Inorg. Chem. 2005, 44, 9046—9055

Inorganic:Chemistry

* Article

Lanthanide Borohydride Complexes Supported by
Diaminobis(phenoxide) Ligands for the Polymerization of
and L- and rac-Lactide

e-Caprolactone

Fanny Bonnet,* Andrew R. Cowley, and Philip Mountford*
Chemistry Research Laboratory, Usisity of Oxford, Mansfield Road, Oxford OX1 3TA, U.K.

Received August 3, 2005

Reaction of Na,O;NN' [H,0,NN" = (2-CsH4N)CH,N{ 2-HO-3,5-CH,Buy} 2] with M(BH4)s(THF); afforded the dimeric,
rare-earth borohydride compounds [M(ONN")(u-BHa)(THF) ], (M = Y", n = 0.5 (1-Y); M = Nd", n = 1 (1-Nd);
M = Sm" n = 0 (1-Sm)]. For comparison the chloride analogues [M(O,NN')(u-Cl)(THF)2 (2-M; M = La" or
Sm", n=0; M = Nd", n = 1) and the corresponding pyridine adducts [M(O:NN")(u-X)(py)]2 [X = BH, (3-M) or
Cl (4-M); M = La", Nd", or Sm"] were prepared and structurally characterized for 4-La. Compounds 1-M initiated
the ring-opening polymerization of e-caprolactone. The best molecular weight control (suppression of chain transfer)
for all three monomers was found for the samarium system 1-Sm. The most effective heterotactic enrichment (P,)
in the polymerization of rac-lactide was found for 1-Y (P, = 87%). Compound 1-Nd catalyzed the block
copolymerization of e-caprolactone and L- and rac-lactide provided that e-caprolactone was added first. Attempted
block polymerization by the addition of L-lactide first, or random copolymerization of a ca. 1:1 mixture of e-caprolactone
and L-lactide, gave only a poly(L-lactide) homopolymer.

Introduction Chart 1

There is presently much interest in the controlled ring- Q i OO | 0._-0 0. 0
opening polymerization (ROP) of cyclic esters such as g J/: j/ J/: :/r I :/l
lactones and lactides because of the biodegradability and R T N s N !
biocompatibility of the resulting polyestetd A wide range
of main group complexes have been employed in this area.caprolactone Llactide
with impressive resultdOf particular interest to our present (&-CL)
contribution is the ability of discrete, non-cyclopentadienyl
group 3 and lanthanide complexesyl)—R [where (L) =
dianionic supporting ligand set; L&t group 3 or lanthanide
metal} to act as ROP catalysts for the cyclic esters shown
in Chart 229 and, in particular, those with chelating
phenoxide supporting ligands.

The initiating functional group Ln-R in lanthanide ROP
catalysts, in general, is typically an aryl oxide or alkoxide,

L-LA D-LA

(L-LA) rac-lactide

secondary amide, or alkyl moiety. Recently, however,
pioneering work by Guillaume et al. has shown that

(3) For leading references concerning main-group initiators, see refs 2a,
2b, 2d, and 2e and the following: (a) Ma, H.; Melillo, G.; Olivia, L.;
Spaniol, T. P.; Englert, U.; Okuda, Dalton Trans.2005 721. (b)
Chisholm, M. H.; Patmore, N. J.; P., Z. Zhem. Commur2005
127. (c) Nimitsiriwat, N.; Marshall, E. L.; Gibson, V. C.; Elsegood,
M. R. J.; Dale, S. HJ. Am. Chem. So2004 126, 13598. (d)
Hormnirun, P.; Marshall, E. L.; Gibson, V. C.; White, A. J. P,
Williams, D. J.J. Am. Chem. So2004 126, 2688. (e) Tang, Z. H.;
Chen, X. S.; Pang, X.; Yang, Y. K.; Zhang, X. F.; Jing, X. B.
Biomacromolecule2004 5, 965. (f) Chisholm, M. H.; Gallucci, J.
C.; Phomphrai, Klnorg. Chem.2004 43, 6717. (g) Chisholm, M.
H.; Gallucci, J. C.; Phomphrai, Knhorg. Chem 2002 41, 2785. (h)
Chisholm, M. H.; Huffman, J. C.; Phomphrai, &.Chem. Soc., Dalton
Trans.2001, 222. (i) Chamberlain, B. M.; Cheng, M.; Moore, D. R;
Ovitt, T. M.; Lobkovsky, E. B.; Coates, G. WI. Am. Chem. Soc.
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(1) Selected reviews on aspects of biodegradable polymers: (a) Okada,
M. Prog. Polym. Sci2002 27, 87. (b) Drumright, R. E.; Gruber, P.
R.; Henton, D. EAdv. Mater.200Q 12, 1841. (c) Chiellini, E.; Solaro,
R. Adv. Mater. 1996 8, 305.
(2) Reviews addressing the polymerization of cyclic esters: (a) Dechy-

Cabaret, O.; Martin-Vaca, B.; Bourissou, Dhem. Re. 2004 104,
6147. (b) Coates, G. WI. Chem. Soc., Dalton Tran2002 467. (c)
Hou, Z.; Wakatsuki, YCoord. Chem. Re 2002 231, 1. (d) O’Keefe,
B. J.; Hillmyer, M. A.; Tolman, W. BDalton Trans.2001 2215. (e)
Aida, T.; Inoue, SAcc. Chem. Red996 29, 39.
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Chart 2
N
A
N—sm—N_
R l R
N
4 S N ‘Bu
R .BH, | OH
\ _R 7 By
/N7 Sm—N
LN
\ \7 N ‘Bu
I (R = SiMe; or 2,4,6-C¢H,Mes) H,0,NN'

borohydride compounds can initiate the ROR-@flaprolac-
tone €-CL), either without supporting ancillary ligands
[namely, Nd(BH)z(THF)s]®2Por as the metallocene complex
Cp*2Sm(BH,)(THF).6¢ In complimentary work, the groups
of Barbier-Baudry and Visseaux showed that dialkylmag-
nesium-activated lanthanide borohydride complexes allowed
for the stereospecific polymerization of isopréfié We very
recently reported that the diaminobis(amide)-supported sa-
marium borohydride compounds [SM{MN")(u-BHJ)]2 [I;

see Chart 2; BNN' = (2-CsH4N)CHN(CH,CH:NR),, R =
SiMes or 2,4,6-GH,Me;] are catalysts for the living ROP

of e-CL and the well-controlled polymerization of methyl
methacrylate (MMA, this being the first example of a
borohydride compound effecting this proce¥s$o far, no
rare-earth borohydride initiator for the polymerization of
lactides has been reported. Unfortunately, althougind
other NNN'-supported borohydride complexes showed
reasonable activity for the polymerization oflactide (-

LA), no stereocontrol was achieved withc-lactide ¢ac-

LA, or pb,L-lactide)’?

supported by a bis(phenoxide) ether ligahtlve therefore
anticipated that the formal replacement of the amide “arms”
of No2NN' in | by methyl phenoxide groups might allow for
a more successful catalytic system and so turned to the
related diaminobis(phenoxide) ligandXN' [H,O,.NN' =
(2-GsH4N)CHoN{ 2-HO-3,5-GH2'Buy} 2; see Chart 2]. The ©
NN' ligand and a number of tetradentate bis(phenoxide)
analogues have been used with considerable effect in group
4 Ziegler-Natta polymerization in the past few ye#ir&but
have received somewhat less attention in rare-earth chemistry
and polar monomer catalysis.¢59

In this contribution, we describe the synthesis and char-
acterization of a new, non-cyclopentadienyl rare-earth metal
borohydride complex containing the diaminobis(phenoxide)
ligand QNN'. We report the polymerization a+CL and,
for the first time with any borohydride complex, the
polymerization oftL- andrac-LA. Comparative studies of
the corresponding chloride complexes [LakN')(u-Cl)-
(L)n]2 (L = py or THF,n = 0 or 1) are also described.

Results and Discussion

Syntheses.The starting compounds Na,NN',1%2 Ln-
(BH4)3(THF)3,% and LnCh(THF),1¢ were prepared as
described previously. The syntheses and proposed structures
of the new rare-earth borohydride and chloride compounds
are summarized in Scheme 1.

Reaction of Sm(BhR)3(THF); with NaaO,NN' in THF at
room temperature followed by toluene extraction afforded
the compound [Sm(DIN")(«-BH4)]. (1-Sm) as a pale-yellow
solid in 87% isolated yield. The corresponding reaction with
Nd(BH,)3(THF); gave pale-blue-green [Nd§RIN')(x-BH,)-
(THF)]2 (1-Nd; 70% vyield) containing an additional THF
per metal center. Interestingly, with Y(BJ3(THF)s, the pale-

Carpentier et al. have recently reported the stereoselectiveyellow product [Y(QNN')(u-BH4)(THF)o g2 (1-Y) contained

opening ofrac-LA using group 3 alkyl and amide complexes 0.5 equiv of THF per metal center according to NMR
spectroscopy and elemental analysis. The coordinated THF

(4) For reviews of aspects of non-cyclopentadienyl group 3 and lanthanide in 1-Y or 1-Nd could not be removed even upon prolonged

chemistry, see: (a) Gibson, V. C.; Spitzmesser, Lkem. Re. 2003

103 283. (b) Piers, W. E.; Emslie, D. J. Boord. Chem. Re 2002

233 131. (c) Mountford, P.; Ward, B. BChem. Commur2003 1797
(feature article review). (d) Edelmann, F. T.; Freckmann, D. M. M.;
Schumann, HChem. Re. 2002 102 1851. (e) Marques, N.; Sella,

A.; Takats, JChem. Re. 2002 102 2137.

