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Synthesis and Characterization of a Series of Bis(oxo/
thiophosphinic)diamido Yttrium Complexes and Their Application
as Initiators for Lactide Ring-Opening Polymerization
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The syntheses, structures, and lactide polymerization initiation are reported for a series of NdVel [
1,3-bisP,P'-di-isopropyloxophosphinic)-2,2-dimethylpropylenedian}i@ionido)yttrium] complexes and
contrasted with{{N,N-1,3-bisP,P-di-isopropylthiophosphinic)-2,2-dimethylamigidis(trimethylsilyl)-
amidg yttrium]. The syntheses of the novelN,N'-1,3-bisP,P'-di-isopropyloxo/thiophosphinic)-2,2-
dimethylpropylenediamidg¢amido)yttrium] complexes were achieved in excellent yields by reaction of
the N,N'-1,3-bisP,P'-di-isopropyloxo/thiophosphinic)-2,2-dimethylpropylenediamine ligands with [YAMR
XTHF] (R = SiMe;, SiMeH, i-Pr,x = 0, 2). The new complexes were characterized by NMR and IR spec-
troscopies, elemental analyses, and forSiMe,H X-ray crystallography. The solution and solid-state
structures were compared using 2D NMR techniques and in particular using pulsed gradient spin echo
spectroscopy (PGSE) to derive the solution hydrodynamic radius and compare it to that calculated from
the X-ray crystal structure: théIjl,N'-bis(P,P'-di-isopropyloxophosphinic)-2,2-dimethylpropylenediamido
(amido)yttrium] complexes were all dimeric in both the solid state and solution. They showed unusual
structures where each ligand has one oxophosphinic group bonded to a single yttrium center and one
oxophosphinic group bonded to two yttrium centers. The new complexes were tested as lactide
polymerization initiators; they all showed very high activities. The degree of polymerization control
exerted by the novel initiators was related to the size of the initiating amide group and the structure of
the complex.

Introduction Homoleptic metal alkoxides and amides are known to initiate
the polymerization, but they are hampered by poor solubility,
low activity, and a lack of polymerization control. The use of
ancillary ligands to generate single-site metal complexes has
shown superior activity and control. The choice of metal
complex is thus a key factor in mediating the polymerization.
Y(IIl) initiators are among the most active of all lactide
polymerization initiators. Indeed the fastest are the homoleptic
yttrium alkoxides reported by DupohfThere are now several
other examples of yttrium alkoxides and aryloxides, includ-
ing some single-site complex&s'® Recently a number of
groups have reported single-site yttrium and scandium amide
initiators 14=22 including single-site initiators that show good
stereocontrot®18.20However, despite their excellent potential,

Lactide polymerization is attracting attention as a viable
method to produce degradable plastics from renewable re-
sources. Polylactide is manufactured in the U.S. and on a
smaller scale in both the E.U. and Japan; it is used in packaging,
fibers and in medicine as a degradable matrix or as a vector in
drug delivery?3 The life cycle of polylactide can be carbon
neutral because the monomer, lactide, is produced by the
fermentation of corn or sugar beet. The ring-opening polym-
erization (ROP) of lactide, initiated by metal complexes, is a
useful route, as it yields polymers with tunable molecular
weights and exerts tight control over the polymers’ physical
and chemical propertiés® The ROP is now widely accepted
to occur via a coordinationinsertion mechanism, and it has
been expe_nmerlgally verified by end group an_alyas and recently (7) McLain, S. J.: Ford, T. M.. Drysdale, N. Bolym. Prepr1992 33,
by calculations~8 However, the rate-determining steps and key 463
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AI(I), Sn(Il), Ln(l1n), Mg(Il), Ca(ll), and Zn(ll) complexest® (10) Ovitt, T. M.; Coates, G. WJ. Am. Chem. Sod.999 121, 4072.
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Y(Ill) initiators are not as well developed as other metals, due
in part to their synthetic complexity. Furthermore, the most

successful ligand systems explored to date are all phenoxide

derivatives, such as salenswidithialkanediyl-bridged bis-
(phenolates), and bis(phenoxy) amiAg&3151820.22There is

scope for the development of new ligand classes, in particular

those that will confer distinct electronic and coordination
environments.

We are investigating the preparation of well-defined hetero-
leptic yttrium amido complexes of the type [LY(NJR where
L is an ancillary ligand and NRis a bulky amido group, as
they have previously shown very good activity for lactide ring-
opening polymerizatio&® Thus to prepare the target initiators,
ancillary ligands (L) are required that are multidentate with a
formal dinegative charge and that are sufficiently sterically
protected to prevent complex redistribution reactions. Further-
more, recent lactide polymerization results indicate that ancillary
ligands with “soft” donors such as amide and thioether groups

are promising alternatives to hard alkoxide or phenoxide donors,

as they enable high activity while maintaining high degrees of
polymerization contro}>17:19.20The non-metallocene coordina-
tion chemistry of yttrium has been nicely reviewed recently by
Piers et al., who point out that a major challenge is steric
protection of the metal centét A range of sterically hindered,
dianionic N-coordinated yttrium complexes have been investi-
gated, including diamid@$26 and tridentate diamides incor-
porating a neutral ether, amine, or pyridyl doR&T8 Yttrium

Platel et al.

Scheme 1. Synthesis of2l
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aReagents and conditions: (i) {X(SiMes)2} 4], toluene, 353 K,
20 h, 10%.

Hydroamination requires a catalyst with a Lewis acidic metal
center and a metal amido bond of sufficient lability to allow
insertion reactions. These catalyst requirements parallel those
for lactide ring-opening polymerization initiators. Inspired by
this observation, we discoverefiN,N-1,3-bis@,P-di-isopro-
pylthiophosphinic)-2,2-dimethylami@ipbis(trimethylsilyl)amidg-
yttrium] was a highly active initiator for lactide ring-opening
polymerizationt® Herein, we expand upon these promising
preliminary results and report the syntheses, structures, and ring-
opening polymerization activities of a series pN[N'-1,3-bis-
(P,P'-di-isopropyloxophosphinic)-2,2-dimethylpropylenedianjido
(amido)yttrium] complexes.

Results and Discussion

also supports larger coordination numbers, and so polydentate [{N.N’-1,3-Bis(P,P’-di-isopropylthiophosphinic)-2,2-

dianionic N-coordinating ligands such as bis(amidinat&g),
bis(amino)troponiminate®, bis(3-diketiminates)? bis(sulfona-
mides)3® bis(aminopyridines§# bis(iminophosphonamide$),
macrocycle$®37 and porphyrin® have also been reported.
Recently, Livinghouse et al. reported that bis(thiophosphinic)-
diamine ligands useid situwith [Y{N(SiMes),} 3] led to a series

of highly active and enantioselective hydroamination catafsts.
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dimethylamido}{ bis(trimethylsilyl)amido } yttrium], 1. The
yttrium amide compleX was prepared by an amine elimination
route via the reaction d¥,N-1,3-bisP,P-di-isopropylthiophos-
phinic)-2,2-dimethylpropylenediamine ¢HY) with [Y{N-
(SiMe3)2} 5], as shown in Scheme 1.

