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’ INTRODUCTION

Biodegradable polyesters such as poly(ε-caprolactone) and
poly(lactic acid) (PLA) have attracted widespread interest from
industrial and academic research groups and are now widely used
in industry.1 Although they can be obtained by polycondensation
reactions, these polymers are best prepared by ring-opening
polymerization (ROP) of cyclic esters. Enantiomerically pure
L-lactide (L-LA, the cyclic dimer of S-lactic acid) is an attractive
bioresourced monomer1a,d produced on a large scale,2 and
poly(L-LA) (PLLA) exhibits physical and mechanical properties

often compared to those of polystyrene.3 For these reasons, it has
become one of the benchmark monomers for catalyst develop-
ment in this area. Although largely employed in the industry
for ROP purposes essentially because of its low cost and
robustness,1b,c,4 tin(II) bis(2-ethylhexanoate) does not afford
high activities or good control over the ROP parameters. By
contrast, discrete metallic initiators, based mostly on rare earths,5
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ABSTRACT: Efficient protocols for the syntheses of well-defined,
solvent-free cations of the large alkaline-earth (Ae) metals (Ca, Sr, Ba)
and their smaller Zn and Mg analogues have been designed. The reaction
of 2,4-di-tert-butyl-6-(morpholinomethyl)phenol ({LO1}H), 2-{[bis(2-
methoxyethyl)amino]methyl}-4,6-di-tert-butylphenol ({LO2}H), 2-[(1,
4,7,10-tetraoxa-13-azacyclopentadecan-13-yl)methyl]-4,6-di-tert-butylphenol
({LO3}H), and 2-[(1,4,7,10-tetraoxa-13-azacyclo-pentadecan-13-
yl)methyl]-1,1,1,3,3,3-hexafluoropropan-2-ol ({RO3}H) with [H(OEt2)2]

þ

[H2N{B(C6F5)3}2]
� readily afforded the doubly acidic pro-ligands [{LO1}HH]þ[X]� (1), [{LO2}HH]þ[X]� (2),

[{LO3}HH]þ[X]� (3), and [{RO3}HH]þ[X]� (4) ([X]� = [H2N{B(C6F5)3}2]
�). The addition of 2 to Ca[N(SiMe3)2]2-

(THF)2 and Sr[N(SiMe3)2]2(THF)2 yielded [{LO2}Ca(THF)0.5]
þ[X]� (5) and [{LO2}Sr(THF)]þ[X]� (6), respectively.

Alternatively, 5 could also be prepared upon treatment of {LO2}CaN(SiMe3)2 (7) with [H(OEt2)2]
þ[X]�. Complexes

[{LO3}M]þ[X]� (M = Zn, 8; Mg, 9; Ca, 10; Sr, 11; Ba, 12) and [{RO3}M]þ[X]� (M = Zn, 13; Mg, 14; Ca, 15; Sr, 16; Ba, 17)
were synthesized in high yields (70�90%) by reaction of 3 or 4 with the neutral precursors M[N(SiMe3)2]2(THF)x (M = Zn,
Mg, x = 0;M =Ca, Sr, Ba, x = 2). All compounds were fully characterized by spectroscopic methods, and the solid-sate structures
of compounds 1, 3, 7, 8, 13, 14, {15}4 3 3CD2Cl2, {16}4 3 3CD2Cl2, and {{17}4 3 EtOH} 3 3CD2Cl2 were determined by X-ray
diffraction crystallography. Whereas the complexes are monomeric in the case of Zn and Mg, they form bimetallic cations in the
case of Ca, Sr and Ba; there is no contact between the metal and the weakly coordinating anion. In all metal complexes, the
multidentate ligand is k6-coordinated to the metal. Strong intramolecular M 3 3 3 F secondary interactions between the metal and
F atoms from the ancillary ligands are observed in the structures of {15}4 3 3CD2Cl2, {16}4 3 3CD2Cl2, and
{{17}4 3 EtOH} 3 3CD2Cl2. VT

19F{1H} NMR provided no direct evidence that these interactions are maintained in solution;
nevertheless, significant Ae 3 3 3 F energies of stabilization of 25�26 (Ca, Ba) and 40 kcal 3mol�1 (Sr) were calculated by NBO
analysis on DFT-optimized structures. The identity and integrity of the cationic complexes are preserved in solution in the
presence of an excess of alcohol (BnOH, iPrOH) or L-lactide (L-LA). Efficient binary catalytic systems for the immortal ring-
opening polymerization of L-LA (up to 3 000 equiv) are produced upon addition of an excess (5�50 equiv) of external protic
nucleophilic agents (BnOH, iPrOH) to 8�12 or 13�17. PLLAs with Mn up to 35 000 g 3mol�1 were produced in a very
controlled fashion (Mw/Mn≈ 1.10�1.20) and without epimerization. In each series of catalysts, the following order of catalytic
activity was established: Mg, Zn < Ca < Sr ≈ Ba; also, Ae complexes supported by the aryloxide ligand are more active than
their parents supported by the fluorinated alkoxide ancillary, possibly owing to the presence of Ae 3 3 3 F interactions in the latter
case. The rate law �d[L-LA]/dt = kp 3 [L-LA]

1.0
3 [16]

1.0
3 [BnOH]1.0 was established by NMR kinetic investigations, with the

corresponding activation parameters ΔHq = 14.8(5) kcal 3mol�1 and ΔSq = �7.6(2.0) cal 3K
�1

3mol�1. DFT calculations
indicated that the observed order of catalytic activity matches an increase of the L-LA coordination energy onto the cationic
metal centers with parallel decrease of the positive metal charge.
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aluminum,6,7 and zinc,8 have appeared for the living and
(stereo)controlled ROP of cyclic esters, and these (and other)
neutral initiators have been highlighted by several reviews.1e,4,9

Besides, well-defined cationic complexes based on zinc,10

magnesium,10b,11 or rare earths5n,12 have also emerged as potent
ROP initiators,13,14 and the groups of Waymouth and Hedrick
have triggered the remarkable development of organic initi-
ators.15 Another important development in this chemistry is
the extension of these living initiating systems into “immortal”
systems, upon addition to the metal catalyst of an external protic
chain transfer agent or initiator,5n,r,16 a concept originally pio-
neered by Inoue for the ROP of epoxides.17

ROP initiators based on the large alkaline-earth metals (Ae)
calcium, strontium, and barium have so far not enjoyed the
popularity of other metal complexes, and only a handful of well-
defined neutral heteroleptic Ae ROP catalysts are known.8h,18,19

This situation reflects the paucity of information available in the
literature regarding the synthesis, stability, and reactivity of
complexes of these large,20 extremely electropositive metals.
Recurring issues typical of Ca, Sr, and Ba complexes include
kinetic lability�with Schlenk-type equilibria in solution often
proving highly deleterious�and high basicity of organometallic
derivatives.21 Nevertheless, significant efforts have been accom-
plished of late in order to tame and exploit the high reactivity of
these complexes: strategies aimed at suppressing solution dis-
tribution equilibria through the judicious selection of ancillary
ligands (such as tris(pyrazolyl)borates,22 β-diketiminates,23

aminotrop(on)iminates24)25 or bulky nucleophilic substituents
have been devised,18h,21d,26 while the range of synthetic pre-
cursors is growing steadily.27,28 As a result, single-site Ae-based
catalysts have shown astounding ability for a variety of transfor-
mations involving σ-bond metathesis processes.29

By analogy with group 4 and rare earth catalysts for olefin
polymerization,30 a better understanding of the reactivity of Ae
species and the development of increasingly efficient Ae catalytic
systems involves the study of well-defined cationic complexes.
Based on a literature survey, it occurred to us that three factors
were crucial for the preparation of well-defined [{LnX}Ae]

þ

[X]� ion pairs for ROP ({LnX}
� = monoanionic ancillary ligand):

(i) the ligand must provide sufficient steric bulk and electron
density for the stabilization of these extremely electrophilic
species, (ii) weakly coordinating anions X� yield cations with
enhanced Lewis acidity, and (iii) efficient and reliable synthetic
protocols devoid of complications due to the presence of
Schlenk-type equilibria must be devised. The difficulty of the
challenge is real considering the oxophilicity and electroposi-
tivity of Mg, Ca, Sr, and Ba, and yet it is pertinent since the
increase of Lewis acidity at the metal center should in particular
result in higher catalytic efficiency.31 A first step was achieved in
2001 by Itoh and Kitagawa, who structurally characterized
cations of Mg, Ca, and Sr stabilized by a (aza-crown-ether)-
aryloxide ligand and external Lewis bases and studied the
physicochemical and redox properties of these (as well as that
of the Ba derivative) aryloxides and aryloxyl radicals.32 Inspired
by their seminal work, we employed this ligand framework and
developed original synthetic protocols to prepare the first
solvent-free, well-defined cationic Ae complexes and used the
latter as catalysts for the immortal ROP (iROP) of L-LA.33 This
was very shortly followed by the work from Mountford et al.,
who disclosed cationic calcium tetrahydroborate complexes
for the ROP of LA.34 Finally, Westerhausen et al. have just
reported the X-ray structure of the solvent-separated ion pair

[(15-crown-5)CaCp]þ[(THF)CaCp3]
� (Cp = cyclopenta-

dienyl).35

The use of alkoxide ligands for the synthesis of discrete Ae
complexes is rather limited,21a,36 evidently because the high
π-donating ability of alkoxides readily results in the formation
of polymetallic/polymeric species,37 especially when large metals
are involved. Even more strikingly, no family of well-defined Ae
cations supported by alkoxide ligands is known to date: even if
the reported structures of diphenylmethanide 3 3 3 (18-crown-
6)Ae-enolate ion pairs (Ae = Sr, Ba) are of great interest, the
mechanism of their formation was not clearly elucidated.38 Our
previous experience with the use of fluoroalcohols39 as ligand
platforms for the stabilization of oxophilic species prompted us to
embark on the synthesis of Ae cations of the type [{RO}Ae]þ

[X]� species, where {RO}� is a fluorinated polydentate alkoxide
ligand and X� is a weakly coordinating anion. Indeed, highly
fluorinated tertiary alkoxide ligands with bulky, electron-
withdrawing CF3 groups in the R position to the alkoxide are
weaker π-donor than conventional alkoxides; they are in many
ways similar to the very versatile aryloxide ligands and have
allowed the synthesis of several original Ti, Zr, Zn, Al, and Y
complexes.39

In the present contribution, we describe the preparation of
discrete, solvent-free [{LnX}Ae]

þ[H2N{B(C6F5)3}2]
� cationic

complexes of Ca, Sr, and Ba and of their lighter congeners Zn and
Mg. We show that amino-ether fluoroalkoxide ancillary ligands
featuring high denticity enable the synthesis of solvent-free
complexes. Strong intramolecular Ae 3 3 3 F secondary inter-
actions between the metal center and F atoms from the ancillary
ligands have been observed in the solid state. The synthesis of
cationic complexes based on related amino-ether aryloxide
ligands is also presented.33 The catalytic activity of these two
classes of complexes in the iROP of L-LA is unveiled, and
detailed kinetic and theoretical studies that provide insight into
the polymerization mechanisms are also discussed.

’RESULTS AND DISCUSSION

Syntheses and Characterization. The syntheses of discrete,
solvent-free ion pairs [{LnX}M]þ[H2N{B(C6F5)3}2]

� (M =
Zn, Mg, Ca, Sr, Ba) were initially targeted. The choice of the
perfluorinated weakly coordinating anion (WCA) H2N{B-
(C6F5)3}2

� developed by Bochmann and co-workers40 was
motivated by two factors. First, it displays crystallization proper-
ties better than those of, for instance, the traditional B(C6F5)4

�.
Whereas the latter can be considered spherical and often leads
to the formation of oily or amorphous materials, H2N{B-
(C6F5)3}2

� possesses a dipole moment that induces an orienta-
tion toward the cation and facilitates crystallization processes.
Second, H2N{B(C6F5)3}2

� is very robust (due to a pattern of
internal H 3 3 3 F stabilizing interactions), and the negative charge
is delocalized over an extremely large volume (ca. 538 Å3);41 as a
result, the catalytic performances with this anion are at least
equivalent to those displayed by smaller fluorinated WCAs.40,42

The pro-ligands 2,4-di-tert-butyl-6-(morpholinomethyl)phenol
({LO1}H), 2-{[bis(2-methoxyethyl)amino]methyl}-4,6-di-tert-
butylphenol ({LO2}H), 2-[(1,4,7,10-tetraoxa-13-azacyclopenta-
decan-13-yl)methyl]-4,6-di-tert-butylphenol ({LO3}H), and
2-[(1,4,7,10-tetraoxa-13-azacyclopentadecan-13-yl)methyl]-1,1,1,3,
3,3-hexafluoropropan-2-ol ({RO3}H), were selected as potential
ligand platforms of varying denticity to yield stable cationic
complexes free of external bases (Figure 1). The new fluorinated
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amino-alcohol {RO3}H was prepared by slow addition of 3,3,3-
trifluoro-2-(trifluoromethyl)-1,2-propenoxide to 1-aza-15-crown-5
in Et2O; it was obtained as a colorless oil, which solidifies by
storage at þ4 �C. In the 19F{1H} NMR spectrum of {RO3}H,
only one singlet is observed at δ �77.4 ppm, indicating the
equivalence of all fluorine atoms. The amino-ether-phenol pro-
ligands were prepared as described in the literature.8n,32,43