The metal-catalyzed ROP of cyclic esters, in general, has recently
been comprehensively review&dtd For studies of bis(phenoxide)-
supported rare-earth systems of particular relevance to our current
work, see: (a) Yao, Y.; Ma, M.; Xu, X.; Zhang, Y.; Shen, Q.; Wong,
W.-T. Organometallics2005 24, 4014. (b) Ma, H.; Okuda, J.
Macromolecules2005 38, 2665. (c) Cai, C.-X.; Amgoune, A
Lehmann, C. W.; Carpentier, J.-Ehem. Commun2004 330. (d)
Kerton, F. M.; Whitwood, A. C.; Willans, C. EDalton Trans.2004

15, 2237. (e) Ma, H.; Spaniol, T. P.; Okuda,3alton Trans.2003

24, 4770. (f) Cai, C.-X.; Toupet, L.; Lehmann, C. W.; Carpentier,
J.-F.J. Organomet. Chen2003 683 44. (g) Yao, Y.; Xu, X.; Zhang,
Y.; Shen, Q.; Wong, W.-Tlnorg. Chem.2005 44, 5133.
Rare-earth borohydride systems in polymerization catalysis:
Guillaume, S. M.; Schappacher, M.; Soum,Macromolecule2003
36, 54. (b) Pallard, I.; Soum, A.; Guillaume, S. Macromolecules
2005 38, 6888. (c) Palard, I.; Soum, A.; Guillaume, S. I@hem.
Eur. J. 2004 10, 4054. (d) Bonnet, F.; Visseaux, M.; Pereira, A.;
Bouyer, F.; Barbier-Baudry, DIMacromol. Rapid Commui2004 25,
873. (e) Bonnet, F.; Visseaux, M.; Barbier-Baudry, D.; Vigier, E.;
Kubicki, M. M. Chem. Eur. J2004 10, 2428. (f) Bonnet, F.; Visseaux,
M.; Pereira, A.; Barbier-Baudry, DMacromolecule®005 38, 3162.
(g) Bonnet, F.; Hillier, A. C.; Collins, A.; Dubberley, S. R.; Mountford,
P. Dalton Trans.2005 3, 421.
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drying in vacuo Attempted synthesis of the lanthanum and
scandium analogues dfY, 1-Sm and 1-Nd was unsuc-
cessful and gave unidentified mixtures of products.

The reactions of N#®,;NN' with ScCk [or ScCh(THF)3]
or YCIlz in THF have been reported to give intractable

(7) Bonnet, F.; Collins, A.; Cowley, A. R.; Mountford, P. Unpublished

results.

(8) For recent reviews of phenoxide-based Zieghdatta-type olefin

polymerization catalysts, see ref 4a and the following: (a) Suzuki,

Y.; Terao H.; Fujita, T.Bull. Chem. Soc. Jpr2003 76, 1493. (b)

Mitani, M.; Saito, J.; Ishii, S.; Nakayama, Y.; Makio, H.; Matsukawa,

N.; Matsui, S.; Mohri, J.; Furuyama, R.; Terao, H.; Bando, H.; Tanaka

H.; Fujita, T.Chem. Rec2004 4, 137.

For rare-earth complexes with tetradentate bis(phenoxide) ligands, see

refs 5a-f and the following: (a) Boyd, C. L.; Toupance, T.; Tyrrell,

B. R.; Ward, B. D.; Wilson, C. R.; Cowley, A. R.; Mountford, P.

Organometallic2005 24, 309. (b) O’Shaughnessy, P. N.; Knight, P.

D.; Morton, C.; Gillespie, K. M.; Scott, PChem. Commun2003

1770. Skinner, M. E. G.; Tyrell, B. R.; Ward, B. D.; Mountford, P.

Organomet. Chen002 647, 145.

(10) (a) Toupance, T.; Dubberley, S. R.; Rees, N. H.; Tyrrell, B. R;;
Mountford, P.Organometallics2002 21, 1367. (b) Mirsaidov, U.;
Shaimuradov, |. B.; Khikmatov, MRuss. J. Inorg. Chen1.986 5,
753. (c) Bonnet, F.; Visseaux, M.; Barbier-Baudry, D.; Hafid, A.;
Vigier, E.; Kubicki, M. M. Inorg. Chem.2004 43, 3682.
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Scheme 1. Synthesis of Some of the New Rare-Earth Borohydride or
Chloride Compounds

M(BH,);(THF); Na,O,NN'
or _—
MCl5(THF), THF

M=Y, La, Nd, Sm

‘Bu
‘Bu rQ
N—™)
=Sy
0—M—N
Bu / \_/

g
¢ N 1\|/1—0 fBu
Bu_ O/ |\ﬁ
t

Na,O,NN'
THF

X = BH, (1-Nd) or Cl (2-Nd)

—N
‘Bu

Bu

X =BHy, M =Y (1-Y) or Sm (1-Sm)
X =CI,M =La (2-La) or Sm (2-Sm)
aThe additional THF forl-Y is not shown.

products®® For comparison with these reactions and the
borohydride compoundk-Y, 1-Sm and1-Nd, the reactions

of NayO,NN' with the trichlorides MCJ(THF), (M = La,
Nd, and Sm) were carried out in THF as summarized in
Scheme 1. For M= La"" and Sri', the THF-free products
[M(ONN")(u-Cl)]2 [2-La (76%) and2-Sm (80%)] were
obtained after toluene extraction, whereas with NIGIF),,

the pale-blue THF adduct [Nd@RIN")(u-CI)(THF)]2 [2-Nd
(60%)] was obtained.

The new compounds [M(IN")(u-X)(THF)]2 [X = BH4
(2-M) or CI (2-M); n = 0, 0.5, or 1] are proposed to exist
as BH;- or Cl-bridged dimers in the solid state. Scheme 1
suggests likely structures. Those proposed for the six-
coordinate, THF-free compounds [M{AN")(u-X)]. are
related to that found recently for tlxeoxo-bridged dititanium
compound [Ti(@NN')(x-0)]2.°2 The structures proposed for
the adducts [M(GNN')(u-X)(THF)]. are based on that of
the chloride-bridged pyridine adduct [LafN")(«-Cl)(py)]2
(4-La). In accordance with several structurally authenticated

rare-earth borohydride dimers, the complex IR spectra (ca.

2160-2460 cn! region) of compoundsl-M suggest
u—nn3-bridging (as opposed tg*-bound terminal) boro-
hydride ligands! The mono(THF) adduct-Y is proposed

Bonnet et al.

several drops of added pyridirtg- The NMR spectra of the
new compounds showed the presence of coordinatBidNO

and (for 1-M) borohydride ligands (the spectra for the
neodymium compounds were very broad indeed as expected).
To gain evidence of the possible pyridine adducts formed
under these conditions, we prepared the compounds fM(O
NN')(u-BH4)(py)l> (3-M; M = Y, Sni') and [M(ONN')-
(u-Ch(py)]2 (4-M; M = La", Nd", Sm") according to eq

1. Dimeric solid-state structures are again proposed on the
basis of the IR data fa3-M (consistent withu-BH,4 groups)

and the X-ray structure of [La@@®IN")(u-Cl)(py)]. (4-La).

It was not possible to prepare a fully characterized"Nd
analogue o88-M (further details are given in the Supporting
Information).

t
pyridine BV
—_—

[M(O,NN)X],
or
[M(O,NN)X(THF)],

X = BH, (1Y, 1-Nd, 1-Sm)
or Cl (2-La, 2-Nd, 2-Sm)

X =BH,;, M =Y (3-Y) or Sm (3-Sm)
X = Cl, M = La (4-La), Nd (4-Nd) or Sm (4-Sm)

The molecular structure @fLa is shown in Figure 1, and
selected bond distances and angles are given in Table 1.
Compoundi-La consists of two seven-coordinate lanthanum
centers linked throughe-Cl bridges. The central LE€l,
moiety is slightly puckered, and the fold angle between the
individual LaC}, units [folded along the CI(1)-CI(2) vector]
is 162.3. The La atoms possess approximate face-capped,
trigonal-prismatic geometries [with the face-capping atoms
being N(2) and N(5) for La(1) and La(2), respectively]. There
is some disorder in certain of the phenyl ring dad-butyl
carbon atoms of the DIN' ligand of La(1), and this was
satisfactorily resolved (see the Experimental Section). Crys-
tals of the homologue4-Nd and4-Smwere also obtained.
However, the disorder in these was very severe, and only
the unit cell parameters (all isostructural witH_a) and the
heavy-atom positions could be determined with confidence.
The average MCl distances of 2.914 A4La), 2.85 A @-

Nd), and 2.82 A 4-Sm) are in keeping with the trends in
atomic radii for La, Nd, and Sri.

