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A series of neutral and anionic bis(phenolate) lanthanide amides were synthesized by general metathesis reactions,
and their reactivity was explored. Protolytic ligand exchange reactions of MBMPH, (MBMP = 2,2'-methylene bis-
(6-tert-butyl-4-methyl-phenolate)) with [Ln{ N(TMS)2} »(«-CI)(THF)], (TMS = SiMe;) afforded the desired bridged
bis(phenolate) lanthanide chlorides [(MBMP)Ln(u-Cl)(THF),], [Ln = Nd (1), Yb (2)] in high isolated yields. These
lanthanide chlorides were found to be useful precursors for the synthesis of the corresponding lanthanide derivatives.
Reactions of 1 and 2 with 2 equiv of NaN(TMS), in THF produced the expected neutral bis(phenolate) lanthanide
amido complexes (MBMP)Ln[N(TMS),](THF), [Ln = Nd (3), Yb (4)] in high yields. Whereas the reactions of 1 and
2 with LIN(TMS); in a 1:4 molar ratio gave the anionic bis(phenolate) lanthanide amides as discrete ion-pair complexes
[Li(THF)4][(MBMP)LN{ N(TMS)2} 2] [Ln = Nd (5), Yb (6)] in high isolated yields. Further study revealed that 5 and
6 can also be conveniently synthesized in high yields by the direct reactions of MBMPH, with [Ln{ N(TMS),} »(u-
CI)(THF)]; in a 2:1 molar ratio, and then with 4 equiv of "BuLi. The reactivity of the neutral and anionic bis-
(phenolate) lanthanide amides was comparatively investigated. It was found that the insertion reactions of carbodiimide
into the Ln—N bond of neutral lanthanide amido complexes 3 and 4 gave the anticipated bis(phenolate) lanthanide
guanidinate complexes [(¢-O—-MBMP)Nd{ (PrN),CN(TMS).} ], (7) and (MBMP)Yb[(PrN),CN(TMS),] (8), respectively,
in high yields, whereas the similar reaction of carbodiimide with anionic amido complex 5 provided the unexpected
ligand-redistributed products, and the homoleptic ion-pair bis(phenolate) neodymium complex [Li(DME),(THF)]-
[(MBMP),Nd(THF),] (9) was finally isolated as one of the products. Furthermore, the anionic bis(phenolate) lanthanide
amides showed higher catalytic activity for the polymerization of e-caprolactone than the neutral ones. All of the
complexes were characterized with elemental analysis and IR spectra, and the definitive molecular structures of
1-3 and 5-9 were provided by single-crystal X-ray analyses.

Introduction shown great potential applications in catalytic reactions. For
In recent years, bridged bis(phenolate) ligands have €x@mple, the amine bis(phenolate) group 3 and lanthanide
received considerable attention in organolanthanide chemistry™Meta! complexes are highly active initiators for the synﬁhesw
because of their attractive features, such as being easily®f POlY(e-caprolactone) and poly(lactide), respectivéi§:!
available, tunable, and even potentially recyclable, which &"d synd|ospeic:|f|c polyxbutyrolactone) from racemic
allows for the systematic variation of the steric and electronic ﬂ-butyrolactoné, the_ squ_ur-bndged b|s(p_r1_enolate) lanthanide
properties of the bisphenolic portidn? In particular, some alkoxides formed in situ can also initiate the controlled

of these bridged bis(phenolate) lanthanide complexes havePOlymerization of lactidét In addition, the divalent amine
bis(phenolate) ytterbium complex can not only react with a

*To whom correspondence should be addressed. E-mail: yaoym@ |ot of substances, as a single electron-transfer reagent to
suda.edu.cn (Y.Y.), gshen@suda.edu.cn (Q.S.).

t Suzhou University. produce novel trivalent ytterbium species, but also can initiate
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Recently, we became interested in studying the synthesislanthanide amides supported by methylene-linked bis(phe-
and reactivity of organolanthanide complexes supported by nolate) ligands MBMP~ (MBMP = 2,2-methylene bis(6-
bridged bis(phenolate) ligands and found that the lanthanidetert-butyl-4-methyl-phenolate)) were successfully synthesized
amides supported by diamino bis(phenolate) ligands areby general metathesis reactions using the corresponding
highly efficient initiators fore-caprolactone polymerization, lanthanide chlorides as precursors, and the comparative
but the polymerization process is not well controltedin studies on their reactivity for the activation reaction of
contrast, the lanthanide alkoxides based on methylene-linkedcarbodiimide and the polymerization efcaprolactone were
bis(phenolate) ligands show apparently lower activity for this explored. To our best knowledge, this is the first example
polymerization, but the polymerization is in a controlled that the neutral and anionic lanthanide derivatives stabilized
fashion?*¢These differences prompted us to understand how by the same ancillary ligand can be synthesized in a
the ancillary ligands and the active groups affect the reactivity controlled manner by general metathesis reactions by turning
of the organolanthanide complexes supported by bridged bis-of the molar ratio of the reagentddere we report these
(phenolate) ligands. Therefore, we intend to synthesize theresults.
lanthanide amides containing methylene-linked bis(pheno-
late) ligands and/or the alkoxides containing amine bis-
(phenolate) ligands and to systematically investigate the Methylene-linked bis(phenol)s MBMPHHN(TMS), (TMS =
structure/reactivity relationships to gain more insight into this SiMe;), and diisopropyl carbodiimide are commercially available.
problem. In addition, we recently reported the successful All of the manipulations were performed under an argon atmo-
synthesis of neutral lanthanide complexes bearing diamino-sphere, using the standard Schlenk techniques. THF, toluene, DME,
or imidazolidine-bridged bis(phenolate) ligands by direct and hexane were distilled from sodium benzophenone ketyl before
metathesis reactiof8™Thus, we also intend to expand this  USe: [LAN(TMS)z}2(u-C(THF)]2 (Ln = Nd, Yb),> NaN(TMS),°

. ; . ) i
synthetic method to the methylene-linked bis(phenolate) "9 LIN(TMS)' were prepared according to the published proce
i d t B th thesis of tral bridaed bi dures. HN(TMS) was dried over Calplfor 4 days and distilled

Igand systems. because the synth€sis ol neutral bridged DiSy, ¢, usee-Caprolactone«-CL) (ACROS Co.) was dried over

(phenolate) lanthanide derlvatlve_s by general salt meta@thesmcl,j“_'Z for 4 days at room temperature and then distilled under
reactions seems to be problemafimost of these lanthanide  requced pressure. Lanthanide analyses were performed by EDTA
complexes were synthesized by the reaction of the appropri-titration with an xylenol orange indicator and a hexamine buffer,
ate trivalent homoleptic lanthanide amide or alkyl with an and chloride analyses were carried out using the Volhard method.
equivalent LH ligand via a protolytic ligand exchange The content of lithium was determined with a Hitachi 8D
reactiont-4ii3 |n this article, some neutral and anionic polarized Zeeman atomic absorption spectrophotometer. Carbon,
hydrogen, and nitrogen analyses were performed by direct combus-
tion with a Carlo-Erba EA-1110 instrument. The IR spectra were
recorded with a Nicolet-550 FTIR spectrometer as KBr pellets.
Because of their paramagnetism, no resolvable NMR spectrum for
these lanthanide complexes was obtained. The uncorrected melting

Experimental Section

(1) For recent examples of amine bis(phenolate) lanthanide complexes,
see (a) Skinner, M. E. G.; Tyrell, B. R.; Ward, B. D.; Mountford, P.
J. Organomet. ChenR002 647, 145. (b) Cai, C. X.; Toupet, L.;
Lehmann, C. W.; Carpentier, J.-B. Organomet. Chen2003 683,
131. (c) Cai, C. X.; Amgoune, A.; Lehmann, C. W.; Carpentier, J. F.