The new compounds [{LO1}HH]þ[H2N{B(C6F5)3}2]
� (1),

[{LO2}HH]þ[H2N{B(C6F5)3}2]
� (2), [{LO3}HH]þ[H2N-

{B(C6F5)3}2]
� (3),33 and [{RO3}HH]þ[H2N{B(C6F5)3}2]

�

(4) were prepared in high yields (g80%) by treatment of the

corresponding pro-ligands with [H(OEt2)2]
þ[H2N{B(C6F5)3}2]

�

in Et2O (Scheme 1). Compared to the starting materials, the doubly
protonated pro-ligands 1�4 can be regarded as diacids where the
second acidic proton is systematically located on the nitrogen atom
of the amino-ether moiety. The four compounds are fully soluble in
Et2O and chlorinated solvents and sparingly so in aromatic hydro-
carbons. The 1HNMR spectra of 1�4 in CD2Cl2 differ significantly
from those of their precursors and indicate a decrease in the fluxional
behavior of the amino-ether fragment. In all cases, the identity of the
H2N{B(C6F5)3}2

� WCA was confirmed by 11B NMR (δ �8.4
ppm) and by 19F{1H} NMR, which show the presence of
the diagnostic signals at ca. δ �133.4, �160.6, and �166.1 ppm;
the 19F{1H} NMR spectrum of 4 displays an additional resonance
(singlet) at δ�77.5 ppm for both CF3 groups. X-ray quality crystals
of 1 and 3 3CH2Cl2 were grown by recrystallization from CH2Cl2/
pentane mixtures at room temperature; their structures were
solved, and the position of the acidic proton was unambigu-
ously located.
Disappointingly, the stoichiometric reaction of 1 with

{Mg[N(SiMe3)2]2}2 or Ca[N(SiMe3)2]2(THF)2 in Et2O did
not allow the isolation of the desired cationic complexes but
instead led to the formation of an intractable mixture from which
no compound could be clearly identified (Scheme 2). In THF,
[Mg(THF)4]

2þ[H2N{B(C6F5)3}2
�]2 was cleanly obtained, and

the presence of the phenolate ligand could not be detected by 1H
NMR. Clearly, the ligand {LO1}� does not provide sufficient
steric bulk and/or electronic density to stabilize the targeted
[{LO1}M]þ cationic species. Attempts with larger metals (Sr, Ba)
were therefore not carried out. By contrast, treatment in Et2O of
Ca[N(SiMe3)2]2(THF)2 or Sr[N(SiMe3)2]2(THF)2 with a stoi-
chiometric amount of 2 yielded the stable, well-defined solvent-
separated ion pairs [{LO2}Ca(THF)0.5]

þ[H2N{B(C6F5)3}2]
�

(5) and [{LO2}Sr(THF)]þ[H2N{B(C6F5)3}2]
� (6) (Scheme 2).

In each case, it proved impossible to remove THF under vacuum,

Scheme 2. Synthesis of Well-Defined Ae Cationic Complexes

Figure 1. Pro-ligands employed in this study.

Scheme 1. Synthesis of the Doubly Protonated Pro-ligands
1�4
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even upon gentle heating. This demonstrated that although more
stabilizing than {LO1}�, the ligand {LO2}� is still not sufficiently
electron-rich to warrant the formation of solvent-free Ae cations.
Importantly, the Ca derivative 5was also independently synthesized
in Et2O from the neutral heteroleptic complex {LO2}CaN(SiMe3)2
(7, prepared by the 1:1 reaction of {LO2}H and Ca[N(SiMe3)2-
(THF)2 in pentane) upon treatment with [H(OEt2)2]

þ

[H2N{B(C6F5)3}2]
� in the presence of THF (Scheme 2), thus

confirming the presence of only half a THF molecule per metal
center. This last reaction also indicated that well-defined
[{LnX}M]þ[H2N{B(C6F5)3}2]

� ion pairs (M = Zn, Mg, Ca, Sr,
Ba) can in principle be prepared following an alternative procedure,
that is, by protonolysis of their heteroleptic precursors {LnX}MX
(X = alkyl, amide) with [H(OEt2)2]

þ[H2N{B(C6F5)3}2]
�. This

was particularly exemplified in the case of {LO3}�,33 but the
mandatory preparation of the heteroleptic {LnX}MX compound
in this case constitutes a limitation to the method: indeed, owing to
detrimental Schlenk-type equilibria, the synthesis of stable hetero-
leptic species can prove a difficult or even insurmountable task,
especially as the size of themetal increases.44 Complexes 5 and 6 are
fully soluble in CH2Cl2, Et2O, and THF, poorly so in toluene, and
insoluble in aliphatic hydrocarbons. They were authenticated by 1D
and 2D NMR spectroscopy, and their identity was confirmed by
elemental analysis.
Gratifyingly, the solvent-free ion pairs [{LO3}M]þ[H2N-

{B(C6F5)3}2]
� (M = Zn, 8; Mg, 9; Ca, 10; Sr, 11; Ba, 12) and

[{RO3}M]þ[H2N{B(C6F5)3}2]
� (M = Zn, 13; Mg, 14; Ca, 15;

Sr, 16; Ba, 17) were eventually generated in a one-step protocol
by double protonolysis in Et2O of the suitable homoleptic
precursors using the pro-ligands of highest denticity 3 and 4
(Scheme 2). Notably, compounds 8�12 can also be obtained by
protonolysis of the heteroleptic precursors with [H(OEt2)2]

þ

[H2N{B(C6F5)3}2]
�,33 but again this first requires the syntheses

of {LO3}MX (M = Zn, Mg; X =N(SiMe3)2, N(SiMe2H)2, alkyl)
or {LO3}AeN(SiMe2H)2 (Ae = Ca, Sr, Ca),18h and the more
direct and efficient use of 3 and 4 constitutes the method of
choice. Compounds 8�12 supported by the aryloxide ligand
{LO3}� are extremely soluble in Et2O, THF, and chlorinated
solvents, but hardly so in hydrocarbons. On the other hand,
complexes 13�16 bearing the fluoroalkoxide {RO3}� have
limited solubilities, even in CH2Cl2 and Et2O. In fact, they were
isolated by precipitation from the reaction mixture (Et2O)
during the course of their synthesis. Intriguingly, the barium
derivative 17 stands out in the latter family, as it displays the same
solubility properties as 8�12. X-ray quality crystals of 8 and
{{17}4 3EtOH} 3 3CH2Cl2 were grown by recrystallization from
CH2Cl2/pentane mixture (the presence of EtOH in the latter
structure was obviously the outcome of the presence of this
stabilizer in CH2Cl2), while single crystals of 13, 14, {15}4 3
3CD2Cl2, and {16}4 3 3CD2Cl2 were obtained from concen-
trated solutions in the deuterated NMR solvent. To our knowl-
edge, 13�17 represent the first case of a family of solvent-free,
well-defined cationic complexes of the alkaline-earth metals
(and zinc) supported by an alkoxide ligand.
All complexes were fully characterized by NMR spectroscopy

in CD2Cl2, and their composition was further substantiated by
elemental analysis;45 in particular, the presence of Et2O or THF
could not be detected. The 1H NMR spectra of 13�17 are
characterized by numerous overlapping multiplets correspond-
ing to the various methylene units of the aza-15-crown-5 frag-
ment, and generally only the resonances of the methylene groups
in the R position to the nitrogen atom in the cation and that of

the NH2 bridge (ca. δ 5.70 ppm) in the WCA could be
unambiguously assigned. Diagnostic resonances in the 13C{1H}
NMR spectra of 13�17 include a quartet at low field (ca. δ
125 ppm, 1JCF = 290�292 Hz) corresponding to the CF3
moieties and another deshielded multiplet of weaker intensity
(identifiable as an heptuplet in the cases of 13 and 17, 2JCF =
26�27 Hz) at ca. δ 79 ( 2 ppm, assigned to the quaternary
carbon bearing the CF3 groups. The 11B (δ �8.4 ppm) and
19F{1H} NMR spectra (resonances at δ �133.4, �160.6,
and �166.1 ppm, 3JFF = 18.9 Hz) allow the identification of
the H2N{B(C6F5)3}2

� counterion. Besides, all of the 19F{1H}-
NMR spectra for 13�17 also exhibit a singlet attributed to the
CF3 groups at δ�79( 1 ppm, i.e., at chemical shifts comparable
to those found for {RO3}H and 4; all fluorine atoms in the
ancillary ligand are evidently magnetically equivalent at room
temperature. In the case of the large Ca, Sr, and Ba, the
complexes in 15�17 are found as pairs of bridged bimetallic
dications in the solid state (vide infra), with no Ae 3 3 3 F contacts
with the WCA. On the other hand, these dications are character-
ized by the presence of stabilizing internal Ae 3 3 3 F secondary
interactions between the metal centers and F atoms from the
{RO3}� ancillaries. The 19F{1H} NMR spectra of 15�17
recorded at room temperature provided no evidence that the
dimeric structure of the complexes is retained in solution.
Attempts to observe decoalescence between the signals of free
and interacting CF3 groups by VT

19F{1H}NMR were thwarted
by the poor solubilities of 15 and 16 in CD2Cl2, C6D5Cl, or
mixtures of toluene-d8 and o-C6F4H2. In the case of 17 (in
CD2Cl2), distinct broadening but no splitting of the signal at
�78.0 ppm was observed by lowering the temperature to
�90 �C; this indicates free rotation of the CF3 substituents in
solution and suggests that either Ba 3 3 3 F interactions in 17 are
not persistent in solution or these interactions are still very
fluxional at this low temperature.
The isolation of single crystals of {{17}4 3EtOH} 3 3CH2Cl2

provided evidence that these cationic species were resistant
toward the presence of protic sources (alcohols, amines) typi-
cally used as initiator/chain transfer agents in iROP. This was
further substantiated by several experiments. To assess the
robustness of 16, our catalyst of choice for iROP reactions
(vide infra), in the presence of BnOH and L-LA (i.e., the other
components in a standard iROP reaction), 16 was reacted with
10 equiv of BnOH in CH2Cl2 for 3 h at room temperature.
Removal of the volatiles and thorough washing with pentane
gave unmodified 16 quantitatively; no trace of BnOH or sign of
decomposition was detected. This was confirmed by NMR
spectroscopy, as the 1H NMR spectrum of 16 and 10 equiv of
BnOH in CD2Cl2 was simply the superimposition of the
independent NMR spectra of these two species in CD2Cl2.
Besides, the 1H NMR spectra of 16 and 10 equiv of BnOH in
toluene-d8 at 100 �C showed neither sign of reaction nor
decomposition of the ion pair. Finally, the stoichiometric reac-
tion of 16 and L-LA in CH2Cl2 led only to the recovery of
unmodified 16 after workup (confirmed by NMR reaction in
CD2Cl2); in fact, 16 recrystallized readily from the reaction
mixture in the presence of L-LA at room temperature.
Crystallographic Studies. The solid-state structures of the

precursors 1, 3 3CH2Cl2, the neutral heteroleptic complex 7, and
the zinc cationic complexes 8 and 13 have all been determined
and are available in the Supporting Information.
The solid-state structures of the Zn and Mg compounds

bearing the fluorinated ligand {RO3}� 13 and 14were determined.
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The two compounds are isostructural, and only the structure of the
Mg derivative is discussed here (Figure 2). The structure of the
counterion H2N{B(C6F5)3}2

� in 14 (as well as in all other ion
pairs that have been characterized by X-ray diffraction crystal-
lography in this work) exhibits the usual pattern of stabilizing
H 3 3 3F interactions; besides, in 14 as in all the remaining cationic
complexes, there is no contact between the cation and theWCA.40a

The cation is monometallic and the metal center is supported only
by the ligand coordinated in a k6 fashion. The environment around
the metal is best regarded as a distorted octahedral, where the two
apical positions are occupied by two oxygen atoms, one from the
alkoxide (O21) and one from the macrocycle (O13). There is no
contact between the metal and surrounding fluorine atoms, either
from the ligand itself or from theWCA.TheMg�Omacrocycle (in the
range 2.114(1)�2.179(1) Å) and Mg�N10 (2.274(1) Å) bond
distances are comparable to those found in 9 (2.109(2)�2.222(2)
and 2.238(2) Å, respectively).33 The Mg�O21 distance and
C22�O21�Mg angle values of 1.913(1) Å and 121.1(1)�,
respectively, suggest an essentially σ interaction betweenMg and
O21 with no π contribution. Interestingly, the deviation from
planarity in the macrocycle is far less pronounced in 14 than in its
aryloxide derivative 9, thus highlighting the greater flexibility of
the {RO3}� ligand framework in comparison to {LO3}�. This is
obviously related to the replacement of the rigid aryloxide ring by
a sp3-hybridized alkoxide group.6f,39

Recrystallization of the calcium congener 15 in CD2Cl2
afforded crystals of {15}4 3 3CD2Cl2. The cationic metals are
associated by pairs, thus forming two independent and almost
identical bimetallic dications. In each dication (Figure 3), the two
metal centers are bridged by the two Oalkoxide atoms (O21 and
O71). Each Ca atom in a bimetallic dication is 8-coordinated, and
besides the two bridging O-atoms, the coordination sphere for
each Ca is completed by N,O,O,O,O atoms of the macrocycle
and by one fluorine atom from a CF3 group in the ligand carried
by the opposite metal; there is no interaction between the metals

and the fluorine atoms of the neighboring H2N{B(C6F5)3}2
�

anions. The Ca1�O21�Ca2�O71 bimetallic core is not planar
and exhibits a 20.6� angle between the means planes defined by
Ca1�O21�O71 and Ca2�O21�O71. The bond lengths from
Ca centers to donor atoms in the aza-15-crown-5 macrocycles
(Ca�Omacrocycle and Ca�Nmacrocycle 2.431(4)�2.531(4) and
2.607(5)�2.623(5) Å, respectively) are comparable to those
already reported for related compounds.32,33 The distances to the
bridging O21 and O71 oxygen atoms (2.336(4)�2.409(4) Å)
are substantially shorter than those to the macrocyclic ones but
slightly longer than those found for 10 (2.288 and 2.349 Å)33

or that to the aryloxide O-atom in Itoh’s complex
{LO3}Ca(CH3OH)2 3 BPh4 (2.315 Å).