Polymerization Studies. As mentioned, group 3 and
lanthanide compounds supported by tetradentate bis(phe-
noxide) ligands have recently attracted attention as polar

to have a structure analogous to those illustrated in Schemenonomer polymerization catalystddowever, none so far

1 but with a single THF bound to only one yttrium center.
Consistent with their proposed dimeric structures, the

borohydride and chloride compounds are rather insoluble and

NMR data (GDe) could only be obtained with the aid of
9048 Inorganic Chemistry, Vol. 44, No. 24, 2005

has featured a MBH,4 unit as the initiating group. Indeed

(11) Ephritikhine, M.Chem. Re. 1997, 97, 2193.
(12) Kaltsoyannis, N.; Scott, Flhe f ElementsOxford University Press:
Oxford, U.K., 1999.
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Figure 1. Displacement ellipsoid plots of [La@®IN')(«-Cl)(py)]2 (4-La)
drawn at the 25% probablility level withgBls molecules of crystallization
omitted. (a) General view with H atoms omitted. The predominant position
is shown for the disordered atoms. (b) View of the;QaNeCl, central
coordination sphere with C, H, and O atoms omitted.

Table 1. Selected Bond Lengths (A) and Angles (deg) for
[La(ONN")(u-Cl)(py)]2 (4-La)

La(1)-Cl(1) 2.8871(15) La(Cl(1) 2.9410(14)
La(1)-Cl(2) 2.9312(14) La(3¥Cl(2) 2.8802(15)
La(1)-O(1) 2.281(4)  La(2}0(3) 2.282(4)
La(1)-0(2) 2.270(5)  La(2}0(4) 2.262(4)
La(1)-N(1) 2.673(5)  La(2¥N(4) 2.669(5)
La(1)-N(2) 2.739(5)  La(2¥N(5) 2.740(4)
La(1)-N(3) 2.714(6)  La(2}N(6) 2.690(5)
Cl(1)-La(l)-Cl(2) 73.53(4)  Cl(1yLa(2-CI(2) 73.48(4)
Cl(1)-La(1)-O(1) 92.46(12) Cl(1¥La(2-O(3)  90.64(10)
Cl(2)-La(1)-O(1) 123.80(11) CI(2¥La(2)-0O(3) 120.19(11)
Cl(1)-La(1)-0O(2) 119.92(13)  Cl(IyLa(2)-O(4) 114.76(10)
Cl(2)-La(1)-O(2) 80.65(13) Cl(2rLa(2-O(4) 90.61(11)
O(1)-La(1)-O(2) 145.26(16) O(3)La(2)-O(4) 145.40(14)
Cl(1)-La(1)-N(1) 79.78(13)  CI(2rLa(2-N(4) 78.95(12)
Cl(2)-La(1)-N(1) 129.33(13) Cl(1¥La(2)-N(4) 138.62(12)
O(1)-La(l)-N(1)  99.22(18)  CI(2rLa(2-N(4)  78.95(12)
O(2)-La(1)-N(1)  76.6(2) O@ByLa(2)-N@)  77.16(16)
Cl(1)-La(1)-N(2) 136.39(13) O(4yLa(2)-N(4)  95.52(15)
Cl(2)-La(1)-N(2) 148.45(14)  Cl(1¥La(2-N(5) 150.94(11)
O(1)-La(1)-N(2)  72.81(17)  CI(2rLa(2)-N(5) 135.57(11)
O(2-La(1)-N(2)  74.72(18) O(3ByLa@2)-N(5)  75.06(14)
N(1)-La(1)-N(2)  63.24(16) O(4¥La(2)-N(5)  71.54(14)
Cl(1)-La(1)-N(3) 134.53(13) N(4yLa(2-N(5) 63.41(16)
Cl2)-La(1)-N(3) 7459(12)  CI(1}La(2-N(6) 71.70(12)
O(1)-La(1)-N(3)  79.32(17)  CI(2}La(2)-N(6) 136.78(12)
O(2-La(1)-N(3)  85.33(19) O(3FLa(2-N(6)  85.07(17)
N(1)-La(1)-N(3) 14554(17) O(4yLa(2)-N(6)  81.54(16)
N(2)-La(1)-N(3)  83.93(16) N(4fLa(2)-N(6) 143.87(17)
La(l)-Cl(1)-La(2) 104.48(5)  La(BCI(2)-La(2) 104.91(5)

Table 2. Polymerization ofe-CL Catalyzed by
[Y(O2NN)(u-BHa)(THF)o g2 (1-Y), [SM(CQNN')(u-BH4)]2 (1-Sm), or
[Nd(O2NN")(u-BH4)(THF)]2 (1-Nd) and the Corresponding Control
Reaction in the Presence of [Sm{ON')(u-Cl)]2 (2-Sm)2

[e-CL]o/ yield® My(obsdy Mp(calcdy
run initiator  time [M]o (%) (gmol?) PDI (gmol?)
1 1-Y 2 min 290 84 24710 1.74 27 800
2 1-Sm 0.5min 275 90 26920 1.76 28 250
3 1-Nd 0.5 min 275 89 24000 1.57 27 900
4 2-Sm 16h 250 0

a Polymerization conditionsT = 25 °C; solvent= toluene (4 mL) with
a few drops of THF to solubilizd-M; weight of e-CL = 0.50 g; [M]
corresponds to the total lanthanide metal concentratitsolated yield.
¢ Measured by GPC at 3T in THF relative to polystyrene standards with
Mark—Houwink correction®* for M, [Mn(obsd)= 0.58VI,(GPC)]. 4 Cal-
culated from MW_c(([e-CL]o/[M]g) x conversion.

we describe the activity of the new compounds [MXDI')-
(u-BH4)(THF),] (1-M) as initiators for the polymerization

of ¢-CL, L-LA, and rac-LA (also often referred to as,L-
lactide). These monomers are illustrated in Chart 1. The
polymerization of e-CL by cyclopentadienyl- and non-
cyclopentadienyllanthanide borohydrides has been reported
previously%2bfput the polymerization of lactides has not yet
been achieved. Unfortunately (unlike thgNNN'-supported
samarium systems9), the compound&-M were ineffective

for the polymerization of MMA.

ROP of e-CL. ROP ofe-CL has been well established
for a wide number of lanthanide compouidacluding
borohydride speci€®; 9 and so serves as an appropriate
benchmark for the new compounds synthesized above. The
catalytic activities of the new borohydride complexe¥’,
1-Sm, and1-Nd toward the ROP 0&-CL (275290 equiv
per metal center) were assessed in a toluene solution at room
temperature. A rapid increase in the viscosity of the solution
was immediately observed, and after quenching with wet
toluene, the mixture was poured into ethanol to precipitate
poly(e-CL). The results are shown in Table 2. HesEmand
1-Nd, a ca. 90% vyield of polyCL) was obtained after 30
s, and withl-Y, a 84% yield was obtained after 2 min. The
polydispersity indexes (PDIs, evaluated by gel permeation
chromatography, GPC) of the polyesters formed with these
O.NN' complexes (runs-13) range from 1.57 to 1.76, and
the molecular weightsM,) are in accordance with the
calculated ones (also reported in Table 2) for one polymer
chain growing per metal center. Therefore, the polymeriza-
tion is fairly well controlled, and negligible chain-transfer
reactions occur. The slightly lower activity farY compared
to that of 1-Smand1-Nd is attributed to the smaller radius
of yttrium. Because it is well-knowfthat ROP ofe-CL can
be initiated by insertion into LAOR bonds, a control
experiment with the chloride compound [Sml@N')(u-Cl)]»
(2-Sm) was carried out (Table 2, run 4). Even after 16 h, no
ROP was observed, confirming that the8H, units in the
compoundsl-M are the active sites rather than the-K
bonds of the supporting ligand.