@
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Chem. Commun2004 330. (d) Kerton, F. M.; Whitwood, A. C.;
Willans, C. E.Dalton Trans.2004 2237. (e) Yao, Y. M.; Ma, M. T.;
Xu, X. P.; Zhang, Y.; Shen, Q.; Wong, W. Drganometallic2005

24, 4014. (f) Boyd, C. L.; Toupance, T.; Tyrrell, B. R.; Ward, B. D.;

Wilson, C. R.; Cowley, A. R.; Mountford, ROrganometallics2005

24, 309. (g) Ma, M. T.; Xu, X. P.; Yao, Y. M.; Zhang, Y.; Shen, Q.

J. Mol. Struct. 2005 740, 69. (h) Bonnet, F.; Cowley, A. R.;
Mountford, P.Inorg. Chem2005 44, 9046. (i) Amgoune, A.; Thomas,
C. M,; llinca, S.; Roisnel, T.; Carpentier, J.-Angew. Chem., Int.

Ed. 2006 45, 2782. (j) Amgoune, A.; Thomas, C. M.; Roisnel, T;

Carpentier, J. FChem—Eur. J. 2006 12, 169. (k) Delbridge, E. E.;
Dugah, D. T.; Nelson, C. R.; Skelton, B. W.; White, A. Balton
Trans.2007, 143. (I) Zhou, H.; Guo, H. D.; Yao, Y. M.; Zhang, Y.;
Shen, Q.Inorg. Chem.2007, 46, 958. (m) Xu, X. P.; Yao, Y. M.;
Zhang, Y.; Shen, Qlnorg. Chem.2007, 46, 3743.

points of crystalline samples in sealed capillaries (under argon) are
reported as ranges. Molecular weight and molecular weight dis-
tribution (PDI) were determined against a polystyrene standard by
gel permeation chromatography (GPC) on a PL 50 apparatus, and
THF was used as an eluent at a flow rate of 1.0 mL/min at
40 °C.

Synthesis of [[MBMP)Nd(u-CI)(THF) ], (1). To a THF solution
of [Nd{N(TMS),} »(«-CI)(THF)]. (30 mL, 1.77 g, 1.55 mmol) was
added a THF solution of MBMPH(20 mL, 1.05 g, 3.10 mmol).
The mixture was stirred overnight at room temperature, and then
THF was evaporated completely in a vacuum. Toluene (20 mL)
was added to extract the product, and blue crystals were isolated

For recent examples of carbon-bridged bis(phenolate) lanthanide j 3 days (1.74 g, 85%). Mp: 183L85°C. Anal. Calcd for GHer-

complexes, see (a) Deng, M. Y.; Yao, Y. M.; Shen, Q.; Zhang, Y.

Sun, J.Dalton Trans.2004 944. (b) Yao, Y. M.; Xu, X. P.; Liu, B.;
Zhang, Y.; Shen, Qnorg. Chem2005 44, 5133. (c) Xu, X. P.; Ma,
M. T.; Yao, Y. M.; Zhang, Y.; Shen, Q&ur. J. Inorg. Chem2005

676. (d) Xu, X. P.; Ma, M. T.; Yao, Y. M.; Zhang, Y.; Shen, Q.
Mol. Struct.2005 743 163. (e) Xu, X. P.; Yao, Y. M,; Hu, M. Y;
Zhang, Y.; Shen, QJ. Polym. Sci.: Part A: Polym. CherR006 44,

4409.

For recent examples of sulfur-bridged bis(phenolate) and biphenolate
lanthanide complexes, see (a) Arnold, P. L.; Natrajan, L. S.; Hall, J.

J.; Bird, S. J.; Wilson, CJ. Organomet. Chen2002 647, 205. (b)
Ma, H. Y.; Spaniol, T. P.; Okuda, J. Chem. So¢.Dalton Trans.
2003 4470. (c) Ma, H. Y.; Okuda, Macromolecule®005 38, 2665.
(d) Ma, H. Y.; Spaniol, T. P.; Okuda, Angew. Chem., Int. EQ006

45, 7818. (e) Schaverien, C. J.; Meijboom, N.; Orpen, AJGChem.
Soc., Chem. Commui992 124. (f) Gribkov, D. V.; Hultzsch, K.
C.; Hampel, F.Chem—Eur. J. 2003 9, 4796. (g) Gribkov, D. V;
Hampel, F.; Hultzsch, K. CEur. J. Inorg Chem.2004 4091.
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CI,Nd,Og: C, 56.21; H, 7.00; Cl, 5.35; Nd, 21.78. Found: C, 55.96;
H, 6.89; Cl, 5.12; Nd, 21.61. IR (KBr, cm): 2955 (s), 2914 (s),
2872 (m), 1604 (m), 1465 (s), 1441 (s), 1387 (m), 1232 (s), 1202
(m), 860 (m), 768 (m), 619 (m).

(4) (a) Wayda, A. L.Organometallics1983 2, 565. (b) Schumann, H.;
Winterfeld, J.; Golitz, F. H.; Pickardt, J.J. Chem. Soc., Chem.
Commun 1993 623.

(5) Aspinall, H. C.; Bradley, D. C.; Hursthouse, M. B.; Sales, K. D;
Walker, N. P. C.; Hussain, Bl. Chem. Soc., Dalton Tran§989
623.

(6) Wannagat, U.; Niederpno, H. Chem. Ber1961 94, 1540.

(7) Bradley, D. C.; Ghotra, J. S.; Hart, F. A.Chem. Soc., Dalton Trans.
1973 1021.

(8) Atwood, J. L.; Hunter, W. E.; Wayda, A. L.; Evans, Wldorg. Chem
1981, 20, 4115.