HoL! was synthesized by the reaction of 2 equiv of di-
(isopropyl)thiophosphinic chloride with 2,2-dimethylpropy-
lene-1,3-diamine. It was isolated as a white powder in good
yield and analytical purity. The yield was improved using this
novel route, as it prevented the competitive oxidation reaction
and eliminated the need for ligand purification via column
chromatography? Initially, the reaction between ! and
[Y{N(SiMes);} 3] was conducted at 353 K in toluene and
provided a low yield (10%) ofl. The X-ray crystal structure
(Figure S1) ofl shows a square-planar coordination geometry
at the yttrium with the tetradentate ligand occupying the basal
coordination sites and the amide group occupying the apical
site1® The complex was a highly active and controlled initiator
for lactide polymerization; it had a propagation rate constant
(ko) of 0.19 M1 571, which is among the largest yet reported
and orders of magnitude greater than many other homo-/
heteroleptic yttrium amido complexes. However, the synthesis
of the complex was problematic, as the isolated yield was low
and it readily decomposed on heating. Indeed such solvent
effects have also been observed by others working with “soft”
donor substituted diamidé%2’ The synthesis was improved by
using THF as the solvent; it was monitored ustte{ 'H} NMR
spectroscopy, which indicated complete conversion to a single
product after 7 days stirring at room temperature. $¢1H}
NMR spectrum showed a doublet at 72.60 ppm with a coupling
constant of 5.36 Hz due to coupling with t#¥. The magnitude
of the coupling constant, the multiplicity, and the chemical shift
of 1 were consistent with the spectra obtained by Ibers et al.
for homoleptic tris(thio-/selenophosphoramido)yttrium com-

(40) Birdsall, D. J.; Slawin, A. M. Z.; Woollins, J. IRolyhedron2001,
20, 125.
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Scheme 2. Synthesis of22
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aReagents and conditions: (i) {¥(SiMe,H)2}s.2THF], toluene,
20 h, 298 K, 74%. R= SiMe,H.

plexes* TheH NMR spectrum showed integrals for the ligand
and amide protons consistent with formation of arYjL
(N(SiMes),)] complex. The mononuclear solution structure was
confirmed usingH PGSE NMR experiments (see Experimental
Section), which gave a solution hydrodynamic radius,fam
THF, of 5.27 A, which was in excellent agreement with the
value of 5.15 A calculated from the X-ray crystal structffe.
[{N,N'-1,3-Bis(P,P'-di-isopropyloxophosphinic)-2,2-
dimethylpropylenediamido} (amido)yttrium] Complexes 2—4.
In order to investigate the influence of the neutral donor atom Figure 1. Molecular structure of.

on the coordination chemistry and lactide polymerization giferent; while O(9) and O(39) are each bonded to just one

activity, bis((_)xopho_s_phinic)diamido yttril_Jm complexes were yttrium atom, O(1) and O(31) bridge between the two metal
also synthesized. Livinghouse et al. previously tedtgd-1,3- centers, forming a central )0, ring. The two yttrium atoms

bis(P,P-diphenyloxophosphinic)-2,2-dimethylpropylenedi- ot have a distorted pentagonal pyramidal coordination ge-
amine forin situ hydroamination activity with [{N(SiMes)a}al,  ometry with a bis(dimethylsilyl)amido ligand occupying the
but the system showed much lower activity than using bis- apica| site. However, while the basal plane for Y(1) is coplanar
(thiophosphinic)diamine ligand8 Recently, Bergmann and co- {5 within ca 0.04 A [the metal lying ca0.61 A out of this
workers reported some highly active hydroamination catalysts plane in the direction of the apical ligand], the basal plane at
preparedn situ by reaction of various bi§{,P-diaryloxophos- Y(2) is only coplanar to within c&0.16 A [Y(2) lying ca 0.67
phinic)diamines and [Zr(NMg,].** In this study it was relevant & oyt of this plane], and in fact the O(31) center lies @88
to contrast the influence of the harder O-donor ligands with & gyt of the plane of the remaining four atoms of the basal
the softer S-donor ligands on the coordination chemistry and plane [which are coplanar to within 08.02 A]. The two NOs
ROP activity of the yttrium complexes. Ab had previously  pasa| planes are inclined by.@° to each other, with the two
shown s_uch goo_d lactide polymgrizatior_] gctivity, the analogous apical ligands being on the same “outer” face of this folded
O-substituted  ligandN,N-1,3-bis@,P-di-isopropyloxophos-  mojecule such that the N(6@N(70) separation of 5.189(11)
ph|n|c)-2,2-d|methy[propylengdlam|ne ﬁHZ). was t.arget.ed. A is substantially larger than the Y(BY(2) separation of
HoL? was prepared in good yield and analytical purity using an 4 0472(17) A. The central four-membered® ring is folded
adaptation of the method reported by Bergmann et al. for related;, e opposite sense about the G(XP(31) vector by cad®,
diaryl-substituted ligand®¥ The coordination chemistry was Y(2) lying ca 0.30 A out of the{Y(1),0(1),0(31} plane in
undertaken according to the extended silylamide methoddfogy, the direction of N(70Y¥5 the transannular O(2)O(31) separa-
as shown in Scheme 2, by combining Fiand [Y[N(SiMeH)]s* tion is 2.691(6) A. The Y¥-O bonds within the ring are
2THF]. _ _ _ noticeably asymmetric (Table 2) with those that are part of the
The complexation reaction was monitored®p{H} NMR NPOY chelate rings [Y(EO(1) 2.524(5) A, Y(2)-O(31)
spectroscopy, which showed complete consumptiorybf lind 2.585(5) A], more than 0.2 A longer than the other two [¥{1)
formation of2 after 20 h stirring at room temperature. The 0(31) 2.312(5) A, Y(2)-0(1) 2.307(5) A]. These latter bond
NMR spectrum also showed the disappearance of th#iN  |engths are very similar to the-YO bonds of the other NPOY
signals and the formation of 2 equiv of bis(dimethylsilyl)amine.  chelate ring formed by each of the two tetradentate ligands (i.e.,
The complex was isolated in 74% yield as a white solid; is the ring that is not involved in joining the two metal centers)
elemental analysis was in excellent agreement with the formation [Y(1)—0(9) 2.315(5) A, Y(2)-O(39) 2.320(5) A], suggesting
of a chelating compleg with stoichiometry [I2YN(SiMe;H),). that it is the Y(1}O(1) and Y(2)-O(31) bonds that are
Solid-State Structure: X-ray Crystallography. Crystals of  anomalously long. The two ¥N(SiMe;H) distances here in
2 suitable for_X-ray analysis were grown from a toluene solution, 2 differ by ca 0.04 A [Y(1)—N(60) 2.216(6) A, Y(2)-N(70)
and the solid-state structure shows the complex to be an 253(7) A], and an even greater difference is seen between
unexpected dinuclear species (Figure 1), each of the to L he Y(1)-0(1) [2.524(5) A] and Y(2>-O(31) bonds [2.585(5)
ligands making four bonds to one metal center and one to the A] The reasons for these differences are not immediately
other. The two ends of the symmetrié ligands are therefore  gpparent, but may be linked to the greater distortion seen in

