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Neodymium borohydride complexes supported by diamino-bis(phenoxide)

ligands: diversity of synthetic and structural chemistry, and catalytic

activity in ring-opening polymerization of cyclic estersw
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New heterobimetallic borohydrido neodymium complexes {[OONN]1Nd(BH4)(m-BH4)Li(THF)}2
(1) and [OONN]3Nd(BH4)(m-BH4)Li(THF)2 (3) supported by diamino-bis(phenoxide) ligands

([OONN]1 = {CH2N(Me)CH2-3,5-Me,t-Bu-C6H2O}2; [OONN]3 = C5H4NCH2N-

{CH2-3,5-Me,t-Bu-C6H2O}2) were synthesized by the reactions of Nd(BH4)3(THF)2 with

equimolar amounts of dilithium derivatives of diamino-bis(phenol)s Li2[OONN]n and isolated in

high yields. In the case of Li2[OONN]2 ([OONN]2 = Me2NCH2CH2N{CH2-3,5-t-Bu-C6H2O}2),

the same synthetic procedure afforded the heterobimetallic bis(phenoxide) complex

Li{Nd[OONN2]2} (2). The structures of complexes 1–3 were established by X-ray diffraction

studies. Compounds 1–3 act as single-site initiators for the ring-opening polymerization (ROP)

of racemic lactide and racemic b-butyrolactone under mild conditions (20 1C), providing

atactic polymers with controlled molecular weights and relatively narrow polydispersities

(Mw/Mn = 1.07–1.82). While 1 and 3 initiate polymerization via their borohydride groups,

ROP with 2 proceeds via insertion into the Nd–O(ligand) bond.

Introduction

Although metallocene-type lanthanide borohydrides have

been known for the past three decades,1 they have only

recently been introduced in catalysis.2 In particular, the boro-

hydride ligand turned out to be a promising active group for

the synthesis of well-defined heteroleptic lanthanide complexes

of the type [L]3�xLn(BH4)x (where L is a spectator mono- or

dianionic ligand) that act as single-site initiators for the

polymerization of a variety of monomers. For instance,

metallocene-type lanthanide borohydrides were reported to

initiate the polymerization of methyl methacrylate 2e and the

ring-opening polymerization (ROP) of e-caprolactone,2b

providing the corresponding polymers with a good degree

of control over molecular weights. Also, when associated with

alkyllithium or alkylmagnesium reagents, lanthanide

borohydrides afford two-component catalytic systems for

oligo/polymerizations of a-olefins, dienes and styrenes.2c,d,f,g,h

At the same time, the development of new ancillary (mainly

N- and O-containing) ligand systems with various topologies, and

steric and electronic properties is currently attracting growing

attention. This offers an efficient approach to overcome some

limitations of the cyclopentadienyl paradigm in tuning the metal

atom coordination environment and eventually increasing the

catalyst performance.3 Thus, diamide-diamine,4 diamino-

bis(phenoxide)5 and guanidinate6–8 ligands have allowed the

synthesis of lanthanide borohydride complexes that have

demonstrated high catalytic activity in controlled polymerizations

of methyl methacrylate,4,7,8 lactide5,6 and e-caprolactone.4,5

Linked dianionic bis(phenoxide) ancillary ligands containing

backbones of different length, structure, donor atom sets and

possessing various denticity have a number of advantages:

they are usually easy to prepare, they often prevent ligand

redistribution reactions, and provide the metal center with a

rigid framework enabling stereospecific transformations.9

These ligands have been successfully employed in organo-

lanthanide chemistry to synthesize diverse types of complexes.10–27

In particular, alkoxy, amido and alkyl lanthanide species

supported by tri- and tetradentate bis(phenoxide) ligands

proved to be efficient initiators/catalysts for ROP of cyclic

esters.10–19,21,24,26,27
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Recently, we have reported on novel lanthanide boro-

hydride6 and alkoxide28 complexes supported by bulky

guanidinate ligands that promote the ‘‘controlled-living’’ and

‘‘immortal’’ ROP of racemic lactide and racemic b-butyro-
lactone. In the series of tested compounds, the neodymium

derivatives demonstrated high initiation efficiency, good

control over polymer molecular weight and polydispersity,

and the ability to convert larger loadings of monomer.

In light of the above points, we focused our attention on the

synthesis of related neodymium borohydride derivatives for

evaluation in ROP of cyclic esters. Herein, we report on the

synthesis and structures of neodymium borohydride

complexes coordinated by diamino-bis(phenoxide) ligands

and their catalytic activity in ROP of racemic lactide and

racemic b-butyrolactone. Since the ancillary ligand is known

to exert a crucial influence on the polymerization performance,

diamino-bis(phenoxide) ligands of varying natures, including

structure of the backbone and substituents on the phenyl

rings, were investigated.

