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Introduction

Polyesters and -carbonates derived from heterocyclic mono-
mers such as lactones, dilactones, and carbonates are being
increasingly used for environmental applications as recycla-
ble plastic substitutes or textile derivatives and more impor-
tantly as biomedical and pharmaceutical tools (diagnostic
and therapeutic systems: controlled and sustained drug/gene
delivery vehicles, tissue engineering, and tissue repair bio-
materials).[1–9] A wide range of initiating systems based on
main group as well as d and f transition-metal derivatives
have been designed and successfully evaluated in the ring-
opening polymerization (ROP) of such heterocyclic mono-
mers.[5–13] Although rather “basic” complexes such as zinc
bis-alkoxide species prepared in situ from ZnEt2 and ROH
are efficient in living processes,[14–16] more sophisticated ini-
tiating systems involving metallocene and, more recently,
post-metallocene ancillary ligands provide further control
over the stereo-, regio-, and enantioselectivity, limiting side-
reactions, and with high activity and productivity.[15–19] In
rare-earth chemistry, alkoxide and aryl oxide initiating sys-
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tems remain the most common and display high polymeri-
zation activity towards a wide variety of monomers.[10–13,19,20]

Of particular interest to this contribution is the ability of
borohydride group 3 metal initiators to act as ROP catalysts
for e-caprolactone (CL), lactide, or carbonate.

The tris-borohydrides of the rare-earth elements [Ln-ACHTUNGTRENNUNG(BH4)3ACHTUNGTRENNUNG(THF)3] were initially prepared in the early 1950s by
reaction of rare-earth-metal alkoxides with B2H6.

[21] In the
1980s Mirsaidov and co-workers developed a more conven-
ient approach starting from LnCl3 (Ln = La, Ce, Pr, Nd, Sm)
and NaBH4.

[22–24] Later on, greater value was given to these
original species in the promotion of rare-earth borohydride
organometallic chemistry[25–28] and in their use as efficient
catalysts for the (co)polymerization of ethylene,[29–31] iso-
prene,[31–35] styrene,[34,36] and some polar monomers such as
lactide,[37–42] e-caprolactone,[37–39,43–52] trimethylene carbon-
ate,[52] and methyl methacrylate.[53–57] Also, some rare-earth-
metal borohydride derivatives such as metallocenes,[31,46]

mono-cyclopentadienyl complexes,[25,33, 35–37] alkoxides,[37,40, 58]

and guanidinates[40–42,49,55] have been used for different cata-
lytic applications. Much of this interest in the tris-borohy-
drides arose from the many advantages that the BH4

� ligand
exhibits over other anionic ligands, especially over chloride,
both in the organometallic and polymer domains. Although
BH4

� is isosteric with Cl�, it is much more electron-donat-
ing,[59] thereby allowing the isolation of otherwise unsaturat-
ed and inaccessible metallic species. Note, certain rare-earth
compounds are more easily synthesized and isolated from
borohydride precursors than the corresponding halide or
alkoxide analogues, which rather lead to “ate,” aggregated,
or bridged derivatives that are also less soluble. In addition,
borohydride species exhibit some of the hydridic character
of the valuable hydride homologues through one, two, or
three Ln ACHTUNGTRENNUNG(m-H)B linkages.[60–62] The BH4

� ligand is also con-
veniently identified and monitored by 1H and/or 11B NMR
as well as by IR spectroscopy. This provides an invaluable
“handle” both for the characterization of reaction products
as well as for in situ monitoring of experiments to identify
intermediates and elucidate reaction mechanisms. With
regard to the polymerization of polar monomers, the major
benefit of the borohydride initiating species is that they pro-
vide direct access to the highly valuable a,w-dihydroxytele-
chelic polyesters.[38,39, 44–50] This relies on the in situ reduction
of the carbonyl group of the first inserted cyclic ester mole-
cule (CL or lactide (LA)) by the BH4

� function (see
below).[38,44–52] Indeed, dihydroxy-terminally functionalized
PCLs (HO-PCL-OH)[44–50] or PLAs (HO-PLA-OH)[38, 39]

have been easily prepared without the inherent constraints
associated with post-polymerization chemical modification,
as fully evidenced by 1H and 13C NMR spectroscopy and
MALDI-TOF MS analyses. Indirect support for the forma-
tion of dihydroxy-terminated polyesters was also provided
by the successful chain-extension synthesis of AB2 triblock
copolymers, poly(caprolactone)-b-[poly(benzylglutamate)]2

and poly(caprolactone)-b-[poly(methyl methacrylate)]2
[54] or

of poly(ester-urethane).[39] The general polymerization pro-
cess, especially the key step of the formation of the propa-

gating species as an aliphatic alkoxide with a terminal
CH2OBH2 group, proceeds by a well-demonstrated, both ex-
perimentally and theoretically, and a well-accepted mecha-
nism that is common to all borohydride initiating spe-
cies.[39,43–48]

Recently, we introduced the bis(phosphinimino)metha-
nide {CH(PPh2NSiMe3)2}

�, which has been used previously
by a number of research groups in main-group and transi-
tion-metal chemistry,[63–66] into yttrium and lanthanide
chemistry as a replacement for cyclopentadienyl.[51,67–75] In
general the CH2(PPh2NSiMe3)2 ligand is very easily accessi-
ble. It can be made in a Staudinger reaction in a few hours
without solvent from commercially available starting materi-
als.[76] In this context we showed that the chloride complexes
[{CH(PPh2NSiMe3)2}Ln ACHTUNGTRENNUNG(Cp*)Cl] (Ln=Y, Sm, Yb; Cp*=

(h5-C5Me5)) combined in situ with 1 equiv of 2-propanol en-
ables the living ROP of CL to polymers with controlled mo-
lecular features (end-groups, M̄n) and very narrow molar
mass distributions.[51]

In this contribution we report the use of this bis(phos-ACHTUNGTRENNUNGphin ACHTUNGTRENNUNGimino)methanide ligand in the synthesis of novel rare-
earth-metal bis-borohydride complexes and an evaluation of
their efficacy as initiators for the ROP of CL. Furthermore,
as a continuation of our recent efforts to gain an insight into
the polymerization of polar monomers by group 3 borohy-
dride derivatives,[43,53] we combined our experimental studies
with DFT calculations. In particular, we investigated the in-
fluence of the bis(phosphinimino)methanide ligand on the
energetics and competing pathways of the first step of the
ROP, that is, the reaction between the rare-earth metal com-
plex and the first monomer molecule, which leads to
the active alkoxide species. Our initial work on the ROP
of CL with the non-metallocene, the metallocene, and
the post-metallocene lanthanide borohydride systems,
modeled as [Eu ACHTUNGTRENNUNG(BH4)3], [(Cp)2EuACHTUNGTRENNUNG(BH4)] (Cp= (h5-C5H5)),
and [(N2NN’)Eu ACHTUNGTRENNUNG(BH4)] (N2NN’= (2-C5H4N) ACHTUNGTRENNUNGCH2N-ACHTUNGTRENNUNG(CH2CH2NMe)2), respectively,[43] included a comparison
with the model hydride complex [(Cp2)Eu(H)] of Yasuda
and co-workers for which experimental results have already
been reported for the real system [(Cp*)2Sm ACHTUNGTRENNUNG(m-H)]2.