32 Metallophilic inter-
actions can be ruled out on account of the long Ca1 3 3 3Ca2
distance (3.68 Å; rionic(Ca) = 1.26 Å for C.N. = 8).20 The
distances to the internally interacting fluorine atoms (Ca1�
F80 = 2.681(4) Å; Ca2�F25 = 2.664(3) Å) are considerably
shorter than the sum of the van der Waals radii for Ca (2.00 Å)
and F (1.47 Å)46 and suggest a significant Ca 3 3 3 F secondary
interactions (ca. 25 kcal 3mol�1 according to DFT calculations,
vide infra) in the solid state. Such secondary interactions have
been suggested as a way to stabilize reactive Ae centers;21d,47

recent precedents include Sadow’s [{(HMe2Si)3C}Ca-
(THF)2]

þ [HB(C6F5)3]
� (Ca 3 3 3 F = 2.41�2.44 Å)27f and

Hill’s calcium bis(amide) complex bearing bulky amides with
CF3 substituents (Ca 3 3 3 F = 2.47�2.49 Å).47c The Ca 3 3 3 F
interaction in {15}4 3 3CD2Cl2most probably does not result
from crystal packing effects, as suggested by the much longer
(4.04�4.63 Å) Ca 3 3 3 F distances to the other two noninter-
acting fluorine atoms on the CF3 group bearing the bounded
one; besides, similar Sr 3 3 3 F and Ba 3 3 3 F stabilizing patterns
are found in {16}4 3 3CD2Cl2 and {{17}4 3 EtOH} 3 3CH2Cl2.
The strength of these interactions is far from negligible (vide
infra) but does not involve significant lengthening of the
relevant C�F bond (Ca2 3 3 3 F25�C23 = 1.353(6) Å; Ca1 3
3 3 F80�C78 = 1.355(7) Å) in comparison to those with
noninteracting F atoms (C23�F24 = 1.320(7), C23�F26 =
1.344(7) Å; C78�F79, 1.315(7) Å; C23�F81, 1.326(7) Å).
Attempts to observe decoalescence in VT 19F{1H} NMR studies
were precluded by the low solubility of 15 in noncoordinating
solvents. In comparison to the Mg parent compound 14, the
higher coordination number and the participation of fluorine
atoms to the coordination in 15 reflects the increase in both the
metal size and the need for electronic density in the calcium-based
complex. Notable contrasting geometric features between the two
Ca complexes 10 and 15 include different coordination numbers
(7 and 8, respectively) and only a moderate deformation of the
macrocyclic fragment in 15, whereas it folded with a 78.2� angle
around the metal in the case of the semirigid {LO3}�.33

The structural features of {16}4 3 3CD2Cl2 resemble those of
its Ca homologue (Figure 4). In the dimeric complex, the Sr2O2

core deviates slightly from planarity, forming an angle of 14.2�
between the O21�Sr1�O71 and O21�Sr2�O7 mean planes.
Each metal is 8-coordinated: in addition to the two bridging
oxygen atoms, the coordination sphere around each metallic
center includes the five macrocyclic donating heteroatoms and
an additional fluorine atom from the ligand carried by the
opposite metal. The two metal atoms sit 3.90 Å apart, excluding
any interaction with each other. Interestingly, the Sr�Oalkoxide

distances (in the range 2.446(7)�2.516(7) Å) show substantial
variations, which emphasizes a relative asymmetry in the dica-
tionic fragment. They are clearly longer than the Sr�Oaryloxide

Figure 2. ORTEP representation of the cationic fragment {RO3}Mgþ

in 14. Ellipsoids are drawn at the 50% probability level. The counterion
H2N{B(C6F5)3}2

� and hydrogen atoms are omitted for clarity. Selected
bond distances [Å] and angles [deg]: Mg�N10 = 2.274(1), Mg�O1 =
2.179(1), Mg�O4 = 2.114(1), Mg�O7 = 2.113(1), M�O13 =
2.135(1), Mg�O21 = 1.913(1); C22�O21�Mg = 121.1(1).
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lengths of 2.36(1) and 2.38(1) Å found by Itoh and Kitagawa for
two independent molecules in [{LnO}Sr(H2O)]

þ[BPh4]
�

({LnO}
� = 2,4-di-tert-butyl-6-(1,4,7,10,13-pentaoxa-16-aza-

cyclooctadec-16-ylmethyl)aryloxide).32 The Sr�Omacrocycle dis-
tances in {16}4 3 3CD2Cl2 (2.531(1)�2.695(1) and 2.559-
(7)�2.620(7) Å for Sr1 and Sr2, respectively) are somewhat
shorter than those found in the latter compound (2.55�2.77 Å).32

Moreover, in the [Ph2CH]2[(18-crown-6)Sr(OC2H3)]2 dimeric
enolate complex,38 the Sr�Oenolate (2.395(3)�2.399(3) Å) and
Sr�Omacrocycle (2.654(4)�2.701(3) Å) bond lengths are also
respectively shorter and longer than the corresponding bond
distances in {16}4 3 3CD2Cl2. The interactions between the metal
and fluorine atoms appear fairly strong (DFT calculations indicated
stabilization of up to ca. 40 kcal 3mol

�1, vide infra). Although not

rigorously identical (Sr1�F30 = 2.859(7) Å, Sr2�F75 = 2.741-
(6) Å), they are both significantly shorter the sum of van derWaals
radii for F and Sr.46 The more intense Sr2�F75 interaction results
in a slight elongation of the C74�F75 bond length (1.375(12) Å)
in comparison to the C74�F76 and C74�F77 ones (1.309(12)
and 1.337(12) Å, respectively). Similar cases of Sr 3 3 3F secondary
interactions were reported for [{HC(Pz)3}2Sr]

2þ[BF4
�]2 (Pz =

3-pyrazolyl; Sr 3 3 3F�BF3 = 2.450(4)�2.795(4) Å)48 and in the
phenylamide complex (THF)6Sr2[N(H)-2,6-F2C6H3]3I 3THF
(Sr 3 3 3F = 2.825(4)�2.845(4) Å).28b

The asymmetric unit of {{17}4 3EtOH} 3 3CH2Cl2 contains
three solvent molecules, two nonequivalent pairs of bridged
bimetallic dications and their counterions, one with the expected
composition [{RO3}Baþ]2 and one where the presence of traces

Figure 3. ORTEP representation of one of the two independent and equivalent bimetallic cationic fragments [{RO3}Caþ]2 in {15}4 3 3CD2Cl2 (left)
and corresponding details of the geometry around the metal centers (right). Ellipsoids are drawn at the 50% probability level. The counterions
H2N{B(C6F5)3}2

�, noninteracting solvent molecules, and hydrogen atoms are omitted for clarity. Selected bond distances [Å] and angles [deg]:
Ca1�N1 = 2.607(5), Ca1�O4 = 2.464(4), Ca1�O7 = 2.531(4), Ca1�O10 = 2.505(4), Ca1�O13 = 2.431(4), Ca1�O21 = 2.336(4), Ca1�O71 =
2.386(4), Ca1�F80 = 2.681(4), Ca2�N51 = 2.623(5), Ca2�O54 = 2.454(4), Ca2�O57 = 2.520(4), Ca2�O60 = 2.522(4), Ca2�O63 = 2.441(4),
Ca2�O21 = 2.409(4), Ca2�O71 = 2.351(4), Ca2�F25 = 2.664(3), Ca1�Ca2 = 3.6770(15); Ca1�O21�Ca2 = 101.61(14), Ca2�O71�Ca1 =
101.83(14).

Figure 4. ORTEP representation of one of the two independent and equivalent bimetallic cationic fragments [{RO3}Srþ]2 in {16}4 3 3CD2Cl2 (left)
and details of the geometry around the corresponding metal centers (right). Ellipsoids are drawn at the 50% probability level. The counterions
H2N{B(C6F5)3}2

�, solvent molecules, noninteracting CF3 groups, and hydrogen atoms are omitted for clarity. Selected bond distances [Å] and angles
[deg]: Sr1�N1 = 2.783(8), Sr1�O4 = 2.596(10), Sr1�O7 = 2.661(10), Sr1�O10 = 2.695(10), Sr1�O13 = 2.531(10), Sr1�O21 = 2.507(7),
Sr1�O71 = 2.477(6), Sr1�F30 = 2.859(7), Sr2�N51 = 2.763(9), Sr2�O54 = 2.569(7), Sr2�O57 = 2.620(7), Sr2�O60 = 2.595(7), Sr2�O63 =
2.559(7), Sr2�O21 = 2.446(7), Sr2�O71 = 2.516(6), Sr2�F75 = 2.741(6), Sr1�Sr2 = 3.904; Sr1�O21�Sr2 = 104.0(2), Sr2�O71�Sr1 = 102.9(2),
O(21)�Sr(1)�O(71) = 75.2(2), O(21)�Sr(2)�O(71) = 75.6(2).
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of ethanol in the crystallization solvent led to the formation of the
adduct [{RO3}Baþ]2 3 EtOH. In both cases, there is no contact
between the counterions or molecules of CH2Cl2 and the
bimetallic centers. In [{RO3}Baþ]2 (Figure 5), both metal
centers are 9-coordinated by the two bridging Oalkoxide atoms,
the five heteroatoms from the macrocycle, and two fluorine
atoms. Note that each of the two {RO3}� ligands supplies one
Ba 3 3 3 F secondary interaction with each metal, that is, the ligand
bridges the two Ba atoms not only through Oalkoxide but also
through its CF3 groups; it is therefore adequately described as a
μ2:k7,k2-chelate. The Ba2O2 central core folds by only 7.3�
around the O121�O171 axis and is therefore close to planar;
however, the bimetallic complex is not symmetrical, and dis-
crepancies in corresponding bonds are observed between the two
metals. The long distance between the two Ba atoms (4.227(3) Å)
indicates the absence of metallophilic contact. The distances
from theBa atoms to the bridgingO atoms (2.615(2)�2.758(3) Å)
are only marginally smaller than those to the macrocyclic ones
(2.701(3)�2.845(3) Å), possibly a consequence of the extreme
size, high electropositivity and low Lewis acidity of barium. They
are comparable to those found by Ruhlandt-Senge et al. in a
related [Ph2CH]2[(18-crown-6)Ba(OC2H3)]2 enolate complex.

38

The macrocycle does not show evident signs of distortion, and the
N,O,O,O,O core remains almost planar. The Ba 3 3 3F secondary
interactions in [{RO3}Baþ]2 range from 2.935(3) to 2.992(3) Å;
they compare well with those found in the hexafluoroacetylaceto-
nato complex Ba2(hfacac)4 3Et2O (2.77�3.09 Å)49 or the poly-
meric [(THF)2Ba{N(H)-2,6-F2C6H3}2]¥ (2.87�2.90 Å)28b but
are shorter than those reported for Ba{amak}2 ({amak}H =
HOC(CF3)2CH2N(CH2CH2OMe)2, Ba 3 3 3F = 3.13�3.21 Å).36d

The two Ba atoms are not equivalent in [{RO3}Baþ]2 3 EtOH
(Figure 6). They are bridged by the two Oalkoxide atoms, and the
central Ba2O2 is not planar but forms an angle of 22.8� between
the mean planes defined by O21�Ba1�O71 and O21�
Ba2�O71. Strikingly, a molecule of EtOH is coordinated onto
Ba2; its coordination sphere is completed by the N,O,O,O,O
atoms of the aza-15-crown-5 cycle and two F atoms (one from its
own ligand (F79) and one from the ligand carried by the opposite
Ba atom (F25)); Ba2 is therefore formally 10-coordinated.