Results and discussion

1 Synthesis and structural characterization of complexes

In order to explore the influence of ancillary ligands (structure,

nature and length of the linker between two phenol moieties;

substituents on the phenyl rings) on the synthetic outcome and

catalytic performance of the corresponding neodymium boro-

hydrido species, three different diamino-bis(phenol)s

H2[OONN]n possessing similar denticity were used (Chart 1).

Mountford and co-workers have described the synthesis of

the first lanthanide borohydride complexes supported by

pyridine containing diamino-bis(phenoxide) ligand,5 which

were obtained by the reactions of Ln(BH4)3(THF)3
29 with

disodium derivatives of the parent diamino-bis(phenol). In our

previous studies, we found that the reactions of bis(guanidinate)

chloro derivatives [{(Me3Si)2NC(Ni-Pr)2}2LnCl]2 (Ln = Nd, Sm)

with NaBH4 are more complicated than those of cyclopenta-

dienyl derivatives, and they were found to be inefficient as a

synthetic pathway to bis(guanidinate) borohydrides.30 In fact,

reactions of sodium guanidinates with Ln(BH4)3(THF)n in

some cases occurred with fragmentation of the guanidine

fragment or ligand redistribution,31 while the use of lithium

derivatives cleanly afforded the borohydrido complexes

[(Me3Si)2NC(N-R)2]2Ln(m-BH4)2Li(THF)2 (R = Cy, iPr;

Ln = Nd, Sm, Yb) in reasonable yields.6,7

Accordingly, in the present work, we focused on the metathesis

reactions of Nd(BH4)3(THF)2 with dilithium diamino-

bis(phenoxide)s (Li2[OONN]n). Lithiation of the diamino-

bis(phenol)s was performed with two equivalents of n-BuLi in

hexane at room temperature and the dilithium bis(phenoxide)s

were used in situ for reaction with Nd(BH4)3(THF)2 either in

toluene or THF solutions at 60 1C.

The reaction of Nd(BH4)3(THF)2 with an equimolar

amount of Li2[OONN]1 in toluene afforded complex

{[OONN]1Nd(BH4)(m-BH4)Li(THF)}2 (1) (Scheme 1), which

was isolated in 83% yield after recrystallization from hexane.

Violet transparent crystals of 1 suitable for X-ray single crystal

structure investigation were obtained by prolonged cooling of

its toluene solution at �18 1C. Compound 1 crystallizes in

P21/n space group; the unit cell contains two molecules of the

complex and two solvate molecules of toluene. The molecular

structure of 1 is depicted in Fig. 1; the crystal and structural

refinement data, and selected bond lengths and angles for 1 are

listed in Table 1 and Table 2, respectively.

The X-ray diffraction study revealed that 1 is a dimeric

heterobimetallic complex in the solid state. Monoanionic

borohydride groups are known to act in both m-bridging and

terminal coordination modes, which results in the formation

of dimeric32 or monomeric organolanthanide complexes.33

Chart 1

Scheme 1

Fig. 1 ORTEP diagram (30% probability thermal ellipsoids) of

{[OONN]1Nd(BH4)(m-BH4)Li(THF)}2 (1) showing the non-hydrogen

atom numbering scheme. Hydrogen atoms, methyl groups of

t-Bu substituents and methylene groups of THF are omitted for

clarity. Atoms with an ‘‘A’’ label are at equivalent position

(�1 � x, �y, �1 � z).
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Depending on the central atom size and its coordination

environment, borohydride anions can act in monomeric

complexes as bi-1,32a,33,34 and tridentate1,2b,2c,35 ligands.

For dimeric complexes, m2-Z3:Z2-bridging coordination has

been described.32b,36 In compound 1, the coordination sphere

of each neodymium atom contains one terminal and one

m-bridging BH4 groups. The m-bridging BH4 groups connect

one neodymium and two lithium ions, thus leading to the

formation of a dimeric core. The terminal borohydrido group

is bound to the neodymium atom in a Z3-fashion, while the

m-bridging one coordinates to the lithium and neodymium

atoms in a Z2-mode. The Nd–H bond distances fall into the

range 2.39(2)–2.61(2) Å, as usually observed for this kind of

compound.2c,2d,6,7,36 As expected, the Nd–B bond distance for

the terminal borohydrido groups (2.667(2) Å) is noticeably

shorter compared to that for the bridging one (2.808(2) Å).

Besides the two borohydrido groups, the coordination

environment of each neodymium center is formed by two

covalently bound oxygen atoms and two coordinatively bound

nitrogen atoms, thus leading to a distorted octahedral geometry.

The oxygen atoms are situated in the equatorial plane in

trans positions (O(2)–Nd(1)–O(1) bond angle = 164.53(4)1).