Neutral and Anionic Lanthanide Amides

Synthesis of [[MBMP)Yb(u-CI)(THF) 2], (2). The synthesis of
2 was carried out in the same way as that described,fbut [Yb-
{N(TMS)2} 2(u-Cl)(THF)], (1.72 g, 1.43 mmol) was used instead
of [Nd{ N(TMS)_} 2(u-Cl)(THF)],. Orange-red microcrystals (1.56
g) were obtained from a concentrated toluene solution (79%). Mp:
175-177°C. Anal. Calcd for @GHg,Cl,0sYb,: C, 53.87; H, 6.71;
Cl, 5.13; Yb, 25.04. Found: C, 53.63; H, 6.61; Cl, 4.98. Yb, 24.92.
IR (KBr, cm™1): 2955 (s), 2915 (s), 2871 (m), 1605 (m), 1469 (s),
1441 (s), 1389 (m), 1233 (s), 1202 (m), 862 (m), 769 (m), 619
(m). Crystals suitable for X-ray structure analysis were obtained
in the concentrated toluene/THF solution.

Synthesis of (MBMP)Nd[N(TMS),]J(THF). (3). To a THF
solution of1 (25 mL, 1.88 g, 1.39 mmol) was added a THF solution
of NaN(TMS), (2.1 mL, 2.78 mmol). The mixture was stirred

8.58; N, 2.34; Li, 0.57; Yb, 15.23. IR (KBr, cm): 2955 (s), 2915
(s), 2871 (s), 1637 (m), 1469 (s), 1441 (s), 1387 (m), 1253 (s),
1181 (m), 1050 (w), 933 (m), 843 (m).

Synthesis of [((-O—MBMP)Nd { (PrN),CN(TMS)2}]2 (7). To
a THF solution of3 (30 mL, 2.77 mmol) was added a THF solution
of diisopropyl carbodiimide (5.5 mL, 2.77 mmol). The mixture was
stirred overnight at room temperature, THF was evaporated in a
vacuum, and then toluene (25 mL) was added to extract the product.
The precipitate was removed by centrifugation, and blue crystals
of 7 were obtained in 2 days at5 °C in 72% yield by cooling the
toluene solution (1.53 g). Mp: 182184 °C. Anal. Calcd for
C72H124N6Nd2048i4: C, 56.20; H, 8.12; N, 5.46; Nd, 18.75.
Found: C, 55.96; H, 8.03; N, 5.35; Nd, 18.56. IR (KBr, Tt
3209 (w), 2955 (s), 2916 (s), 2872 (s), 1651 (s), 1516 (s), 1465

overnight at room temperature, and a colorless gel-like precipitate (s), 1434 (s), 1390 (m), 1253 (m), 1171 (m), 1055 (w), 840 (m).

formed gradually. THF was evaporated in a vacuum, and toluene

(20 mL) was added to extract the product. Blue crystals were

obtained from a concentrated toluene solution (about 12 mL) at

—5 °C overnight (1.64 g, 75% based on neodymium). Mp: 168
170°C. Anal. Calcd for G;HesNNdO,Sip: C, 56.44; H, 8.19; N,
1.78; Nd, 18.32. Found: C, 56.16; H, 7.94; N, 1.65; Nd, 18.19. IR
(KBr, cm™1): 2956 (s), 2919 (s), 2872 (s), 1629 (m), 1474 (m),
1443 (s), 1385 (s), 1234 (s), 1131 (m), 1084 (m), 868 (m), 758
(m).

Synthesis of (MBMP)Yb[N(TMS),](THF), (4). The synthesis
of 4 was carried out in the same way as that described fdut
2(1.95 g, 1.41 mmol) was used insteadlofOrange microcrystals

(1.58 g) were obtained from a concentrated toluene solution (10

mL) (69% based on ytterbium). Mp: 15456 °C. Anal. Calcd
for C37HgiNO4SiYb: C, 54.45; H, 7.90; N, 1.72; Yb, 21.20.
Found: C, 54.27; H, 7.74; N, 1.64; Yb, 21.02. IR (KBr, ch

2956 (s), 2920 (s), 2871 (s), 1630 (m), 1474 (m), 1443 (s), 1387

(s), 1233 (s), 1130 (m), 1084 (m), 868 (m), 759 (m).
Synthesis of [Li(THF)4][(MBMP)Nd {N(TMS)2} ] (5). Method
A. To a solution ofl (1.92 g, 1.45 mmol) in THF (25 mL) was
added freshly prepared LIN(TMS)n THF (30 mL, 5.80 mmol).

The mixture was stirred overnight at room temperature, and the | o
d A Typical Polymerization Procedure. The procedures for the

solvent was evaporated in a vacuum. Toluene (20 mL) was adde
to the residue, and the mixture was stirred at’80for about 0.5
h. The precipitate formed was removed by centrifugation, and to

Synthesis of (MBMP)Yb[(PrN),CN(TMS),](THF), (8). The
synthesis o8B was carried out as that described #Hrbut4 (2.93
mmol) was used in place & After workup, orange microcrystals
were obtained from concentrated toluene solution (1.60 g, 65%).
Mp: 155-157 °C. Anal. Calcd for Q4H7gN304Si2Yb: C, 56.08;

H, 8.34; N, 4.46; Yb, 18.36. Found: C, 55.89; H, 8.22; N, 4.28;
Yb, 18.17. IR (KBr, cntl): 3198 (w), 2954 (s), 2915 (s), 2873
(s), 1647 (s), 1515 (s), 1465 (s), 1434 (s), 1388 (m), 12543 (m),
1170 (m), 1055 (w), 840 (m). Crystals suitable for X-ray struc-
ture analysis were obtained by the slow cooling of a hot toluene
solution.

Synthesis of [Li(DME)x(THF)][(MBMP) ,Nd(THF),] (9). To
a THF (30 mL) solution of5 (2.67 g, 2.43 mmol) was added a
THF solution of diisopropyl carbodiimide (4.9 mL, 2.43 mmol),
and the mixture was stirred overnight at room temperature. The
solution was concentrated to about 3 mL, and then DME (0.5 mL)
and hexane (12 mL) were added. Pale-blue crystals were isolated
in 2 days (1.15 g, 38%). Mp: 138140°C. Anal. Calcd for GeHios
LiINdO11: C, 64.73; H, 8.56; Li, 0.57; Nd, 11.78. Found: C, 64.49;
H, 8.42; Li, 0.48; Nd, 11.57. IR (KBr, cri): 2951 (s), 2912 (s),
1608 (w), 1466 (s), 1435 (s), 1385 (m), 1084 (s), 860 (m).

polymerization ofe-caprolactone initiated b3—6 were similar,
and a typical polymerization procedure is given below. A 50 mL

the solution was added THF (0.5 mL). Blue crystals were obtained Schlenk flask, equipped with a magnetic stirring bar, was charged

from the solution at—5 °C overnight (2.52 g, 79% based on
neodymium). Mp: 128130°C. Anal. Calcd for G;HggLiN ;NdO;-
Si;: C, 55.74; H, 8.99; N, 2.55; Li, 0.63; Nd, 13.13. Found: C,
55.51; H, 8.75; N, 2.43; Li, 0.59; Nd, 12.89. IR (KBr, ci): 2956
(s), 2915 (s), 2870 (s), 1639 (m), 1465 (s), 1440 (s), 1385 (m),
1253 (s), 1180 (m), 1050 (w), 929 (m), 845 (m).