(41) Pernin, C. G. Ibers, J. Anorg, Chem2000 39, 1222 the basal plane around Y(2) compared to that around YAd (
ernin, C. G.; Ibers, J. Anorg. Chem ] . : . :

(42) The packing index (percentage of filled space in the unit cell) was suprg. The geomejnes of the.four NPC.)Y Chela.te r'lngs fall into

calculated from the X-ray crystal structure. This packing index was used tWo categories, with the two involved in the bridging between

to calculate the volume of one molecule, and the molecule was assumed tothe two metal centers being much more folded [P(2) and P(32)

be spherical. The X-ray hydrodynamic radius was determined using the |ie ca 0.20 and 0.09 A out of their respective YNO planes]
equation for the volume of a sphere. ' '

(43) Watson, D. A.; Chiu, M.; Bergmann, R. Grganometallic2006 than the others [P(8) and P(38) lie. €a05 and 0.01 A out of
25, 4731.
(44) Runte, O.; Priermeier, T.; Anwander, Rhem. Communl996 (45) This fold can also be viewed as Y(1) lying ca. 0.30 A out of the

1385. {Y(2),0(1),0(31) plane in the direction of N(60).
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Table 1. Selected Bond Lengths (A) and Angles (deg) for 2 ) b 3 . Te= @
bond length bond length ° R
Y(1)—0(1) 2.524(5) Y(1>N(3) 2.359(6) KK K ) )/
Y(1)—N(7) 2.345(6) Y(1)-0(9) 2.315(5) 0
Y(1)—0(31) 2.312(5) Y (1>-N(60) 2.216(6)
Y(2)—0(1) 2.307(5) Y(2)-0(31) 2.585(5)
Y(2)—N(33) 2.329(6) Y(2)-N(37) 2.343(6)
Y(2)—0(39) 2.320(5) Y(2)-N(70) 2.253(7)
bond angle bond angle
O(1-Y(1)—N(@3) 60.01(18) O(1}Y(1)—N(7) 132.23(18)
O(1)-Y(1)-0(9)  140.75(16) O(BYY(1)-O(31)  67.46(15) JJ
O(1)-Y(1)—N(60)  105.6(2) N(3)»Y(1)—N(7) 75.4(2) . MLL_A
N(3)—Y(1)—0(9) 132.0(2) N(3}Y(1)—-O(31)  123.56(18) o
N(3)-Y(1)-N(60)  109.7(2) N(7)-Y(1)—0(9) 62.7(2) 22 °a 1
N(7)-Y(1)-0(31)  137.9(2) N(7}Y(1)—N(60)  104.7(2) °g =
O(9)-Y(1)—0(31) 80.42(17) O(9Y(1)—N(60)  102.9(2) — T T T
O(31)-Y(1)-N(60) 102.6(2) ~ O(1}Y(2)-O(31)  66.48(15) 700 650 600 550 500 | | g7qo 67.00 5520 55.10
O(1)-Y(2)—N(33) 117.3(2) O(1)Y(2)—N(37) 134.26(18) /ppm
O(1)-Y(2)—0(39) 79.67(17) O(BY(2)—N(70)  109.5(2)

O(31)-Y(2)—N(33 59.83(17) OEBHY(2)—N(37) 133.05(19 . .
OE31);YE2§70((39)) 141'93((17)) O((3113YE237NE703 105.60%19; Figure 2. 3P{1H} NMR spectra of comple® in tolueneds. (a)

N(33)-Y(2)-N(37)  74.8(2) N(33)YY(2)-0(39) 129.7(2) The entire spectrum showing two major peaks (67.1 and 55.1 ppm)
N(33)-Y(2)—N(70) 113.9(2) N(37¥Y(2)—0(39)  62.78(19) and two minor peaks (69.0 and 56.9 ppm). (b) The peak centered
N(37)-Y(2)—N(70) 103.2(2) O(39)Y(2)—N(70) 101.6(2) at 67.1 ppm (ddd?Jpy = 5.10, 3.97 Hz3Jpp= 1.78 Hz). (c) The

Y(1)—0(1)-Y(2) 113.74(18) Y(1)XO(31)-Y(2)  111.36(17) peak centered at 55.1 ppm (ddpy = 4.65 Hz;*Jpp = 1.76 Hz).

Table 2. #P{*H} NMR Signals for Complexes 2-4 . integrating to six, indicative of restricted rotation about thelY

H,L2 chemical shift, complex chemical shift, bonds. Such restricted bond rotation has been previously

complex ¢ ppm (multiplicity)? o ppm (multiplicity, integral} observed at low temperature by Bradley et al. for (trimeth-

2 52.4(s) major: 67.1 (ddd, 13P), 55.1 (dd, 13P)  Ylphosphineoxide)tris(bis(trimethylsilyl)amido)lanthanide com-

minor: 69.0 (m, 1P), 56.9 (m, 1P) plexed® and recently by Hill et al. at room temperature for a

3 52.4(s) 65.4 (ddd, 1P), 57.1 (dd, 1P) bis(iminophosphonamido)(bis(dimethylsilylamido)yttrium com-

4 524(s) 61.8 (ddd, 1P), 57.1 (dd, 1P) plex3° The 13C{*H} NMR also showed the restricted rotation,
2 The spectra were obtained d#3-benzene. with the amido methyl carbons resonating at 4.8 and 4.4 ppm.

The asymmetric coordination environment fo? was also
their respective YNO planes]. The twosKpY six-membered  confirmed by the two methylene and two methyl carbon signals
chelate rings have flattened chair conformations; for the N(3)/ for the 2,2-dimethylpropylene backbone and by the four methine
N(7) ring, Y(1) and C(5) lie ca+0.60 and—0.72 A “above” and six methyl carbon signals for the isopropyl phosphorus
and “below” the {N(3),C(4),C(6),C(7) plane, respectively  supstituents. While théH and3C{H} NMR spectra indicated
(which is coplanar to within better than 0.01 A), and for the the stoichiometry o, they did not confirm the precise solution
N(33)/N(37) ring, Y(2) and C(55) lie ca-0.66 and—0.71 A structure. ThéP{*H} NMR spectrum showed the disappear-
above and below thgN(33),C(34),C(36),C(3%)plane, respec-  ance of the HL2 resonance, at 52.4 ppm, and the evolution of
tiVEly (WhICh is coplanar to within better than 0.01 A) The four new resonances f& (Figure 2a) There were two major
bottom face of the complex, though theoretically exposed, is resonances at 67.1 and 55.1 ppm, each of equal integration, and
actually obscured by the downwardly directed isopropyl groups two minor peaks at 69.0 and 56.9 ppm, also of equal integration.
on P(2), P(8), P(32), and P(38) and by the methyl groups on The relative integration of the major to minor peaks was 13:1.
C(5) and C(35). 31p{1H} NMR inverse gated experiments (see Experimental