The Nd–O bond lengths in 1 (2.184(1) and 2.230(1) Å) are

comparable to the values previously reported for related

complexes.18,37 The methyl substituents of the nitrogen atoms

adopt a trans-orientation relative to the N(1)–Nd–N(2) plane. The

planes of the phenyl rings and the N(1)–N–N(2) plane are nearly

orthogonal (the corresponding dihedral angles are 79.61 and 85.91).

The IR spectrum of 1 in the region 2100–2500 cm�1 shows a

set of four strong absorption bands, diagnostic of Z3- and

Z2-bridging borohydride ligands.38 1H NMR spectroscopy

was uninformative about the solution structures of complexes

1–3 due to the strong paramagnetism of the neodymium

centers; only extremely broadened resonances were observed.

Attempts to synthesize the neodymium borohydrido complex

supported by the related diamino-bis(phenoxide) ligand

[OONN]2, which has an aliphatic linker of the same composition

but of different structure (Chart 1), using an analogous synthetic

approach, reaction conditions and workup as for 1, afforded an

unexpected product. The reaction of Nd(BH4)3(THF)2 with an

equimolar amount of Li2[OONN]2, in either toluene or THF at

Table 1 Selected bond lengths (Å) and angles (1) for complexes 1–3

1�(C7H8) 2�(C6H14) 3

Distance/Å
Nd–B(1) 2.808(2) 2.747(3)
Nd–B(2) 2.667(2) 2.671(3)
Nd–H 2.39(2)–2.61(2) 2.43(3)–2.58(4)
Nd–O(1) 2.230(1) 2.168(2)
Nd–O(2) 2.184(1) 2.359(2)
Nd–O(1B) 2.298(3)
Nd–O(2B) 2.258(3)
Nd–N(1) 2.654(1) 2.616(2)
Nd–N(2) 2.628(2) 2.608(2)
Nd–N(1B) 2.620(4)
Nd–N(2B) 2.740(4)
Li–B(1) 2.520(4) 2.541(5)
Li–B(1A) 2.690(4)
Li–H 2.07(2)–2.20(2) 2.10(3)–2.18(3)
Li–O(1A) 1.953(9)
Li–O(2A) 2.024(9)
Li–N(1A) 2.063(9)
Li–N(2A) 2.17(1)

Angles (1)
B(1)–Nd–B(2) 100.99(7) 101.9(1)
O(1)–Nd–O(2) 164.53(4) 150.70(6)
O(1B)–Nd–O(2B) 151.8(1)
N(1)–Nd–N(2) 67.63(5) 66.31(6)
N(1B)–Nd–N(2B) 66.6(1)
O(1A)–Li–O(2A) 96.3(4)
N(1A)–Li–N(2A) 86.8(3)

Table 2 Crystallographic data and structure refinement details for complexes 1–3

1�(C7H8) 2�(C6H14) 3

Empirical formula C71H124B4Li2N4Nd2O6 C74H122LiN4NdO4 C38H62B2LiN2NdO4

Formula weight 1475.34 1282.94 783.7
Crystal size/mm 0.16 � 0.12 � 0.07 0.35 � 0.28 � 0.17 0.46 � 0.31 � 0.24
T/K 100(2)
Space group P21/n P21/n P�1
a/Å 12.5495(4) 15.0652(8) 9.744(5)
b/Å 24.3646(7) 18.920(1) 14.106(5)
c/Å 13.2411(4) 26.470(2) 15.815(5)
a (1) 90 90 73.379(5)
b (1) 108.412(1) 92.549(1) 80.941(5)
g (1) 90 90 85.697(5)
V/Å3 3841.4(2) 7537.3(7) 2055.9(14)
Z 2 4 2
Calculated density/g cm�3 1.276 1.131 1.266
m/mm�1 1.385 0.734 1.300
Absorption correction SADABS SADABS SADABS
Tmin/Tmax 0.8088/0.9093 0.7831/0.8853 0.555/0.732
F(000) 1544 2756 818
2y/1 52 48 50
Unique reflections collected (Rint) 7548 (0.0484) 11789 (0.0847) 8928 (0.0408)
R1 (I > 2s(I)) 0.0292 0.0721 0.0283
wR2 (all data) 0.0662 0.2137 0.0708
Parameters 594 731 459
Goodness-of-fit on F2 1.000 1.075 1.060
Largest diff. hole and peak, e/Å3 �0.428/1.297 �3.743/3.095 �1.226/1.487
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60 1C, resulted in the formation of Li{Nd[OONN2]2} (2)

(Scheme 2), which was isolated in 34% yield after recrystalliza-

tion from hexane. Violet-blue transparent crystals of 2 suitable

for X-ray diffraction studies were grown by slow concentration

of a hexane solution at 20 1C.