Method B. To a THF solution of [NN(TMS)2} 2(u-Cl)(THF)],
(30 mL, 2.23 g, 1.74 mmol) was added a THF solution of MBMPH
(20 mL 1.18 g, 3.48 mmol). The mixture was stirred for about 3 h
at room temperature, and then the system was cooledl®°C.
"BuLi in hexane (4.63 mL, 6.96 mmol) was added dropwise to the
solution. The mixture was stirred at room temperature overnight,

with a solution ofe-caprolactone in toluene. To this solution was
added the desired amount of initiator in toluene by syringe. The
contents of the flask were then stirred vigorously at room temper-
ature for the desired time. The reaction mixture was quenched by
the addition 6 1 M HCl-ethanol solution and then poured into
methanol to precipitate the polymer, which was dried in a vacuum
and weighed.

X-ray Crystallography. Suitable single crystals df-3 and5—9
were sealed in a thin-walled glass capillary for determining the
single-crystal structure. Intensity data were collected with a Rigaku
Mercury CCD area detector in scan mode using Mo & radiation
(A = 0.71070 A). The diffracted intensities were corrected for

and then the solvent was evaporated in a vacuum. The following Lorentz polarization effects and empirical absorption corrections.

procedure is similar to that described figlethod A, and5 was
isolated as blue crystals (2.21 g, 58%).

Synthesis of [Li(THF)4][(MBMP)Yb {N(TMS),},] (6). The
synthesis o6 was carried out in the same way as that described
for 5, but 2 (2.15 g, 1.56 mmol) was used instead Dbf After
workup, pale yellow microcrystals were isolated from concentrated
toluene/THF solution (2.67 g, 76% fdtethod A; 88% forMethod
B). Mp: 116-118 °C. Anal. Calcd for GiHggLiN,OeSisYb: C,
54.32; H, 8.76; N, 2.48; Li, 0.62; Yb, 15.35. Found: C, 54.11; H,

Details of the intensity data collection and crystal data are given
in Tables 1 and 2.

The structures were solved by direct methods and refined by
full-matrix least-squares procedures basedrga All of the non-
hydrogen atoms were refined anisotropically. All of the hydrogen
atoms were held stationary and included in the structure factor
calculation in the final stage of full-matrix least-squares refinement.
The structures were solved and refined usiB$IELEXL-97
programs.

Inorganic Chemistry, Vol. 46, No. 22, 2007 9381



Table 1. Crystallographic Data fot—3 and5

Xu et al.

compound

1

23THF 3 5
formula C‘ezngClesNdz C74H116C|2011Yb2 C37Hs4NNdO4Si2 C51H98LiN 2068i4Nd
fw 1324.74 1598.65 787.31 1098.85
T (K) 193(2) 193(2) 193(2) 193(2)
cryst syst monoclinic triclinic monoclinic triclinic
space group C2c PT P2;/c Pr
crystal size (mrf) 0.5x 0.4x 0.29 0.80x 0.60x 0.20 0.40x 0.30x 0.20 0.5x 0.32x 0.23
a(A) 31.218(2) 12.223(4) 13.0248(11) 18.129(3)

b (A) 12.2454(6) 12.914(4) 15.3911(12) 18.406(2)
c(A) 22.4827(16) 14.009(4) 20.6746(18) 19.616(3)
o (deg) 75.536(11) 94.907(3)

p (deg) 132.0440(10) 66.365(10) 98.730(2) 102.577(4)
y (deg) 77.705(13) 98.928(3)

V (A3) 6382.6(7) 1945.6(10) 4096.5(6) 6262.9(15)
z 4 1 4 4

Dealcd (g cm3) 1.379 1.364 1.277 1.165
u(mm1) 1.741 2.510 1.361 0.947
F(000) 2728 822 1652 2340

Omax (deg) 27.48 27.48 25.35 25.35
collected 34535 21232 39132 62 193
refins

unique reflns 7292 8518 7478 22775
observed reflns 6666 8328 6761 17911
(1> 2.00(1)]

no. of variables 335 407 421 1212

GOF 1.074 1.058 1.143 1.096

R 0.0326 0.0298 0.0349 0.0495

wR 0.0787 0.0789 0.0724 0.0998

Table 2. Crystallographic Data fo6—9
compound 6 7-C7Hg 8 9 THF

formula C51H93LiN QOGSi4Yb C79H132N5Nd2048i4 C44H73N304Si2Yb C70H112LiNd012
fw 1127.65 1630.75 942.31 1296.78
T (K) 193(2) 218(2) 218(2) 183(2)
cryst syst triclinic monoclinic monoclinic monoclinic
space group PT P2:/n P2i/c P2i/c

crystal size (mr)

0.40x 0.30x 0.20

0.30x 0.30x 0.20

0.40x 0.30x 0.15

0.70x 0.25x 0.20

a(A) 18.0270(17) 13.9274(17) 11.6525(10) 18.3594(17)
b (A) 18.3365(19) 12.1349(14) 27.241(2) 13.4459(11)
c(A) 19.538(2) 25.304(3) 15.4738(14) 29.180(3)

o (deg) 94.434(2)

B (deg) 102.595 97.616(3) 97.439(2) 100.059(3)
y (deg) 98.967(3)

V (A3) 6184.3(11) 4238.9(9) 4870.4(7) 7092.7(11)
VA 4 2 4 4

Deatcd (g c3) 1.211 1.278 1.285 1.214
u(mm-1) 1.632 1.315 2.009 0.788

F(000) 2380 1712 1972 2764

Omax (deg) 25.35 25.35 25.35 25.35
collected reflns 61 695 40 295 46 206 66 339
unique reflns 22512 7753 8896 12 954
observed reflns 17 670 6482 7877 10788

[I > 2.00(])]

no. of variables 1212 438 506 765

GOF 1.119 1.185 1.181 1.180

R 0.0492 0.0722 0.0499 0.0745

WR 0.0912 0.1340 0.1022 0.1442

Results and Discussion

Synthesis and Characterization of Neutral and Anionic
Bis(phenolate) Lanthanide Amides.To synthesize the

[Ln{N(TMS),} 2(u-CI)(THF)]2, the color of the solution

gradually changed to pale purple-blue (for neodymium) or
brown (for ytterbium). After workup, the desired bis-

methylene-linked bis(phenolte) lanthanide amido complexes (phenolate) lanthanide chlorides with the general formula
by salt metathesis reaction, the corresponding lanthanide[(MBMP)LN(u-Cl)(THF)]. (Ln = Nd (1), Yb (2)) were

chlorides with the general formula (MBMP)LNCI(THF) obtained from a concentrated toluene solution in high isolated
should be prepared. However, these lanthanide chloridesyields as analytically pure-blue or orange-red crystals as
cannot be synthesized by general salt metathesis reactionshown in Scheme 1. Elemental analyses revealed that the
of anhydrous LnGlwith MBMPN&, in a 1:1 molar ratic® complex consists of one bis(phenolate) ligand, one chlorine
Thus, the protolytic ligand exchange reactions of [Ln- atom, and two coordinated THF molecules at the metal
{N(TMS)y} 2(u-CI)(THF)], with MBMPH, were used. With  center. Their definitive molecular structures were confirmed
the addition of 2 equiv of MBMPHKto a THF solution of by single-crystal structure determinatiod. and 2 are
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Scheme 1
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THF
‘Bu
Ln=Nd (5), Yb (6) Ln=Nd (3), Yb (4)
relatively stable to air and moisture; the crystals can be
exposed to air fiol h without apparent deterioratioh.and
2 are well soluble in THF and toluene.