[77,78] Al-
though these computational results were in complete agree-
ment with experimental findings for both the hydride and
borohydride species, some differences between the hydride
and borohydride, and more importantly between metallo-
cene and non-metallocene boro ACHTUNGTRENNUNGhydride precursors, were
highlighted. The greater negative charge carried by the
N2NN� ligand compared with (Cp)2 was shown to have a sig-
nificant impact on the earlier step of the ROP in reducing
the interaction between the reactive ligands (borohydride or
alkoxide) and the metal center. Based on these preliminary
findings, the bis(phosphinimino)methanide ligand was ex-
pected to play a significant role in the initial step of the
ROP of CL.
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Results and Discussion

Synthesis of the metal complexes : The desired bis(phos ACHTUNGTRENNUNGphin-ACHTUNGTRENNUNGimino)methanide rare-earth-metal bis-borohydrides solvated
[{CH(PPh2NSiMe3)2}La ACHTUNGTRENNUNG(BH4)2ACHTUNGTRENNUNG(THF)] (1) and unsolvated
[{CH(PPh2NSiMe3)2}Ln ACHTUNGTRENNUNG(BH4)2] (Ln=Y (2), Lu (3)) were
obtained by two different synthetic routes. The first ap-
proach, which was used for the synthesis of compounds 1
and 3, started from [Ln ACHTUNGTRENNUNG(BH4)3ACHTUNGTRENNUNG(THF)3] and
K{CH(PPh2NSiMe3)2}.

[79] The salt metathesis reactions per-
formed in THF at elevated temperature resulted in the
target compounds in good yields (Scheme 1).[80] In contrast,

the yttrium complex 2 was obtained in a two-step one-pot
procedure. First, K{CH(PPh2NSiMe3)2} was treated with an-
hydrous yttrium trichloride to give the known dimeric com-
plex [{CH(PPh2NSiMe3)2}YCl2]2.

[67] In situ prepared
[{CH(PPh2NSiMe3)2}YCl2]2 was then treated with NaBH4 to
give compound 2 in good yield (Scheme 1).[80] Because the
starting material [LnACHTUNGTRENNUNG(BH4)3 ACHTUNGTRENNUNG(THF)3] for the syntheses of 1
and 3 was obtained from LnCl3 and NaBH4, both synthetic
routes are roughly equally time consuming.

The new complexes 1–3 were characterized by standard
analytical/spectroscopic techniques and the solid-state struc-
tures were established by single-crystal X-ray diffraction. To
have the possibility of characterizing all the new compounds
by NMR spectroscopy, only diamagnetic rare-earth metal
ions were used. The 1H NMR spectra of 1–3 show signals
characteristic of the two different substituents. The BH4

�

anions are observed as broad signals at d= 1.02–1.64 (1),
1.70–2.10 (2), and 1.45-2.08 ppm (3). More characteristic are
the 11B NMR signals of these groups, which are resolved
into a quintet for compounds 1 and 2 (JBH =83 (1) and
108 Hz (2)), whereas for compound 3 only a broad signal is
seen (d=�22.4 (1), �24.7 (2), and �25.8 ppm (3)). For the

{CH(PPh2NSiMe3)2}
� ligands, one singlet typical of the

SiMe3 groups (d= 0.22 (1), 0.19 (2), and 0.35 ppm (3)) and a
triplet for the PCHP groups (d= 2.02 (1), 1.94 (2), and
1.83 ppm (3)) are observed. In the 31P{1H} NMR spectrum,
one signal characteristic of the {CH(PPh2NSiMe3)2}

� ligand
is observed (d= 15.6 (1), 17.8 (2), and 20.9 ppm (3)). For the
yttrium compound 2, this signal is split into a doublet as a
result of 2JACHTUNGTRENNUNG(P,Y) coupling. In the EI-MS spectra, a molecular
peak is observed as expected for each compound. In the IR
spectra of compounds 1–3, two characteristic peaks for each
complex at 2210 and 2424 cm�1 (1), 2216 and 2486 cm�1 (2),
and 2225 and 2495 cm�1 (3) are observed, which can be as-
signed to a terminal tridentate Ln ACHTUNGTRENNUNG(h3-H3B�H) unit.[60–62]

Compound 1 crystallizes in the monoclinic space group
P21/n with four molecules of 1 and eight molecules of THF
in the unit cell (Figure 1). The coordination polyhedron of

complex 1 is formed by two BH4
� anions, one molecule of

THF, and the {CH(PPh2NSiMe3)2}
� ligand. The hydrogen

atoms of the BH4
� groups, which were freely refined, show

an h3 coordination. This coordination mode is typical for
Ln�BH4 compounds.[24,26,27, 40,60–62] If the BH4

� group is con-
sidered as monodentate and the {CH(PPh2NSiMe3)2}

� ligand
as tridentate, the structures present a six-fold coordination
sphere of ligands around the metal atom and adopt a dis-
torted octahedral coordination polyhedron (e.g., B1-La-B2
100.8(2)8). The {CH(PPh2NSiMe3)2}

� ligand forms a six-
membered metallacycle (N1-P1-C1-P2-N2-La) by chelation
of the two trimethylsilylimine groups to the lanthanum atom
(La�N1 2.552(3) � and La�N2 2.556(3) �). The ring adopts
a typical twist-boat conformation in which the central