The X-ray crystal structure investigation revealed that

compound 2 is a heterobimetallic complex that does not

contain any borohydrido group (Fig. 2). This complex crystal-

lizes as a solvate, 2�(C6H14), in the monoclinic space group

P21/n. The molecular structure of 2 contains one neodymium

and one lithium atom and two diamino-bis(phenoxide) ligands

that are linked to the metal centers in different fashions. One

of the diamino-bis(phenoxide) fragments is coordinated only

to the neodymium atom, while the second one forms M–O

bonds with both the neodymium and lithium atoms. Both of

the nitrogen atoms of each ligand are coordinated to either the

neodymium or the lithium atoms, respectively. As a result,

the geometries of the diamino-bis(phenoxide) ligands differ

noticeably: the value of the dihedral angle between the

phenyl ring planes in the ligand coordinated to the neodymium

atom (140.51) is much larger than the corresponding value

observed for the ligand coordinated to Li and Nd (117.31).

The difference of the ion sizes of Nd3+ and Li+ influences

strongly the distances between the oxygen atoms of the

diamino-bis(phenoxide) ligands: 4.419 and 2.963 Å,

respectively. The neodymium atom is coordinated by four

oxygen and two nitrogen atoms and lies in a distorted

octahedral environment. Expectedly, the Nd–O bond lengths

for the terminal diamino-bis(phenoxide) ligand (2.258(3) and

2.298(3) Å) are somewhat shorter than for the bridging ones

(2.322(3) and 2.325(3) Å). Despite the different coordination

modes, the Nd�N bonds have rather similar values

(2.620(4) and 2.740(4) Å).

The reaction of Nd(BH4)3(THF)2 with the dilithium

derivative of the pyridyl-substituted ligand Li2[OONN]3, due

to the limited solubility of the latter in toluene, was carried out

in THF at 60 1C. This reaction allowed the synthesis of

neodymium borohydrido complex 3 (Scheme 3), which

was obtained in 74% yield after recrystallization from toluene

at �20 1C.

Single crystals of 3 suitable for X-ray diffraction study

were obtained by prolonged cooling of its toluene solution

at 5 1C. Compound 3 crystallizes in the P�1 space group. The

X-ray crystal structure investigation revealed that 3 is a

monomeric heterobimetallic ate-complex containing one

residual LiBH4 per (BH4)Nd[OONN]3 unit in which the

neodymium and the lithium atoms are connected by one

m2-bridging BH4 and one m2-phenoxide fragment (Fig. 3).

The coordination sphere of the neodymium atom in 3 consists

of the two oxygen and two nitrogen atoms of the diamino-

bis(phenoxide) ligand and two borohydrido groups. The

terminal borohydrido group is bound to neodymium in a

Z3-fashion, while the m-bridging one is connected to the

neodymium atom in an Z3- and to the lithium atom in an

Z2-fashion. The Nd–H bond distances for the terminal group

are in the range 2.46(4)–2.58(4) Å and the Nd–B distance is

2.671(3) Å. The analogous parameters for the m-bridging
group are somewhat longer (Nd–H, 2.43(3)–2.48(3) Å;

Nd–B, 2.747(3) Å). The diamino-bis(phenoxide) ligand in 3

is bound to the neodymium atom by one short terminal Nd–O

bond (2.168(2) Å) and by one longer bond (2.359(2) Å)

involving the oxygen atom m-bridging the neodymium and

lithium atoms. The value of the dihedral angle between the

planes of the phenyl rings is 123.91. Similarly to complex 1,

the IR spectrum of 3 contains in the region 2100–2500 cm�1

four strong absorptions indicative of Z3- and Z2-coordinated

borohydrido groups.32b,33a

Scheme 2

Fig. 2 ORTEP diagram (30% probability thermal ellipsoids) of

Li{Nd[OONN2]2} (2) showing the non-hydrogen atom numbering

scheme. Hydrogen atoms and methyl groups of t-Bu substituents are

omitted for clarity.

Scheme 3
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2 Ring-opening polymerization of racemic lactide and

b-butyrolactone

The prepared [diamino-bis(phenoxide)]-lanthanide complexes

1–3 have been evaluated in the ROP of racemic lactide

(rac-LA) and racemic b-butyrolactone (rac-BBL) (Scheme 4).

Representative results are summarized in Tables 3 and 4,

respectively.

These compounds are all active towards both monomers

under mild conditions, allowing conversion of up to 400 equiv.

of rac-LA and up to 300 equiv. of rac-BBL at room temperature

in either toluene, hexane or THF solutions at [rac-LA] =

1.0 mol L�1 and [rac-BBL] = 3.0 mol L�1. Kinetic monitoring

revealed, however, that catalytic activities are affected by the

nature of the solvent. With the three complexes investigated,

ROP of rac-LA proceeded faster in THF than in toluene

(Table 3). This is in agreement with the observations of Bonnet

and Mountford on related diamino-bis(phenolate)-lanthanide

borohydride complexes.5 The solvent effect was much less

pronounced for ROP reactions of rac-BBL, for which sensibly

similar completion times were observed for each individual

compound (1–3) in THF, toluene or hexane (Table 4).