1 and?2 are isostructural (Figure 1). Each complex shows
a centrosymmetric dimeric structural feature containinga Ln
Cl, core bridging through the chlorine atoms. The two

analysis, and the definitive molecular structure fvas
determined by single-crystal structure analysis.

The molecular structural diagram 8fis shown in Figure
2 with its selected bond lengths and angl&s.has a
monomeric structure, which is different from the dimeric
structure of the corresponding methylene-linked bis(pheno-
late) alkoxide® and chlorided and2. The neodymium atom
is five-coordinated with two oxygen atoms from the bis-
(phenolate) ligands, one nitrogen atom from the amido group,
and two oxygen atoms from two THF molecules to form a
distorted trigonal bipyramid, in which O(1), O(2), and N(1)
are considered to occupy the equatorial plane, and O(3) and
O(4) occupy the apical positions.

In 3, the averaged NdO(Ar) bond length of 2.200(2) A
is comparable with the corresponding values observed in
and (MBMP)Nd(GHs)(THF), (2.173(3) A)2® [(EDBP)Nd-
(u-OPr)(THF)L (2.225(5) A)2e The Nd-N(TMS) bond
length of 2.352(3) A is comparable with the corresponding
bond length in Nd[N(TMS)3 (2.29(2) (A)}2when the effect
of the coordination number on the effective ionic radius is
considered.

Further study revealed thatand2 can also react with 4

bridging chlorine atoms and two lanthanide atoms are exactly equiv of LiN(TMS), under the same reaction conditions, to
coplanar, as required by the crystallographic symmetry. The produce the anionic lanthanide amido complexes [Li(T{HF)

central metal atom is six-coordinated with bis(phenolate)
ligands, two chlorine atoms, and two THF molecules in a
distorted octahedron, in which O(1), O(2), Cl(1), and CI-

[(MBMP)NA{N(TMS);}] [Ln = Nd (5), Yb(6)] in high
isolated yields (Scheme 1% and 6 were identified with
elemental analysis, IR spectra, and single-crystal X-ray

(1A) can be considered to occupy equatorial positions and diffraction study.5 and6 are extremely sensitive to air and

0O(3) and O(4) to occupy axial positions.
The average NedO(Ar) and Yb—O(Ar) bond lengths of
2.172(2) and 2.059(2) A, respectively, are slightly smaller

moisture. They are freely soluble in THF and moderately
soluble in toluene and benzene but insoluble in hexane.
Furthermoreb and6 can also be conveniently prepared

than the corresponding bond lengths observed in complexesyy the direct reactions of [IN(TMS),} 2(u-CI)(THF)], with

[((MBMP)Ln(u-O'Pr)(THF),], (2.215(5) A for the neody-
mium complex and 2.120(3) A for the ytterbium compRéx)
and [(EDBP)Ndg-O'Pr)(THF)]2.(2.225(5) A)2e Two chlo-

rine atoms are unsymmetrically coordinated to the neody-

mium atoms with a deviation of 0.041 A hbut symmetri-
cally coordinated to the ytterbium atoms2nThe average
Ln—Cl bond lengths of 2.8561(8) and 2.712(1) Alrand

MBMPH; in a 1:2 molar ratio and then with 4 equiv &f
BuLi in situ in THF and isolated from concentrated toluene
solution in high yields, as shown in Scheme 1. These results
demonstrated that the ECI bonds in the methylene-linked
bis(phenolate) lanthanide chlorides have good reactivity for
the chloride-substituted reaction, which are quite different
from the cases of the yttrium and scandium diamino- bis-

2, respectively, are comparable with the bond lengths of the (phenolate) chlorides, [Y( NN')(«-Cl)(py)]. and Sc(@B-

bridging Ln—ClI bonds reported in{jz-p-(MesSiN),CgsHa} -
Nd(u2-Cl)(THF)]4 (2.828(2) A)? {[(SiMe3),NC(N'Pr)].Nd-
(u-Cl)}» (2.841(2) Ay and [(DIPPhynacnac]YbCl¢-Cl)sYb-
[(DIPPhynacnac](THF) (2.708(3) A) ((DIPPacnac=
N,N-diisopropylphenyl-2,4-pentanediimine anidh).

1 and 2 are good precursors for the synthesis of well-

NN")Cl(py) [O2BNN" = (2-CsH4N)CHzN{ CH,-(2-OCH,"
Buy-3,5)}], in which the substitution of the chloride with a
range of lithium or magnesium alkyls or LIN(TMSyas
unsuccessfu.

5 crystallizes with two crystallographically independent

but chemically similar molecule$4, 5b) in the unit cell.5

defined methylene-linked bis(phenolate) lanthanide amidesand 6 are isostructural, and both have a discrete ion-pair

by simple metathesis reactionk.and 2 reacted smoothly
with 2 equiv of NaN(TMS) in THF, after workup, to afford

structure. An ORTEP diagram of the anion is depicted in
Figure 3, with the selected bond lengths and angles. In the

the corresponding neutral bis(phenolate) lanthanide amidoanijon, the central metal atom is four-coordinated with bis-

complexes (MBMP)Ln[N(TMS)(THF), (Ln = Nd (3), Yb

(phenolate) ligands and two trimethylsilylamido groups in a

(4)) in moderate isolated yields at room temperature. The distorted tetrahedron. In the cation, the lithium atom is four-

compositions of3 and 4 were confirmed with elemental

(9) Zhao, B.; Li, H. H.; Shen, Q.; Zhang, Y.; Yao, Y. M,; Lu, C. R.
Oranometallics 2006 25, 1824.
(10) Yao, Y. M.; Luo, Y. J.; Chen, J. L.; Zhang, Z. Q.; Zhang, Y.; Shen,
Q. J. Organomet. Chen2003 679 229.
(11) Yao, Y. M.; Zhang, Y.; Shen, Q.; Yu, K. BDranometallics 2002
21, 819.

coordinated by four THF molecules to form a distorted
tetrahedron.