By contrast, Ba1 is only 8-coordinated, as its coordination sphere
is devoid of solvent molecule and there is only one interaction
with a fluorine atom (F29). The O atom from the solvent
molecule (O99) is located at a similar distance from Ba2
(Ba2�O99 = 2.805(3) Å) as the macrocyclic O atoms (Ba2�
Omacrocycle = 2.832(3)-2.981(2) Å); there is no evidence for a
π-contribution to the Ba2�O99 bond. Coordination of EtOH
does not induce significant alterations in the bond lengths around
Ba2, as the distances between Ba1 or Ba2 and the O, N and F
atoms coordinated respectively on each of them are comparable;
besides, all Ba�N, Ba�Oalkoxide and Ba�Omacrocycle distances in
[{RO3}Baþ]2 3 EtOH are overall fairly similar to those found in
[{RO3}Baþ]2. The structure of [{RO

3}Baþ]2 3 EtOH, with co-
ordination onto the metal center of an external protic nucleo-
philic agent, may be of direct relevance to the study of iROP
mechanisms.
Polymerization of L-LA. The catalytic activity of the families

of complexes 8�12 (Table 1) and 13�17 (Table 2) toward the
immortal ROP of L-LA in the presence of iPrOH or BnOH as an
external nucleophilic initiator was assessed. We reasoned that the
use of the very weakly coordinating anion H2N{B(C6F5)3}2

�

and the absence of additional Lewis bases on the metal centers
should enhance the Lewis acidity of the cations and therefore
produce highly active catalysts. Polymerization studies were
typically conducted in toluene, with a monomer concentration
of 2.0 M, in the temperature range 30�100 �C. Selected data
obtained with complexes 8�12 and 13�17 are collected in
Tables 1 and 2. Complexes 5 and 6, which contain THF,
exhibited good activities but limited control under these experi-
mental conditions50 and were not explored extensively here.
The iROP of L-LA is efficiently promoted by 8 at 100 �C and

10�12 at lower temperature (30�60 �C) upon addition of an
excess of iPrOH as an external initiator; unexpectedly, the Mg
derivative 9 is totally inactive under these experimental condi-
tions. The Zn complex 8 requires elevated temperature (Table 1,
entries 1�3) but yields PLLAs with tunable molecular weight in
the presence of up to 50 equiv of initiator/chain-transfer agent
with good control over the polymerization parameters.51 Turn-
over frequencies (TOFs, calculated at <90% conversions) of the

Figure 5. ORTEP representation of [{RO3}Baþ]2 in {{17}4 3EtOH} 3 3CH2Cl2 (left) and details of the geometry around the corresponding metal
centers (right). Ellipsoids are drawn at the 50% probability level. Hydrogen atoms are omitted for clarity. Selected bond distances [Å] and angles [deg]:
Ba11�N151 = 2.968(3), Ba11�O154 = 2.741(3), Ba11�O157 = 2.805(3), Ba11�O160 = 2.824(3), Ba11�O163 = 2.758(3), Ba11�O121 =
2.615(2), Ba11�O171 = 2.640(3), Ba11�F126 = 2.973(2), Ba11�F180 = 2.971(3), Ba12�N101 = 2.966(3), Ba12�O104 = 2.758(3), Ba12�O107 =
2.823(4), Ba12�O110 = 2.845(3), Ba12�O113 = 2.701(3), Ba12�O121 = 2.655(2), Ba12�O171 = 2.637(3), Ba12�F130 = 2.935(3), Ba12�F176 =
2.992(3), Ba(11)�Ba(12) = 4.2269(3); Ba11�O121�Ba12 = 106.65(8), Ba11�O171�Ba12 = 106.44(8).
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8/iPrOH system were typically in the range 60�65 molL-LA 3
(molZn 3 h)

�1. The agreement between experimental and theo-
retical molecular weights is satisfactory, and themolecular weight
distribution is relatively narrow (Mw/Mn = 1.15�1.38); both
observations are consistent with fast and reversible chain transfer
between activated (growing) macromolecules and dormant
ones.16 The binary catalytic system 8/iPrOH thus proceeds in
the expected fashion for the ROP of L-LA according to the so-
called “activated monomer” mechanism.16h,33

The Sr and Ba analogues 11 and 12 constitute highly active
binary catalysts in the presence of iPrOH (Table 1, entries
15�17), allowing rapid conversion of the monomer even at
30 �C with TOFs as high as 6 000 molL-LA 3 (molmetal 3 h)

�1.
Although the molecular weight distributions remain narrow

(Mw/Mn = 1.20�1.30) at low conversion (below 50%), the
observed molecular weights did not match their calculated
values; besides, rapid broadening of the molecular weight
distributions was observed at higher conversion (above 70%)
because of transesterification side processes (as evidenced by
MALDI-TOF MS). Therefore, although very active, these cata-
lytic systems offer limited scope for the controlled iROP of cyclic
esters.
The Ca derivative 10 offers the best compromise in terms of

activity and control and provides a very efficient binary catalyst
for well-controlled iROP upon addition of 5�50 equiv of iPrOH
(Table 1, entry 5)33 or BnOH (Table 1, entries 6�14) at 60 �C.54
Full conversion of up to 3 000 equiv of L-LA was achieved within
24 h, and the control of the polymerization parameters was

Figure 6. ORTEP representation of [{RO3}Baþ]2 3 EtOH in {{17}4 3EtOH} 3 3CH2Cl2 (left) and details of the geometry around the corresponding
metal centers (right). Ellipsoids are drawn at the 50% probability level. Hydrogen atoms are omitted for clarity. Selected bond distances [Å] and angles
[deg]: Ba1�N1 = 2.938(4), Ba1�O4 = 2.769(3), Ba1�O7 = 2.886(4), Ba1�O10 = 2.913(3), Ba1�O13 = 2.810(3), Ba1�O21 = 2.670(2), Ba1�
O71 = 2.595(2), Ba1�F29 = 2.960(3), Ba2�N51 = 2.990(3), Ba2�O54 = 2.981(2), Ba2�O57 = 2.844(3), Ba2�O60 = 2.832(2), Ba2�O63 =
2.877(2), Ba2�O21 = 2.662(2), Ba2�O71 = 2.681(2), Ba2�O99 = 2.805(3), Ba2�F25 = 3.084(2), Ba2�F79 = 2.981(2), Ba(1)�Ba(2) = 4.1774(3);
Ba1�O21�Ba2 = 103.1(8), Ba1�O71�Ba2 = 104.7(8).

Table 1. Immortal ROP of L-LA with 8�12/ROH Systemsa

entry Mþ ROH [L-LA]/[Mþ]/[ROH] Tre [�C] t [h] yield [%]b TOF [mol 3 (mol 3 h)
�1] Mn,theo [g 3mol�1]c Mn,SEC [g 3mol�1]d Mw/Mn

d

1 8 iPrOH 1 000:1:5 100 16 99 62 28 600 31 800e 1.38

2 8 iPrOH 1 000:1:10 100 16 99 62 14 300 13 300 1.25

3 8 iPrOH 1 000:1:50 100 16 97 61 2 900 3 200 1.15

4 9 iPrOH 1 000:1:10 100 3 tr

5 10 iPrOH 1 000:1:10 60 11 90 82 13 000 12 900 1.07

6 10 BnOH 1 000:1:5 60 8 72 90 20 900 17 500 1.08

7 10 BnOH 1 000:1:10 60 8 72 90 10 500 10 700 1.06

8f 10 BnOH 1 000:1:10 60 7 64 91 9 200 8 500 1.07

9 10 BnOH 1 000:1:10 60 11 83 75 12 100 11 300 1.06

10 10 BnOH 1 000:1:10 60 24 97 40 14 000 12 800 1.10

11 10 BnOH 2 000:1:10 60 24 95 79 27 500 19 600e 1.09

12 10 BnOH 3 000:1:10 60 24 96 120 41 600 30 000e 1.06

13 10 BnOH 1 000:1:20 60 8 78 97 5 700 5 800 1.07

14 10 BnOH 1 000:1:50 60 8 83 104 2 500 2 400 1.12

15 11 iPrOH 1 000:1:10 30 1 48 480 7 000 14 000 1.20

16 12 iPrOH 1 000:1:10 100 0.05 30 6 000 4 400 11 000 1.21

17 12 iPrOH 1 000:1:10 30 1 34 340 5 000 13 000 1.27
a Polymerizations carried out in toluene with [L-LA]0 = 2.0 M. b Isolated yield after precipitation. cCalculated fromMn,theo = [L-LA]0/[ROH]0� yield�
144.13 þ MROH, with MBnOH = 108 g 3mol�1 and MiPrOH = 60 g 3mol�1. dDetermined by size exclusion chromatography calibrated vs polystyrene
standards and corrected by a factor of 0.58 according to literature recommendations.52 eNote that the 0.58 factor applied to the correction of PLLA
molecular weights determined vs polystyrene standards is inadequate at high molecular weights; higher factors should be utilized.53 fRun in chloroform.
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excellent (Mn,theo ∼ Mn,SEC; Mw/Mn = 1.06�1.12). The TOFs
were characteristically in the range 80�100molL-LA 3 (molCa 3 h)

�1.
There is no influence of the contents in BnOH on the catalytic
activity in the concentration range examined (5�50 equiv vs 10);
on the other hand, the molecular weights decreased linearly with
increasing BnOH contents (compare entries 6, 7, 13, and 14). As
anticipated for an iROPmechanism, the nature of the initiator had
little influence on the activity (BnOH, 90 molL-LA 3 (molCa 3 h)

�1,

entry 7; iPrOH, 82 molL-LA 3 (molCa 3 h)
�1, entry 5) and none on

the molecular weight features. Moreover, at this temperature, the
polymerization proceeded equally fast in CHCl3 (Table 1, entry 8)
as in toluene (Table 1, entry 7). No epimerization of the optically
active centers was detected by 1H NMR. Kinetic studies (reactions
performed in Schlenk vessel, see the Supporting Information)
indicated a first-order dependence on monomer concentration; at
[L-LA]0 = 2.0 M, T = 60 �C and [L-LA]0/[10]0/[ROH]0 =
1 000:1:10, the apparent rate constants with iPrOH33 and BnOH
were kapp

iPrOH,60 = 0.210 h�1 and kapp
BnOH,60 = 0.170 h�1,

respectively. For the binary system 10/BnOH, kapp
BnOH,60 was

determined at various catalyst concentrations ([10]0 = 2.00�
20.0 mM) and fixed L-LA (2.0 M) and BnOH (20 mM) con-
centrations and spanned from 0.17 h�1 ([10]0 = 2.00 mM) to
2.70 h�1 ([10]0 = 20.0 mM). The corresponding logarithmic plot
of monomer conversion versus catalyst concentration gave a non-
integer order of 1.20 in catalyst concentration. Such fractional
orders have already been reported for Zn8b and Y55 catalysts before
and are diagnostic of the formation of aggregated metallic species.
The dependence on alcohol concentration was not investigated at
this stage. The controlled character of the iROP catalyzed by 10/
BnOH (or iPrOH) was established by NMR spectroscopy per-
formed on lowmolecular weight PLLA samples andMALDI-TOF
mass spectrometry. They confirmed that the nature of the polymer
end-groups consisted of the expected �CH(CH3)OH and
BnO�C(O)�CHCH3� moieties resulting from acyl cleavage

by BnOH (or iPrOH); the presence of other termini could not
be detected. Two Bernouillian distributions (sometimes of equal
intensity) separated by increments of 72 Da were usually observed
in the MALDI-TOF mass spectra of the polymers, indicating that
transesterification processes occur very rapidly with these systems
(vide supra).
Effective binary catalytic systems are also generated upon

addition of an excess of BnOH to the fluorinated complexes 13
and 15�17 (Table 2, entries 1�5). Incomplete conversion of
1 000 equiv of L-LA was observed at 100 �C with [L-LA]0/
[Mþ]0/[BnOH]0 = 1 000:1:10, with the Sr and Ba derivatives
being the most active and Zn andMg the least ones. In particular,
we found that the Mg complex 14 is, like previously with 9,
almost entirely inactive under the given experimental conditions
(Table 2, entry 2). The reasons for this behavior are unclear at
this stage but probably relate to the small size of Mg, its high
Lewis acidity, and the high chelating ability of the ligands.
General features of the systems 13 and 15�17/BnOH include
(i) relatively lower catalytic activity than their aryloxide counter-
parts 8�12, requiring higher polymerization temperature
(100 �C or so) with TOFs in the range 100�500 molL-LA 3
(molmetal 3 h)

�1, (ii) very good control over the polymerization,
with good agreement between Mn,theo and Mn,SEC and generally
very narrow distributions (Mw/Mn ∼ 1.10�1.20), and (iii)
absence of epimerization of the chiral centers.
The most efficient system 16/BnOH based on the Sr

catalyst was subjected to scrutiny (Table 2, entries 6�17). The
catalyst is able to polymerize 2 000 equiv of L-LA and to
withstand up to 50 equiv of BnOH without detrimental effect
to the catalytic activity or to the control (entries 11�14; reac-
tions times were deliberately limited to maintain incomplete
conversion). In fact, the activity increased regularly with alcohol
content, suggesting a kinetic dependence on the concentration of
initiator. Moreover, at comparable conversion, the molecular