All the PLAs and PHBs produced showed atactic micro-

structures, as determined by NMR analysis.15a,27d A control

experiment performed with L-lactide and compound 3 resulted

in pure isotactic PLA, supporting the lack of base-promoted

epimerization of L-lactide or PLA and arguing against an

anionic polymerization mechanism being operative.41

Experiments aimed at investigating the degree of control of

polymerizations were carried out. All the PLAs and PHBs

obtained with complexes 1–3 showed unimodal SEC traces

with relatively narrow molecular weight in the range

Mw/Mn = 1.07–1.82. Narrower distributions were observed with

compound 1 for the ROP of rac-LA (Mw/Mn = 1.15–1.25)

and with compounds 1 and 3 for the ROP of rac-BBL

(Mw/Mn = 1.07–1.12), indicative of a single-site character

under these conditions. Compound 2, which does not have any

borohydride group in contrast to 1 and 3 (vide infra), yielded

polymers with broader polydispersities.

For the ROP of rac-LA promoted by borohydride complexes

1 and 3, the number-average molecular masses (Mn) values

increased monotonically (although not perfectly linearly) with

the monomer-to-metal ratio (compare entries 1/2, and 9/10/11).

The 1H NMR spectra in CDCl3 of relatively low molecular

weight samples of PLA produced with 1 and 3 were identical to

those we obtained previously with related borohydride-

lanthanide complexes:6 they showed the quartet characteristic

of the CH(Me)OH terminal group at d 4.33 ppm, which arises

Fig. 3 ORTEP diagram (30% probability thermal ellipsoids) of

[OONN]3Nd(BH4)(m-BH4) Li(THF)2 (3) showing the non-hydrogen

atom numbering scheme. Hydrogen atoms, methyl groups of t-Bu

substituents and methylene groups of THF are omitted for clarity.

Scheme 4

Table 3 Ring-opening polymerization of rac-lactide with complexes 1–3a

Entry Complex [LA]/[Ln] Solvent Time/hb Conv. (%)c Mn,calc
d (�103) Mn,exp

e (�103) Mw/Mn
e

1 1 50 THF 12 >99 7.2 6.8 1.15
2 1 100 THF 12 >99 14.2 13.3 1.25
3 1 200 THF 12 95 27.4 22.8 1.21
4 1 100 Tol 12 45 6.5 15.0 1.25
5 2 100 THF 12 >99 14.2 10.0 1.36
6 2 500 THF 12 72 51.8 38.4 1.41
7 2 100 Tol 12 34 4.9 5.2 1.82
8 3 100 Tol 12 71 10.0 4.0 1.44
9 3 100 THF 12 >99 14.2 8.1 1.55
10 3 200 THF 2 91 26.2 10.5 1.64
11 3 500 THF 5 83 59.7 15.0 1.75

a All reactions performed with [rac-LA] = 1.0M at 20 1C, unless otherwise stated; results are representative of at least duplicated experiments. b Reaction

times were not necessarily optimized. c Isolated yields of PLA. d Mn (in g mol�1) of PLA calculated from Mn,calc = 144.00 � ([LA]/[Ln]) �
yield(LA). e Experimental (corrected; see Experimental section)Mn (in g mol�1) andMw/Mn values determined by SEC in THF vs. polystyrene standards.
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from hydrolysis of the metal-alkoxide bond in the active species,

an observation consistent with a classical coordination/insertion

mechanism with an initial ring-opening via acyl-oxygen bond

cleavage. Additional resonances were observed, which include a

doublet of doublet at d 5.50 ppm and two doublet/quartet at

d 4.15 and 4.45 ppm, that could correspond to CH2OH end-

groups, as expected from the [HBH3] functionality acting as both

an initiating group and a reducing agent.6 Yet, as for several

other polyesters prepared from borohydride-lanthanide catalyst

systems, the exact nature of all termini could not be unambiguously

determined.4–6 Note, however, that resonances diagnostic for

the bis(phenolate) were not observed in the 1H NMR spectra

of the polymers prepared from 1 and 3, suggesting that the

ligand did not act (or not significantly) as an initiating group

in those polymerizations, in contrast to those mediated by 2

(vide infra).

An issue with complexes 1 and 3 was to assess if they act as

mono- or di-initiators; i.e., if only one or both borohydride

groups initiate a polymer chain. The corrected experimental

number-average molecular masses (Mn) of PLAs produced

with 1 were in most cases close to the theoretical ones,

calculated on the assumption that a single HBH3 group

initiates the polymerization, that is a single PLA chain is

produced per metal center. On the other hand, for PLAs

produced by 3, the experimental Mn values were approxi-

mately half of the one calculated on the aforementioned

principle, suggesting that both borohydride groups may be

active in this compound and/or that different initiation

processes are operative.