Solution Structure: NMR Spectroscopies.In order to Section) showed the true multiplicity of the signals (Figure 2b,c).
understand the lactide polymerization results, it was essentialThus, the major peak at 55.1 ppm was a doublet of doublets,
to establish whether the dimeric structure was maintained in with coupling constants of 4.65 and 1.76 Hz, while the peak at
solution and in particular in non-coordinating solvents, as these 67.1 ppm was a doublet of doublets of doublets, with coupling
were preferred for the polymerizatiéfThe'H NMR spectrum  constants of 5.10, 3.97, and 1.78 Hz. The resolution of the minor
indicated complexation due to the disappearance of the NH peaks’ coupling was not possible due to their low intensity. The
signals at 3.20 ppm. It also showed an asymmetficdordina- NMR spectra indicated the dimeric solid-state structure was
tion environment with the methylene groups splitting into two  maintained in solution with one oxophosphinic group bridging
doublets of doublets, each integrating to one proton, and apetween two yttrium centers and the other bonding to just one
multiplet, integrating to two protons. The methyl groups in the yttrium center. Thus, the resonance at 67.1 ppm was assigned
2,2-dimethylpropyl backbone were also split into two singlets, to the phosphorus of the bridging oxophosphinic group. In the
each integrating to three. The phosphorus isopropyl substituentssplid state it was asymmetrically bonded to the two yttriums,
were inequivalent, as indicated by the four methine septets, eachand this was maintained in solution, where tigy couplings
integrating to one; the two methyl group doublets of doublets, of 5.10 and 3.97 Hz were observed. The relative magnitudes of
each integrating to three; and the two methyl group multiplets, the coupling constants reflect the lengths of the bonds,
each integrating to nine. The resonance for the amido groupwhich were 2.52 and 2.31 A in the X-ray crystal structure.
Si—H was a clear indicator of COOTdinatiOﬂ, Shlﬂ:lng from 5.00 Furthermore, the magnitudes of the Coup”ng constants were

ppm in Y[N(SiHMe,)z]32THF to a multiplet at 5.19 ppm i, consistent with the values obtained by Ibers et al. for homoleptic
consistent with the increased deshielding experienced on com-
plexation. The amido methyl groups were two doublets, each  (46) Bradley, D. C.; Gao, Y. CPolyhedron1982 1, 307.
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650 625 600 575 550 the increased steric bulk of the tris(amido)yttrium precursor.
ppm (12) The complexes were isolated as white powders, all showing
Figure 3. 2D J-resolved3P{*H} NMR spectrum of2; 4Jpp = excellent agreement between the calculated and experimental
1.75 Hz. elemental analyses. THeP{1H} NMR spectra were closely
related to that obtained f@and indicated formation of dimeric
tris(thiophosphinic amido)yttrium complexes and also with the structures with the oxophosphinic groups occupying terminal
coupling constant fot.*! The coupling of 1.78 Hz was assigned  and bridging coordination geometries (Table 2).
to “Jpp coupling. The doublet of doublets at 55.1 ppm was  Both 3 and4 showed two multiplets in th8P{1H} NMR
assigned to the phosphorus nuclei of the oxophosphinic groupspectra: a doublet of doublets of doublets due to the bridging
bonded to just one yttrium. It showed®dp of 4.65 Hz and a  oxophosphinic group and at higher field a doublet of doublets
4Jpp of 1.76 Hz. The 2DJ-resolved®P{IH} NMR experiment due to the terminal oxophosphinic group. Changing either the
confirmed the*Jpp homonuclear coupling between the reso- size or the relative acidity of the amido group does not influence

nances at 55.1 and 67.1 ppm (Figure 3). the structure of the complex formed; however, it is noteworthy
A IH pulsed gradient spin echo (PGSE) experiment was usedthat only 2 showed the formation of two different sets of

to determine the solution diffusion coefficient farThis method isomers. ThéH NMR spectra for bott8 and4 were consistent

has been previously used to investigate monendéner with dimeric solution structures. The 2,2-dimethylpropylene

equilibria#’48Using the StokesEinstein equation, the diffusion  backbone showed four doublets of doublets due to the methylene
coefficient, obtained from the PGSE experiments, was related protons and two singlets for the methyl protons. The phosphorus
to the hydrodynamic radius. The PGSE experiment gave a radiusisopropyl substituents gave four distinct septets for the methine
of 6.46 A for 2, which fits very favorably with the radius of  protons and eight doublets for the methyl protons. Furthermore,
6.28 A obtained from the X-ray crystal structure, indicating that both 3 and4 showed restricted rotation about the-X bond,

2 exists as a dimer in solutid Overall, the NMR experiments ~ on the *H NMR time scale, with two singlets for the bis-
suggested a dimeric solution structure, with two isomers being (trimethylsilyl)Jamido protons o8 and two doublets for the di-
present in a ratio of 13:1 at room temperature. Attempts to (isopropyl)amido protons od. The3C{'H} NMR spectra for
investigate the isomerization by VT-NMR were inconclusive 3 and 4 also confirmed the dimeric structures with separate
due to the high noise at elevated temperatures and the lowresonances for the methylene and methyl carbons of the 2,2-
intensity of the minor isomer’s signals. The isomerization is dimethylpropylene backbone and for the methine and methyl
probably related to the conformation of the bis(dimethylsilyl)- carbons of the isopropyl phosphorus substituents. The slow
amido group, the Y chelate ring conformation, and/or the rotation about the ¥N bond (on the NMR time scale) led to
yttrium coordination geometry. An agostic interaction between two methyl carbon signals for the substituents on the amido
the Si-H and the yttrium center was ruled out by the IR groups on bott8 and4.

spectrum, which showed SH stretches at 2089 and 2044 thn Lactide Ring-Opening Polymerization (ROP). The new
(agostic interactions are characterized by-18istretches at yttrium complexesl—4 were investigated as initiators foaic-
1700-1800 cnr?).49 lactide ROP. The properties of monomerictYKNR;)] and

Amido Group Substitution. The influence of the amido  dimeric [L?Y(NRz)]> complexes were contrasted usifigand
group on the structure of the yttrium Compiex was probed by 2, with various solvents and at different concentrations
changing the yttrium precursor complex, and some novel dimeric (Table 3).
compiexes were Synthesized (Figure 4)_ The polymerizations all went to complete conversion in a

H,L2 was reacted with three different homoleptic tris(amido)- V€'Y rapid time, an@ was an even faster initiator thanThus,
yttrium precursors in toluene at room temperature over several@ 10 mM initiator concentration (fof this refers to the
hours. The reactions were monitored B{*H} NMR spec- ~ concentration of the N(SiMe), initiating groups), 99%
troscopy, which showed the disappearance of the2isignal conversion was achieved f@rin only 70 s compared to 360 s
and the growth of the complexes’ resonances. There was nof0f 1. The polymerizations in THF were slower than in
evidence for formation of any other intermediate complexes. Methylene chloride. The diminution in rate was attributed to
Upon complete consumption of thelt? resonance, the solvents ~ COMPpetitive binding of the yttrium by the coordinating solvent.
were evaporated to remove the liberated amiBetook The polymerization control exerted by monomeric was

significantly longer to form (48 h vs 20 h f& and4) due to excellent, with close agreement between the calculated and
experimentalM,; however, dimeric2 had a poor correlation

between the experimental and calculaigg For 2, the evolution

(47) Geldbach, T. J.; Pregosin, P. S.; Albinati, A.; Rominger, F.