Table 2. Immortal ROP of L-LA with 13�17/BnOH Systemsa

entry Mþ [L-LA]/[Mþ]/[BnOH] T [�C] t [h] yield b [%] TOF [mol 3 (mol 3 h)
�1] Mn,the

c [g 3mol�1] Mn,SEC
d [g 3mol�1] Mw/Mn

1 13 1 000:1:10 100 3 27 90 4 000 4 100 1.07

2 14 1 000:1:10 100 3 tr

3 15 1 000:1:10 100 3 47 157 6 900 6 700 1.12

4 16 1 000:1:10 100 3 74 247 10 800 9 900 1.17

5 17 1 000:1:10 100 3 50 167 7 300 6 800 1.16

6 16 1 000:1:10 100 0.75 19 253 2 800 2 800 1.09

7 16 1 000:1:10 100 1.5 52 347 7 600 7 500 1.10

8 16 1 000:1:10 100 2.25 61 271 8 900 8 600 1.11

9 16 1 000:1:10 100 4.5 85 189 12 400 12 100 1.42

10 16 1 000:1:10 100 6 89 148 12 900 12 100 1.30

11 16 1 000:1:5 100 1.5 34 227 9 900 9 300 1.09

12 16 1 000:1:10 100 1.5 52 347 7 600 7 500 1.10

13 16 1 000:1:20 100 1.5 57 380 4 200 4 100 1.10

14 16 1 000:1:50 100 1.5 75 500 2 300 2 400 1.10

15 16 500:1:10 100 4 95e 119 7 000 7 000 1.19

16 16 (500þ)500:1:10 1000 (4þ)4 91 114 13 100 12 700 1.21

17 16 2 000:1:5 100 24 85 71 49 100 35 000f 1.41
a Polymerizations carried out in toluene with [L-LA]0 = 2.0 M in the presence of BnOH. b Isolated yield after precipitation. cCalculated fromMn,theo =
[L-LA]0/[BnOH]0 � yield � 144.13 þ MROH, with MBnOH = 108.14 g 3mol�1. dDetermined by size exclusion chromatography calibrated vs
polystyrene standards and corrected by a factor of 0.58 according to literature recommendations.52 eConversion determined by NMR. fNote that the
0.58 factor applied to the correction of PLLA molecular weights determined vs polystyrene standards is inadequate at high molecular weights; higher
factors should be utilized.53
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weight decreased linearly with increasing alcohol contents
(Table 2, entries 11�14). At fixed [L-LA]0/[16]0/[ROH]0 =
1 000:1:10 (Table 2, entries 6�10; [L-LA]0 = 2.0M), an increase
of conversion with reaction time and a linear increase of
molecular weights with conversion were observed. The mole-
cular weight distribution remained very narrow up to ca. 80%
conversion, when broadening occurred, most likely as a result of
transesterification reactions. The semilogarithmic plot of mono-
mer conversion versus reaction time indicated a first-order
dependence on monomer concentration, and the corresponding
calculated apparent rate constant was kapp

100,BnOH = 0.376 h�1.56

A double-feed experiment was carried out to demonstrate the
immortal nature of the catalytic system (Table 2, entries 15 and
16): a first batch of 500 equiv of L-LA was polymerized with 4 h.
An aliquot was collected for NMR and SEC analyses, and another
load of 500 equiv of monomer was added to the reaction
medium. Near quantitative conversion of the monomer was
achieved after an additional 4 h. The molecular features of the
polymers after conversion of 500 and 1 000 equiv of L-LA were
identical (Mw/Mn = 1.19 and 1.21, respectively), and the
molecular weight increased by the expected value based on
monomer conversion. NMR and MALDI-TOF MS analyses
showed that the polymers prepared with BnOH/16 (as well as
its derivatives 13, 15, and 17) possessed �CH(CH3)OH and
BnO�C(O)�CH(CH3)� termini, as expected for PLLA chains
resulting from initial ring opening of L-LA by BnOH followed by
further monomer addition to the (macro)alcohols.16h,33 This
was further corroborated by NMR monitoring of the reaction of
L-LA and 1.0 equiv of BnOH in the presence of 0.1 equiv of 16,
which showed complete formation of the opened product
BnO�C(O)�CH(CH3)�O�C(O)�CH(CH3)�OH after 1
h in CD2Cl2 at room temperature. Besides, the reaction of L-LA,
0.5 equiv of BnOH and 0.05 equiv of 16 in toluene-d8 at 100 �C
gave the double insertion product BnO�C(O)�CH(CH3)�
[O�C(O)�CH(CH3)]2�O�C(O)�CH(CH3)�OH within
10 min.
Polymerization Kinetics. The binary catalyst 16/BnOH was

selected for detailed iROP kinetic studies in order to establish the
rate law. The choice of the Sr complex 16 was motivated by
practical reasons: it is very robust in solution in the presence of
L-LA and/or BnOH (vide supra), fairly active over the course of a
few hours at 80�100 �C but is almost inactive at room
temperature. Kinetic studies were thus performed by NMR
spectroscopy at 100 �C in toluene-d8. At fixed monomer and
initiator (BnOH) concentrations (2.0 M and 96.67 mM, re-
spectively), the conversion of L-LA with time was monitored by
1HNMR spectroscopy at various catalyst concentrations ([16]0 =
3.26�32.61 mM) until full conversion was observed. First
order dependence was observed in each case, and the corre-
sponding apparent rate constants (kapp = 0.0003�0.0033 s�1)
were extracted from the semilogarithmic plots ln([L-LA]0/
[L-LA}]t) = kapp 3 t. No induction period was observed. The plot
of ln(kapp) versus ln([16]0) was linear, and the gradient of the
best-fit line was 1.047 (Figure 7). Therefore, the kinetic order in
catalyst is equal to 1.0 within experimental errors.
The dependence on initiator concentration was also deter-

mined. At fixed monomer ([L-LA]0 = 2.0 M) and catalyst
([16]0 = 14.67mM) concentrations, the conversion ofmonomer
with time was monitored at various initiator concentrations
([BnOH]0 = 29.0�290 mM). Again, the consumption of the
monomer followed accurately first-order kinetics, and there was
no induction period (Figure 8). Hence the kinetic order in

initiator is 1.0, which eventually gives the following rate law:

�d½L-LA�=dt ¼ kp 3 ½L-LA�1:0 3 ½16�1:0 3 ½BnOH�1:0 ð1Þ

The reasons for the apparent difference in the dependence on
catalyst concentration observed for 10 and 16 (rate orders in
catalyst = 1.2 and 1.0, respectively) and its true significance are
unclear at this stage. It possibly reflects a tendency to aggregation
in the former case,8b,55,57 whereas 16 is probably monomeric in
solution. Note also that in contrast with our results, Cui et al.
reported a kinetic order in initiator (triethanolamine) of�0.352
for the iROP of rac-LA catalyzed by an yttrium complex;
however, the authors did not consider the dependency in catalyst
concentration in their study.58

At fixed concentrations ([L-LA]0 = 2.0 M, [16]0 = 14.67 mM,
[BnOH]0 = 96.67 mM, [L-LA]0/[16]0/[ROH]0 = 136:1:6.6),
the kinetics were examined in the temperature range 85�100 �C
in order to determine the activation parameters using the Eyring
equation.59 In each case, first-order kinetics in monomer were
observed without induction period. The apparent rate constants
were extracted from the semilogarithmic plot of monomer
conversion versus reaction time (see the Supporting Infor-
mation), and the activation parameters ΔHq = 14.8(5) kcal 3
mol�1 and ΔSq = �7.6(2.0) cal 3K

�1
3mol�1 were calculated

from the plot of ln(kapp/T) versus 1/T (Figure 9). The value for
the enthalpy of activation for the ROP of L-LA promoted by 16/
BnOH is in the upper range of values (7 to 12 kcal 3mol

�1)

Figure 7. Plot of ln(kapp) versus ln([16]0) for the polymerization of
L-LA promoted by 16/BnOH at various catalyst concentrations (3.26�
32.61 mM) and fixed [BnOH]0 (96.67 mM) and [L-LA]0 (2.0 M)
concentrations. Polymerizations carried out in toluene-d8 at 100 �C.

Figure 8. Plot of ln(kapp) versus ln([BnOH]0) for the polymerization of
L-LA promoted by 16/BnOH at various initiator concentrations
(29.0�290 mM) and fixed [16]0 (14.67 mM) and [L-LA]0 (2.0 M)
concentrations. Polymerizations carried out in toluene-d8 at 100 �C.
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reported for complexes operating according to a coordination�
insertion mechanism (in the absence of external nucleophile),
while the value found for the entropy of activation is at the lower
end of those reported for these systems (ca.�8 to�36 cal 3K

�1
3

mol�1).7a,10f,60 The higher activation parameters found for 16/
BnOH are not unexpected because (i) it proceeds according to
the so-called activated monomer mechanism, and (ii) 16/BnOH
is a binary catalyst, as opposed to the single-component initiators
described elsewhere.7a,10f,60

The apparent rate constants for the iROP of L-LA catalyzed by
addition of BnOH to 13�17 were determined by NMR in
toluene-d8 under rigorously identical experimental conditions
(100 �C, [L-LA]0 = 2.0M, [L-LA]0/[Met]0/[ROH]0 = 136:1:6.6).
As found earlier, the Mg derivative 14 exhibited hardly any catalytic
activity under these conditions. By contrast, apparent rate constants
of 0.0001, 0.0004, 0.0013, and 0.0014 s�1 were calculated for 13, 15,
16, and 17, respectively. The catalytic activity hence varies in the
order Mg, Zn < Ca < Sr≈ Ba, that is, it increases with the ionic
radius of themetal. This is in agreement with the observationsmade
previously with large scale polymerizations performed in Schlenk
flasks and also follows the trend noticed with complexes 8�12
supported by the aryloxide ligand {LO3}�.33,61

DFT Calculations. In order to gain some insight on the
structure and reactivity of these two families of complexes,
theoretical investigations were carried out at the DFT(B3PW91)
level. First, the suitability of the method was assessed by
comparing the optimized calculated geometries of all {LO3}Mþ

and {RO3}Mþ compounds (M =Mg, Ca, Sr, Ba, and Zn) with the
available solid-state structures determined experimentally. In all
cases, only the monomeric complex without any counterion
(8þ�12þ and 13þ�17þ) was considered in order to reduce
calculation times.We found that the optimized structures matched
adequately the experimental ones, and in particular, the calcula-
tions confirmed the presence of stabilizing Ae 3 3 3F contacts in
15þ�17þ. In fact, all attempts to optimize geometries without
these Ae 3 3 3F interactions proved unsuccessful. As in the X-ray
crystal structures, the shortest calculated Ae 3 3 3F distances were
obtained for 16þ (Sr) and then 17þ (Ba), whereas these contacts
are weaker in the case of 15þ (Ca) and especially 14þ (Mg); this
trend in the alkaline series can be associatedwith steric effects. The
strength of these interactions was quantified by means of NBO
using the second-order perturbation analysis. A stabilizing inter-
action of 40 kcal 3mol

�1 was found for 16þ, 25�26 kcal 3mol�1

for 15þ/17þ, and only 12 kcal 3mol�1 in the case of 14þ. The
highest values are in the range of those found for donor�acceptor
interactions in ambiphilic complexes,62 whereas those found for
the Mg derivative have the intensity of strong agostic interactions.
Another indication of the strength of these interactions is provided
by the analysis of the Wiberg indexes. In agreement with the
interaction energies, the Wiberg indexes decrease from Sr (0.12)
to Mg (0.06) with an intermediate value of 0.09 for both Ca and
Ba. Similar Wiberg indexes were reported in the case of metal�
metal (d8�d8) interactions by Bercaw et al.63

For all complexes, the calculated positive charge on the metal
(Table 3) is close to the expected oxidation state (betweenþ1.32
andþ1.49 for 8þ�12þ andþ1.28 andþ1.45 for 13þ�17þ). In
a given series (8þ�12þ versus 13þ�17þ), the observed varia-
tion for the calculated charge with the nature of the metal is
rather unclear, as it does not clearly reflect the evolution of the
Lewis acidity and electroposivity. However, the two trends follow
the same relative pattern, independently of the nature of the
supporting ligand.
Themethod was then used to shed light on the results of iROP

of L-LA. Despite our efforts, it has not been possible so far to
locate any transition state for the reaction of L-LA with an
external alcohol (namely, MeOH), and work is still in progress in
that direction. However, some interesting features can be derived
by analyzing the coordination of the monomer as well as the
thermodynamics of the reaction. Within each series, the coordi-
nation energy of L-LA to the metal center varies according to the
metal charge. The coordination of L-LA is endergonic in the case
of small variations of the charge (|δcharge| < 0.06), while it is
exergonic with larger δcharge (Table 3). This is particularly
striking in the case of complexes 15þ�17þ, where substantial
coordination energies (�6.4 < ΔG < �11.2 kcal 3mol

�1) and
decrease of the charge on the metal (�0.04 < δcharge < �0.16)
were computed. This may be related to the presence of Ae 3 3 3 F
interactions in these complexes. Indeed, upon coordination of L-LA,
the Ae 3 3 3 F distances increased by ca. 0.2 Å with respect to their
initial values in 15þ�17þ. Besides, generally larger variations
(both for the positive charge on the metal and the coordination
energy) were observed in the case of complexes supported by
{RO3}� in comparison to those bearing {LO3}�. Finally, in both
series, the magnitudes of ΔG and δcharge increased clearly with
the electropositive nature of the metal; this is in excellent
agreement with the experimental data, which unambiguously
showed an increase in catalytic activity with the metal size. The
case of the Ca complex 15 is somewhat specific since the
variation of the charge is rather limited (δcharge = �0.04), and
yet the coordination of the monomer is clearly energetically
favorable (ΔG = �6.4 kcal 3mol�1). This may reflect the subtle
balance between size of the metal (and electropositivity of the
element) and stabilization through Ae 3 3 3 F internal interactions
in this family of complexes.The cases of Mg derivatives 9þ and
14þ stand out, as the highly endergonic coordination of L-LA
(þ11.2 and þ9.6 kcal 3mol�1, respectively) can be correlated to
the inability of these two complexes to promote the iROP of
L-LA. Even if the coordination of the monomer on the Zn cation
8þ (ΔG =þ15.0 kcal 3mol�1) seems less favorable than on its Mg
counterpart 9þ (ΔG = þ11.2 kcal 3mol�1), coordination of the
opened monomer (following the first ring opening after nucleo-
philic attack by MeOH) onto the metal center is clearly much
more energetically costly in the latter case (ΔG =þ1.2 andþ15.1
kcal 3mol�1 for 8þ and 9þ, respectively). This may account for
the observed differences in the catalytic ability of these two

Figure 9. Eyring plot for the determination of activation parameters for
the polymerization of L-LA promoted by 16/BnOH. [L-LA]0 = 2.0 M,
[16]0 = 14.67 mM, [BnOH]0 = 96.67 mM, [L-LA]0/[16]0/[ROH]0 =
136:1:6.6. Polymerizations carried out in toluene-d8 in the temperature
range 85�100 �C.
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complexes, as unlike 9þ, the Zn complex 8þ is somewhat active at
high temperature (100 �C). In fact, ring opening of coordinated
L-LA seems to be clearly disfavored in the case of 9þ (compare
the coordination energies of L-LA,ΔG =þ11.2 kcal 3mol

�1, and
that of the opened product, ΔG = þ15.1 kcal 3mol�1).
Similar behaviors were also observed upon coordination onto

the metal centers of CH3O�C(O)�CH(CH3)�O�C(O)�
CH(CH3)�OH (i.e., the product resulting from the opening of
L-LA by nucleophilic attack of MeOH) with concomitant
formation of a chelating adduct (Table 3). The formation of a
chelate (by coordination of the hydroxyl and one carbonyl
groups) is found to be particularly stabilizing in the cases of
the larger metals Sr and Ba.