ROP of L-LA . The ROP of_-LA to form poly(lactic acid)
(PLA) was investigated with the complexeésM. The

only a few examples of the use of lanthanide borohydride reactions were carried out either in THF at room temperature
compounds in polar monomer polymerization catalysis have or in toluene at 70C, as shown in Table 3. At the end of

been reporte°fIn the second part of this contribution,

the reaction, a small sample of the viscous mixture was taken
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Table 3. Polymerization of.-LA Catalyzed by [M(QNN')(«-BHa)]2
[M =Y (1-Y) or Sm @-Sm)] and [Nd(QNN")(u-BH4)(THF)]» (1-Nd)2

time temp vyield® Mp(obsdy My (calcdy
run initiator (min) solvent (°C) (%) (gmol?) PDI (gmol?)
1 1-Y 180 THF 25 28 3850 1.37 7780
2 1-Y 120 toluene 70 24 2980 1.34 13900
3 1-Sm 45 THF 25 74 15200 1.63 14400
4 1-Sm 120 toluene 70 88 14090 1.73 25370
5 1-Nd 180 THF 25 34 6330 1.31 9790
6 1-Nd 120 toluene 70 66 6090 1.46 18170

a Polymerization conditions: weight efLA = 0.30 g; L-LA]o/[M]o =
200 ([M] corresponds to the total lanthanide metal concentration); solvent
= THF (2.5 mL) or toluene (3.5 mLy By 'H NMR in CDCls. ¢ Determined
by GPC at 30°C in THF relative to polystyrene standards with Mark
Houwink correction¥ for M, [My(obsd) = 0.58M,(GPC)].d Calculated
from MW, a([L-LA]o/[M]0) x conversion.

and dried to determine the yield By NMR in CDCl;, and
the polymerization mixture was quenched with methanol and
poured into hexanes. All three complexe$/ are efficient
catalysts for the ROP af-LA. 1-Smwas found to be the
most active system either in THF or in toluene (runs 3 and
4), affording 74% yield of poly(-LA)s in 45 min in THF at
room temperature. The PDIs of the pahl(A)s are in the
same range as those obtained witiCL with the same
complexes. However, the observed molecular weighttg (
of the poly{-LA)s are generally lower than those calculated
for one chain growing per metal center [e.Nl,(0bsd)=
3850 g mot? vs My(calcd)= 7780 g mot* for run 1]. This
can be attributed to transesterification reactions frequently
observed with cyclic estefsor to a slow initiation step
compared to propagation. Notably, the samarium initiator
1-Smis the exception because it gives good control of the
molecular weight in THF Y,(obsd)= 15 200 g mot?! vs
Mn(calcd)= 14 400 g mot? for run 3). Furthermore, because
1-Sm is the fastest system, the rates of initiation and
propagation are apparently much faster than that of chain
transfer, thus accounting for the better controlMyf It is
important to mention that the GPC-measudd values
reported in Table 2 are those obtained after applying the
appropriate MarkHouwink correction¥" (actual M,
0.58MI,, estimated from calibration with polystyrene stan-
dards) and so are proportionately lower than the values
usually reported in the literature when calculated with respect
to polystyrene standards.

Further studies were undertaken of th&l/L-LA systems.
Figure 2 shows semilogarithmic plots bfLA conversion
vs time for 1-Y and 1-Sm Under these conditions, the
reaction kinetics display a first-order dependence on the
monomer concentration (fat-Y, kaypp = 0.31 x 1074 s7%
for 1-Sm, kapp = 4.96 x 1074 s71), without any induction
period. Figure 3 shows a linear increaseMyf with L-LA

(13) (a) Spassky, N.; Simic, V.; Montaudo, M. S.; Hubert-Pfalzgraf, L.
G.; Macromol. Chem. Phys200Q 201, 2432. (b) Montaudo, G.;
Montaudo, M. S.; Puglisi, C.; Samperi, F.; Spassky, N.; LeBorgne,
A.; Wisniewski,Macromolecule4996 29, 6461. (c) Baran, J.; Duda,
A.; Kowalski, A.; Szymanski, R.; Penczek, IMacromol. Sympl997,
123 93. (d) Baran, J.; Duda, A.; Kowalski, A.; Szymanski, R.;
Penczek, SMacromol. Rapid Commurl997 18, 325. (e) Dubois,
P.; Jacobs, C.; deme, R.; Teysieg?.Macromolecule4991, 24, 2266.

(14) Barakat, I.; Dubois, P.; d@me, R.; Teyssie, B. Polym. Sci., Part A:
Polym. Chem1993 31, 505.

(15) See, for example, refs 3a and 5c.

9050 Inorganic Chemistry, Vol. 44, No. 24, 2005

Bonnet et al.
(a) 081

L o o0 o0 92
w h o N
L

In([L-LAJO/[L-LA]t)

o
[N

0,1 4

Time (h)

(®)

-
9]
L

1,6

o -
@ = N »
PR

In([L-LAJO/[L-LA]t)

o
>

o
[}
.

o
o
L

30 40 50 60 70

Time (min)

10 20

Figure 2. Semilogarithmic plots of-LA conversion vs time using (a)
[Y(O2NN")(u-BH4)]2 (1-Y) or (b) [Sm(QNN')(u-BHa)]2 (1-Sm). Condi-
tions: THF, 20°C, [L-LA]¢/[1-M]o = 200, and [-LA], = 0.83 M. For
1-Y, kap= 0.31 x 1074 s7* (linear fit, R = 0.999), and forl-Sm, kap=
4.96 x 107 s71 (linear fit, R = 0.998).
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Figure 3. M, vs L-LA conversion using [Sm(&NN')(u-BHa)]2 (1-Sm).

Conditions: THF, 20°C, [L-LA] ¢/[1-Sm]p = 200, and [-LA]o = 0.60 M.

PDI values are indicated.
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conversion forl-Sm, which indicates that in this system the
polymerization occurs in a living fashion [consistent with
the very similar observed and theoretid4l values (Table

3, run 3)]. However, a surprising (and reproducible) result
was obtained with the Nd compleixNd. First-order semi-
logarithmic plots were highly nonlinear, and instead this
system displays a second-order kinetic dependence-bA][
(Figure 4).

ROP of rac-(p,L)-LA. To investigate the influence of the
ligand structure on the stereochemistry of the polymerization
process, we also tested the three compléxbkas initiators
for the ROP ofrac-LA (racemic mixture ofL- andbp-LA,;
Chart 1) to PLA. Polymerizations were carried out either in
THF at 20°C or in toluene at 70C, and the results are
summarized in Table 4. The,8N' complexes of Y, Sm,
and Nd are all active forac-LA ROP. For comparison, the
previously reportet complex Sc(GNN')(CH,SiMes)(THF)
was also tested under these conditions and was found to be
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I[L-LAJt

10
Time (h)

Figure 4. L-LA conversion vs time using [Nd(f)N')(«-BH4)(THF)]2 (1-
Nd). Conditions: THF, 20C, [L-LA] o/[1-Nd]o = 200, L-LA]o = 0.83 M,
andkgp= 7.33 x 1075 L mol~ s71 (linear fit, R = 0.980).

atactic, either as a result of the higher temperature or the
change in solvent. The IR spectrum of a dried polymer
clearly shows the presence @fOH) stretching bands
between 3650 and 3200 ctnattributed to chain ends
following the methanolysis workup and consistent with the
PLA being linear rather than cycl#.Guillaume and co-
workers have previously proposed a mechanism for the
lanthanide borohydride initiated ROP efCL *2Pand on the
basis of the current data, it is likely that the ROPLefand
rac-LA (also being cyclic esters) follows an analogous
pathway.

Synthesis of Diblock PLA/PCL Copolymers Table 5
summarizes our efforts in the block and random copolym-
erization ofL-LA and e-CL using1-Nd. A PCL/PLA block
copolymer was obtained by sequential addition of the two

completely inactive, possibly because of the small radius of monomers (Table 5, run 19-CL (62 equiv) was polymerized
scandium, which (when surrounded by such a bulky ligand) as before in toluene (cf. Table 2) usihg\Nd. After formation
does not favor the coordination of the monomer. As for the of the first PCL block (as indicated by a rapid increase of

¢-CL polymerizations (Table 2, run 4), a control experiment
found the samarium chloride analog2#mto be completely
unreactive, which is consistent with the Bgroup initiating
the polymerization and the inertness of the -SBAr
linkages.

The 1-Sm system in THF at arfc-LA] o/[Sm], ratio of

90 (Table 4, run 4) reaches 95% conversion to PLAin 1 h

and shows the best agreement between obséfyeohd that

the viscosity), a solution af-LA (120 equiv) in toluene was
added, and the solution was stirred at room temperature for
another 16 h, giving a further visible increase in the viscosity.
The use of a higher number of equivalents €L to
synthesize the PCL block gave a very thick gel, which did
not allow the addition of the second monomgThe H
NMR spectrum of the polymer in CD&tlearly showed the
presence of the two blocks. GPC analysis [either by UV or

calculated for one chain growing per metal center. Thus, asrefractive index (RI) detection] revealed a monomodal peak

for L-LA polymerization with1-Sm, rac-LA polymerization
proceeds in a living fashion with little chain transfer. For
the initiators1-M in general, the use of higherac-LA] o/

(M, = 14 400 g mot?; PDI = 1.85) in accordance with the
formation of a diblock copolymer and not a mixture of two
homopolymers of PCL and PLA.

[M], ratios and/or the use of toluene as a solvent lead to Another diblock copolymer was obtained by usirag-

poorer agreement between the observed and calculdted
decreases.