An unexpected result of this study was the significant

activity of complex 2 toward both rac-LA and rac-BBL at

room temperature, despite the fact that this compound contains

no borohydride group. Yet, ROP of cyclic esters initiated by

alkali phenolate compounds is now well documented,39 and

this suggests how the mixed Nd–Li compound 2 may be

operative in the experiments discussed herein. The experimental

Mn values of PLAs produced with 2 were somewhat lower

than those calculated on the basis of one growing polymer

chain per metal center (Table 3). Increasing the lactide loading

from 100 to 200 equiv. led to an almost doubled polymer

weight, but higher loading (500–1000 equiv.) resulted in Mn

values much smaller than those expected. A similar trend was

observed in the ROP of rac-BBL (Table 4). These observations

are consistent with ROP reactions initiated by compound 2

also via a coordination/insertion mechanism, with significant

transfer reactions (to the monomer) occurring at larger monomer

loadings. As mentioned above, we assumed that initiation with

compound 2 would proceed via insertion into any of the

M–O(phenoxide-ligand) bonds (M= Li or Nd). To corroborate

this hypothesis, a relatively low molecular weight PHB sample

produced with 2 (Table 2, entry 16) was analyzed by NMR

spectroscopy. The 1H NMR spectrum in CDCl3 of a twice-

reprecipitated sample showed, in addition to the resonances

characteristic for the PHB main chain, small resonances

assignable to terminus groups (Fig. 4). Among these, several

signals, including the aromatic hydrogens at 6.85 and 7.2 ppm,

the benzylic hydrogens at 3.6 ppm and the dimethylamino

group at 2.32 ppm, were clearly diagnostic of the presence of a

ligand moiety [OONN]2 at one end of the polymer chain.

Conclusions

The reactions of Nd(BH4)3(THF)2 with equimolar amounts of

dilithium derivatives of diamino-bis(phenol)s Li2[OONN]n

possessing similar denticity turned out to be sensitive to the

structure, nature and length of the linker between the two

phenol moieties. These reactions can afford dimeric

{[OONN]1Nd(BH4)(m-BH4)Li(THF)}2 (1) and monomeric

Table 4 Ring-opening polymerization of rac-BBL with complexes 1–3a

Entry Complex [BBL]/[Ln] Solvent Time/hb Conv. (%)c Mn,calc
d (�103) Mn exp

e (�103) Mw/Mn
e

12 1 100 Tol 12 61 5.3 5.0 1.07
13 1 100 THF 12 45 3.9 2.5 1.10
14 2 100 THF 12 87 7.5 9.1 1.32
15 2 100 Hex 12 89 7.7 6.4 1.38
16 2 100 Tol 12 99 8.5 6.9 1.29
17 2 200 Tol 16 95 16.3 10.4 1.31
18 2 500 Tol 24 60 25.8 12.3 1.55
19 2 1000 Tol 48 28 24.1 15.3 1.41
20 3 100 Tol 12 24 2.1 1.9 1.10
21 3 100 THF 12 24 2.1 2.5 1.12

a All reactions performed with [rac-BBL] = 3.0 M at 20 1C, unless otherwise stated; results are representative of at least duplicated

experiments. b Reaction times were not necessarily optimized. c Isolated yields of PHB. d Mn (in g mol�1) of PHB calculated from Mn,calc =

86 � ([BBL]/[Ln]) � yield(BBL). e Experimental Mn (in g mol�1) and Mw/Mn values determined by SEC in THF vs. polystyrene standards.

Fig. 4 1H NMR spectrum (500 MHz, CDCl3, 20 1C) showing the

diagnostic resonances (*) assigned to the terminal groups of the

polymer chain in a PHB sample prepared by polymerization of

rac-BBL in toluene with complex 2 (Table 2, entry 16).
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[OONN]3Nd(BH4)(m-BH4)Li(THF)2 (3) heterobimetallic boro-

hydrido or heterobimetallic bis(phenolate) Li{{Nd[OONN2]2}

(2) complexes. Borohydrido compounds 1 and 3 are active for

the ROP of lactide and the more challenging b-butyrolactone as
well, under mild conditions. Overall, their catalytic behavior can

be related to that of neodymium borohydride complexes

supported by bulky guanidinate ligands.6 No significant influence

of the ancillary ligands could be evidenced. The notable reactivity

of compound 2 towards both LA and BBL, although the latter

compound bears no borohydride group, has been rationalized by

insertion of the monomer into M–O(phenolate) bonds.

These results illustrate the possible competition and noticeable

differences that may occur in the initiation phase of ROP

processes mediated by such families of rare-earth borohydride-

phenolate compounds.

