although the mechanisms of formation of the active species were not investigated, these authors demonstrated that polymerization rates increased with

[nBuOH]T until it reached a plateau for [nBuOH]T/[Sn]T = 5-10 and showed by MALDI-ToF mass spectrometry that several active species, namely (2-ethyl-hexanoate)Sn(OnBu), Sn(OnBu)2, and (2-ethyl-hexanoate)SnOSn(OnBu), were all found in the reaction medium when excess nBuOH was used. [iPrOH] T / [Sn] T complex 1 {LO1}Sn(N(SiMe3)2) complex 2 {LO2}Sn(tBu lactate) complex 3 Sn(OiPr)2 complex 4 {LO4}Sn(N(SiMe3)2) complex 5 Sn(N(SiMe3)2)2 

Conclusion

A detailed kinetic analysis of the early stage of immortal ring-opening polymerization reactions catalyzed by a metal catalyst precursor and a chain transfer agent has been developed. Curve fitting to this kinetic scheme allows the extraction of initiation and propagation rate constants, ki and kp respectively. Systems showing the scenarios ki < kp, ki = kp and ki > kp have been identified. The results confirm that the rate of chain exchange under immortal conditions is much faster than propagation, but it is not directly accessible by this method. Future efforts are aimed at developing a model that can also describe the distribution of molecular weights and thus access lower estimates of ke values. For a given catalytic system, the values of ki (if it can be measured) and kp can be extracted from a single experiment using the present kinetic treatment, whereas other methods require multiple experiments. 2r,7,11a,13,26 ROP catalysis mediated by group 14 complexes proceeds at a convenient rate to illustrate the model, comparing the values of kp determined independently either using eq (4) or conventionally by steady-state methods, which are found to be in good agreement.

While the kinetic model enables the detection and quantification of an initiation period, it cannot provide direct evidence for the molecular process of initiation. There may be different reasons for the initiation phase observed for various catalysts (e.g. slow generation of a reactive metal-nucleophile species, catalyst aggregation, slow first monomer insertion…), but in all cases slow initiation points to mechanistic implications that need to be taken into account for a complete description of the immortal ROP process. In the present case of Sn(II) catalysts we propose that initiation is linked to the rate of generation of a mononuclear tin(II) alkoxide species in the presence of excess alcohol.

While tin(II) catalysts and L-lactide proved convenient to demonstrate its validity, the proposed kinetic model is of course general in nature and equally applicable to other substrates such as trimethylene carbonate and other catalysts. In situ FTIR techniques are able to record monomer conversion for systems that are too fast for conventional NMR techniques, and we are now planning to implement these methods to the very active rare-and alkaline-earth ROP catalysts. The model proposed here will hopefully enable rapid and unambiguous comparisons of the efficiencies of ROP catalysts.

Our treatment relies only on general principles and includes the initiation stage of the reaction as a key part of the analysis. It comes as a complementary addition to the useful Michaelis-Menten-like kinetic treatment recently reported by Tolman and Hillmyer. 13 The question of equilibria between aggregated and non-aggregated metal species remains. This will require additional investigations for a wider range of systems, but is of limited importance here since most well-defined ROP precatalysts (as opposed to Sn II (2-ethyl-hexanoate)2) are known to produce monometallic active species under polymerization conditions, 3,11,27 even when the precatalyst is dimeric in the solid-state or in solution. 12 Specific features of tin(II)-mediated ROP catalysis have also become apparent. Reversible generation of tin(II) bis(alkoxide) has been demonstrated by 119 Sn{ 1 H} NMR studies when a small excess of alcohol is used with these tin(II) precatalysts, and this is consistent with the kinetic data recorded for {LO i }Sn(N(SiMe3)2), Sn(OiPr)2, Sn(OiPr)(N(SiMe3)2 and Sn(N(SiMe3)2)2 in the presence of excess alcohol. Based on the present and our earlier study, 11a it is now established that with all these Sn(II) precatalysts, Sn(OiPr)2 and Sn(O-polymeryl)2 are the actual catalytically initiating and propagating species in immortal ROP reactions when a large excess of alcohol, typically 7 equiv or more, is employed.