Organometallics2001, 20, 1932. ‘ of My, with % conversion (Figure 5) showed a linear fit, as
(48) Williams, C. K.; Breyfogle, L. E.; Choi, S. K.; Nam, W. W.; Young,  expected for a controlled polymerization; however, g
\1/'13G5'63r" Hillmyer, M. A.; Tolman, W. BJ. Am. Chem. So2003 123 values were approximately twice the calculated values through-

(49) Hermann, W. A.; Eppinger, J.; Spiegler, M.; Runte, O.; Anwander, OUt the poiymgrizaiion run. Thid, data were consistent with
R. Organometallics1997, 16, 1813. retaining its dimeric structure during the polymerization, but
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Table 3. Percent Conversions, TimesM,, and PDI Obtained Using Initiators 1 and 2

solvent initiator [initiator]omM time/s % conversich My/kg mol1 (PDI)d M, calcd/kg motte
CHxCl, 1 10 360 94 17.9 (1.60) 14.4
CH.Cl> 1 2 960 74 50 (1.60) 53.0
THF 1 5 1080 90 26.0 (1.40) 27.8
CHCl» 2 10 70 98 40.8 (1.84) 14.4
CH,Cl» 2 5 221 99 66.4 (1.68) 28.8
CH.Cl; 2 3.3 300 99 78.6 (1.64) 43.2
CH.Cl; 2 2 700 46 74.3 (1.49) 33.1
THF 2 5 372 88 56.1 (1.74) 25.3

aPolymerization conditions: [lactidg} 1 M, 298 K. P[initiator]o = [1], but for 2, 3, 4 [initiator]o = [NR2]o (i.e., 2 x [2/3/4]¢). “Determined by integration
of the methine region of théH NMR spectrum dDetermined by SEC in THF vs polystyrene standards and using a correction factor &f GMdgcalculated

= (144 x [initiator/mM]o x 10 x % conversion).

810°

—©&— Experimental M"
-=#— Calculated m

710%

610
510°

410°-

n

M gmol”

310°

210

% Conversion
Figure 5. Plot showingM, vs % conversion foR. Polymerization
conditions: [lactide] = 1 M, [N(SiMezH)2]o = 2 mM in CH,Cl,
at 298 K.M, calculated= (144 x [N(SiMe;H),/mM]o x 10 x %
conversion).

Table 4. Lactide ROP Using Initiators 2—4 (polymerization
conditions: [lactide]o = 1 M, [NR3]o = 5 mM in CH ,Cl, at
298 K)

initiator % conversiof time/s MgP PDI
2 99 221 66.4 1.68
3 99 74 85.8 1.71
4 98 158 22.2 1.77

aDetermined by integration of the methine region of thé¢ NMR
spectrumPDetermined by SEC in THF vs polystyrene standards and using
a correction factor of 0.58

with only one of its amide groups initiating the polymerization,
probably due to the relatively large size and close proximity of
the two bis(dimethylsilylamido) group8.Indeed, the dimeric
structure adopted bg was remarkably stable and inert; for
example, addition of several equivalents of THF or pyridine to
toluene solutions o2 did not change its NMR spectra.

The complexe2—4, differing in their amido group substit-
uents, were compared as initiators for lactide ROP (Table 4).
The polymerizations were conducted in methylene chloride at
room temperature, as these were the optimum condition for

All three initiators showed extremely rapid lactide polymer-
ization. It is notable that the times required for complete lactide

conversion are significantly faster than those obtained with other

(50) An alternative explanation whe&undergoes slow equilibration
to a mononuclear active initiator cannot be discounted at this stage.

heteroleptic yttrium amido complexes, includiag®>2! Fur-
thermore2—4 do not undergo any redistribution reactions under
the polymerization conditions, as the homoleptic tris(amido)-
yttrium complexes typically took hours to go to complete
conversion under the same polymerization conditions.

The M, values observed using initiatord and 3 were
approximately double the calculated values,bshowed a very
good correlation between the calculated and obsekigd he
greater steric bulk of the amido substituents ®nand 3
(trimethylsilyl and dimethylsilyl) compared #(isopropyl) was
proposed to prevent initiation from both amide groups, leading
to M,, values double those calculated on the basis of amide group
concentration. This notion was supported'byNMR monitor-
ing of the reaction o2 with 2 equiv of lactide, which showed
two Si—H resonances, one at the same chemical shift asd
the other at lower field assigned to the amide end group on the
ring-opened lactide. These methyl group resonances were
consistent with only one amide group on each dimer reacting
with lactide. Furthermore, th&P{1H} NMR spectrum for the
reaction of2 with 2 equiv of lactide showed the same four
resonances as observed f@r indicating that the dimeric
structure was maintained during initiation. On the other hand,
it is proposed that the less hindered amide groupg arere
both able to initiate lactide ROP, leading k&, in excellent
agreement with those calculated on the basis of amide group
concentration.

For all the initiators, the homonuclear decoupltt NMR
spectra of the PLA showed isotactic PLA was produced from
Slactide; that is, there were no epimerization side reactions
occurring. The PLA produced fromac-lactide showed a slight
heterotactic bias witRs values of 0.6+0.64. The tacticity was
not changed either at lower conversions or by using coordinating
solvents.

All three initiators showed relatively large polydispersity
indices (PDI) for the PLA. This was probably due to the very
fast rates of polymerization, which resulted in a lower value
for Kinitiation/Kpropagation @S has been found for other amide initiating
groups, and/or to intermolecular transesterification side reactions.
The polymerization kinetics fo2—4 were complex, with the
initiators showing In[LA}/[LA]: versus time plots that were
nonlinear (Figure S3). Such nonlinear plots prevent any direct
comparison of thégpsvalues withl. We are currently carrying
out detailed investigations to establish the polymerization
kinetics, mechanism for stereocontrol, and structures of the
propagating complexes.

Conclusions
In conclusion, the synthesis and characterization of a series

of novel { N,N'-1,3-bisP,P'-di-isopropyloxothiophosphinic)-2,2-
dimethylpropylenediamidqamido)yttrium] complexes have
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been described. The complexes were synthesized by an amine The'H PGSE (dosy) experiments were conducted according to
elimination route from [Y(NR)3*XTHF] precursors (where R the first literature procedur®. The spectra were collected at a

= SiMes, SiMeH, andi-Pr, x = 0, 2) with the ligands kL1 frequency of 500.13 MHz with a spectral width of 4500 Hz
or H,L2 The synthetic yields were excellent, and the new (centered on 3.5 ppm) and 16 384 data points. A relaxation delay
compounds were characterized by X-ray crystallography, of 1 s was employed along with a diffusion tim&)(of 50 ms and
elemental analysis, and IR and NMR spectroscopies. The longitudinal eddy current delay (LED) of 5.ms. Bipolar gradient
[{N,N'-1,3-bisP,P'-di-isopropylthiophosphinic)-2,2-dime- pulses ¢/2) of 2.2 ms and homospoil gradient pulses of 1.1 ms
thylpropylenediamidp(bis(trimethylsilyl)amido)yttrium] com- were used. The gradient str_engths of the_2 homospoil pulses were
plex was monomeric in both the solid state and solution, as —+/-13% and—=13.17%. Thirty-two experiments were collected

. ) . with the bipolar gradient strength initially at 2% (first experiment)
?nsetﬁ?s“slzegogt):a);tr?r{ QCI[tly:I}-aln?Sgkr)ziis%]é’i?iﬂsi?rigygyoifggen and linearly increased to 95% (32nd experiment). All gradient pulses