Experimental

General conditions

All experiments were performed in evacuated tubes, using

standard Schlenk techniques or a glove box, with rigorous

exclusion of traces of moisture and air. After drying over

KOH, THF and diethyl ether were purified by distillation

from sodium/benzophenone ketyl, and hexane and toluene

were dried by distillation from sodium/triglyme and benzo-

phenone ketyl prior to use. Diamino-bis(phenol)s39 and

Nd(BH4)3(THF)2
29 were prepared according to literature

procedures. Racemic lactide (Aldrich) was recrystallized twice

from dry toluene and then sublimed under vacuum at 50 1C.

Racemic b-butyrolactone (Aldrich) was freshly distilled from

CaH2 under nitrogen and degassed thoroughly by freeze-

thaw-vacuum cycles prior to use. All other commercially

available chemicals were used after the appropriate

purification.

Instruments and measurements

IR spectra of complexes were recorded as Nujol mulls on a

Bruker-Vertex 70 spectrophotometer. C and H elemental

analyses were performed by the microanalytical laboratory

of IOMC. Lanthanide metal analysis was carried out by

complexometric titration. Size exclusion chromatography

(SEC) of PLAs and PHBs was performed in THF at 20 1C

using a Polymer Laboratories PL50 apparatus equipped with

PLgel 5 mm MIXED-C 300 � 7.5 mm columns, and combined

RI and Dual angle LS (PL-LS 45/901) detectors. The number

average molecular masses (Mn) and polydispersity index

(Mw/Mn) of the polymers were calculated with reference to a

universal calibration vs. polystyrene standards. Mn values of

PLAs were corrected with a factor of 0.58 to account for the

difference in hydrodynamic volumes between PS and PLA.12

Mn values of PHBs are uncorrected. The microstructure of

PLAs was determined by homodecoupling 1H NMR spectro-

scopy at 20 1C in CDCl3 with a Bruker AC-500 spectrometer.

The microstructure of PHBs was determined by analyzing the

carbonyl region of 13C{1H} NMR spectra at 20 1C in CDCl3
with a Bruker AC-500 spectrometer operating at 125 MHz.27d

Synthesis of complexes

{[OONN]
1
Nd(BH4)(l-BH4)Li(THF)}2 (1). n-BuLi (0.74 mL

of a 1.0 M solution in hexane, 0.74 mmol) was added to a

solution of amino-bis(phenol) H2[OONN]1 (0.164 g, 0.37 mmol)

in hexane (20 mL) at 0 1C. The reaction mixture was stirred for

1 h at 0 1C and then for 1 h at room temperature, after that the

solvent was evaporated in vacuum. The solid residue was

dissolved in toluene (20 mL) and the resulting solution was

added to a solution of Nd(BH4)3(THF)2 (0.124 g, 0.37 mmol)

in toluene (10 mL). The reaction mixture was stirred at 60 1C

for 48 h. The reaction mixture was filtered and the solvent was

evaporated in vacuum. The blue solid residue was extracted

with hexane (20 mL), the extract was filtered and volatiles were

removed under vacuum. Violet crystals of 1 (0.226 g, 83%)

were obtained after recrystallization of the crude solid from

hexane at 0 1C and were dried in vacuum during 1 h at room

temperature (Found: C, 55.27; H, 8.52; Nd, 20.71%.

C64H116B4Li2N4Nd2O6 requires C, 55.57; H, 8.45; Nd,

20.86%); nmax(Nujol, KBr)/cm�1 2426s, 2213s, 2153s, 1604s,

1426w 1316s, 1301s, 1276s, 1248s, 1208s, 1155s, 1091s, 1066s,

1042s, 998s, 956s, 918s, 892s, 873s, 864s, 826s, 810s, 795w,

782s, 768w, 737vs, 694w, 665s, 592w, 523s, 504s.

Li{Nd[OONN2]2} (2). n-BuLi (0.78 mL of a 1.0 M solution

in hexane, 0.78 mmol) was added to a solution of amino-

bis(phenol) H2[OONN]2 (0.205 g, 0.39 mmol) in hexane

(20 mL) at 0 1C. The reaction mixture was stirred for 1 h at

0 1C and then for 1 h at room temperature and the solvent was

evaporated in vacuum. The remaining solid was dissolved in

toluene (20 mL) and the resulting solution was added to a

solution of Nd(BH4)3(THF)2 (0.130 g, 0.39 mmol) in toluene

(10 mL). The reaction mixture was stirred at 60 1C for 48 h.

The reaction mixture was filtered and the solvent was

evaporated in vacuum. The blue solid residue was extracted

with hexane (20 mL), the extract was filtered and volatiles were

removed under vacuum. Violet crystals of 2 (0.170 g, 34%)

were isolated after recrystallization of the crude solid from

hexane at 0 1C and were dried in vacuum during 1 h at room

temperature (Found: C, 69.08; H, 9.43; Nd, 11.40%.