Experimental Section

General procedures. All manipulations were performed under inert atmosphere using standard Schlenk techniques or in a glove-box. {LO 1 }Sn(N(SiMe3)2) (1), 11a {LO 2 }Sn(tBu (R)-lactate) (2), 11b

[Sn(OiPr)2]2 (3), 12 {LO 4 }Sn(N(SiMe3)2) (4), 11b Sn(N(SiMe3)2)2 (5) 28 and {LO 1 }Ge(N(SiMe3)2 (6) 10g

were prepared as reported. THF was distilled under argon from Na/benzophenone prior to use.

Other solvents were collected from MBraun SPS-800 purification alumina columns. Deuterated solvents were stored in sealed ampoules over activated 3 Å molecular sieves and degassed by several freeze-thaw cycles. L-LA (Total Petrochemicals) was purified by recrystallisation from a hot (80 °C) iPrOH solution, followed by two recrystallisations in hot (105 °C) toluene. TMC (Bohringer) was dissolved in THF, dried over CaH2 and recrystallised from THF prior to use.

NMR spectra were recorded on Bruker AM-400 and AM-500 spectrometers. The probe temperature was regularly checked by standard methods relying on methanol (180-300 K) and ethylene glycol (300-380 K) solutions. All 1 H and 13 C{ 1 H} chemical shifts were determined using residual signals of the deuterated solvents. 119 Sn{ 1 H} NMR spectra were calibrated vs. SnMe4.

Typical NMR-scale polymerization procedure. Immortal ROP reactions were systematically conducted in toluene-d8. In a typical experiment, the catalyst and monomer were loaded in an NMR tube in the glove-box. The NMR tube was placed in a Schlenk flask, which was then removed from the glove-box and connected to the vacuum manifold. All subsequent operations were performed using Schlenk techniques. The appropriate amounts of solvent (toluene-d8) and activator (iPrOH)

were added to the NMR tube in this order at room temperature. The NMR tube was then sealed, Typical Schlenk-scale polymerization procedure. In the glove-box, the metal catalyst (ca.

2.5-5.0 mg) was placed in a Schlenk flask together with the monomer (ca. 0.5-1.5 g). The Schlenk flask was sealed and removed from the glove box. All subsequent operations were carried out on a vacuum manifold using Schlenk techniques. The required amount of solvent (toluene) was added by syringe to the catalyst and the monomer, followed when required by addition of the activator (iPrOH, 3-10 L). The resulting mixture was immersed in an oil bath pre-set at the desired temperature (60 °C) and the polymerization time was measured from this point. Concentrations of L-lactide were in the range 1.0 -2.0 M; complete dissolution was rapidly achieved upon vigorous stirring under the chosen experimental conditions. The reaction was terminated by addition of acidified MeOH (HCl, 1 wt-%) and the polymer was precipitated in methanol and washed thoroughly. The polymer was then dried to constant weight in a vacuum oven at 55 °C under dynamic vacuum (< 5 × 10 -2 mbar).

Curve-fitting methods. Non-linear regressions using equation ( 4 1), when ke is deliberately fixed at values between 10 -6 to 10 6 L•mol -1 •s -1 , kp and ki only vary from 1.09 × 10 -2 to 1.85 × 10 -2 L•mol -1 •s -1 and 3.73 × 10 -3 to 6.17 × 10 -3 L•mol -1 •s -1 respectively, i.e. the observed variations are kinetically insignificant. Similar results were observed when the value of ke was tuned in the same manner for all other experiments taken from Table 1.

Polymerization conditions were similar to those for entries 12-13 in Table 1: 

Cat

  with no depletion of monomer. As shown above, the immortal ROP consumes the added alcohol ROH in the initial phase. However, since the exchange reactions are reversible, as long as some Cat(OR) remains, ROH may also be regenerated: Cat(OR) + HOMR → Cat(OMR) + HOR, ke Cat(OR) + HOM2R → Cat(OM2R) + HOR, ke, etc.

Figure 1 .

 1 Figure 1. L-LA polymerization catalyzed by 1/iPrOH in toluene, 25 C. [Sn]T = 5.0 mM, [L-LA]T = 0.33 M, [L-LA]T/[Sn]T/[iPrOH]T = 66:1:5. Left: Monomer conversion vs. reaction time. Right: Plot of the slope of conversion curve vs. conversion C(t), showing the initiation phase.

Figure 2 .