- . S . - were sine shaped, and after each application a recovery delay of
gIr:aIQ(IaCs)-i’hzt)-\?\/lg;'jetg]r)lllljpsrl?a?ly:jﬁPnzdrli22@&%2303)ywilttll1mgaggnl]i;gan d 200us was used. The spectra were zero filled and processed using

ST . . . . an exponential function with a line broadening of 2 Hz. Further
coordinating to a single yttrium center via a terminal 0xophos- ocessing was achieved using the Bruker dosy software. Elemental

phinic group and coordinating to two yttrium centers via @ analyses were determined by Mr. Stephen Boyer at London
bridging oxophosphinic group. The X-ray crystal structure for etropolitan University, North Campus, Holloway Rd., London,
one of these complexes was reported, and the dimeric solutionN7, SEC data were collected using a Polymer Labs PL GPC-50
structure was established using a variety of NMR techniques. instrument with THF as the eluent, at a flow rate of 1 mL nin

All the new complexes were tested as lactide ROP initiators, Two Polymer Labs Mixed D columns were used in series, and the
and all showed very high rates and reasonable degrees of controlM, were calibrated against narrdvi;, polystyrene standards (Easy-
The dimeric complexes with bis(dimethylsilyl)amido and bis- Cal standards A and B). The values were corrected according to
(trimethylsilyl)amido groups displayed poor correlations be- the literatureé®

tween M, observed and that calculated from the reaction  N,N'-1,3-Bisf,P-di-isopropylthiophosphinic)-2,2-dimethyl-
stoichiometry, consistent with only one of the two amido groups propylene diamine H,L1.3° 2,2-Dimethylpropylene-1,3-diamine
initiating the polymerization. However, the dimeric complex (0.85 g, 8.32 mmol) and di-isopropylethylamine (3.35 mL, 19.20
with smaller di(isopropyl)amido groups showed a good cor- mmol) were dissolved in C¥Cl, (20 mL), and chlorodi-isopropy-
relation between the calculated and obseiMgdconsistent with  Ithiophosphine (2.60 mL, 8.32 mmol) was added. The solution was
initiation from both amido groups. These novel yttrium com- refluxed for 20 h, and a white precipitate formed that was filtered
plexes therefore display promise as a new type of highly active and washed with CkCl,. The filtrate was congentratdd vacuo

and controlled initiator for lactide ring-opening polymerization. @nd the crude product recrystallized from a mixture o,Chland

The detailed study of their kinetics and mechanism is currently Pentane to yield the product as a white solid (2.00 g, 5.00 mmol,

underway and will be reported in due course. 60%).
IH NMR (400 MHz, GDg) 6 ppm: 2.92 (s, 4H, N&,), 2.78

. . (s, 2H, NH), 2.15 (spt, 4H3Juy = 7.20 Hz, G4(CHa),), 1.25-
Experimental Section 1.18 (dd, 24H3J, = 6.8 Hz, CH(GHa),), 0.87 (s, 6H, C(El),).
Materials and Methods. All reactions were conducted under a > P{*H} NMR (161.9 MHz, GDg) 6 ppm: 89.09. Anal. Calcd for
nitrogen atmosphere, either using standard anaerobic technique§17HaN2P2S: C, 51.23, H, 10.12, N, 7.03. Found: C, 51.18, H,
or in a nitrogen-filled glovebox. All solvents and reagents were 10.13, N, 7.04.
obtained from commercial sources (Aldrich and Merck) and dried. ~ N,N'-1,3-Bis@,P-di-isopropyloxophosphinic)-2,2-dimethyl-
Tetrahydrofuran and toluene were distilled from sodium and stored Propylenediamine H,L2. To a stirred solution of 2,2-dimethyl-
under nitrogen. Deuterated solvents were dried by stirring them propylene-1,3-diamine (0.96 mL, 8 mmol) and di-isopropylethy-
with either calcium hydride (dichloromethaxg- chloroformels) lamine (6.97 mL, 40 mmol) in C4Cl, (40 mL) was added chlorodi-
or potassium (tetrahydrofuraty; tolueneds, benzened), perform- isopropylphosphine (2.67 mL, 16.8 mmol), dropwise, via a syringe.
ing three freezethaw cycles under vacuum, refluxing them for ~ The reaction mixture was stirred for 12 h, after which time it was
1-2 days, distilling them under vacuum, and storing them under opened to the atmosphere and cooled to 273 4-30% aqueous
nitrogen. rac-Lactide was generously donated by Purac Plc. and solution, 4.1 mL, 32 mmol) was added cautiously. After the
was recrystallized from anhydrous ethyl acetate and sublimed addition, the reaction mixture was stirred for a further 10 min at
three times under vacuum prior to use. Chloro di-isopropyl- 273 and at 298 K for 30 min, before being quenched with agueous
thiophosphing? [Y {N(SiMes)2} 5],5 [Y {N(SiHMey),} 5-2THF] 52 N&S;05 (80 mL of a 1 Msolution, 80 mmol). The layers were
and [Y(Ni-Pr,)s:2THF]5® were prepared according to literature Separated, and the aqueous layer was extracted witlCigkB x

procedures. 20 mL). The combined organic extracts were dried (MgS&hd
Measurements.!H and3C NMR spectra were performed ona the solvents removeéh vacuo to give the title compound as
Bruker Av-400 instrument, unless otherwise stat&® NMR colorless needles (1.47 g, 50%).

experiments anéH PGSE experiments were performed on a Bruker ~ *H NMR (400 MHz, CDC}) 6 ppm: 3.20 (m, 2H, M), 2.81 (t,
Av500 spectrometer equipped with a z-gradient bbo/5 mm tunable 4H, 3Juy = 8.0 Hz, GHy), 1.96 (d spt, 4HZJp_y = 9.2 Hz,304—y
probe and a BSMS GAB 10 amp gradient amplifier, providing a = 7.2 Hz, GH(CHs)2), 1.18 (dd, 12H3Jp- = 5.6 Hz3y-y = 7.2
maximum gradient output of 5.35 G/cmA. To observe the complex Hz, CH(CH3),), 1.14 (dd, 12H3Jp— = 5.6 Hz,3J4-n = 7.2 Hz,
P—P coupling patterns3P{H} spectra were collected at a CH(CHs)2), 0.85 (s, 6H, El3). *3C{*H} NMR (100 MHz, CDC}k)
frequency of 202.47 MHz using a 3@ulse, a spectral width of 0 ppm: 46.2 (sCH>), 37.0 (s,C(CHa)), 26.5 (d,*Jpc = 81.0 Hz,
8082 Hz (centered on 57.5 ppm), and 65 536 data points with a CH(CHa)2), 23.3 (s,CH3), 16.2 (d,2Jpc = 2.1 Hz, CHCH3),), 15.9
relaxation delay of 2 s. The spectra were zero filled (0.12 Hz/point (d, 2Jpc = 2.3 Hz, CHCH3)y). 3¥P{*H} NMR (162 MHz, CDC})

resolution) and processed with no apodization. o0 ppm: 54.0. IR (Nujol mull, NaCly cm™t: 3195 (m, N-H),
(51) Mu, Y.; Piers, W. E.; MacDonald, M. A.; Zaworotko, M.Qan. J. (54) Wu, D.; Chen, A.; Johnson, C. S., JrMagn. Reson. A995 115
Chem.1995 73, 2233. 260.
(52) Lin, M. H.; RajanBabu, T. VOrg. Lett.2002 4, 1607. (55) Kowalski, A.; Duda, A.; Penczek, $4acromoleculesl998 31,

(53) Aspinall, H. C.; Tillotson, M. RPolyhedron1994 13, 3229. 2114.
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1294 (w), 1273 (m, #0), 1180 (m), 1146 (s). MB®Vz (FAB™):
367 [M+ H]*. Anal. Calcd for G;H4oN20.P,: C, 55.72, H, 11.00,
N, 7.64. Found: C, 55.66, H, 11.07, N, 7.56.