Scheme 1.
Figure 1. Solid-state structure of 1 showing the atomic labeling scheme
and omitting hydrogen atoms, except for the freely refined B�H atoms.
Selected bond lengths [�] and angles [8]: La�N1 2.552(3), La�N2
2.556(3), La�O1 2.540(3), La�B1 2.706(5), La�B2 2.727(6), La�C1
2.789(3), N1�P1 1.598(3), N1�Si1 1.734(3), N2�P2 1.599(3), N2�Si2
1.728(3), C1�P2 1.745(3), C1�P1 1.748(3); N1-La-N2 89.36(10), N1-La-
O1 80.59(10), N2-La-O1 142.82(9), N1-La-B1 93.3(2), N2-La-B1
111.38(14), N1-La-B2 160.19(15), N2-La-B2 98.3(2), N1-La-C1 61.34(10),
N2-La-C1 60.51(9), O1-La-B1 104.90(14), O1-La-B2 82.3(2), B1-La-B2
100.8(2), O1-La-C1 83.55(10), B1-La-C1 152.1(2), B2-La-C1 106.8(2), P1-
C1-P2 125.5(2).
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carbon atom and the lanthanum atom are displaced from
the N2P2 least-squares plane.[66] As expected, a weak interac-
tion between the central carbon atom (C1) and the lantha-
num atom is observed (La�C1 2.789(3) �). This distance is
longer than observed for normal La�C bonds.[81]

Compounds 2 and 3 are isostructural. Both compounds
crystallize in the monoclinic space group P21/n with four
molecules of each complex in the unit cell (Figure 2). As a

result of the smaller ion radius of the central metal atom,
there is no solvent molecule in the coordination sphere. The
coordination polyhedra of complexes 2 and 3 are therefore
formed by two BH4

� anions and the {CH(PPh2NSiMe3)2}
�

ligand only. As observed for compound 1, the hydrogen
atoms of the BH4

� groups, which were freely refined, show
an h3 coordination. Similar to compound 1, six-membered
metallacycles (N1-P1-C1-P2-N2-Ln), which adopt a twist-
boat conformation, are formed by the {CH(PPh2NSiMe3)2}

�

lig ACHTUNGTRENNUNGands and the metal atoms with Ln�N bond distances of
N1�Y 2.297(2) � and N2�Y 2.328(2) � for 2 and Lu�N1
2.256(3) � and Lu�N2 2.290(3) � for 3. The distances be-
tween the central carbon atom (C1) and the lanthanide
atom (2.651(3) � (2) and 2.620(3) (3) �) are longer than
usual Ln�C distances, however, the folding of the six-mem-
bered ring towards the lanthanide atom is caused by a weak
interaction. The twist-boat conformation of the six-mem-
bered metallacycle has been observed in all the bis(phos-ACHTUNGTRENNUNGphin ACHTUNGTRENNUNGimino)methanide lanthanide compounds that we have
synthesized so far.[82] We have previously shown that the
weak Ln�C interaction depends not only on the size of the
lanthanide atom and the coordination sphere, but also sig-
nificantly on crystal-packing effects.[68,83]

Ring-opening polymerization of e-caprolactone : The ring-
opening polymerization of CL initiated by either the bis-ACHTUNGTRENNUNG(phosphinimino)methanide lanthanum, yttrium, or lutetium
bis-borohydride complexes 1–3 proceeded smoothly at room
temperature in THF (Table 1). In all the experiments, the
monomer conversion was nearly quantitative and the poly-
mer was recovered in yields of at least 90 % along with a
minor fraction of residual products. All three metallic com-
pounds allowed control of the ROP of CL in terms of molar
mass and molar mass distribution with monomer-to-initiator
ratios of up to 300. Under such experimental conditions,
polymers with M̄n values of up to 22 400 g mol�1 could be ob-
tained. Molar masses measured by size exclusion chroma-
tography (SEC) were in good agreement with the calculated

Figure 2. Solid-state structure of 2 showing the atomic labeling scheme
and omitting hydrogen atoms, except for the freely refined B�H atoms.
Selected bond lengths [�] and angles [8] (also given for isostructural 3):
N1�Y 2.297(2), N2�Y 2.328(2), Y�C1 2.651(3), B1�Y 2.496(4), B2�Y
2.500(4), N1�P1 1.611(2), N1�Si1 1.746(2), N2�P2 1.605(2), N2�Si2
1.742(2), C1�P2 1.736(3), C1�P1 1.746(3); N1-Y-N2 113.79(8), N1-Y-B1
116.61(13), N2-Y-B1 116.71(12), N1-Y-B2 96.50(12), N2-Y-B2 98.22(12),
N1-Y-C1 65.98(8), N2-Y-C1 65.41(8), B1-Y-B2 111.2(2), B1-Y-C1
104.13(15), B2-Y-C1 144.66(13), P1-C1-P2 133.42(2). 3 : Lu�N1 2.256(3),
Lu�N2 2.290(3), Lu�B1 2.436(5), Lu�B2 2.449(5), Lu�C1 2.620(3), N1�
P1 1.607(3), N1�Si1 1.748(3), N2�P2 1.601(3), N2�Si2 1.745(3), C1�P2
1.743(3), C1�P1 1.748(3); N1-Lu-N2 115.24(10), N1-Lu-B1 115.75(14),
N2-Lu-B1 116.76(14), N1-Lu-B2 96.80(14), N2-Lu-B2 97.71(14), N1-Lu-
C1 66.95(10), N2-Lu-C1 66.42(9), B1-Lu-B2 110.7(2), B1-Lu-C1 103.3(2),
B2-Lu-C1 146.0(2), P1-C1-P2 132.3(2).

Table 1. Polymerization of CL initiated by 1–3 at 20 8C.[a]

Entry [M] [CL]0/
[M]0

Solvent Reaction tempera-
ture [8C]

Reaction time[b]

[min]
Conv.[c]

[%]
M̄n,theo

[d]

[103 g mol�1]
M̄n,SEC

[e]

[103 gmol�1]
M̄w/
M̄n

[f]
TOF

[molCL molinitiator
�1 h�1]

1 La 50 THF 20 2 100 2.8 2.2 1.16 1500
2 La 300 THF 20 1 98 16.8 13.4 1.38 17640
3 La 300 THF 0 20 95 16.2 15.7 1.11 855
4 La 220 Tol 20 0.5 95 11.9 12.9 1.47 25080
5 Y 50 THF 20 2 100 2.8 2.6 1.18 1500
6 Y 100 THF 20 5 100 5.7 5.6 1.40 1200
7 Y 250 THF 20 100 100 14.3 15.1 1.45 150
8 Y 300 THF 20 1 92 16.2 15.7 1.49 16560
9 Y 250 THF 0 30 98 14.0 14.3 1.09 490
10 Y 250 Tol 20 300 99 14.1 22.4 1.84 50
11 Lu 300 THF 20 1 98 16.8 15.3 1.35 17640
12 Lu 300 THF 0 20 96 16.4 15.8 1.06 864
13 Lu 300 Tol 20 0.5 95 16.2 14.2 1.48 34200