 2 Figure 2. Curve fitting for enchained monomer [L-LA]B vs. time ([L-LA]B,maximum = 0.33 M) for the immortal ROP of L-LA catalyzed by the Sn(II) amide precatalyst 1 and iPrOH. Reaction conditions: solvent = toluene-d8, 25 °C, [L-LA]T/[Sn]T/[iPrOH]T = 66:1:5, [Sn]T = 5.0 mM, [L-LA]T = 0.33 M. Fitted curve: plain line; experimental data: black dots; ki = 0.62 ± 0.01 × 10 -2 L•mol -1 •s -1 , kp = 1.54 ± 0.04 × 10 -2 L•mol -1 •s -1 ; R 2 > 0.999.

  entry 12; SI Figure S10) are representative examples.

Figure 3 .

 3 Figure 3. TMC polymerization catalyzed by 1/iPrOH in toluene, 60 C. [Sn]T = 10.0 mM, [TMC]T = 1.0 M, [TMC]T/[Sn]T/[iPrOH]T = 100:1:10. Left: Monomer conversion vs. reaction time. Right: Plot of the slope of conversion curve vs. conversion, showing the initiation phase.

  The monomer equilibrium concentration (0.014 M at 25 °C, 0.024 M at 45 °C and 0.036 M at 60 °C) 9a could be significant in our experiments carried out at relatively low monomer concentrations: [LA]T = 0.33 M at 25 °C, 0.5 M at 45 °C and 0.5 M at 60 °C, where the maximum conversions are therefore 95.8, 95.1 and 92.9 %. The resulting asymptote at high conversion can be corrected by substituting [M]B by [M]B -[M]eq as reported by Duchateau and co-workers, 21 but we found that this had negligible effect on the calculated values of kp.4. Dependence of rate on [ROH] for tin(II)-mediated immortal ROP catalysisIn general, the rates of immortal lactide ring-opening polymerizations under steady-state conditions do not depend on [ROH]T. However, with the present tin(II) systems, an increase in rate with increasing [ROH]T is observed for [ROH]T/[Sn]T molar ratios in the range of 1:1 -5:1. Figure4shows the effect of [ROH]T, expressed as [polymer chains]T/[Sn]T for constant [Sn]T = 10.0 mM, on the observed rate constant kobs in the immortal ROP of L-LA catalyzed by 1 or 2 combined with iPrOH.

Figure 4 .

 4 Figure 4. Dependence of the observed rate kobs of L-LA polymerization catalyzed by the tin heteroleptic precatalysts 1 () or 2 () on [iPrOH]T (expressed as [polymer chains]T/[Sn]T) in toluene-d8 at 60 °C with [L-LA]T = 1.0 M, [Sn]T = 10.0 mM.

  L-LA initiated by 5 in toluene took 4 h at 60 °C to yield near quantitatively a material of uncontrolled molecular weight ([L-LA]T/[Sn]T = 25:1, [L-LA]T = 0.75 M, Mn,theo = 3,300 g•mol -1 , Mn,SEC = 59,600 g•mol -1 , Mw/Mn = 1.32).

  13 a Polymerization conditions: toluene-d8, alcohol = iPrOH unless otherwise specified, [L-LA]T = 1.0 M, [Sn]T = 10 mM, and T = 60 °C. b Determined from eq (5). c Data not suited to treatment with eq (5). d Exogenous transfer agent = methyl (S,S)-lactidate. e Exogenous transfer agent = HN(SiMe3)2.

Figure 5 .

 5 Figure 5. Variation of kp with the ratio [iPrOH]T/[Sn]T for the immortal ROP of L-lactide catalyzed by 1-5. Polymerization in toluene-d8, [Sn]T = 10 mM, [L-LA]T = 1.00 M, and T = 60 °C.

  briefly and very gently heated to ensure complete dissolution of the monomer and introduced in the spectrometer pre-set at the desired temperature(25, 45, 60, 70 or 100 °C). Time measurement started at this point. Data points were collected at regular intervals (typically 15-60 s), with a relaxation delay time sufficient to ensure accurate integration (D1 = 0.5 s) and NS = 8 scans until conversion of the monomer stopped (this usually coincided with near-full conversion). The conversion was reliably determined by integrating the methine region of PLLA ( 5.00 ppm at 60 °C in toluene-d8) vs. that of the monomer ( 4.08 ppm at 60 °C in toluene-d8). The accuracy of the measurements was corroborated by the good agreement between theoretical (based on the conversion, Mn,theo = 144.13 × [L-LA]T/[iPrOH]T × conversion) and experimental (Mn,NMR determined by integration of the resonance of the methine hydrogens vs. that of the chain-ends) molecular weights. Reproducibility between identical runs was assessed under various conditions and proved excellent; hence viscosity and potential mass transfer limitations have not been considered a potential source of error in kinetic measurements.