’CONCLUSIONS AND PERSPECTIVES

We have devised original and efficient routes for the synthesis
of well-defined, solvent-free cationic complexes of the large
alkaline-earth metals, magnesium and zinc. This has given access
for the first time to the preparation of two whole families of
discrete aryloxide and fluorinated alkoxide cations of these
metals.

The importance of the chelating ability of the ligand system for
the stabilization of the cations is crucial, especially when the size
of the metal center increases. Additional, strong secondary
Ae 3 3 3 F interactions (detected in the solid state and estimated
to be 12�40 kcal 3mol�1 by DFT calculations) between the
metal (Ca, Sr, Ba) and fluorine atoms in {RO3}� further
contribute to the stabilization of these extremely electrophilic
species. It is interesting to note that in all of our studies of
complexes of zinc, aluminum, or early transition metals sup-
ported by fluorinated tertiary alkoxides,39 only one occurrence of
weak M 3 3 3 F interaction was identified, in the case of yttrium
(Y 3 3 3 F = 2.806(2) Å).64 On the other hand, the present work
provides further evidence that they are readily and significantly
involved in the stabilization of electrophilic complexes of Ca, Sr,
and Ba.21d,27f,36d,47�49 These Ae 3 3 3 F interactions may reflect
lower π-donating ability for the fluorinated alkoxide and/or a
further need from the metal in these species for electron density
which can only be (partly) supplied by the F atoms in {RO3}�.

Because they are associated with a weakly coordinating
counterion and do not contain external Lewis bases such as
THF, the Ca, Sr, and Ba cations constitute rare examples of very
good Ae catalysts for the controlled iROP of L-LA upon addition
of an external nucleophilic initiator such as iPrOH or BnOH. The
activity of these binary systems compare for instance favorably
with that of the tetrahydroborate Ca cations recently reported by
Mountford.34 The most active systems based on Sr and Ba can
operate at room temperature. The kinetics exhibit first-order
dependence on all components of the system in the case of the
iROP of L-LA promoted by 16/BnOH, suggesting that all three
components are involved in the rate-determining step. This is in
line with the spectroscopic observations that 16 does not interact
with L-LA or BnOH by themselves but promotes the opening of
L-LA upon addition of 1 equiv of alcohol versus the monomer.
However, attempts to localize transition states during the ring
opening of coordinated L-LA by MeOH have so far been
unsuccessful owing to the complexity of these systems.

The Ae complexes 15�17, supported by the fluorinated
ligand {RO3}�, are clearly less active than their aryloxide
analogues 10�12; this likely arises from the presence of internal
secondary Ae 3 3 3 F interactions in 15�17, although 19F{1H}T
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NMR spectroscopy does not provide definitive evidence that
these interactions persist in solution (note that, to our knowl-
edge, the persistence in solution of secondary Ae 3 3 3 F contacts
identified in the solid state has never been demonstrated
previously in neutral complexes,21d,27f,47 while there is no pre-
cedent of similar interactions in well-defined Ae cationic com-
plexes). NMR and preparative scale experiments have shown that
complexes 16 and 17 are perfectly stable at room temperature in
the presence of L-LA or BnOH; it is possible that although
thermodynamically favorable (see calculations), the coordina-
tion of L-LA on themetal is kinetically unfavorable because of the
fluorine interactions.

The reasons for the observed order of activity (Ba≈ Sr > Ca >
Zn . Mg) are still unclear. On the basis of the Lewis acidity of
the metal, which should be a prominent feature in an activated
monomer mechanism, where the monomer is activated by the
Lewis acidic metal center (Scheme 3), the opposite trend, that is,
the Mg and Ba derivatives as the most and least active catalysts,
respectively, might have been expected. However, the catalytic
activity increases in line with the size and the electropositivity of
the metal, an experimental observation corroborated by DFT
calculations. It may well be that the smaller metals are deactivated
by the very chelating {LO3}� and {RO3}� ligands, either simply
because no coordination sites are available for the incoming
monomer or because the aza-15-crown-5 macrocycle binds more
tightly in the cases of the most Lewis acidic metals. However,
caution is required for the selection of the ligand framework, as
demonstrated by (i) the failure to synthesize cationic complexes
supported by the tridentate ligand {LO1}� and (ii) the high
catalytic efficiency but poor control displayed by 5 and 6,
where the metal is supported by the tetradentate {LO2}� and
additional THF.

The rational design of well-defined, solvent-free Ae cations
opens the door to the comprehensive investigation of their
reactivity. Current efforts in our group aim particularly at ratio-
nalizing these observations by designing complexes supported by
new ancillary ligands and by themeans of theoretical calculations.
A correct assessment of the behavior of these cationic complexes

will necessarily involve the accurate determination of their
nuclearity in solution, which has so far been impeded by their
poor solubility in common deuterated solvents used for PGSE
NMR studies.

’EXPERIMENTAL SECTION

General Procedures. Full experimental and analytical protocols
are given in the Supporting Information. [H(OEt2)2

þ][H2N{B-
(C6F5)3}2]

�40a [{LO3}HHþ][H2N{B(C6F5)3}2]
� (3),33 [{LO3}Mþ]-

[H2N{B(C6F5)3}2]
� (M = Zn, 8; Mg, 9; Ca, 10; Sr, 11; Ba, 12),33

Zn[N(SiMe3)2]2,
65 {Mg[N(SiMe3)2]2}2,

66 Ca[N(SiMe3)2]2(THF)2,
19c

Sr[N(SiMe3)2]2(THF)2,
67 Ba[N(SiMe3)2]2(THF)2,

67 {LO1}H,8n

{LO2}H,43 and {LO3}H32 were prepared as described in the literature.
Isopropanol and benzyl alcohol employed for polymerization purposes
(HPLC grade, VWR) were dried and distilled over dry magnesium
turnings and then stored over 3 Å molecular sieves. L-lactide (L-LA)
was provided byTotal Petrochemicals and purified by recrystallized froma
hot, concentrated iPrOH solution (80 �C), followed by two subsequent
recrystallizations in hot toluene (105 �C).

NMR spectra were recorded on Bruker AC-200, AC-300, AC-400,
and AM-500 spectrometers. All chemicals shifts were determined using
residual signals of the deuterated solvents and were calibrated versus
SiMe4.

19F{1H} chemical shifts were determined by external reference to
an aqueous solution of NaBF4.

Size exclusion chromatography (SEC) measurements were performed on
a Polymer Laboratories PL-GPC 50 instrument equipped with a PLgel 5 Å
MIXED-C column and a refractive index detector. The GPC column was
eluted with THF at room temperature at 1 mL/min and was calibrated using
11 monodisperse polystyrene standards in the range of 580�380000 g 3
mol�1. Themolecularweights of all PLAswere corrected by a factor of 0.58.52

MALDI-TOF mass spectra were obtained with a Bruker Daltonic
MicroFlex LT, using a nitrogen laser source (337 nm, 3 ns) in linear
mode with a positive acceleration voltage of 20 kV. Bruker Care Peptide
Calibration Standard and Protein Calibration Standard I were used for
external calibration.
2-[(1,4,7,10-Tetraoxa-13-azacyclopentadecan-13-yl)methyl]-

1,1,1,3,3,3-hexafluoropropan-2-ol ({RO3}H).A solution of 1-aza-15-
crown-5 (5.89 g, 26.9mmol) in Et2O (100mL) was added dropwise at 0 �C

Scheme 3. Traditional Activated Monomer Mechanism (from ref 33) for the Immortal ROP of L-LA Catalyzed by a Binary
Catalyst Metþ/ROH (Metþ = Lewis acidic metal)
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to a solution of 3,3,3-trifluoro-2-(trifluoromethyl)-1,2-propenoxide (4.84 g,
26.9 mmol) in Et2O (350mL). The resulting colorless solution was allowed
to warm slowly to room temperature, and stirring was pursued overnight.
The solution was then concentrated to 60 mL and washed with a saturated
aqueous solution ofNaHCO3 (2� 150mL). The aqueous layers were back-
extracted with Et2O (70 mL). The organic layers were combined and dried
overMgSO4, and the solvent was removed under vacuum to afford {RO3}H
as a colorless oil that was dried to constant weight. The oil slowly solidified
upon storage atþ4 �C. Yield 8.15 g (76%). 1HNMR(CDCl3, 500.13MHz,
298 K): δ 6.46 (br s, 1H, OH), 3.63�3.61 (m, 4H, O�CH2), 3.59�3.56
(m, 12H, O-CH2), 3.07 (s, 2H, CH2-C(CF3)2), 2.87 (t, 3JHH = 5.2, 4H,
N-CH2-CH2) ppm.

13C{1H}NMR (CDCl3, 125.76MHz, 298 K): δ 123.5
(q, 1JCF = 283, CF3), 73.0 (hept,

2JCF = 29, C(CF3)2), 70.9, 70.3, 70.2, 69.2
(all O-CH2), 57.2 (N-CH2-CH2), 55.2 (N-CH2-C(CF3)2OH) ppm.

19F-
{1H}NMR (CDCl3, 188.29MHz, 298 K): δ�77.4 (s, 6F, C(CF3)2) ppm.
Anal. Calcd for C14H23F6NO5 (399.33 g 3mol

�1): C 42.1, H 5.8, N 3.5.
Found: C 42.3, H 6.0, N 3.4.
[{LO1}HH]þ[H2N{B(C6F5)3}2]

� (1). [H(OEt2)2]
þ[H2N{B-

(C6F5)3}2]
� (1.20 g, 1.01 mmol) was added in fractions with a bent

finger to a colorless solution of {LO1}H (0.31 g, 1.01 mmol) in Et2O
(30 mL). The resulting pale yellow solution was stirred at room tempera-
ture for 2 h. An oily material formed upon addition of pentane (120 mL).
The supernatant was removed by filtration, and the oil was dried in vacuo
to yield a colorless solid that was further washed with pentane (2 �
25 mL). After drying under vacuum, 1 was isolated as a fine white powder.
Yield 1.10 g (82%). X-ray quality crystals were grown by recrystallization
from a dichloromethane/pentane mixture at�26 �C. 1H NMR (CD2Cl2,
500.13 MHz, 298 K): δ 7.54 (d, 4JHH = 2.5, 1H, arom-H), 7.13 (d, 4JHH =
2.5, 1H, arom-H), 6.79 (br s, 1H,OH), 5.78 (br s, 1H,NHþ), 5.73 (br, 2H,
NH2), 4.38 (s, 2H, Ar-CH2-N), 4.24 (dd, 2JHH = 12.5, 2H, CH(H)-O),
3.76 (dt, 2JHH = 12.5, 2H, C(H)H-O), 3.51 (dd, 2JHH = 12.5, 2H, CH2-
CH(H)-N), 3.23 (m, 2H,CH2-C(H)H-N), 1.47 (s, 9H, p-C(CH3)3), 1.30
(s, 9H, o-C(CH3)3) ppm.