Polymerization ofrac-LA with 1-M also follows first-
order kinetic dependence oraf-LA] with Kapp = 1.20 x
104s1(1-Y),9.96x 104s 1 (1-Sm), and 4.9x 105s?
(1-Nd) without any significant induction time (see the
Supporting Information). It is not clear whi-Nd shows
different kinetic behavior with-LA (Figure 4; second order
in [monomer]) andac-LA (first order; see the Supporting
Information). Although the observed and calculatiell
values (Table 4, run 8) fot-Nd indicate that some chain

LA as the second monomer (Table 5, run 2). THeNMR
spectrum shows the presence of the two blocks, namely, PCL
and poly(ac-LA). However, the GPC analysis displayed a
bimodal distribution with a main fraction witkl, = 20 170

g molL. This can be attributed to the PCL/PLA diblock
polymer because the molecular weight is higher than that
for a pure PCL block on its own (maximum estimatig

= 6390 g mot?) and a second, minor peak wikly, = 1537

g mol* assigned to some PLA formed through transesteri-
fication. In this diblock copolymer, the polsgc-LA) chain

is not heterotactically enriched [cf. homopolymerization of

transfer occurs under these conditions, the polymerizationrac-LA with 1-Nd under the same conditions, which also

occurs in a living fashion over the entire conversion range,

in the sense that there is a linear increaseMyf with
conversion (Figure 5), with PDIs ranging from 1.30 to 1.84.
Structure of PLA Obtained with 1-M . The homonuclear-
decoupled'™H NMR spectra at 0°C show that PLA
synthesized in THF with the compoundsM are hetero-
tactic-enriched by up to 87% (fot-Y). There is little
dependence oP; on the fac-LA] o/[M], ratio (e.g., runs 1

gave atactic polymer (Table 4, run 9)].

WhenL-LA was added as the first monomer aadCL
was added after formation of the palyilA) block, no
additional polymerization occurred even after 16 h and only
PLA was obtained after isolation of the polymer (Table 5,
run 3). Analogous results have previously been described in
the literature for a number of systedfs.

Finally, a random copolymerization @fCL and L-LA

and 2 or runs 4 and 5 in Table 4) or the extent of monomer (Table 5, run 4; equimolar quantities of the two monomers)

conversion P, = 87% afte 1 h and 83% afte7 h for
complex1-Y). The extent of stereocontrol achieved witty

is comparable or, in fact, slightly superior to that reported
very recently for a related “éN"-donor bis(phenoxide) ether
supported yttrium bis(dimethylsilyl)amide initiatéfr PLA
obtained for all thred.-M systems in toluene at 7@ was

(16) In principle, the Nd-bound-CL can be dissolved in a large amount
of solvent, but at such high volumes, trace impurites lead to catalyst
deactivation.

(17) (a) Simic, V.; Pensec, S.; Spassky,NMacromol. Symp200Q 153
109. (b) Duda, A.; Biela, T.; Libiszowski, J.; Penczek, S.; Dubois, P.;
Mecerreyes, D.; ¥éme, R.Polym. Degrad. Stahl998 59, 215. (c)
Song, C. X.; Feng, X. DMacromolecules 984 17, 2764.
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Table 4. Polymerization ofrac-LA Catalyzed by [M(QNN')(«-BH4)]2 [M =Y (1-Y) or Sm @-Sm)] or [Nd(O2NN")(u-BH4)(THF)]> (1-Nd) and Some
Corresponding Experiments with SefN')(CH;SiMes)(THF)® (Indicated by an Asterisk) and [SmfON")(ux-Cl)]2 (2-Sm)2

time yield? Mn(obsdy Mp(calcdy
run initiator solvent (h) [rac-LA] o/[M] o (%) (g mol) PDI (g mol?) Pr (%)°
1 1-Y THF 1 90 91 8300 1.44 11800 83.3
2 1-Y THF 1 200 72 10600 1.59 18300 87
3 1-Y toluene 2 200 25 2000 1.34 6740 atactic
4 1-Sm THF 1 90 95 11300 1.59 12660 68.5
5 1-Sm THF 1 200 66 15700 1.47 18000 71.5
6 1-Sm toluene 2 200 68 6780 1.97 19600 atactic
7 1-Nd THF 1 100 56 5500 1.72 8070 61
8 1-Nd THF 2 200 33 4800 141 9500 64
9 1-Nd toluene 2 200 25 4140 1.41 11400 atactic
10 * THF 5 200 0
11 2-Sm THF 24 200 0

aPolymerization conditions: weight eac-LA = 0.30 g;T = 25°C in THF (3.5 mL) excepted for runs 3, 6, and 9, which were at Win toluene (5
mL); [M] corresponds to the total lanthanide metal concentrati@y *H NMR in CDCls. ¢ Determined by GPC at 3%C in THF relative to polystyrene
standards with MarkHouwink correction¥* for My. 9 Calculated from MWac—1a([rac-LA] o/[M] o) x yield conversioné P, corresponds to the ratio of the

mrm and rmr units toward all of the other types of units.
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Figure 5. Plots ofM, vsrac-LA conversion using [Nd(@NN')(x-BHa)-
(THF)]2 (1-Nd) in THF at 20°C with [rac-LA] o/[1-Nd]o = 200 and fac-
LA]o = 0.60 M: (i, m) M, (measured by GPC, after MariHouwink
correction$* with PDI values in parentheses); (@) M, (measured by GPC
against polystyrene standards); (iil) theoretical values assuming no chain
transfer and every metal site catalytically active.

compoundl-Sm, this process is reasonably well inhibited.
In addition, polyfac-LA) obtained with1-M in THF has

up to 87% heterotactic enrichment, with the best values being
for 1-Y. The ROP ofac-LA shows first-order kinetics with
respect to [lactide] for all three compountidvl, and this is
also the case for ROP of-LA with 1-Y and 1-Sm
Surprisingly, there is a second-order dependence @]

for polymerization initiated byl-Nd.

Compoundl-Nd catalyzed the block copolymerization of
€-CL andL- andrac-LA, provided that-CL was added first.
Attempted block copolymerization by adding thé A first,
or random copolymerization of a ca. 1:1 mixture €L
andL-LA, gave pure poly(-LA).

Detailed DFT computational studies of the mechanism of
the ROP of lactide (and other polar monomers) by lanthanide
borohydride compounds with NN’, O,NN’, and related

was attempted under the same experimental conditions assupporting ligands are underway and will be reported in due

those for the homopolymerization ofLA in THF (Table
3, runs 1, 3, and 5). After 16 h at room temperature, the
NMR spectrum of the crude reaction mixture showed the
complete conversion af-LA but no conversion ok-CL.
Workup of the polymer afforded pure poly(A). Again,

course.

Experimental Section

General Methods and Instrumentation. All experiments were
carried out on a Schlenk line under argon or in a glovebox under

analogous results have previously been described for ahitrogen. The solvents were deoxygenated, dried over sodium/

number of system¥.

Summary

We have reported the synthesis and characterization of

benzophenone ketyl, and distilled just before use. NMR solvents
were dried over a sodium/potassium amalgam. NMR spectra were
recorded in Teflon-valved NMR tubes on Varian Mercury VX 300
and Varian Unity Plus 500 spectrometelid. and 3C{*H} NMR

@chemical shifts are expressed in ppm versus $SiMad are

series of new rare-earth borohydride and chloride complexeseferenced to the residual solvent peaks. Combustion analyses were

of O,NN'. The X-ray structure of [La(e@NN")(u-Cl)(py)]2

recorded by the elemental analysis service at the London Metro-

(4-La) established this as a dimeric species, and (on the basigolitan University.

of the available data) this is also conserved 4eém and
4-Nd. The IR data for the borohydride compourid$ and
3-M suggest that they too are dimeric in the solid state.
Nonetheless, the borohydride compoudds! are efficient
initiators for the ROP 0&-CL, with the highest productivity
being found forl-Sm and 1-Nd. Of the three compounds,
1-Smgave the best control of the molecular weight as judged
by comparison of observed and expedigdvalues, and the
other two were comparable. The compouted also initiate

the ROP ofL- andrac-LA, the first lanthanide borohydride

GPC was carried out using Plgel Mixed-A columns (600 rim
300 mm lengths, 7.5 mm diameter) from Polymer Laboratories.
THF (HPLC grade) was used as an eluent af@0with a rate of
1 mL min~t. Molecular weight and molecular weight distributions
were calculated using polystyrene as standard and Mdduwink
corrections were appliet.