In 5 and6, the average NdO(Ar) and Yb—O(Ar) bond
lengths of 2.195(3), and 2.087(3) A, respectively, are in

(12) Andersen, R. A.; Templeton, D. H.; Zalkin, Aorg. Chem 1978
17, 2317.
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Figure 1. Molecular structure of [(MBMP)Ln{-CI)(THF),]. (Ln = Nd (1), Yb (2)). Hydrogen atoms are omitted for clarity. Selected bond lengths (A) and
angles ) (with data for2 in parentheses): Ln(3)O(1) 2.189(2) [2.058(2)], Ln(})O(2) 2.155(2) [2.061(2)], Ln(})CI(1) 2.8767(8) [2.7139(10)], Ln-
(1)—CI(1A) 2.8354(8) [2.7107(11)]; O(H)Ln(1)—0O(2) 97.68(8) [98.72(9)], O(H)Ln(1)—CI(1A) 93.79(6) [92.54(7)], O(2yLn(1)—ClI(1) 92.32(5) [90.90-
(7)], CI(1A)—Ln(1)—CI(1) 76.58(2) [77.85(3)], O(3)Ln(1)—0O(4) 178.15(8) [176.69(8)], Ln(})CI(1)—Ln(1A) 103.42(2) [102.15(3)].

Figure 3. Molecular structure of [Li(THR)[(MBMP)LN{N(TMS)z} ;] (Ln
= Nd (5), Yb (6)). Hydrogen atoms are omitted for clarity. Selected bond
e o lengths (A) and angles) (with data for6 in parentheses): Ln(1AYO(1A)
0,
O oAbl el Coder 2 1% 33819 1000 L1 O(aA) 21806) 0741, LnANGA)
y 2.382(3) [2.238(4)], Ln(1A}N(2A) 2.361(3) [2.214(4)], Ln(1A)}Si(3A)

Figure 2. ORTEP diagram o8 showing atom-numbering scheme. Thermal

2.214(2), Nd(13-O(2) 2.187(2), Nd(1¥N(1) 2.352(3), Nd(1)-Si(1) 3.4338-
(9); O(2)-Nd(1)-O(1) 104.28(8), O(2yNd(1)~N(1) 131.07(9), O(1}
Nd(1)-N(1) 124.50(8), O(3}Nd(1)-O(4) 163.56(8).

3.3821(14) [3.2982(16)]; O(2A)LN(1A)—O(1A) 97.15(10) [101.18(13)],
0(2A)—Ln(1A)—N(2A) 115.92(11) [114.51(14)], O(LALN(1A)—N(2A)
102.26(12) [101.91(14)], O(2A)LNn(1A)—N(1A) 101.99(11) [101.34(14)],
O(1A)—Ln(1A)—N(1A) 121.12(11) [122.35(13)], N(2A)Ln(1A)—N(1A)
117.27(12) [115.20(15)].

accordance with the corresponding bond lengths observed

in complexes [(MBMP)Lng-OPr)(THF)], (2.215(5) for the  [N(SiMes),] (2.241(5)) and DanipYb[N(SiHMg;], (2.209-
neodymium complex; 2.120(3) A for the ytterbium comp®x).  (2) A) (Danip = 2,6-di(o-anisol)phenyl)}4

The averaged LaN bond lengths of 2.371(3) Band 2.226- Reactions of Lanthanide Amido Complexes with Di-
(4) in 6 are comparable with the corresponding value8 in  isopropyl Carbodiimide. The reactivity of lanthanocene

(2.352(3)), and (eMes):YbNPh, (2.216(5))} DanipYb- amides with small molecules has been investigated, and these

(13) Wang, Y. R.; Shen, Q.; Xue, F.; Yu, K. B. Organomet. Chen200Q (14) Rabe, G. W.; Presse, M. Z.; Riederer, F. A.; Yap, G. Plnarg.
598 359. Chem.2003 42, 3527.
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complexes can activate a number of small molecules, such

as CO CO,,% RNCO16b.17 phNCSL7d.18 CS, 182 carbo-
diimidesl7d.18b.19nd nitrilest®®2etc. In contrast, the reactiv-
ity of non-cyclopentadienyl lanthanide amido compleXe’,

Figure 4. ORTEP diagram of showing atom-numbering scheme. Thermal
ellipsoids are drawn at the 30% probability level. Hydrogen atoms are
omitted for clarity. Selected bond lengths (A) and angt¢s Nd(1)—0(1)

especially the bridged bis(phenolate) lanthanide amido 2.444(4), Nd(1)}-O(2) 2.154(4), Nd(1}O(1A) 2.368(4), Nd(1)}N(1) 2.427-
complexes with small molecules, is rarely studied. Recently, (5), Nd(1)-N(2) 2.460(5), Nd(1)C(24) 2.889(7), Nd(})C(1) 2.919(6);

insertion reactions of carbodiimide into the-£N bond have

0(2)~Nd(1)-0(1) 112.26(16), O(1AyNd(1)—O(1) 69.04(16), N(1}Nd-
(1)—N(2) 55.03(18), O(1AFNd(1)-O(1) 69.04(16), Nd(1AY}O(1)-Nd-

attracted considerable attention because it provides a con{1) 110.96(16), C(1O(1)-Nd(1) 94.5(3), C(7>-O(2)-Nd(1) 148.6(4).

venient method for the synthesis of lanthanide guanidinate

complexeg’d:180.1922Tg explore the effect of structure on

moderate isolated yields as shown in Scheme 2. The

the reactivity of bis(phenolate) lanthanide amido complexes, compositions of7 and 8 were confirmed with elemental

the insertion reactions of carbodiimide into the-tld bonds

analysis. In their IR spectra, the=*C=N stretch of the

of the neutral and anionic bis(phenolate) lanthanide amidesparent carbodiimide (2117 c) disappears, and the=eN

were investigated. WheN,N'-diisopropylcarbodiimide was
added to a THF solution of neutral lanthanide amgdand

stretch at approximately 1650 ctnis observed. These data
reflect thatzr electrons within the double bonds of the

4 at room temperature, the desired insertion reactions N—C—N linkage are delocalized in these compleX&Both
occurred, and the corresponding lanthanide guanidinate7 and8 are relatively sensitive to air and moisture. They are

complexes [-O—MBMP)N{ (PrNCN(TMS)}]. (7) and
(MBMP)Yb[("PrN,CN(TMS)](THF), (8) were obtained in

(15) (a) Evans, W. J.; Drummond, D. K. Am. Chem. Sod 986 108
7440. (b) Evans, W. J.; Drummond, D. K.; Charmberlain, L. R;
Doedens, R. J.; Bott, S. G.; Atwood, J. L. Am. Chem. S0d.988
110 4983. (c) Clair, M. A.; Santarsiero, B. D.; Bercaw, J. E.
Organometallics1989 8, 17.