13C{1H}NMR (CD2Cl2, 125.76MHz, 298 K):
δ 149.8, 146.7, 141.2, 138.8, 137.9, 135.4 (all C6F5), 150.1 (i-C), 146.3
(o-C), 135.8 (p-C), 128.2 (m-C), 126.9 (m-C), 114.2 (o-C), 62.0 (Ar-CH2-
N), 64.7 (O-CH2), 53.2 (N-CH2-CH2), 34.4 (p-C(CH3)3), 34.2 (o-C-
(CH3)3), 31.2 (o-C(CH3)3), 30.5 (p-C(CH3)3) ppm. 19F{1H} NMR
(CD2Cl2, 188.29 MHz, 298 K): δ �133.4 (d, 3JFF = 18.9, 12F, o-F),
�160.5 (t, 3JFF = 18.9, 6F, p-F), �166.1 (d, 3JFF = 18.9, 12F, m-F) ppm.
11B NMR (96.29 MHz, CD2Cl2, 298 K): δ �8.4 ppm. Anal. Calcd for
C55H34B2F30N2O2 (1346.23 g 3mol

�1): C 49.1, H 2.6, N 2.1. Found: C
49.1, H 2.6, N 2.2.
[{LO2}HH]þ[H2N{B(C6F5)3}2]

� (2). In an manner analogous to
that described for 1, [H(OEt2)2]

þ [H2N{B(C6F5)3}2]
� (0.92 g, 0.77

mmol) and {LO2}H (0.32 g, 0.91 mmol) were reacted in Et2O (25 mL)
to give a foamy material after removal of the solvent. This solid was
purified twice by dissolving it in dichloromethane and reprecipitating it
by addition of pentane, thus ensuring that all residual Et2Owas eliminated.
Drying in vacuo afforded 2 as a colorless powder. Yield 0.65 g (61%). 1H
NMR (CD2Cl2, 500.13 MHz, 298 K): δ 7.73 (br s, 1H, OH), 7.52 (d,
4JHH = 2.5, 1H, arom-H), 7.13 (d, 4JHH = 2.5, 1H, arom-H), 5.71 (br, 2H,
NH2), 5.60 (br s, 1H, NHþ), 4.38 (s, 2H, Ar-CH2-N), 3.69 (br s, 4H,
O-CH2), 3.42 (s, 6H,O-CH3), 3.36 (t,

3JHH= 5.0, 4H,N-CH2-CH2), 1.49
(s, 9H, o-C(CH3)3), 1.32 (s, 9H, p-C(CH3)3) ppm. 13C{1H} NMR
(CD2Cl2, 125.76 MHz, 298 K): δ 149.3, 147.3, 140.5, 138.6, 138.0, 136.1
(all C6F5), 150.5 (i-C), 145.7 (p-C), 135.8 (o-C), 127.6 (m-C), 127.0
(m-C), 115.9 (o-C), 65.0 (O-CH2), 59.6 (O-CH3), 58.8 (Ar-CH2-N),
54.7 (N-CH2-CH2), 34.8 (p-C(CH3)3), 34.3 (o-C(CH3)3), 31.4
(p-C(CH3)3), 30.5 (o-C(CH3)3) ppm.

19F{1H} NMR (CD2Cl2, 188.29
MHz, 298 K): δ �133.4 (d, 3JFF = 18.9, 12F, o-F), �160.5 (t,
3JFF = 18.9, 6F, p-F), �166.1 (d, 3JFF = 18.9, 12F, m-F) ppm. 11B
NMR (96.29 MHz, CD2Cl2, 298 K): δ �8.4 ppm. Anal. Calcd for
C57H40F30N2O3 (1392.52 g 3mol�1): C 49.2,H 2.9, N 2.0. Found:C 49.6,
H 2.8, N 1.8.

[{RO3}HH]þ[H2N{B(C6F5)3}2]
� (4). In a way identical to that

described for 2, the reaction of [H(OEt2)2]
þ[H2N{B(C6F5)3}2]

� (5.96
g, 5.01 mmol) and {RO3}H (2.00 g, 5.01 mmol) was carried out in Et2O
(100 mL) to give 4 as a colorless powder. Yield 6.50 g (90%). 1H NMR
(CD2Cl2, 400.13 MHz, 298 K): δ 8.0�7.0 (br, 2H, OH þ NHþ), 5.70
(br, 2H, NH2), 3.89 (m, 4H, O-CH2), 3.84 (s, 2H, N-CH2-C-
(CF3)2OH), 3.73 (m, 12H, O-CH2), 3.59 (m, 4H, N-CH2-CH2)
ppm. 13C{1H} NMR (CD2Cl2, 100.61 MHz, 298 K): δ 149.5, 147.2,
140.7, 138.3 (2 overlapping signals), 135.9 (all C6F5), 122.2 (q,

1JCF =
284, CF3), 74.3 (hept,

2JCF = 31, C(CF3)2), 70.2, 69.5, 69.1 (all O-CH2-
CH2-O), 63.4 (O-CH2-CH2-N), 59.0 (N-CH2-CH2-O), 55.5 (N-CH2-
C(CF3)2OH) ppm. 19F{1H} NMR (CD2Cl2, 188.29 MHz, 298 K):
δ �77.5 (s, 6F, C(CF3)2), �133.4 (d, 3JFF = 18.9, 12F, o-F), �160.6
(t, 3JFF = 18.9, 6F, p-F), �166.1 (d, 3JFF = 18.9, 12F, m-F) ppm. 11B
NMR (96.29 MHz, CD2Cl2, 298 K): δ �8.4 ppm. Anal. Calcd for
C50H26B2F36N2O5 (1440.31 g 3mol�1): C 41.7, H 1.8, N 1.9. Found: C
41.4, H 1.9, N 2.0.
[{LO2}Ca(THF)0.5]

þ[H2N{B(C6F5)3}2]
� (5). Method A. A solu-

tion of 2 (0.30 g, 0.21 mmol) in Et2O (10 mL) was added dropwise at
room temperature to a solution of Ca[N(SiMe3)2]2(THF)2 (0.11 g,
0.22 mmol) in Et2O (10 mL). The resulting solution was stirred for 3 h,
and a white solid was then precipitated upon addition of a large volume
of pentane. The solid was purified (3 times) by dissolving it in
dichloromethane and then reprecipitating it by addition of pentane to
give 5 as a colorless powder that was dried under vacuum to constant
weight. Yield 0.22 g (70%).

Method B. A solution of H(OEt)2
þ
3NH2{B(C6F5)3}2

� (0.45 g,
0.38 mmol) in Et2O (10 mL) was added dropwise at room temperature
to a solution of 7 (0.21 g, 0.38 mmol) in Et2O (15 mL) in the presence
of a small amount of THF. The colorless solution was stirred at room
temperature for 1.5 h, and the volatiles were removed under vacuum.
The resulting oil was dissolved in CH2Cl2 (2 mL), and an oily material
formed again by slow addition of pentane (20 mL). The supernatant
was transferred out, and the residue was further washed with pentane
(2� 15 mL) to give 5 as a white powder that was dried in vacuo. Yield
0.42 g (77%). 1HNMR (CD2Cl2, 500.13MHz, 298 K): δ 7.48 (d, 4JHH

= 2.5, 1H, arom-H), 7.09 (d, 4JHH = 2.5, 1H, arom-H), 5.70 (br, 2H,
NH2), 4.40 (br s, 1H, Ar-CH(H)-N), 4.14 (br s, 1H, Ar-C(H)H-N),
3.77 (br s, 2H, CH2-CH2-O), 3.66 (br, 2H, O-CH2(THF)), 3.45 (s,
6H, O-CH3), 3.10 (br s, 2H, CH2-CH2-O), 2.85 (br, 2H, N-CH2-
CH2), 2.40 (br, 2H, N-CH2-CH2), 1.95 (br, 2H, O-CH2-CH2(THF)),
1.55 (s, 9H, o-C(CH3)3), 1.30 (s, 9H, p-C(CH3)3) ppm. 13C{1H}
NMR (CD2Cl2, 125.76 MHz, 298 K): δ 149.2, 147.3, 138.5, 138.2,
136.0, 135.9 (all C6F5), 158.5 (i-C), 140.4 (p-C), 136.2 (o-C), 128.2
(m-C), 126.6 (m-C), 123.7 (o-C), 70.7 (N-CH2-CH2-O), 70.0 (O-
CH2(THF)), 61.4 (Ar-CH2-N), 61.0 (O-CH3), 55.7 (N-CH2-CH2),
35.8 (o-C(CH3)3), 34.5 (p-C(CH3)3), 31.7 (p-C(CH3)3), 31.5 (o-
C(CH3)3), 25.6 (O-CH2-CH2(THF)) ppm. 19F{1H} NMR (CD2Cl2,
188.29 MHz, 298 K): δ �133.3 (d, 3JFF = 18.9, o-F), �160.6 (t, 3JFF =
18.9, p-F),�166.1 (t, 3JFF = 18.9, m-F) ppm. 11B NMR (CD2Cl2, 96.29
MHz, 298 K): δ �8.3 ppm. Anal. Calcd for C57H38B2CaF30N2O3 3
(C4H8O)0.5 (1466.64 g 3mol�1): C 48.3, H 2.9, N 1.9. Found: C 47.8, H
2.5, N 1.8.
[{LO2}Sr(THF)]þ[H2N{B(C6F5)3}2]

� (6). At room temperature,
2 (0.27 g, 0.19 mmol) was added in fractions to a solution of Sr[N-
(SiMe3)2]2(THF)2 (0.11 g, 0.20 mmol) in Et2O (15 mL). The resulting
pale yellow solution was stirred at room temperature for 48 h, and
removal of the volatiles gave an oil that solidified upon drying in vacuo.
The solid was washed (3 cycles) by dissolving it in minimal amounts of
CH2Cl2 and then reprecipitating it with pentane. After drying to
constant weight, 6 was isolated as a fine white powder. Yield 0.22 g
(74%). 1H NMR (CD2Cl2, 500.13 MHz, 298 K): δ 7.44 (d, 4JHH = 2.5,
1H, arom-H), 7.07 (d, 4JHH = 2.5, 1H, arom-H), 5.71 (br, 2H, NH2),
4.39 (d, 3JHH = 11.0, 1H, Ar-CH(H)-N), 4.14 (m, 1H, O-CH(H)-CH2-
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N), 3.74 (dt, 2JHH = 11.0, 1H, O-CH(H)-CH2-N), 3.62 (m, 1H,
O-C(H)H-CH2-N), 3.37 (br, 4H, O-CH2(THF)), 3.35 (s, 3H,
O-CH3), 3.27 (s, 3H, O-CH3), 3.20�3.05 (m, 3H, Ar-C(H)H-N þ
N-CH(H)-CH2 þ O-C(H)H-CH2-N), 2.78�2.65 (m, 2H, N-CH(H)-
CH2 þ N-C(H)H-CH2), 2.25 (dt, 2JHH = 14.5, 1H, N-C(H)H-CH2),
1.85 (m, 3JHH = 6.0, 4H, O-CH2-CH2(THF)), 1.56 (s, 9H, o-C(CH3)3),
1.28 (s, 9H, p-C(CH3)3) ppm. 13C{1H} NMR (CD2Cl2, 125.76 MHz,
298 K): δ 149.3, 147.4, 140.6, 138.5, 138.1, 136.1 (allC6F5), 158.6 (i-C),
140.4 (p-C), 136.7 (o-C), 128.2 (m-C), 126.3 (m-C), 123.4 (o-C), 71.2
(O-CH2-CH2-N), 70.8 (O-CH2-CH2-N), 69.4 (O-CH2(THF)), 60.8
(O-CH3), 60.3 (O-CH3), 59.3 (Ar-CH2-N), 56.2 (N-CH2-CH2), 52.3
(N-CH2-CH2), 35.6 (o-C(CH3)3), 34.3 (p-C(CH3)3), 31.6 (p-C-
(CH3)3), 31.4 (o-C(CH3)3), 25.7 (O-CH2-CH2(THF)) ppm. 19F{1H}
NMR (CD2Cl2, 188.29 MHz, 298 K): δ �133.4 (d, 3JFF = 18.9, 12F,
o-F),�160.5 (t, 3JFF = 18.9, 6F, p-F),�166.1 (d, 3JFF = 18.9, 12F, m-F)
ppm. 11B NMR (96.29 MHz, CD2Cl2, 298 K): δ�8.4 ppm. Anal. Calcd
for C57H38B2F30N2O3Sr 3 (C4H8O) (1550.23 g 3mol�1): C 47.3, H 3.0,
N 1.8. Found: C 47.9, H 3.2, N 2.0.
{LO2}CaN(SiMe3)2 (7). At room temperature, a solution of

{LO2}H (0.34 g, 0.97 mmol) in pentane (10 mL) was added slowly
to a solution of Ca[N(SiMe3)2]2(THF)2 (0.51 g, 1.02mmol) in pentane
(15 mL). After 6 h, the reaction solution was concentrated to 2 mL and
kept overnight at �30 �C to give 7 as a crystalline solid. Yield 0.39 g
(73%). Twinned crystals were afforded by recrystallization from a
benzene/pentane mixture at room temperature, and their structure
was determined. 1H NMR (C6D6, 500.13 MHz, 298 K): δ 7.59 (d,
4JHH = 2.6, 1H, arom-H), 6.96 (d, 4JHH = 2.6, 1H, arom-H), 3.13 (s, 2H,
Ar-CH2-N), 3.00 (s, 6H, O-CH3), 2.83 (m, 2H, CH2-C(H)H-O), 2.50
(m, 2H, CH2-CH(H)-O), 1.99 (m, 4H, N-CH2-CH2), 1.83(s, 9H,
o-C(CH3)3), 1.49(s, 9H, p-C(CH3)3), 0.43(s, 18H, Si(CH3)3) ppm.
13C{1H}NMR (C6D6, 125.76MHz, 298 K): δ 165.3 (i-C), 137.4 (o-C),
133.6 (p-C), 126.1 (o-C), 124.7 (m-C), 122.9 (m-C), 70.6 (CH2-CH2-
O), 60.2 (Ar-CH2-N), 60.1 (O-CH3), 55.9 (N-CH2-CH2), 36.2
(o-C(CH3)3), 34.6 (p-C(CH3)3), 33.0 (p-C(CH3)3), 30.7 (o-C-
(CH3)3), 6.4 (Si(CH3)3) ppm. Anal. Calcd for C27H54CaN2O3Si2
(550.99 g 3mol

�1): C 58.9, H 9.9, N 5.1. Found: C 58.9, H 10.0, N 5.1.
[{RO3}Zn]þ[H2N{B(C6F5)3}2]