Starting materials. The compounds N&®,NN',1°2metal boro-
hydride compound¥P metal chloride THF adduct&¢and Sc(G-
NN')(CH,SiMes)(THF)?2were prepared according to the literature
methods. Anhydrous salts Y£ISmCE, and NdC} were purchased

from Strem.e-CL (99%, Sigma-Aldrich) was dried over Caldnd

compounds to do so. These polymerizations are accompanietholecular sieves and distilled just before us¢.A (98%, Sigma-
by greater degrees of chain transfer, but for the samariumAldrich) andp,L-LA (Aldrich) were purified by sublimation.
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Table 5. Block and Random Copolymerization efCL and Lactide (-LA or rac-La) Catalyzed by [Nd(@NN')(«-BH4)(THF)]> (1-Nd)?2

ma/mzin
yield Mn(copolymery copolymef

run [Mu]o/[1-Nd]o (Ma) t1 [m2]o/[1-Nd]o (My) to (%)° (g mol ) PDI (mol %/mol %)
1 62 (-CL) 1h 120 (-LA) 16 h 89 14400 1.85 23/77

2 56 €-CL) 30 min 114 tac-LA) 16 h 91 20176 131 27173

1537 118

3 121 (-LA) 2h 127 -CL) 16 h 7.5 3330 1.46 100 (PLA)/O
4 120, 115¢-CL, L-LA) 16 h 120, 1154-CL, L-LA) 49 4290 1.58 100 (PLA)/O

aPolymerization conditions: Runs 1 and 2 were performed in toluene (4.5 mL with 4 drops of THF) at room temperaturecfGi thad L-LA
polymerization and at 70C for therac-LA polymerization; m and m refer to the first and second added monomer, respectively. Runs 3 and 4 performed
in THF (2.5 mL) at room temperatur@By IH NMR in CDCls. ¢ By GPC at 30°C in THF relative to polystyrene standards. Mattouwink corrections
for L-LA [ Mp(obsd)= 0.58V,(GPC)] were applied to runs 1, 3, and 4. CorrectionsrémrLLA were applied toM, in run 2.9 Calculated by integration of
the respective signals in tHél NMR spectrumée Bimodal.f For both fractions.

[Y(O2NN")(u-BH4)(THF) 0 g2 (1-Y). To a mixture of Y(BH,)s-
(THF); (162 mg, 0.463 mmol) and N@,NN' (272 mg, 0.462
mmol) in an ampule was added 30 mL of THF by vacuum
distillation. The cold solution was allowed to warm to room

The target compound was extracted into benzene to afford 225 mg
(87% yield) of 1-Smas a pale-yellow solid. Elem anal. Calcd for
[SM(ONN")(u-BH4)]2, CroH108B2N4OsSMp: C, 61.1; H, 7.7; N, 3.9.
Found: C, 62.3; H, 7.7; N, 3.8H NMR (tolueneds, 300 MHz,

temperature to afford a white-beige solution and a precipitate, and 293 K): ¢ 8.37 (d, 4H, 4-GH,Bu,), 7.32 (d, 4H, 6-GH,Bu,),

the mixture was stirred for 16 h. The solution was filtered, and the

6.04 (t, 2H, 5-NGH4), 5.71 (d, 2H, 3-N@H,), 4.62 (m, 2H,

volatiles were removed under reduced pressure to give a yellow 4-NGsH,), 3.86 (s, 36H, 3-6H,'Buw,), 3.45 (s, 4H, NEI,CsHyN),

oil. The target compound was extracted into toluene to afford 257
mg (86% vyield) of1-Y as a pale-yellow solid. Elem anal. Calcd
for [Y(OzNN')(M-BH4)(THF)ols]z, C76H11582N405Y2: C, 66.8; H,
8.7; N, 3.9. Found: C, 66.4; H, 8.0; N, 3.84 NMR (CgD¢ with
4 drops of pyridineds to aid solubility, 300 MHz, 293 K):6 8.65
(d, 2H, 6-NGH,), 7.37 (d, 4H, 4-@H,'Bu,), 6.93 (d, 4H, 6-GH-
Buy), 6.54 (M, 2H, 4-NGH,), 6.20 (t, 2H, 5-NGH,), 5.85 (d, 2H,
3-NGsHy), 3.97 (d, 4H, NCGAr distal to GH4N), 3.30 (s, 4H,
NCH,CsH4N), 2.83 (d, 4H, N®,Ar proximal to GH4N), 1.73 (s,
36H, 3-GH,Buw,), 1.38 (s, 36H, 5-¢H,'Bw,), between 1 and 2 (m,
8H, BHy). 13C{H} NMR (CsDs with 4 drops of pyridineds, 300
MHz, 290 K): 6 161.80 (2€¢H,'Buy), 159.10 (2€5H,N), 149.68
(6-CsH4N), 137.95 (4€sH,N), 136.76 (5€sH,Buy), 136.49 (3-
CgHztBUZ), 125.43 (4€6H218U2), 124.19 (GCGHleUZ), 123.68 (1-
CeH2Buy), 122.25 (5€5H4N), 121.55 (3€sH,N), 64.62 (NCHAT),
57.74 (NCHCsHyN), 35.44 (3-GH(CMes),), 34.12 (5-GH,-
(CMe3),), 32.22 (5-GH2(CMej3),), 30.28 (3-GH2(CMej3),). Reso-
nances for displaced THF were also observed. IR (Nujol;¢m
2456, 2364, 2310, 2280, 2224, 2162 (BH
[Nd(O2NN")(u-BH4)(THF)] 2 (1-Nd). To a mixture of Nd(BH)-
(THF); (200 mg, 0.493 mmol) and N@,NN' (290 mg, 0.493
mmol) in an ampule was added 30 mL of THF by vacuum
distillation. The cold solution was allowed to warm to room
temperature to afford a bright-blue solution with a precipitate, and
the mixture was stirred for 16 h. The solution was filtered, and the

volatiles were removed under reduced pressure to give a bright-

blue foaming oil. The target compound was extracted into toluene
to afford 266 mg (70% yield) o1-Nd as a pale-blue-green solid.
Elem anal. Calcd for [Nd(@NN")(u-BH4)(THF)]2, CgoH124B2N4-
Nd,Os: C, 62.1; H, 8.1; N, 3.6. Found: C,61.9; H, 7.7; N, 3i4.
NMR (CgDg with 4 drops of pyridineds, 300 MHz, 293 K): very
broad spectrum. Only the peaks due to tiw-butyl groups (3.29
ppm, br s, 64 H), coordinated THF (2.52 and 1.02 ppnx, &, 2
x 8H) and the borohydride (35 ppm, m, 8H, BHcould be
identified. IR (Nujol, cntl): 2462, 2316, 2224, 2174 (BM
[SM(ONN")(u-BHJ4)]2 (1-Sm).To a mixture of Sm(BE)3(THF)3
(150 mg, 0.365 mmol) and N@,NN' (245 mg, 0.401 mmol) in
an ampule was added 30 mL of THF by vacuum distillation. The
cold solution was allowed to warm to room temperature to afford
a bright-yellow solution with a precipitate, and the mixture was
stirred for 16 h. The solution was filtered, and the volatiles were

removed under reduced pressure to give a pale-yellow foaming oil.

1.69 (s, 36H, 5-6H,'Bw,), —1.05 (br, 4H, NCG1,Ar), between—8
and—9.5 (m, 8H, BH, 3-CsHa(CMey),). IR (Nujol, cnr1): 2459,
2363, 2330, 2280, 2214, 2200 (BH
[La(ONN")(u-Ch)]2 (2-La). To a mixture of LaCJ(THF), (85
mg, 0.256 mmol) and N&®,NN’ (150 mg, 0.256 mmol) was added
20 mL of THF by vacuum distillation. The cold solution was
allowed to warm to room temperature to afford a colorless solution
with a white precipitate, and this was stirred for 4 days. The volatiles
were removed under reduced pressure to give a white oil. The target
compound was extracted into 20 mL of toluene, and the volatiles
were removed under reduced pressure to afford 140 mg (76% yield)
of 2-La as a white solid. Elem anal. Calcd for [LafN')(«-Cl)]>,
C72H10£|2L3.2N404: C, 60.3; H, 7.0; N, 3.9. Found: C, 59.9; H,
7.0; N, 3.4.2H NMR (CgD¢ with 4 drops of pyridineds, 300 MHz,
353 K): 6 9.20 (d, 2H, 6-NGH,), 7.32 (d, 4H, 4-EH2'Bup), 6.95
(d, 4H, 6-GH2Bu,), 6.74 (M, 2H, 4-NGH,), 6.45 (t, 2H, 5-NGH,),
6.20 (d, 2H, 3-NGH,), 4.05 (d, 4H, NCGAr distal to GH4N),
3.64 (s, 4H, NCE,CsH4N), 3.32 (d, 4H, N®H,Ar proximal to
CsH4N), 1.55 (s, 36H, 3-6H,Bw), 1.38 (s, 36H, 5-6H,'Bw,). 13C-
{H} NMR (CgD¢ with 4 drops of pyridineds, 300 MHz, 290 K):
0 162.59 (2€sH,Buy), 159.50 (2€sH4N), 149.90 (6€sH4N),
136.83 (4€sHyN), 136.09 (5€sH,Buy), 135.32 (3€sH,Buy),
126.13 (4€sH,'Buy), 124.84 (6€sH,'Buy), 123.73 (1€sH,Buy),
122.51 (5€sHsN), 120.93 (3€sH4N), 64.28 (NCHLAr), 57.14
(NCH,CsH4N), 35.27 (3-GH2(CMej),), 34.08 (5-GHx(CMes),),
32.29 (5-GH,(CMey),), 30.61 (3-GHz(CMes)y).
[Nd(O,NN")(u-CI)(THF)] 2 (2-Nd). NdClI3(THF), (137 mg, 0.34
mmol) and NaO,NN' (200 mg, 0.339 mmol) were weighed in the
glovebox in an ampule. A total of 20 mL of THF was added by
distillation. The cold solution was allowed to warm to room
temperature to afford a bright-blue solution with insolubles, and
the mixture was stirred for 2 days. The volatiles were removed
under reduced pressure to give a bright-blue oil. The target
compound was extracted into 30 mL of toluene, and the volatiles
were removed under reduced pressure to afford 161 mg (60% yield)
of 2-Nd as a pale-blue powder. Elem anal. Calcd for [NgN®')-
(u-CI)(THF)]2, CgoH116CIoN4Nd,Og: C, 60.5; H, 7.4; N, 3.5. Found:
C, 60.8; H, 7.4; N, 3.5"H NMR (CgD¢ with 4 drops of pyridine-
ds, 300 MHz, 293 K): very broad spectrum. Only a broad resonance
due to thetert-butyl groups (3.07 ppm) could be identified.
[SM(ONN")(u-Cl)] 2 (2-Sm).To a mixture of SMG(THF), (140
mg, 0.342 mmol) and N&;NN' (214 mg, 0.339 mmol) in an
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ampule was added 20 mL of THF by vacuum distillation. The cold with 4 drops of pyridineds, 300 MHz, 353 K): 6 9.18 (d, 2H,
solution was allowed to warm to room temperature to afford a 6-NCsH,), 8.54 (d, 4H, NGH,), 7.31 (d, 4H, 4-GH,Buy), 7.10
bright-blue solution with a precipitate, and this was stirred for 2 h (m, 2H, NGHy), 6.95 (d, 4H, 6-GH,'Buy), 6.76 (m, 4H, NGH,),
to afford a pale-yellow solution with some precipitates. The volatiles 6.73 (m, 2H, 4-NGH,4), 6.46 (t, 2H, 5-NGH,), 6.21 (d, 2H,
were removed under reduced pressure to give a bright-yellow oil. 3-NCsH,), 4.04 (d, 4H, NG&,Ar distal to GH4N), 3.65 (s, 4H,
The target compound was extracted in 30 mL of toluene, and the NCH,CsH4N), 3.33 (d, 4H, NG1,Ar proximal to GH;N), 1.54 (s,
volatiles were removed under reduced pressure to afford 218 mg36H, 3-GH,'Bu,), 1.38 (s, 36H, 5-¢H,B,).23C{1H} NMR (C¢Ds
(80% yield) of2-Smas a pale-yellow powder. Elem anal. Calcd with 4 drops of pyridineds, 300 MHz, 290 K): 6 162.59 (2€sH,-