C74H122LiN4NdO4 requires C, 69.28; H, 9.58; Nd, 11.24%);

nmax(Nujol, KBr)/cm�1 1604s, 1412s, 1361vs, 1326w, 1300s,

1254vs, 1235s, 1203s, 1165vs, 1129s, 1117w, 1095w, 1034vs,

987w, 966w, 931s, 912s, 880vs, 829vs, 804s, 775s, 739vs, 646s,

607w, 587w, 523vs.

[OONN]3Nd(BH4)(l-BH4)Li(THF)2 (3). n-BuLi (1.2 mL of

a 1.0 M solution in hexane, 1.20 mmol) was added to a

solution of amino-bis(phenol) H2[OONN]3 (0.276 g,

0.60 mmol) in diethyl ether (20 mL) at �20 1C. The reaction

mixture was warmed up to 0 1C and was stirred for 1 h and

then for 1 h at room temperature. Volatiles were evaporated in

vacuum and the solid residue was dissolved in THF (20 mL).

The resulting solution was added to a solution of

Nd(BH4)3(THF)2 (0.200 g, 0.60 mmol) in THF (10 mL). The

reaction mixture was stirred at 60 1C for 48 h. The solution

was filtered and the solvent was evaporated in vacuum. The

blue solid residue was extracted with toluene (30 mL), the

extract was filtered and volatiles were removed under vacuum.

Violet crystals of 3 (0.348 g, 74%) were obtained after
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recrystallization of the crude solid from toluene at 0 1C

and were dried in vacuum during 1 h at room temperature

(Found: C, 58.50; H, 8.01; Nd, 18.52%. C38H62B2LiN2NdO4

requires C, 58.24; H, 7.97; Nd, 18.40%); nmax(Nujol, KBr)/

cm�1 2426vs, 2259s, 2203vs, 2150s, 1603vs, 1567s, 1305s,

1279w, 1251s, 1208w, 1153vs, 1100s, 1043vs, 1014w, 970s,

930w, 892s, 864s, 829s, 807s, 793s, 775w, 760s, 674w, 642s,

627w, 523vs, 507w.

X-Ray crystallography

The X-ray data were collected on a SMART APEX diffracto-

meter (graphite-monochromated, Mo-Ka-radiation, o- and

y-scan technique, l = 0.71073 Å). The structures were solved

by direct methods and were refined on F2 using SHELXTL41

package. All non-hydrogen atoms were found from Fourier

syntheses of electron density and were refined anisotropically.

The hydrogen atoms of BH4-groups were found from Fourier

syntheses of electron density and were refined isotropically.

Other hydrogen atoms were placed in calculated positions and

were refined in the riding model. SADABS42 was used to

perform area-detector scaling and absorption corrections. The

quality of diffraction data for complex 1 did not allow to refine

the coordinates and anisotropic displacement parameters of

carbon atoms in the solvate molecule of toluene which lies in

the inversion center. Therefore, the geometry of this toluene

molecule was fixed by DFIX and ISOR instructions.

The coordinates of carbon atoms and their anisotropic

displacement parameters were ‘‘frozen’’ in the final refinement.

The same situation was in solvate molecule of hexane in 2,

which was treated similarly. The details of crystallographic,

collection and refinement data are shown in Table 2. CCDC

reference numbers 769020–769022. For crystallographic data

in CIF or other electronic format see DOI: 10.1039/c0nj00486c

Polymerization

Polymerization of rac-lactide. In a typical experiment

(Table 3, entry 5), in a glove box, a Schlenk flask was charged

with a solution of initiator 2 (0.007 g, 5.46 mmol) in THF

(0.2 mL). To this solution, rac-lactide (0.0786 g, 0.55 mmol,

100 equiv.) in THF (0.35 mL) was added rapidly. The mixture

was stirred immediately with a magnetic stir bar at 20 1C for

12 h. After an aliquot of the crude material was sampled by

pipette for determining monomer conversion by 1H NMR, the

reaction was quenched with acidic methanol (ca. 1.0 mL of a

1.2 M HCl solution in MeOH), and the polymer was

precipitated with excess methanol (ca. 100 mL). The polymer

was then filtered and dried under vacuum to constant weight.

Polymerization of rac-b-butyrolactone. In a typical

experiment (Table 4, entry 17), in a glove box, a Schlenk flask

was charged with a solution of initiator 2 (0.007 g, 5.46 mmol)

in toluene (0.2 mL). To this solution, b-butyrolactone (0.0938 mg,

1.09 mmol, 200 equiv.) in toluene (0.16 mL) was added

rapidly. The mixture was stirred immediately with a magnetic

stir bar at 20 1C. The reaction was processed and worked-up

similarly as described above for lactide polymerization.
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