[a] Results are representative of at least two experiments. [b] Reaction times were not necessarily optimized. [c] Monomer conversions were determined
by 1H NMR spectroscopy. [d] Theoretical molar masses were calculated from [CL]0/2[M]0 � monomer conversion � MCL with MCL =114 g mol�1. [e] Experi-
mental molar masses were determined by SEC versus polystyrene standards and corrected by a factor of 0.56.[44] [f] Molar mass distributions were calcu-
lated from SEC traces.
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data and increased proportionally to the monomer feed
ratio. The molar mass distributions for experiments per-
formed at ambient temperature, although within a reasona-
ble range, are larger than those (typically 1.2–1.3) recorded
with the pendant tris-borohydride [LnACHTUNGTRENNUNG(BH4)3ACHTUNGTRENNUNG(THF)3] (Ln=

La, Nd, Sm) or mono-borohydride [(h5-C5Me5)2SmACHTUNGTRENNUNG(BH4)-ACHTUNGTRENNUNG(THF)] complexes.[44–47] This reflects the occurrence of side-
reactions that are typical in the ROP of cyclic esters, for ex-
ample, transfer and transesterification (bimolecular reshuf-
fling or intramolecular backbiting) reactions.[84,85] The mod-
erate molar mass distributions can also be attributed to a
rate of propagation that is faster than the rate of initiation.
With respect to the values of M̄w/M̄n, the ROP appears to be
slightly less controlled in toluene (entries 4, 10, and 13),
whereas lowering of the reaction temperature resulted in
significantly improved control and activity of the catalyst
(entries 2 vs. 3, 8 vs. 9, and 11 vs. 12). Indeed, at 0 8C, the
molar mass distributions show the narrowest values (M̄w/
M̄n =1.06-1.11) ever obtained for the ROP of CL initiated
by rare-earth-metal borohydride species.[37,39, 44–50] This
strongly suggests that at 0 8C the propagation rate is lower
(and thereby the initiation rate is relatively not as slow)
than that at 23 8C and that the ROP at 23 8C is too fast
thereby leading to some side-reactions within the experi-
mental reaction time, a phenomenon that can be considera-
bly limited by lowering the reaction temperature. As illus-
trated by the TOF values reported in Table 1, all three cata-
lysts are highly active. In comparison with the activities of
related rare-earth-metal borohydrides in the ROP of CL,
which typically do not exceed TOF=

1810 molCL molinitiator
�1h�1,[39, 48–50]

the extremely high activities of
up to TOF=

34 200 molCL molinitiator
�1h�1 re-

corded in this work (entries 2,
4, 8, 11, and 13) are in the same
range as those obtained with
the bridging mono-borohydride
diaminobis(phenoxide) samari-
um derivatives (TOF=

29 700 molCL molinitiator
�1h�1).[37]

Thus, the ancillary ligand in this
latter case,[37] as well as in this
work, most likely significantly
and positively influences the
control of the ROP of CL. No
significant difference relating to
the ion radius of the metal was
observed because all three met-
allic complexes exhibited simi-
lar activity both at 20 8C (en-
tries 2, 8, and 11) and at 0 8C
(entry 3, 9, and 12) for a mono-
mer-to-initiator ratio of 300–250
within a similar reaction time (1
and 20–30 min, respectively).

For all the initiators 1–3, NMR data of all the polymers
recovered after precipitation in methanol showed the forma-
tion of a,w-dihydroxytelechelic PCL, HO-PCL-OH (see the
Supporting Information). This is evidenced by the observa-
tion in the 1H NMR spectra of the typical triplet at d=

3.82 ppm corresponding to the methylene group at the a po-
sition with respect to the terminal hydroxy function along-
side the main polymer chain signals. Similarly, the 13C NMR
spectra exhibits signals at d= 62.1 and 32.4 ppm for the
HOCH2CH2 methylene groups, respectively, in the polymer
chain end. No other chain end signal was detected, which
supports the formation of dihydroxy-functionalized PCL,
HO-PCL-OH. This supports the oxygen�acyl bond cleavage
of the cyclic ester as expected.[44–47]

Computational investigations : Based on our previous experi-
ence[43,53] and to gain more insight into the reaction mecha-
nism, a DFT study of the reaction of the yttrium complex 2
with CL, that is, the initiation step leading to the active spe-
cies, was carried out. To save some computational time, the
ligand was simplified; the phenyl rings were replaced by
methyl groups and the SiMe3 groups by SiH3. Such a model-
ing strategy, which does not influence the reactivity of the
ligand, has already been successfully applied.[43] The calcu-
lated free-energy profile for the reaction of
[{CH(PMe2NSiH3)2}Y ACHTUNGTRENNUNG(BH4)2] with CL was determined by
this approach (Figure 3).

The calculated reaction mechanism depicted in path-
way a) of Scheme 2 and Figure 3 is very similar to the one
previously proposed for the borohydride complexes

Figure 3. Calculated free-energy profile for the reaction of e-caprolactone with [{CH(PMe2NSiH3)2}Y ACHTUNGTRENNUNG(BH4)2].
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[(Cp)2Eu ACHTUNGTRENNUNG(BH4)] and [(N2NN’)Eu ACHTUNGTRENNUNG(BH4)] (Scheme 2, path-
way b)[43] in that it proceeds in two steps, a hydride transfer
from the rare-earth complex to the carbonyl carbon atom of
the CL (Scheme 2, Figure 3: reactant E) followed by the
ring-opening of the cyclic ester by oxygen�acyl bond cleav-
age (Scheme 2, Figure 3: E!G), which implies two succes-
sive B�H activations leading to the formation of a terminal
CH2OBH2 (G ; Scheme 2a, Figure 3). As demonstrated
before both experimentally[44–48] and theoretically,[43] the for-
mation of the alkACHTUNGTRENNUNGoxyborane group in G arises from the re-
duction of the adjacent carbonyl group of the lactone by
BH3 (Scheme 2, second step). The propagation step
(Scheme 2, G!H) involves the coordination–insertion poly-
merization of further CL molecules through the Ln�O
bond, which gives rise to the active polymer species H. Fi-
nally, quenching and deactivation of the reaction results in
the hydrolysis of the Ln�O and CH2O�BH2 bonds of H,
which generates a hydroxy end-group at each chain end,
that is, the formation of a,w-dihydroxytelechelic PCL, HO-
PCL-OH, in agreement with the experimental observations
reported above (Scheme 2, HO-PCL-OH; note that formally
speaking, the final polymer should be referred to as H-PCL-
OACHTUNGTRENNUNG(CH2)6OH because H and O ACHTUNGTRENNUNG(CH2)6OH cap the PCL
chains.). The reaction is predicted to be both kinetically and
thermodynamically accessible.