1.9 N,N'-1,3-Bis,P'-di-isopropylthiophosphinic)-2,2-dimethyl-
propylenediamine (100 mg, 0.25 mmol) and M(SiMe;),} 5] (143
mg, 0.25 mmol) were dissolved in THF (3 mL). The reaction was
stirred until the ligand peak had disappeared fron?tRg'H} NMR

(7 days). It was then ready to use as the initiator stock solution.

IH NMR (400 MHz, GDgO) 6 ppm: 2.88 (m, 4H, €,) 2.33—
2.04 (m, 4H, G1(CHs)y), 1.09-1.28 (m, 30H, 4x CH(CHa),, 2 x
CHy), 0.04 (s, 18H, Si(El3)3). 3*P{*H} NMR (161.9 MHz, THF
CDCl; probe)d ppm: 72.6 (d2Jpy = 5.36 Hz).

2.To a solution of trig,N'-bis(dimethylsilyl)amido]yttrium (0.13
g, 0.20 mmol) in toluene (2 mL) was adddiN-1,3-bis@,P-di-
isopropyloxophosphinic)-2,2-dimethylpropylenediamine (0.07 g,
0.20 mmol) in toluene (3 mL). The solution was stirred for 20 h,
before the solvents were removed,vacuo,to yield the product
as a white solid (0.09 g, 74%).

IH NMR (400 MHz, GDg) 6 ppm: 5.19 (m, 2H, $i), 3.42
(dd,ZJHH =11.8 HZ,SJHP = 4.0 Hz, 1H, O"z), 3.31 (dd,zJHH =
12.0 Hz,3Jyp = 4.0 Hz, 1H, ®¢y), 2.94 (m, 3H, G, and
CH(CHg),), 2.32 (spt,2Jun = 7.2 Hz, 1H, GH(CHy),), 2.24 (spt,
3\]HH = 6.8 Hz, 1H, G"(CHg)z), 1.78 (Spt,3JHH = 6.4 Hz, 1H,
CH(CHg)), 1.50 (dd 2y = 7.2 HZ,3J4p = 15.2 Hz, 3H, CHEly),
1.41 (dd,2Jyy = 7.2 Hz,3J4p = 15.8 Hz, 3H, CHGEly), 1.23 (m,
9H, CH3), 1.16 (s, 3H, Ei3), 1.05 (m, 9H, CHEl3), 0.92 (s, 3H,
CHa), 0.49 (d,3J4y = 2.8 Hz, 6H, SiH®3), 0.47 (d,3J4y = 2.8
Hz, 6H, SiHOH3). 13C{*H} NMR (100 MHz, GDg) 6 ppm: 57.0
(s,CHy), 56.4 (s,CH,), 37.5 (s,C(CHs),), 31.5 (d,lJcp: 69.0 Hz,
CH(CHg)z), 29.7 (d,lJcp = 33.6 HZ,CH(CH3)2), 29.0 (d,lJcp -
37.2 Hz,CH(CHa)y), 27.1 (s, ©Hj3), 26.6 (d,*Jcp = 66.5 Hz,CH-
(CH3)2), 25.4 (s, ©HS3), 18.6 (s, CHCH3), 17.7 (s, CHCH3), 17.4
(s, CHCH3), 17.2 (s, CKCH3), 17.0 (s, CHCH3), 16.4 (s, CHCH3),
4.8 (s, SCH3), 4.4 (s, SCH3). 31P{*H} NMR (162 MHz, GDe¢) 0
ppm: 69.0 (m, 1P), 67.1 (ddéJpy = 5.10, 3.97 HzJpp = 1.78
Hz, 13P), 56.9 (dJpy = 4 Hz, 1H,), 55.1 (dd?Jpy = 4.65 Hz;*Jpp
= 1.76 Hz, 13P). IR (Nujol mull, NaCly cm™: 2089 (s, Si-H),
2044 (m, Si-H), 1599 (w), 1288 (m, SiCH; deformation), 1263
(m, Si—CHjs deformation), 1240 (s,+0), 1223 (s, P=0), 1184
(m), 1165 (m), 1061 (s), 1012 (s). Anal. Calcd foig4gN30,P,-
SibY: C, 39.77, H, 8.53, N, 7.73. Found: C, 39.82, H, 8.45, N,
7.88.

Crystal data for 2: CyoH104NeO4P4SisY 2, M = 1171.37, triclinic,
P1 (no. 2),a= 11.231(2) Ab = 13.701(3) A,c = 23.177(5) A,

o =102.79(2), f = 92.532(16), y = 114.151(17), V = 3136.9-
(11) A3, Z=2,D. = 1.240 g cm3, u(Cu Ka) = 4.469 mmt, T

= 173 K, colorless plates, Oxford Diffraction Xcalibur PX Ultra
diffractometer; 11 881 independent measured reflectieheefine-
ment, R, = 0.068, wR, = 0.197, 7624 independent observed
absorption-corrected reflectionff| > 40(|Fo|), 20max = 142,
559 parameters. CCDC 638409.

3. To a solution of trisN,N'-bis(trimethylsilyl)amido]yttrium
(0.09 g, 0.15 mmol) in toluene (2 mL) was adds¢N-1,3-bis-
(P,P-di-isopropyloxophosphinic)-2,2-dimethylpropylenediamine (0.06
g, 0.15 mmol) in toluene (2 mL). The solution was stirred for 48
h before the solvents were removiedvacuoto leave a white solid,
which was recrystallized from a minimum volume of hexane to
give the product as colorless crystals (0.07 g, 72%).