� (13). At room temperature, 4
(1.60 g, 1.11 mmol) was added in fractions with a bent finger to a
solution of Zn[N(SiMe3)2]2 (0.47 g, 1.22 mmol) in Et2O (30 mL). A
white precipitate formed withinminutes. Vigorous stirring was ensured
for 1 h, and the precipitate was isolated by filtration. Residual Et2O and
HN(SiMe3)2 were fully removed by dissolving the solid in CH2Cl2 and
reprecipitating it by addition of pentane (purification step repeated at
least 3 times) to yield 13 as a colorless powder which was dried in vacuo
to constant weight. Yield 1.20 g (73%). Single-crystals suitable for
X-ray diffraction studies (colorless rods) were obtained by recrystalli-
zation from CD2Cl2 at room temperature. Alternatively, 13 can also be
prepared in high yield with the same procedure by reaction of ZnEt2
and 4. 1H NMR (CD2Cl2, 500.13 MHz, 298 K): δ 5.70 (br, 2H, NH2),
4.25�4.14 (m, 2H, O-CH2), 4.10�3.92 (m, 12 H, O-CH2), 3.81�3.69
(m, 2H, O-CH2-CH2-N), 3.22�3.02 (m, 4H, N-CH2-CH2), 3.12 (s,
2H, CH2-C(CF3)2O) ppm. 13C{1H} NMR (CD2Cl2, 125.76 MHz,
298 K): δ 149.2, 147.4, 140.5, 138.5, 138.1, 136.1 (all C6F5), 125.2 (q,
1JCF = 290, CF3), 77.2 (hept,

2JCF = 27, C(CF3)2), 69.5, 67.1, 67.0, 66.7
(all O-CH2-CH2-O), 57.1 (CH2-C(CF3)2O), 55.0 (N-CH2-CH2)
ppm. 19F{1H} NMR (CD2Cl2, 188.29 MHz, 298 K): δ �79.4 (s, 6F,
C(CF3)2),�133.4 (d, 3JFF = 18.9, 12F, o-F),�160.6 (t, 3JFF = 18.9, 6F,
p-F), �166.1 (d, 3JFF = 18.9, 12F, m-F) ppm. 11B NMR (96.29 MHz,
CD2Cl2, 298 K): δ �8.5 ppm. Anal. Calcd for C50H24B2F36N2O5Zn
(1503.68 g 3mol�1): C 39.9, H 1.6, N 1.9. Found: C 39.7, H 1.9, N 1.9.
[{RO3}Mg]þ[H2N{B(C6F5)3}2]

� (14). Following the same pro-
cedure as that described above for 13, theMg derivative 14was prepared
by reaction of 4 (1.03 g, 0.72 mmol) and {Mg[N(SiMe3)2]2}2 (0.25 g,
0.36 mmol) in Et2O (20 mL). Yield 0.80 g (76%). X-ray quality crystals

of the colorless 14 were grown from a saturated solution of CD2Cl2 at
room temperature. 1HNMR (CD2Cl2, 500.13MHz, 298 K): δ 5.70 (br,
2H, NH2), 4.25�4.17 (m, 2H, O-CH2), 4.12�4.05 (m, 2H, O-CH2),
4.05�3.94 (m, 10 H, O-CH2-CH2-O þ O-CH2-CH2-N), 3.88�3.79
(m, 2H, O-CH2-CH2-N), 3.13 (s, 2H, CH2-C(CF3)2O), 3.10�2.98
(m, 4H, N-CH2-CH2-O) ppm. 13C{1H} NMR (CD2Cl2, 125.76 MHz,
298 K): δ 149.2, 147.4, 140.6, 138.5, 138.2, 36.1 (all C6F5), 125.7
(q, 1JCF = 292, CF3), 78.1 (m, C(CF3)2), 69.2, 68.2, 67.3, 67.2 (all
O-CH2-CH2-O), 57.8 (CH2-C(CF3)2O), 54.8 (N-CH2-CH2) ppm.
19F{1H} NMR (CD2Cl2, 188.29 MHz, 298 K): δ �79.8 (s, 6F,
C(CF3)2), �133.4 (d, 3JFF = 18.9, 12F, o-F), �160.6 (t, 3JFF = 18.9,
6F, p-F),�166.1 (d, 3JFF = 18.9, 12F,m-F) ppm. 11B NMR (96.29MHz,
CD2Cl2, 298 K): δ �8.4 ppm. Anal. Calcd for C50H24B2F36MgN2O5

(1462.60 g 3mol�1): C 41.0, H 1.6, N 1.9. Found: C 40.3, H 1.1, N 1.7.
[{RO3}Ca]þ[H2N{B(C6F5)3}2]

� (15). Following the same proce-
dure as that described above for 13, the colorless Ca derivative 15 was
prepared by reaction of 4 (1.38 g, 0.96 mmol) and Ca[N(SiMe3)2]2-
(THF)2 (0.48 g, 0.95 mmol) in Et2O (20 mL). Yield 1.25 g (88%).
Single crystals (colorless rods) of {15}4 3 3CD2Cl2 were obtained by
recrystallization from CD2Cl2 at room temperature. 1H NMR (CD2Cl2,
500.13 MHz, 298 K): δ 5.69 (br, 2H, NH2), 4.18�4.01 (m, 4H,
O-CH2), 4.00�3.84 (m, 8H, O-CH2), 3.84�3.76 (m, 2H, O-CH2),
3.76�3.69 (m, 2H, O-CH2), 3.06 (s, 2H, CH2-C(CF3)2O), 3.12�2.84
(br, 4H, N-CH2-CH2-O) ppm. 13C{1H} NMR (CD2Cl2, 125.76 MHz,
298 K): δ 149.2, 147.3, 140.5, 138.5, 138.0, 136.0 (all C6F5), 125.6 (q,
1JCF = 292, CF3), 80.6 (m, C(CF3)2), 68.9, 68.5, 68.2, 67.6 (all O-CH2-
CH2-O), 55.9 (CH2-C(CF3)2O), 54.0 (N-CH2-CH2) ppm. 19F{1H}
NMR (CD2Cl2, 188.29 MHz, 298 K): δ �78.2 (s, 6F, C(CF3)2),
�133.4 (d, 3JFF = 18.9, 12F, o-F), �160.6 (t, 3JFF = 18.9, 6F, p-F),
�166.1 (d, 3JFF = 18.9, 12F,m-F) ppm. 11B NMR (96.29MHz, CD2Cl2,
298 K): δ �8.4 ppm. Anal. Calcd for C50H24B2CaF36N2O5 (1478.38
g 3mol�1): C 40.6, H 1.6, N 1.9. Found: C 40.3, H 1.4, N 1.8.
[{RO3}Sr]þ[H2N{B(C6F5)3}2]

� (16). Following the same proce-
dure as that described above for 13, the colorless Sr derivative 16 was
prepared by reaction of 4 (2.60 g, 1.80 mmol) and Sr[N(SiMe3)2]2-
(THF)2 (1.00 g, 1.81 mmol) in Et2O (70 mL). Yield 2.50 g (91%).
Colorless, X-ray quality crystals of {16}4 3 3CD2Cl2 were grown readily
from a CD2Cl2 solution stored at room temperature. . 1H NMR
(CD2Cl2, 500.13 MHz, 298 K): δ 5.70 (br, 2H, NH2), 4.00�3.78 (m,
16H, O-CH2), 3.02 (s, 2H, CH2-C(CF3)2O), 2.98�2.85 (m, 4H,
N-CH2-CH2-O) ppm. 13C{1H} NMR (CD2Cl2, 125.76 MHz, 298
K): δ 149.2, 147.3, 140.5, 138.5, 138.1, 136.1 (all C6F5), 126.2
(q, 1JCF = 290, CF3), 80.3 (m, C(CF3)2), 69.4, 68.8, 68.6, 68.5 (all
O-CH2-CH2-O), 56.1 (CH2-C(CF3)2O), 55.5 (N-CH2-CH2) ppm.
19F{1H} NMR (CD2Cl2, 188.29 MHz, 298 K): δ �78.0 (s, 6F,
C(CF3)2), �133.4 (d, 3JFF = 18.9, 12F, o-F), �160.6 (t, 3JFF = 18.9,
6F, p-F), �166.1 (d, 3JFF = 18.9, 12F, m-F) ppm. 11B NMR (96.29
MHz, CD2Cl2, 298 K): δ �8.4 ppm. Anal. Calcd for
C50H24B2F36N2O5Sr (1525.92 g 3mol�1): C 39.4, H 1.6, N 1.8. Found:
C 38.8, H 1.9, N 1.9.
[{RO3}Ba]þ[H2N{B(C6F5)3}2]

� (17). At room temperature, 4
(1.04 g, 0.72 mmol) was added in fractions to a solution of Ba[N-
(SiMe3)2]2(THF)2 (0.44 g, 0.73 mmol) in Et2O (20 mL). The colorless
solution was stirred for 2 h, and the volatiles were pumped off to yield a
sticky solid. Repeated washing with dicholoromethane and pentane
followed by drying in vacuo afforded 17 as a colorless powder. Yield
0.88 g (78%). Crystals of the ethanol adduct {{17}4 3EtOH} 3 3CH2Cl2
were isolated from a CH2Cl2/pentane mixture stored at room tempera-
ture. 1H NMR (CD2Cl2, 500.13 MHz, 298 K): δ 5.71 (br, 2H, NH2),
3.94�3.77 (m, 16H, O-CH2), 2.95 (s, 2H, CH2-C(CF3)2O), 2.90�2.82
(m, 4H, N-CH2-CH2-O) ppm. 13C{1H} NMR (CD2Cl2, 125.76 MHz,
298 K): δ 149.3, 147.4, 140.5, 138.6, 138.2, 136.2 (all C6F5), 126.8 (q,
1JCF = 290, CF3), 80.4 (hept,

2JCF = 26, C(CF3)2), 70.0, 69.0, 68.9, 68.8
(all O-CH2-CH2-O), 56.0 (CH2-C(CF3)2O), 55.8 (N-CH2-CH2) ppm.
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19F{1H} NMR (CD2Cl2, 188.29 MHz, 298 K): δ �78.0 (s, 6F,
C(CF3)2), �133.4 (d, 3JFF = 18.9, 12F, o-F), �160.6 (t, 3JFF = 18.9,
6F, p-F),�166.1 (d, 3JFF = 18.9, 12F,m-F) ppm. 11B NMR (96.29MHz,
CD2Cl2, 298 K): δ �8.4 ppm. Anal. Calcd for C50H24B2BaF36N2O5

(1575.64 g 3mol
�1): C 38.1, H 1.5, N 1.8. Found: C 38.3, H 1.8, N 1.7.

Typical Polymerization Procedure. In a glovebox, the metallic
catalyst was placed in a Schlenk flask, while themonomer was loaded in a
bent glass finger. The Schlenk flask and bent finger were sealed and
removed from the glovebox. All subsequent operations were carried out
on a vacuum line using Schlenk techniques. The required amount of
solvent was added with a syringe to the Schlenk flask containing the
catalyst. The initiator (iPrOH or BnOH) was then added, and the
resulting mixture was stirred at the desired temperature until complete
dissolution of the solids was ensured. The monomer was added with
the bent finger, and the polymerization time was measured from this
point. The reaction was terminated by addition of acidified MeOH
(HCl, 10 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 3 10

�2 mbar).
NMR Kinetics Measurements. In a typical experiment, the

catalyst and monomer were loaded in an NMR tube in a glovebox. The
NMR tube was placed in a Schlenk tube, which was then removed from the
glovebox and connected to the Schlenk manifold. All subsequent operations
were performed using Schlenk techniques. The appropriate amounts of solvent
(toluene-d8) and initiator (BnOHor iPrOH) were added to theNMR tube in
this order at room temperature,68 and the NMR tube was then sealed and
introduced in the spectrometer preset at the desired temperature. Kinetic
measurements started from this point. Data points were collected at regular
intervals (typically 45�70 s, with D1 = 0.5 s and NS = 4 or 8 scans) until
conversion of the monomer stopped (this usually coincided with full con-
version). The conversion was reliably determined by integrating the methine
region of PLLA (δ 5.05 ppm at 100 �C in toluene-d8) versus that of the
monomer (δ 4.34 ppm at 100 �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]0/[ROH]0 � con-
version) and experimental (Mn,NMR determined by integration of the reso-
nance of the methine protons vs that of the chain-ends) molecular weights.
X-ray Crystallography. Diffraction data were collected using a

Bruker APEX CCD diffractometer with graphite-monochromated Mo
KR radiation (λ = 0.71073 Å). A combination of ω and Φ scans was
carried out to obtain at least a unique data set. The crystal structures
were solved by direct methods, and remaining atoms were located from
difference Fourier synthesis followed by full-matrix least-squares refine-
ment based on F2 (programs SIR97 and SHELXL-97).69 Crystal data
and details of data collection and structure refinement for all compounds
(CCDC 816019�816026 and 816563) can be obtained free of charge
from the Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.
uk/data_request/cif.
Computational Details.Calculations were carried out at the DFT

level using the hybrid functional B3PW9170 with the Gaussian 0371 suite
of programs. Barium, strontium, and silicon were treated with a
relativistic effective-core potential (RECP)72 from the Stuttgart group
and the corresponding optimized basis set. Polarized all-electron double-
ζ 6-31G(d,p)73 basis sets were used for C,H,O, andN, a triple-ζ 6-311G
augmented by a polarization and a diffuse function was used for Ca
atoms.74 Geometry optimizations were carried out without any sym-
metry restriction. The nature of the extrema (minimum or transition
state) was verified with analytical frequency calculations. NBO analysis
was carried out on all complexes.75
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