The calculations performed in this work involving the bis-ACHTUNGTRENNUNG(phosphinimino)methanide ligand show one main difference
with the reaction mechanism involving either the metallo-
cene (Cp)2 or non-metallocene (N2NN’) ancillary ligands in

that the formation of the borate
(C(O)HBH3) E is ACHTUNGTRENNUNGachieved in
two steps (Scheme 2, pathway a,
Figure 3: A!C and C!E)
rather than in a straightforward
unique step (Scheme 2, path-
way b: A!E). In the first step,
one hydride of the BH4

� ligand
classically attacks the ketonic
carbon of the CL (Scheme 2,
Figure 3: A!C). This process
is rather low in energy (activa-
tion barrier of 20.1 kcal mol�1

with respect to the CL adduct
A). This barrier is similar to
that calculated for the
[(Cp)2EuBH4] complex
(23.65 kcal mol�1).[43] As op-
posed to the reaction pathway
with (Cp)2 or (N2NN’) deriva-
tives in which BH3 is trapped
by the oxygen, this nucleophilic
attack does not lead to the re-
lease of BH3, which in this case
remains coordinated to the hy-
dride (Scheme 2, Figure 3: C).
The formation of such an
adduct C is predicted to be

slightly endergonic (+2.7 kcal mol�1), which indicates a
strong adduct (Figure 3). This was not expected as the for-
mation of this adduct requires the cleavage of a strong elec-
trostatic interaction between the borohydride ligand and the
metal center. However, one significant difference to our pre-
vious study[86] is that this investigation deals with bis-boro-ACHTUNGTRENNUNGhydride complexes as opposed to single-site mono-borohy-
dride species. The additional BH4

� ligand modifies the reac-
tivity by inducing an interaction between BH3 and the other
BH4

� ligand in C, as is indeed clearly observed in silico. The
calculations are supported by some recently reported experi-
mental results in which a redox reaction of a Ln�BH4 com-
plex gave a BH3 molecule as a byproduct. The latter was
trapped in the coordination sphere of the lanthanide com-
plex.[86]

Natural bonding orbital analysis (NBO) indicates that the
charge of the metal center in C is not as high as in the met-
allocene complex (+1.25 in [{CH(PMe2NSiH3)2}YACHTUNGTRENNUNG(BH4)2] vs.
+2.15 in [(Cp)2EuBH4] and [N2NN’EuACHTUNGTRENNUNG(BH4)]) such that the
loss of the electrostatic interaction is less dramatic in this
complex than in the metallocene. At the same time, the
charge on the boron atom is diminishing and the charge on
the ketonic oxygen is increasing (up to �0.81). These charge
distributions are definitely a signature of the bis(phosphin-ACHTUNGTRENNUNGimino)methanide ligand being a rather good donor.

In the second step (Scheme 2-pathway a, Figure 3: C!E),
BH3 is trapped by the oxygen atom of the ketone, which
leads to the formation of the borate E. The barrier for this
process (11.7 kcal mol�1) is lower than for the first step

Scheme 2. Proposed general mechanism for the polymerization of e-caprolactone initiated by [(L)xLn ACHTUNGTRENNUNG(BH4)]
(Lx = (Cp)2, (N2NN’)[43] and {CH(PMe2NSiH3)2}).
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(20.1 kcal mol�1) but is significant enough to define an over-
all double hump process (Figure 3: A!E). The formation
of the borate complex (OBH3) E is predicted to be thermo-
dynamically favorable by 11.8 kcal mol�1. Note that the
charge on the metal fragment has increased to + 1.53 in the
latter complex, which further indicates the versatility of the
bis(phosphinimino)methanide ligand. However, this borate
complex E is less stable than that obtained with the metallo-
cene [(Cp)2SmBH4)] in which the charge at the metal center
is higher (around +2.20).[86] Thus, this two-step pathway
leading to intermediate E results from a combined favorable
effect of the simultaneous presence of two BH4 groups
along with the more favorable electronic environment pro-
vided by the enveloping bis(phosphinimino)methanide
ligand. During the trapping process, the second BH4

� ligand
remains bonded to the metal center in a h3 fashion. This
clearly indicates that the BH3 ligand is only slightly interact-
ing with the BH4

� ligand in complex C in a donor–acceptor
manner (interaction between the hydride BH4

� and the
empty p orbital of BH3).

The ring-opening of the monomer thus occurs in the last
step (Scheme 2, Figure 3: E!G), that is, in the borate com-
plex E, by a second B�H activation process. Throughout the
process, the second BH4 ligand remains bonded to the metal
center. This final step is thermodynamically favored making
the overall reaction thermodynamically possible, very simi-
lar to those already calculated, and is classical for the poly-
merization of lactones catalyzed by borohydride com-
plexes.[43,53] The activation barrier is predicted to be
30.0 kcal mol�1 with respect to the borate complex E
(19.8 kcal mol�1 with respect to the entrance channel A).
The calculated most favorable complex formed from the re-
action of [{CH(PMe2NSiH3)2}YACHTUNGTRENNUNG(BH4)2] with CL, the alkox-
ide–borate G (with an OBH2 terminus, Figure 3), thus exact-
ly matches the experimentally postulated active species G
(Scheme 2). As reported for the [(N2NN’)Eu ACHTUNGTRENNUNG(BH4)] case, the
borate is still formed in the transition state F, but it interacts
with the metal center through the oxygen atom rather than
through the hydrogen atoms. This is once again associated
with the charge of the {CH(PMe2NSiH3)2}

� ligand, which re-
duces the charge of the metal center. However, the versatili-
ty of the ligand, already underlined, allows an increase in
the charge of the metal center such that the formation of G
is highly exergonic. Thus, the {CH(PMe2NSiH3)2}

� ligand is
an excellent ligand for CL polymerization and its versatility
may allow polymerization of MMA as does the (N2NN’)
ligand.