IH NMR (400 MHz, GDg) 0 ppm: 3.53 (dd2J4p = 1.8 Hz,
2JHH = 9.8 Hz, 1H, G"z), 3.45 (dd,sJHp =28 HZ,ZJHH = 9.8 Hz,
1H, CHy), 2.99 (dd,3Jyp = 14.8 Hz,2Jyy = 9.8 Hz, 1H, (),
2.84 (dd3Jyp = 14.4 Hz 23y = 9.8 Hz, 1H, CHy), 2.66 (spt3un
=6.0Hz, 1H, CH(CH3)2), 2.61 (Spt,?’JHH =6.0Hz, 1H, CH(CHg)z),
2.25 (spt,2duy = 6.0 Hz, 1H, GH(CHg),), 1.72 (spt,2Jun = 6.0
Hz, 1H, CH(CHzy),), 1.62 (dd 2Jyp = 12.2 Hz,2Jyy = 6.0 Hz, 3H,
CHCHg3), 1.40 (dd3J4p = 12.2 Hz,3J4y = 6.0 Hz, 3H, CHCHy),
1.34 (dd,3J4p = 12.2 Hz,3J4y = 6.0 Hz, 3H, CHCy), 1.22 (dd,
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BJHP =12.2 HZ,SJHH = 6.0 Hz, 3H, CHCH3), 1.18 (S, 3H, @'3),

1.15 (dd,3Jyp = 12.2 Hz,3Jyy = 6.0 Hz, 3H, CHGH3), 1.11 (dd,
8Jup = 12.2 Hz,3J4y = 6.0 Hz, 3H, CHG3), 1.08 (dd,3Jp =

12.2 Hz,3Jyy = 6.0 Hz, 3H, CHG3), 0.80 (s, 3H, Ei3), 0.62 (s,
9H, Si(CHy)3), 0.53 (s, 9H, Si(El3)z). 3C{H} NMR (100 MHz,

CsDs) 0 ppm: 55.7 (d2Jcp = 31.4 Hz,CH,), 37.4 (5,C(CHa)y),

35.1 (d,lJcp: 71.8 HZ,CH(CH3)2), 30.3 (d,lJcp: 68.4 Hz,CH-

(CHg)), 27.7 (s,CH3), 27.5 (d,"Jcp = 60.5 Hz,CH(CHy),), 25.4

(s, CH3), 18.2 (35.1 (d2Jcp = 66.9 Hz, CHCH3), 17.9 (35.1 (d,
2Jcp = 19.0 Hz, CHCHg), 17.8 (d,2Jcp = 45.0 Hz, CHCH), 17.2

(d, ZJCP = 81.0 Hz, Cl‘CH3), 6.6 (S, SlCH3)3), 6.3 (S, SlCH3)3)

S1P{*H} NMR (162 MHz, GDg) 6 ppm: 65.4 (ddd2Jpy = 3.81,

3.08 HZ;4Jpp= 1.86 Hz, 1P), 57.1 (ddz,\]py = 3.81 HZ;4\]pp=

1.86 Hz, 1P). IR (Nujol mull, NaCly cm™%: 1263 (m, S-CHs

deformation), 1240 (m, R0), 1223 (m, P=0), 1060 (m), 1014
(m), 999 (m). Anal. Calcd for EH4eN3O-P,SibY: 45.01, H, 9.20,
N, 5.16. Found: 44.91, H, 9.15, N, 6.76.

4.To a solution of trisN,N'-bis(di-isopropyl)amido]yttrium (0.13
g, 0.20 mmol) in toluene (0.5 mL) was addBidN-1,3-bis@,P -
di-isopropyloxophosphinic)-2,2-dimethylpropylenediamine (0.07 g,
0.20 mmol) in toluene (0.5 mL). The solution was stirred for 20 h
before the solvents were removiedvacuoto leave a pale yellow
solid, which was recrystallized from a minimum volume of hexane
to give the product as pale yellow crystals (0.04 g, 71%).

IH NMR (400 MHz, GDg) 6 ppm: 3.85 (spt3Jun = 5.0 Hz,
1H, NCH(CHjy),), 3.34 (dd,2J4p = 3.2 Hz,2J4y = 8.4 Hz, 1H,
CHz), 3.32 (dd,SJHp = 3.2 HZ,ZJHH = 8.4 Hz, 1H, CHQ), 3.08-
2.90 (m, 3H, ¢, and O"(CHg)z), 2.41 (d Spt?JHH =6.0 HZ,ZJHP
= 14.4 Hz, 1H, Gi(CHa)y), 1.79 (d spt3Jyn = 6.0 Hz,2Jyp = 9.6
Hz, 1H, CH(CH3)2), 1.60 (d,sJHH =5.0 Hz, 6H, NCH(CH3)2), 1.55
(dd, 3Jyp = 11.8 Hz,33yy = 6.0 Hz, 3H, CHG®H3), 1.48 (d,2dyn =
5.0 Hz, 6H, NCH(®3)2), 1.40 (dd,3Jyp = 12.8 Hz,3Jyy = 6.0
Hz, 3H, CH(H3), 1.30-1.21 (m, 12H, CHEl; and (H3), 1.12 (dd,
8Jup = 12.0 Hz,3J4y = 6.0 Hz, 3H, CHGH3), 1.09 (dd,3Jp =
11.2 Hz,3Jyy = 6.0 Hz, 3H, CH®3), 1.08 (dd,3Jyp = 11.2 Hz,
3Jun = 6.0 Hz, 3H, CHG3), 0.88 (s, 3H, E3). 13C{*H} NMR
(100 MHz, GDe¢) 6 ppm: 57.6 (s,CHy), 57.3 (s,CH,), 37.6 (s,
C(CHa)2), 31.9 (s, NCH(CHjy)), 31.8 (d,2Jcp = 68.0 Hz,CH(CHg)y),
30.8 (d,ZJcp: 68.9 HZ,CH(CH3)2), 28.8 (d,ZJcp: 64.9 Hz,CH-
(CHg)y), 28.2 (s, NCHCH3)), 27.4 (s, NCH(CHjy)), 27.0 (d,2Jcp=
66.9 Hz,CH(CHs),), 26.3 (s, NCHCHS3)), 24.9 (s,CH3), 23.6 (s,
CHg), 18.7 (s, CHCH3)), 18.0 (s, CHCH3)), 17.5 (s, CHCHj3)),
17.1 (s, CHCHs)), 17.0 (s, CHCHa3)), 16.4 (s, CHCHa)). 31P-
{*H} NMR (162 MHz, GDg¢) 6 ppm: 61.8 (ddd?Jpy = 5.45, 3.64
Hz; 4Jpp = 1.72 Hz, 1P), 57.1 (dJpy = 4.55 Hz;*Jpp = 1.72
Hz, 1P). IR (Nujol mull, NaCly cm~%: 2360 (w), 2341 (w), 1303
(m), 1225 (m, B=0), 1167 (m), 1068 (m), 1009 (m). Anal. Calcd
for CueH10N6O4P4Y 2 C,49.91, H, 9.47, N, 7.59. Found: C, 50.08,
H, 9.55, N, 7.51.

Lactide Polymerizations. All glassware was treated with Me
SiCl; (1 M solution in CHCI,) and oven-dried fo4 h prior to use.
The lactide was dissolved in GBI, to make a 1 Msolution. The
initiator stock solution was in THF fot and in toluene fo2—A4.

A portion of the initiator stock solution was addeda 1 Msolution

of rac-lactide in CHCI; so that the lactide concentration was always
1 M. The polymerization was monitored by removal of aliquots at
regular intervals. These were quenched by addition to wet hexane
solutions, and the crude product was driedacua The percentage
conversion was determined by integration of the signals irfithe
NMR for the methine protons in polylactidé & 5.30-5.00 ppm)

and lactide § = 4.92 ppm), respectively. Thil,, M,, and PDI
were determined by SEC in THF, calibrated using polystyrene and
with a correction factor of 0.58 applied to the obtainkdg, as
detailed in the literature®
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