(16) (a) Evans, W. J.; Seibel, C. A.; Ziller, J. Whorg. Chem.1998 37,
770. (b) Evans, W. J.; Fujimoto, C. H.; Ziller, J. \@rganometallics
2001, 20, 4529.

(17) (a) Mao, L.; Shen, Q.; Xue, M.; Sun, Organometallics1997, 16,
3711. (b) Shen, Q.; Li, H. R.; Yao, C. S,; Yao, Y. M.; Zhang, L. L.;
Yu, K. B. Organometallics2001, 20, 3070. (c) Zhang, J.; Zhou, X.
G.; Cai, R. F.; Weng, L. Hlnorg. Chem2005 44, 716. (d) Zhang,
J.; Cai, R. F.; Weng, L. H.; Zhou, X. Grganometallic2003 22,
5385. (e) Zhang, J.; Cai, R. F.; Chen, Z. X.; Zhou, XI@rg. Chem.
2007, 46, 321.

(18) (a) Li, H. R.; Yao, Y. M.; Shen, Q.; Weng, L. HDrganometallics
2002 21, 2529. (b) Ma, L. P.; Zhang, J.; Cai, R. F.; Chen, Z. X,;
Weng, L. H.; Zhou, X. GJ. Organomet. Chen2005 690, 4926.

(19) (a) Zhang, J.; Cai, R. F.; Weng, L. H.; Zhou, X. Grganometallics
2004 23, 3303. (b) (c) Pi, C. F.; Zhang, Z. X.; Liu, R. T.; Weng, L.
H.; Chen, Z. X.; Zhou, X. GOrganometallic2006 25, 5165. (d) Pi,

C. F.; Zhang, Z. X.; Pang, Z.; Zhang, J.; Luo, J.; Chen, Z. X.; Weng,

L. H.; Zhou, X. G.Organometallics2007, 26, 1934. (e) Pi, C. F.;
Zhu, Z. Y.; Weng, L. H.; Chen, Z. X.; Zhou, X. G&Chem. Commun.
2007, 2190.

(20) (a) Bercaw, J. E.; Davies, D. L.; Wolczanski, P.Qrganometallics
1986 5, 443. (b) Shapiro, P. J.; Henling, L. M.; Marsh, R. E.; Bercaw,
J. E.Inorg. Chem.199Q 29, 4560.

(21) Giesbrecht, G. R.; Whitener, G. D.; Arnold,JJ.Chem. Soc., Dalton
Trans.2001, 923.

(22) Zhou, L. Y.; Yao, Y. M.; Zhang, Y.; Xue, M. Q.; Chen, J. L.; Shen,
Q. Eur. J. Inorg. Chem2004 2167.

readily soluble in THF and toluene but are sparingly soluble
in hot n-hexane.

The molecular structural diagram @fis shown in Figure
4 with its selected bond lengths and bond anglelsas an
unsolvated centrosymmetric dimeric structure, in which two
neodymium atoms were linked by two oxygen atoms from
two MBMP groups. Each neodymium atom is bound to three
oxygen atoms of two bis(phenolate) ligands and two nitrogen
atoms and one carbon atom from the guanidinate ligand. In
addition, one carbon atom [C(1)] from one arene ring of the
bis(phenolate) ligands is also coordinated to the neodymium
atom. Thus, the central metal is seven-coordinated, and the
coordination geometry can be described as a distorted
tetrahedron when the guanidinate ligand and the phenolate
group containing O(1) and C(1) are considered to occupy
one coordination site, respectively.

The terminal N&-O(Ar) bond length of 2.154(4) A is in
accordance with those observed in 3, and 5. Two
phenoxo-O atoms are unsymmetrically coordinated to the
central metal atoms with a deviation of about 0.06 A. As
expected, the bridging NdO(Ar) bond lengths in this
complex are larger than those of the terminal ones. The
Nd—N bond lengths of 2.427(5) and 2.460(5) A are similar
to the values reported for [(SiMeNC(N'Pr)]Nd(«-Me),Li-

(23) Wilkins, J. D.J. Organomet. Chenl974 80, 349.
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Figure 6. ORTEP diagram of the anion & showing atom-numbering

Figure 5. ORTEP diagram o8 showing atom-numbering scheme. Thermal ~scheme. Thermal ellipsoids are drawn at the 30% probability level. Hydrogen
ellipsoids are drawn at the 10% probability level. Hydrogen atoms are atoms are omitted for clarity. Selected bond lengths (A) and ang)es (

omitted for clarity. Selected bond lengths (A) and angfés ¥b(1)—O(1) Nd(1)-O(1) 2.275(4), Nd(1yO(2) 2.229(4), Nd(LyO(3) 2.266(4), Nd-
2.117(3), Yb(1)}-0(2) 2.121(3), Yb(1)}N(1) 2.357(4), Yb(1)}N(2) 2.365- (1)—0O(4) 2.223(4); O(4yNd(1)-0O(2) 102.86(14), O(6}Nd(1)-O(5)
(4), Yb(1)-C(24) 2.797(6); O(1) Yb(1)—O(2) 100.59(13), O(2} Yb(1)— 87.63(13), O(3)Nd(1)-0O(1) 173.07(14), O(4yNd(1)-O(5) 83.75(14),
N(1) 96.06(15), N(1}Yb(1)—N(2) 56.33(15), O(1} Yb(1)—N(2) 107.48- O(2)—-Nd(1)-0O(6) 86.69(14).

(15), O(3)-Yb(1)—O(4) 170.16(13).
the bis(phenolate) ligands, two nitrogen atoms, one carbon

atom from the guanidinate ligand, and two oxygen atoms
‘Bu

t . - .
Bu O B ‘ from two THF molecules. There is nointeraction between
) 0 N NP LIOMERTHF) 8/;,;‘278 the ytterbium atom and the arene rings of the bis(phenolate)
DME
sdipe
®

Scheme 3

o d\N(TMS)L:(THF)“ THF ligands. The central metal atom is seven-coordinated to form
O i u  Bu a distorted trigonal bipyramid, when thg?-guanidinate

b ligand is considered to occupy one coordination site. The
average Yb-O(Ar) bond length of 2.119(3) A is slightly