Conclusion

The rare-earth metal bis-borohydrides [{CH ACHTUNGTRENNUNG(PPh2NSiMe3)2}-ACHTUNGTRENNUNGLa ACHTUNGTRENNUNG(BH4)2ACHTUNGTRENNUNG(THF)] and [{CH ACHTUNGTRENNUNG(PPh2NSiMe3)2}ACHTUNGTRENNUNGLn ACHTUNGTRENNUNG(BH4)2] (Ln=

Y, Lu) have been synthesized by two different synthetic
routes. Complexes 1 and 3 were prepared from [LnACHTUNGTRENNUNG(BH4)3-ACHTUNGTRENNUNG(THF)3] and K{CH(PPh2NSiMe3)2}, whereas the yttrium
analogue 2 was obtained from in situ prepared

[{CH(PPh2NSiMe3)2}YCl2]2 and NaBH4. All the new com-
pounds were characterized by standard analytical/spectro-
scopic techniques and the solid-state structures were estab-
lished by single-crystal X-ray diffraction. The hydrogen
atoms of the BH4

� groups, which were freely refined, show
h3 coordination.

Complexes 1–3 successfully allowed the ring-opening
polymerization of CL with nearly quantitative monomer
conversion. The molar mass distributions for experiments
performed at ambient temperature are larger than those re-
corded with the pendant tris-borohydride [LnACHTUNGTRENNUNG(BH4)3ACHTUNGTRENNUNG(THF)3]
(Ln=La, Nd, Sm) or mono-borohydride [(h5-C5Me5)2Sm-ACHTUNGTRENNUNG(BH4) ACHTUNGTRENNUNG(THF)] complexes, which is indicative of the occur-
rence of side-reactions. In contrast, at 0 8C, the molar mass
distributions show the narrowest values (M̄w/M̄n = 1.06–1.11)
ever obtained for the ROP of CL initiated by a rare-earth-
metal borohydride species. These results thereby highlight
the good control of the polymerization in terms of molar
mass and limited side-reactions, most likely a result of the
enveloping bis(phosphinimino)methanide ligand.

DFT investigations revealed a rather unique mechanism
for the reaction between the bis-borohydride bis(phosphin-ACHTUNGTRENNUNGimino)methanide complexes [{CH(PMe2NSiH3)2}YACHTUNGTRENNUNG(BH4)2]
and the first added CL molecule. Indeed, the first B�H acti-
vation of BH4

� is achieved in two distinct unprecedented
steps: nucleophilic attack of one hydride on the carbon
atom of the ketone with decoordination of BH4

� from the
metal center and then trapping of BH3 by the oxygen atom
of the ketone. This contrasts with the single step required
with mono-borohydride complexes. NBO analysis reveals
that this difference in mechanism can be attributed to the
metallic fragment. The positive effect of the simultaneous
presence of two BH4

� groups along with the greater elec-
tron-donating nature of the enveloping bis(phosphinimino)-
methanide ligand is thus the reason for the differences be-
tween the borohydrides studied in this work compared with
previous studied ones.[43] The subsequent ring-opening is
classical of borohydride complexes and is achieved by a
second B�H activation. The reaction was calculated to be
kinetically facile and thermodynamically favorable, in agree-
ment with experimental data.

Experimental Section

Materials : All manipulations of air-sensitive materials were performed
with the rigorous exclusion of oxygen and moisture in flame-dried
Schlenk-type glassware either on a dual manifold Schlenk line, interfaced
to a high vacuum (10�3 torr) line, or in an argon-filled MBraun or Jaco-
mex glove box. THF was distilled under nitrogen from potassium benzo-
phenone ketyl prior to use. Hydrocarbon solvents (toluene and n-pen-
tane) were dried by using an MBraun solvent purification system (SPS-
800). All solvents for vacuum-line manipulations were stored in vacuo
over LiAlH4 in resealable flasks. e-Caprolactone (e-CL, Lancaster) was
successively dried over CaH2 (at least 1 week) and then over 4,4’-methyl-
enebis(phenyl isocyanate). LnCl3,

[87] K{CH(PPh2NSiMe3)2},
[79] [Ln ACHTUNGTRENNUNG(BH4)3-ACHTUNGTRENNUNG(THF)3],[25] and [{CH(PPh2NSiMe3)2}YCl2]2

[67] were prepared according
to literature procedures. Deuterated solvents were obtained from Aldrich
(99 atom % D).
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Instrumentation and measurements : NMR spectra were recorded on a
JEOL JNM-LA 400 FT-NMR or a Bruker Avance 400 or 200 NMR spec-
trometer. Chemical shifts are referenced to internal solvent resonances
and are reported relative to tetramethylsilane (1H NMR), 15% BF3

.Et2O
(11B NMR), and 85 % phosphoric acid (31P NMR), respectively.[88] IR
spectra were obtained on a Shimadzu FTIR-8400s spectrometer. Elemen-
tal analyses were carried out with an Elementar vario EL or EL III in-
strument. Average molar masses (M̄n) and molar mass distributions (M̄w/
M̄n) were determined by SEC in THF at 20 8C (flow rate=1.0 mL min�1)
on a Polymer Laboratories PL50 apparatus equipped with a refractive
index detector and a PLgel 5 � MIXED-C column. The polymer samples
were dissolved in THF (2 mg mL�1). The SEC traces of the polymers all
exhibited a unimodal and symmetrical peak. The average molar mass
values (M̄nSEC) of the PCLs were calculated from the linear polystyrene
calibration curve using the correction coefficient previously reported
(M̄nSEC = M̄nSECraw data � 0.56).[44] Monomer conversions were calculated
from the integration (Int.) ratio (Int.P(CL)/ ACHTUNGTRENNUNG[Int.P(CL) + Int.(CL)]) of the
CH2OC(O) methylene triplet (d=4.04 ppm) in the 1H NMR spectrum of
the crude polymer sample.