for [SM(O:NN")(«-Cl)]2, C72H100CI2N4OsSMp: C, 59.3; H, 6.9; N,
3.8. Found: C, 59.4; H, 6.9; N, 3.84 NMR (C¢Ds with 4 drops
of pyridine-ds, 300 MHz, 333 K): 6 7.93 (d, 4H, 4-GH,'Bu,), 7.43
(d, 4H, 6-GH2'BUy), 6.02 (t, 2H, 5-NGH,), 5.81 (m, 2H, 4-NGH.),
4.91 (d, 2H, 6-NGHy), 2.31 (s, 4H, NEI,CsH4N), 2.64 (s, 36H,
3-CsH'Bw,), 1.57 (s, 36H, 5-6H,'Bw,), 0.93 (br, 2H, 3-NGH,).
[Y(O:NN")(u-BH4)(py)]2 (3-Y). To a solution of Y(BH)3(THF);

(100 mg, 0.286 mmol) in 10 mL of THF was added dropwise a

solution of NaO,NN' (167 mg, 0.285 mmol) in 10 mL of THF to

Bup), 159.55 (2€sH,4N), 150.26 (2€sHsN), 149.85 (6€sH4N),
136.84 (4CsHN), 136.09 (5€sHBup), 135.32 (3€sH,'Buy),
126.11 (4€sH,'Buy), 124.84 (6€sH,'Buy), 123.73 (1€sH,Buy),
123.51 (3€5H5N), 122.53 (5€5H,N), 120.94 (3€5H4N), 35.28 (3-
CeH2(CMe3)2), 34.08 (5-GH2(CMej)z), 32.29 (5-GHa(CMes),),
30.61 (3-GH,(CMey),).

[Nd(O2NN)(u-Cl)(py)] 2 (4-Nd). [Nd(ONN") (u-CI)(THF)]2 (2-
Nd; 43 mg, 0.0543 mmol) was dissolved in 7 mL of pyridine to
give immediately a blue-green solution and a small quantity of a

afford a pale-yellow solution with a precipitate, and this was stirred precipitate. After it was stirred for 2 h, the solution was filtered
for 16 h. The volatiles were removed under reduced pressure toand the volatiles were removed under reduced pressure to afford
give a yellow foaming oil. The presumed intermediate compound 31 mg of4-Nd as a blue-green solid (71% yield). Elem anal. Calcd
1-Y was extracted into benzene, and the solution was filtered. A for [Nd(O,NN")(u-Cl)(py)]2, Cs2H110CIoNeNd2O4: C, 61.4; H, 6.9;
total of 1 mL of pyridine was then added, and the solution was N, 5.2. Found: C, 61.3; H, 6.8; N, 5.2H NMR (CsDs with 4 drops
stirred for 30 min. The volatiles were removed under reduced of pyridine-ds, 300 MHz, 333 K): very broad spectrum. Only a

pressure to afford 180 mg (87% yield) 8fY as a yellow solid.
IH NMR (CgDg with 4 drops of pyridineds, 300 MHz, 293 K): 6
8.66 (d, 2H, 6-NGH,), 8.53 (d, 4H, 2-NGHs), 7.37 (d, 4H, 4-GH,-
Buy), 7.03 (t, 2H, 4-NGHs), 6.93 (d, 4H, 6-GH,'Buy), 6.71 (td,
4H, 3-NGHs), 6.53 (m, 2H, 4-NGHj), 6.20 (t, 2H, 5-NGH,), 5.85
(d, 2H, 3-NGHy), 3.97 (d, 4H, N®,Ar distal to GH4N), 3.30 (s,
4H, NCH,CsHy4N), 2.83 (d, 4H, NG&1,Ar proximal to GH4N), 1.73
(s, 36H, 3-GH,Bw,), 1.38 (s, 36H, 5-¢H,'Bu,), between 1 and 2
(m, 8H, BHy). 3C{H} NMR (CgD¢ with 4 drops of pyridineds,
300 MHz, 290 K): 6 161.82 (2€sH,'Buy), 159.10 (2€sHsN),
150.24 (2-GHsN), 149.70 (6€sH4N), 137.94 (4-GHsN), 136.76
(4-CsH4N), 136.51 (5€5H,'BuUy), 135.30 (3€sH,BUy), 125.42 (4-
CeHztBUZ), 124.19 (Z-GHsN), 123.69 (6€6H2tBU2), 123.51 (1-
CSHZIBU2), 122.24 (5€5H4N), 121.55 (3€5H4N), 64.62 (’\CHzAr),
57.75 (NCH,CsH4N), 35.43 (3-GH2(CMes),), 34.10 (5-GH,-
(CMe3),), 32.21 (5-GHy(CMes),), 30.22 (3-GHy(CMes)y). IR
(Nujol, cm1): 2437, 2370, 2310, 2280, 2215, 2162 (BHEI

MS: m/z 646 [Y(O,NN')BH4] ", 30%. Despite repeated attempts,

a satisfactory elemental analysis could not be obtained.
[SM(ONN")(u-BH4)(py)]2 (3-Sm).To a solution of Sm(Bh)s-

(THF); (150 mg, 0.364 mmol) in 10 mL of THF was added

dropwise a solution of N@,NN’' (245 mg, 0.401 mmol) in 10 mL

broad resonance due to coordinated pyridine at 8.32, 6.91, and 6.58
ppm and theert-butyl groups (ca. 3.03 ppm) could be indentified.

[SM(ONN")(u-Cl)(py)]2 (4-Sm). [SM(CNN")(u-Cl)]2 (2-Sm
43 mg, 0.0524 mmol) was dissolved in 7 mL of pyridine to give
immediately a green solution along with a small amount of
precipitate. After 2 h, the solution was filtered and the volatiles
were removed under reduced pressure to afford 31 ndgSrh as
a green solid (71% yield}H NMR (C¢Dg with 4 drops of pyridine-
ds, 300 MHz, 333 K): the spectrum was broad, and only these
signals could be assignedl7.94 (d, 4H, 4-GH,'Buy), 7.11 (d, 4H,
6-CeH2'Buy), 6.06 (t, 2H, 5-NGH,), 5.83 (m, 2H, 4-NGH,), 4.95
(d, 2H, 6-NGHy,), 2.70 (s, 36H, 3-¢H,'Bw), 2.19 (d, 4H, NCi,-

Ar), 1.57 (s, 36H, 5-GH,'Bw,), 0.89 (br, 2H, NCGi,Ar). Despite
repeated attempts, a satisfactory elemental analysis could not be
obtained. Despite this, the compound is assigned-8s on the
basis of the X-ray structure of-La, the satisfactory elemental
analyses fod-La and 4-Nd, and its preliminary X-ray structure
determination (see the Supporting Information).