  ) were performed with the software DataFit 9.0. The concentration of enchained monomer [M]B was calculated according to [M]B = [M]T × conversion, using data points collected for conversion typically below 25%. Curve fittings were performed using a fixed value of ke set at 100 L•mol -1 •s -1 . A time correction variable was introduced during the processing of curve-fitting experiment to stand for the time interval required by the reaction mixture in the NMR tube to reach temperature equilibration once inside the probe of the NMR spectrometer. ■ ASSOCIATED CONTENT *SI Supporting Information Changing ke by 12 orders of magnitude had only marginal influence on the resulting values of kp and ki. For ROP of L-LA catalyzed by 1/iPrOH at 25 °C with [L-LA]T/[1]T/[iPrOH]T = 66:1:5 (corresponding to entry 1 in Table

  T = 60 °C, [L-LA]0 = 1.0 M, [Sn]T = 2.50-50.0 mM. The intersection with the concentration axis was very close to zero, suggesting that minimal catalyst deactivation occurred through the presence of impurities. Details are available from the Supporting Information and ref. 12. Under the experimental conditions of Table 1, the homoleptic bis(alkoxide) 3 generally proved much too fast to record data points in the early stage of the polymerization, which argues against the occurrence of a slow initiation step. Pepels, M. P. F.; Bouyahyi, M.; Heise, A.; Duchateau, R. Macromolecules 2013, 46, 4324. For a given catalyst precursor, one can generally define [polymer chains]T = n × [Sn]T + [iPrOH]T, where n is the number of alkoxide group found in the initial complex: for 1, n = 0; for 2, n = 1. Both 1 H and 119 Sn{ 1 H} NMR spectroscopies show unequivocally the irreversible release of free HN(SiMe3)2 upon reaction of {LO i }Sn(N(SiMe3)2) and iPrOH; see ref. 11 and present work. Also, kinetic data in Table2show that (i) Sn(N(SiMe3)2) is a very slow ROP initiator compared to Sn(OiPr)2, and (ii) the addition of 2-10 equiv of HN(SiMe3)2 to Sn(OiPr)2 does not affect the rate of the living ROP of L-LA catalyzed by the latter compound.Similar observations have already been made before for other complexes, for instance byGibson (ref. 10d) or by Tolman and Hillmyer: Aubrecht, K. B.; Chang, K.; Hillmyer, M. A.; Tolman, W. B. J.Polym. Sci., Polym. Chem. 2001, 39, 284. It is in fact very likely that with these systems, the rate of initiation is directly related to the rate of formation of the reactive species. Several attempts to demonstrate this point by measuring the rate of formation of the tin(II)-alkoxide species under conditions related to ROP reactions have been made but failed due to experimental constraints. Silvernail, C. M.; Yao, L. J.; Hill, L. M. R.; Hillmyer, M. A.; Tolman, W. B. Inorg.Chem. 2007, 46, 6565. 

Table 1

 1 

	collects the observed rate constants (kobs) for Sn(II) catalyzed polymerization
	reactions performed in toluene-d8 with a large excess of alcohol as a chain transfer agent (5 -40
	equiv vs. Sn). The values of kobs are comparable for polymerizations carried out with different
	precatalysts, all other conditions remaining identical: compare for instance entries 2 and 3, 4 and 5,
	6 and 7 or 10 and 11. Comparison of their respective kobs show that the bis(amido) precatalyst 5

Table 1 .

 1 Kinetic parameters for the immortal ROP of L-LA and TMC catalyzed by tin(II)/iPrOH binary catalysts. a

	Entry Sn	M	T
			( °C)

Table 2 .

 2 Influence of iPrOH concentration in the polymerization of L-lactide catalyzed by 1-5.a 

		{LO 1 }Sn(N(SiMe3)2)	{LO 2 }Sn(tBu (R)-lactate)	[Sn(OiPr)2]2	{LO 4 }Sn(N(SiMe3)2)	Sn(N(SiMe3)2)2
	[L-LA]T/[Sn]T/[ROH]T	kobs× 10 4	(1)	(2)	(3)	(4)	(5)
		(s -1 )					

Details of the kinetic analysis; experimental and spectroscopic data on precatalyst 7, data on polymer analysis. This material is available free of charge via the Internet at http://pubs.acs.org. 
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