Synthesis of the bis(phosphinimino)methanide bis-borohydride com-
plexes

[{CH(PPh2NSiMe3)2}La ACHTUNGTRENNUNG(BH4)2 ACHTUNGTRENNUNG(THF)] (1): THF (25 mL) was condensed
at �78 8C onto a mixture of [La ACHTUNGTRENNUNG(BH4)3 ACHTUNGTRENNUNG(THF)3] (600 mg, 1.50 mmol) and
K{CH(PPh2NSiMe3)2} (895 mg, 1.50 mmol) and the resulting reaction
mixture was stirred for 16 h at 60 8C. The colorless solution was filtered
and the solvent evaporated in vacuo. Then toluene (10 mL) was con-
densed onto the residue. The mixture was heated carefully until the solu-
tion became clear. The solution was allowed to stand at ambient temper-
ature to obtain the product as a colorless powder after 16 h. Yield:
842 mg, 1.10 mmol, 74%. Single crystals were obtained by crystallization
from hot THF. 1H NMR ([D8]THF, 400 MHz, 25 8C): d=0.22 (s, 18 H;
SiMe3), 1.02–1.64 (br, 8H; BH4), 1.90 (ms, 4H; THF), 2.02 (t, JH,P =

2.1 Hz, 1 H; CH), 3.74 (ms, 4H; THF), 7.41–7.84 ppm (m, 20 H; Ph);
13C{1H} NMR ([D8]THF, 100.4 MHz, 25 8C): d =4.3 (SiMe3), 16.6 (CH),
26.1 (THF), 67.9 (THF), 128.2–128.4 (m, m-Ph), 130.8 (p-Ph), 131.0–
131.1 (m, o-Ph), 131.9–132.2 ppm (m, i-Ph); 31P NMR ([D8]THF,
101.3 MHz, 25 8C): d=15.6 ppm; 11B NMR ([D8]THF, 128.15 MHz,
25 8C): d=�22.4 ppm (br qt, JH,B =83 Hz); IR: ñ =693 (s), 832 (vs), 931
(m), 1072 (s), 1094 (s), 1131 (s), 1161 (w), 1254 (m), 1434 (m), 1976 (w),
2151 (m), 2210 (m), 2424 (w), 2949 (w), 3056 cm�1 (w); MS (EI, 70 eV,
180 8C): m/z (%): 712 (33) [M�CH3]

+ , 698 (14) [CH(PPh2NSiMe3)2La]+ ,
581 (25), 569 (97), 569 (97), 558 (84) [CH(PPh2NSiMe3)2]

+ , 544 (100)
[CH(PPh2NSiMe3)2

+�CH3]
+ , 493 (85), 481 (23), 455 (59), 394 (36), 348

(11) [M�2BH4]
+/2, 287 (26), 272 (48) [Ph2PNSiMe3]

+ , 183 (43), 135 (73),
121 (90), 73 (60) [SiMe3]

+ , 43 (20); elemental analysis calcd (%) for
C33H51B2N2O0.5Si2P2La (1–0.5THF; 762.73): calcd. C 51.99, H 6.74, N
3.67; found: C 51.43, H 7.32, N 2.72.

[{CH(PPh2NSiMe3)2}Y ACHTUNGTRENNUNG(BH4)2] (2): THF (25 mL) was condensed at
�78 8C onto a mixture of NaBH4 (42 mg, 1.10 mmol) and in situ prepared
[{CH(PPh2NSiMe3)2}YCl2]2 (0.25 mmol) and the resulting colorless reac-
tion mixture was stirred for 16 h at 60 8C. The colorless solution was fil-
tered and concentrated until a precipitate appeared. The mixture was
heated carefully until the solution became clear. The solution was then
allowed to stand at ambient temperature to obtain the product as color-
less crystals after 6 h. Yield: 171 mg, 0.25 mmol, 51 % (single crystals).
1H NMR ([D8]THF, 400 MHz, 25 8C): d =0.19 (s, 18H; SiMe3), 1.70–2.10
(br, 8H; BH4), 1.94 (t, 1H; CH), 6.63–6.95 (m, 8 H; m-Ph), 7.13–7.18 (m,
8H; o-Ph), 7.79–7.84 ppm (m, 4H; p-Ph); 13C{1H} NMR ([D8]THF,
100.4 MHz, 25 8C): d=3.5 (SiMe3), 16.3 (CH), 128.1, 128.6 (2 t, m-Ph,
JC,P =6 Hz, JH,P = 4.2 Hz), 130.8 (p-Ph), 131.1 (t, JC,P =5 Hz, o-Ph), 131.7
(p-Ph), 132.1 (t, JC,P =5 Hz, o-Ph), 135.8 ppm (i-Ph); 31P NMR ([D8]THF,
101.3 MHz, 25 8C): d=17.8 ppm (d, 2JY,P =7.6 Hz); 11B NMR ([D8]THF,
128.15 MHz, 25 8C): d =�24.7 ppm (br qt, JH,B =108 Hz); IR: ñ=733 (s),
841 (vs), 987 (m), 1094 (vs), 1192 (m), 1256 (w), 1437 (m), 1579 (w), 1971
(w), 2163 (s), 2216 (s), 2486 (m), 2943 (m), 3058 cm�1 (w); MS (EI, 70 eV,
180 8C): m/z (%): 736 (19), 721 (22), 676 (3) [M]+ , 661 (100) [M�CH3]

+ ,
647 (39), 586 (100), 569 (99), 558 (14) [CH(PPh2NSiMe3)2]

+ , 543 (97)
[CH(PPh2NSiMe3)2�CH3]

+ , 493 (63), 358 (12), 323 (28)

[CH(PPh2NSiMe3)2�CH3]
+ , 272 (15) [Ph2PNSiMe3]

+ , 183 (18), 135 (27),
73 (33) [SiMe3]

+ , 43 (16); elemental analysis calcd (%) for
C31H47B2N2Si2P2Y (2 ; 676.37): C 55.05, H 7.00, N 4.14; found: C 55.54, H
7.28, N 3.42.

[{CH(PPh2NSiMe3)2}Lu ACHTUNGTRENNUNG(BH4)2] (3): THF (25 mL) was condensed at
�78 8C onto a mixture of [Lu ACHTUNGTRENNUNG(BH4)3 ACHTUNGTRENNUNG(THF)3] (653 mg, 1.50 mmol) and
K{CH(PPh2NSiMe3)2} (895 mg, 1.50 mmol) and the resulting reaction
mixture was stirred for 16 h at 60 8C. The colorless solution was filtered
and the solvent evaporated in vacuo. Then toluene (20 mL) was con-
densed onto the residue. The mixture was heated carefully until the solu-
tion became clear. The solution was layered with pentane and allowed to
stand at ambient temperature to obtain the product as colorless crystals
after 72 h. Yield: 822 mg, 0.94 mmol, 63 %. 1H NMR ([D8]THF, 400 MHz,
25 8C): d=0.35 (s, 18H; SiMe3), 1.45–2.08 (br, 8 H; BH4), 1.83 (t, JH,P =