Typical e-CL Polymerization Experiment. In a glovebox, [Sm-
(ONN")(u-BHy)]2 (1-Sm 11.2 mg) was dissolved in 4 mL of
toluene.e-CL (0.50 g) was added to the stirring catalyst solution
via a syringe. The mixture was magnetically stirred at room

of THF to afford a pale-yellow solution with a precipitate, and this temperature for 30 s. The viscous mixture was quenched with wet
was stirred for 16 h. The volatiles were removed under reduced toluene and poured into ethanol. The white polymer was filtered
pressure to give a yellow foaming oil. The presumed intermediate and dried to a constant weight in vacuo (450 mg, 90% yield).

compoundl-Smwas extracted into benzene, and the solution was

Typical Ambient-Temperature L-LA and rac-LA Polymeri-

filtered. A total of 1 mL of pyridine was then added, and the solution zation Experiment. In a glovebox, [Sm(GNN')(«-BHy)]> (1-Sm
was stirred for 30 min. The volatiles were removed under reduced 7.3 mg) was dissolved in 0.5 mL of THE:LA (0.30 g) in 2 mL

pressure to afford 257 mg (89% yield) 8Smas a yellow solid.
Elem anal. Calcd for [Sm(gDJN')w-BH4)(py)]2, CgoH118BoNgO4-

of THF (3 mL forrac-LA) was added to the stirring catalyst solution
via a syringe. The mixture was magnetically stirred at room

Smp: C, 62.6; H, 7.6; N, 5.3. Found: C, 62.5; H, 7.6; N, 5.4. The temperature for 45 min. After this time, a sample of the mixture
NMR spectra were extremely broad and could not be meaningfully was taken and evaporated to dryness to determine the extent of

interpreted. IR (Nujol, cml): 2430, 2363, 2280, 2214, 2154 (BH
[La(ONN')(u-Cl)(py)]2 (4-La). [La(ONN")(u-Cl)]2 (2-La; 50

conversion by!H NMR in CDCl; (74%). The viscous reaction
mixture was quenched with wet THF and poured into hexanes. The

mg, 0.0698 mmol) was dissolved in 10 mL of pyridine to give white powder was filtered and dried in vacuo.

immediately a clear yellow solution. After the solution was stirred

Typical High-Temperature L-LA and rac-LA Polymerization

for 30 min, the volatiles were removed under reduced pressure to Experiment. In a glovebox, [Sm(GNN")(«-BH,)]. (1-Sm; 8 mg)

afford 45 mg of4-La as a yellow solid (82% yield). Elem anal.

Calcd for [La(QNN’)(ﬂ—CI)(py)]g, 082H110C|2L32N6041 C, 61.8;
H, 7.0; N, 5.3. Found: C, 61.8; H, 7.0; N, 5.4 NMR (C¢Ds
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was dissolved in 1 mL of toluene:LA (0.3 g) was dissolved in
3.5 mL of toluene (5 mL forac-LA) at 70 °C, and the catalyst
was then added to the monomer solution with stirring. The mixture



Polymerization ofe-Caprolactone and.- and rac-Lactide

Table 6. X-ray Data Collection and Processing Parameters for
[La(OzNN')(u-Cl)(py)]2-3CeHe (4-La-3CeHe)

empirical formula GodH126Cl2LaNeO4
fw 1826.87
temp/K 150
wavelength/A 0.71073
space group P1

alA 14.4266(2)
b/A 17.2972(2)
c/A 22.1531(2)
a/deg 105.7622(3)
pldeg 106.5123(4)
yldeg 90.6879(3)
VIA3

5076.90(7)
2

z
d(calcd)/(mg n3)

1.195
abs coeff/mm? 0.931
RindicesRy, Ry [l > 30(1)]2 R, = 0.0743
Ry =0.0762

ARy = 3 [IFol = IFdll/ZIFol; Ru = V{IW(IFo| — [Fe)Z 5 WIFo|%}.

was stirred at 70C for 2 h. After this time, a sample of the mixture
was taken and evaporated to dryness to determine the extent o
conversion byH NMR in CDCl; (88%). The viscous mixture was
guenched with wet THF and poured into hexanes. The white powder
was filtered and dried in vacuo.
Typical Block Copolymerization of ¢-CL with L-LA. In a
glovebox [Nd(ONN')(u-BH4)(THF)]. (1-Nd; 8 mg) was dissolved
in 1 mL of toluene and drops of THF, and a solutionee€L (73
mg, 62 equiv) in 2 mL of toluene was added with stirring. The
solution was stirred fiol h atroom temperature, during which time
an increase of the viscosity was observetlA (178 mg, 120 equiv)
in 1.5 mL of toluene was added to the mixture, which was stirred
for 16 h at room temperature. The resultant viscous mixture was
guenched with methanol and poured into hexanes. The white
powder (228 mg, 89% yield) was filtered and dried in vacuo. An
analogous procedure was used for the block copolymerization of
¢-CL with rac-LA, but the polymerization for the second block
was carried out at 70C because of the poor solubility cdic-LA.
Attempted Random Copolymerization of e-CL with L-LA.
In a glovebox, [Nd(GNN')(u-BH4)(THF)], (1-Nd; 8 mg) was
weighed into a flask and dissolved in 0.5 mL of THFCL (140
mg, 120 equiv) and-LA (170 mg, 115 equiv) in 2 mL of THF

made to resolve the twin at the data processing stage, but instead
the contribution of the two components to those reflections where
the two diffraction patterns overlapped was incorporated as a
parameter in the subsequent refinement. The structure was solved
in the space groupl using the direct methods program SIR92,
which located all non-hydrogen atoms. Subsequent full-matrix least-
squares refinement was carried out using the CRYSTALS program
suite?0 Coordinates and anisotropic thermal parameters of all non-
hydrogen atoms were refined. Examination of the resulting model
showed that a number of carbon atoms had unusually high
displacement parameters and that the bond lengths and angles
concerning these varied substantially from the expected geometry.
This was modeled as being due to disorder of the following
groups: (i) the GH,Bu, group C(1)-C(14) over two positions
related by a 180rotation of thetert-butyl group C(11)C(14) about

the Guatermary~ CphenyibOnd and a small displacement of all other C
atoms; (ii) the GH2'Bu, group C(1)-C(14) over two positions
related solely by a small displacement of all C atoms; (iii) téme-

butyl group C(53)-C(55) over two positions related by a 80
rotation about the Gatemary Cpneny boNd, in this instance without
fany associated disorder of the parent phenyl ring; (iv) tkids©f
crystallization C(89)-C(94) and C(95)C(100) over two positions
related by small displacements of the entire molecules.

The coordinates, isotropic thermal parameters, and site occupan-

cies of the disordered carbon atoms were refined subject to
geometric and vibrational restraints. Thgn&yr—Cphenyibond lengths
were restrained to 1.39(2) A, pGny—Crmethyiene 10 1.52(2) A,
Cqualternary_Cphenyl to 1-55(2) A, Quaternary_cmethyl to 1-54(2) A: and
Cpheny—O to 1.35(2) A. Bond angles around?dpybridized carbon
atoms were restrained to 120{23nd those around %o 109.
The carbon atoms of the disordered solvent molecules were
restrained to lie 0.000(10) A from their best least-squares plane.
Similarity restraints were applied to the displacement parameters
of directly bonded disordered atoms.

The large anisotropic thermal parameters and irregular geometry
of the solvent molecule C(83)C(88) suggest that this is also
disordered, but attempts to model this did not lead to any
improvement in the agreement with the diffraction data and were
abandoned. An attempt to refine the structure in the space group
P1 failed to converge, suggesting the original assignment of
symmetry to be correct. All hydrogen atoms were positioned

were added with stirring. After 16.h, an increase of the viscosity geometrically after each cycle of refinement. A three-term Che-
was observed. A sample of the mixture was taken and evaporatedbychev polynomial weighting scheme was applied. Refinement

to dryness to determine the extent of conversionttdyNMR in
CDCl; (100% yield forL-LA, 0% conversion fok-CL, and global
yield 49%). The viscous mixture was quenched with methanol and
poured into hexanes. The white powder (pure PLA) was filtered
and dried in vacuo.

Crystal Structure Determination of [La(O ;NN")(u-Cl)(py)] 2
3Ce¢Hg (4-La-3CgHg). Crystal data collection and processing
parameters are given in Table 6. A crystalbfa-3C¢Hs was
mounted on a glass fiber using perfluoropolyether oil and cooled
rapidly in a stream of cold Nusing an Oxford Cryosystems
CRYOSTREAM unit. Diffraction data were measured using a

converged satisfactorily to givie; = 0.0743 andr,, = 0.0762.
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Kappa CCD diffractometer, and intensity data were processed usingand (c) [Nd(QNN')(u-BH4)(THF)], (1-Nd). This material is

the DENZO-SMN packagé? Visual examination of the diffraction
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