3.8 Hz, 1H; CH), 7.07–7.08 (m, 4H; Ph), 7.27–7.34 (m, 6H; Ph), 7.46–
7.52 (m, 6 H; Ph), 7.79–7.81 ppm (m, 4 H; Ph); 13C{1H} NMR ([D8]THF,
100.4 MHz, 25 8C): d =3.3 (SiMe3), 17.6 (t, JC,P =100 Hz, CH), 128.6–
128.9 (m, m-Ph), 130.5 (p-Ph), 131.5–131.7 (m, o-Ph), 132.2–132.4 ppm
(m, i-Ph); 31P NMR ([D8]THF, 101.3 MHz, 25 8C): d= 20.9 ppm;
11B NMR ([D8]THF, 128.15 MHz, 25 8C): d =�25.8 ppm; IR: ñ=740 (s),
776 (w), 827 (s), 996 (w), 1112 (s), 1164 (w), 1241 (m), 1436 (m), 1587
(w), 1983 (w), 2079 (m), 2225 (w), 2309 (m), 2420 (w), 2654 (w), 2862
(w), 2945 cm�1 (w); MS (EI, 70 eV, 180 8C): m/z (%): 762 (9) [M]+ , 747
(90) [M�CH3]

+ , 733 (36) [CH(PPh2NSiMe3)2Lu]+ , 672 (100), 657 (32),
569 (42), 558 (14) [CH(PPh2NSiMe3)2]

+ , 543 (96)
[CH(PPh2NSiMe3)2�CH3]

+ , 493 (23), 366 (23) [M�2BH4]
+/2, 359 (17)

[(CH(PPh2NSiMe3)2Lu�CH3]
+/2, 272 (13) [Ph2PNSiMe3]

+ , 183 (10), 135
(18), 121 (19), 73 (21) [SiMe3]

+ , 43 (10); elemental analysis calcd (%) for
C35H55B2N2OSi2P2Lu (3+THF; 834.53): C 50.37, H 6.64, N 3.36; found:
C 50.04, H 6.45, N 2.89.

X-ray crystallographic studies of 1–3 : Crystals of 1–3 were grown from
THF or toluene. Suitable crystals of compounds 1–3 were covered in min-
eral oil (Aldrich) and mounted on a glass fiber. The crystal was trans-
ferred directly into the stream of N2 of a Stoe IPDS 2 or Stoe IPDS 2T
diffractometer at �73 or �123 8C. Subsequent computations were carried
out on an Intel Pentium IV PC.

All structures were solved by the Patterson method (SHELXS-97[89]).
The remaining non-hydrogen atoms were located from successive differ-
ence Fourier map calculations. The refinements were carried out by using
full-matrix least-squares techniques on F, minimizing the function
(Fo�Fc)

2, with the weight defined as 4F0
2/2 ACHTUNGTRENNUNG(Fo

2) and Fo and Fc are the ob-
served and calculated structure factor amplitudes using the program
SHELXL-97.[89] The positions of carbon-bound hydrogen atoms were cal-
culated and allowed to ride on the carbon atoms to which they are
bonded. The hydrogen atom contributions of compounds 1–3 were calcu-
lated but not refined. The locations of the largest peaks in the final differ-
ence Fourier map calculation as well as the magnitude of the residual
electron densities in each case were of no chemical significance.

1·2THF: C35H55B2LaN2OP2Si2, monoclinic, P21/n (No. 14), lattice con-
stants a =10.0940(4), b=35.345(2), c=14.2018(6) �, b =103.779(3)8, V=

4921.0(4) �3, Z= 4, m ACHTUNGTRENNUNG(Mo-Ka) =1.018 mm�1, qmax =25.028, 8647 [Rint =

0.0433] independent reflections measured of which 7069 were considered
observed with I>2s(I), max. residual electron density=1.219 and
�0.809 e A�3, 484 parameters, R1 (I>2s(I))=0.0408; wR2 (all data) =

0.1135.

2 : C31H47B2N2P2Si2Y, monoclinic, P21/n (No. 14), lattice constants a=

9.7964(7), b= 17.4944(8), c=21.4015(15) �, b =91.599(6)8, V=

3666.4(4) �3, Z= 4, m ACHTUNGTRENNUNG(Mo-Ka) =1.765 mm�1, qmax =25.038, 6440 [Rint =

0.0614] independent reflections measured of which 4890 were considered
observed with I>2s(I), max. residual electron density=0.313 and
�0.295 e A�3, 399 parameters, R1 (I>2s(I))=0.0404, wR2 (all data) =

0.0793.

3 : C31H47B2N2LuP2Si2, monoclinic, P21/n (No. 14), lattice constants a=

9.7538(6), b= 17.4791(7), c=21.3528(13) �, b =91.622(5)8, V=

3638.9(3) �3, Z= 4, m ACHTUNGTRENNUNG(Mo-Ka) =2.889 mm�1, qmax =25.038, 6400 [Rint =

0.0484] independent reflections measured of which 5307 were considered
observed with I>2s(I), max. residual electron density=0.623 and
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�1.233 e A�3, 399 parameters, R1 (I>2s(I))=0.0271, wR2 (all data) =

0.0592.

CCDC-751614, -751616, and 751616 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/data_request/cif.

Typical procedure for the polymerization of e-caprolactone : In a glove
box, a Schlenk flask was charged with a toluene (0.4 mL) solution of ini-
tiator 2 (7.1 mg, 10.50 mmol). A toluene solution of CL (120.0 mg,
1.05 mmol, 100 equiv in 0.6 mL) was added. The mixture was then imme-
diately stirred at 20 8C for the appropriate time (reaction times have not
been systematically optimized). The reaction was quenched with an
excess of acidic methanol (ca. 1 mL of a 1.2 m HCl solution in MeOH).
The resulting mixture was concentrated under vacuum and the conver-
sion determined by 1H NMR analysis of the residue. This crude polymer
was then dissolved in CH2Cl2 and purified by precipitation in cold metha-
nol, filtration and drying under vacuum.

Computational details : Yttrium, phosphorus, and silicon were treated
with a Stuttgart–Dresden pseudopotential in combination with their
adapted basis set.[90, 91] The basis set was augmented by a set of polariza-
tion functions (d for phosphorus and silicon).[92] Boron, carbon, and hy-
drogen atoms were described with a 6-31G ACHTUNGTRENNUNG(d,p) double-z basis set.[93]

Calculations were carried out at the DFT level of theory using the hybrid
functional B3PW91.[94, 95] Geometry optimizations were carried out with-
out any symmetry restrictions, the nature of the extrema (minimum) was
verified with analytical frequency calculations. All these computations
were performed with the Gaussian 03[96] suite of programs. The electronic
structure was studied by natural bond orbital (NBO) analysis.[97]
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