(TMEDA)(2.476(7) to 2.523(6%} and [N Ph.NC(NCy)} 3J- larger than those corresponding valueg and4. The Yb—N
(2.464(4) to 2.494(4) A} when the effect of the coordina-  0ond lengths of 2.357(5) and 2.365(4) A are comparable well
tion number on the effective ionic radius is considered. The With those in7 when the difference in ionic radius is
Nd—C(24) bond length of 2.889(7) is comparable well with considered. o .
the lanthanide guanidinate complexes mentioned above Reaction of anionic lanthanide ami8avith carbodu_rmde,
(2.931(7) and 2.885(8) A, respectively). It is worth noting Nowever, gave an unexpected -ate complex [Li(DME)
that there is a strong interaction of one carbon atom of ~(THPI(MBMP)Nd(THF)] (9) in moderate yield as shown
the arene ring with the neodymium atom. The-Ng(1) bond in Scheme 39 was ngl characterized; fgrther smgle—crystgl
length of 2.919(6) is apparently lower than theN@contact ~ Structure determination revealed that it has a discrete ion-
observed in [(MBMP)N@-OPr)(THFY], (3.101(7) Af>and pair structure (below). The formation 8frevealed that the
compares well with those observed in neutral arene neody_Ilgand-red|str|but|on reaction occurred. Attempts to isolate
mium complexes Nd-CsHe)(AICI4)s (2.933(18)2% Nd- the other products from this solution were unsuccessful so
(17°-CeHsMe)(AICL,)s (2.926(5))% and Nd®-1,3,5-GHs- far. _The analogous rearrangemen_t reacnon__was reported
Me3)(AICI )5 (2.916(9) AY%¢in which the Na-C z interaction ~ Previously by Zhou et al. The reaction BN -diisopropy-
was considered to exist unambiguously. Associated with the Icarbodiimide with (GHs)Y(N'Pr),(THF) in a 2:1 molar
existence of ther interaction, the Ne-O(1)—~C(1) angle of ~ atio gave the homoleptic yttrium guanidinate complek Y
94.5(3) is apparently smaller than the N@(2)-C(7) angle ~ PTNC(NPR)N'Pr]s, and (GHs)Y['PrINC(NPr)N'Pr], which
(145.8(4Y). was postulated to undergo a diinsertion intermediael{/S|'-
PrNC(NPr,)NiPr],.1%
9is composed of a discrete six-coordinate [(MBMW)-
(THF);]~ anion and a [Li(DME)THF)]* cation. The
structure of the anion is shown in Figure 6, with the selected
bond lengths and angles. In the cation, the lithium atom is
- _ - _ coordinated with five oxygen atoms from two DME mol-
(24) .TS?@,YC'h“Q',hE‘a?)ngl%j Shen, Qi Yu, K. B.; Weng, L. Hur. J. ecules and one THF molecule to form a slightly distorted
(25) (a) Fan, B.; Shen, Q.; Lin, Y. KChin. J. Org. Chem1989 9, 414. trigonal bipyramidal geometry, which is different from those
o ig&ggﬂ Ve 'i'ﬂarTg"\'(Acg"hg;yséa"ﬁ?JQseét 32%, . in5and6. In the anion, the coordination geometry around
J.; Lin, Y. H. Chin. J. Chem2001, 19, 588. the neodymium atom is identical to that in [Na(DME)

+ uncharacterized product

An ORTEP diagram depicting the molecular structure of
8is shown in Figure 5 with the selected bond distances and
angles.8 has a solvated monomeric structure in the solid
state. The ytterbium atom is bound to two oxygen atoms of

9386 Inorganic Chemistry, Vol. 46, No. 22, 2007
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Table 3. Polymerization ofe-Caprolactone by—62

entry initiator [M]/[]] Time Tp(°C) Yield(%) Mp(10~4)c PDI
1 3 300 15min 50 100 11.03 1.33
2 3 400 15min 25 70 9.68 1.31
3 3 400 10min 50 86 10.67 1.17
4 3 500 15min 25 36 5.95 1.20
5 3 500 15min 50 88 13.07 1.19
6 4 200 1h 25 22 4.66 1.40
7 4 400 4h 50 44 1.54 1.32
8 4 400 10.5h 50 68 2.59 1.36
9 5 300 5min 25 86 3.96 1.18
10 5 300 15min 50 100 9.81 1.67
11 5 500 15min 25 88 10.13  1.24
12 5 500 15min 50 100 11.68 1.84
13 6 200 30min 25 57 4.68 1.78
14 6 300 15min 25 30 5.83 1.69
15 6 300 15min 50 80 7.99 1.70
16 6 400 10min 25 16
17 6 400 10min 50 46 12.13  1.85
a Polymerization conditions: toluene as solventsog¥p = 4:1.

blsolated yield* Determined by GPC analysis in THF calibrated with
standard poly(styrene).

(THF),]J[((MBMP) ,Yb(THF);].2¢ The neodymium atom is
located in the center of an octahedron comprised by two
MBMP?2~ groups and two THF molecules.

The Nd-O(Ar) bond lengths range from 2.223(4) to
2.275(4), giving an average of 2.248(4) A, which is slightly
larger than the terminal NeO(Ar) bond lengths irl and3,
but is comparable with the corresponding value in [Na-
(DME)x(THF),][(MBMP) .Yb(THF),] (2.140(6) A)2c when
the difference in ionic radius is considered. The bite angles
of O—Nd—O in 9 are 93.19(13) and 91.07(F4)espectively,
which are comparable with those inand 3.

Ring-Opening Polymerization of e-Caprolactone by
3—6. In recent years, the application of structurally well-
defined organometallic and coordination complexes as initia-
tors for the synthesis of aliphatic polyesters, such as poly(
caprolactone) (PCL) and poly(lactide) (PLA), via the ring-
opening polymerization of lactones/lactides and functionally

related compounds has received considerable attention
because these catalyst systems afford the possibility of

understanding the catalyst structure/reactivity relationsfips.
To understand the effect of bis(phenolate) ligands on the
polymerization activity and controllability, the catalytic
behavior of methylene-linked bis(phenolate) lanthanide
amido complexe8—6 for the ring-opening polymerization
of e-caprolactone was examined.

The polymerization results are summarized in Table 3. It

can be seen that all of the lanthanide amido complexes can

initiate effectivelye-caprolactone polymerization, and all of

the polymers obtained with these initiators have high
molecular weights and relatively narrow molecular weight
distributions (PDIs). As expected, the polymerizations at

higher temperature were faster than those at room temper-

ature. However, the polymerization temperature affects the
reaction rate but not the molecular weights and PDIs of the
polymers obtained under the same polymerization conditions,
using neutral lanthanide amid8sand4 as initiators; all of

the polymerizations give polymers with small PDIs at room

(26) O’Keefe, B. J.; Hillmayer M. A.; Tolman, W. Bl. Chem. Soc., Dalton
Trans 2001, 2215.

temperature or at 50C. The polymerization temperature
affects not only the reaction rate but also the PDIs of the
resulting polymers using the anionic lanthanide anfider
polymerization. The PDIs are small{.30) when the
polymerizations are conducted at room temperature, whereas
the PDIs become larger(.60) when the polymerizations
are carried out at 50C. But the PDIs of the polymers
obtained using as initiators are relatively larger whenever
the polymerizations are conducted at room temperature or
at 50°C. The reason causing this difference is still unclear.

The anionic bis(phenolate) lanthanide amides showed
higher activity for polymerization than the neutral ones.
Using5 as the initiator, the yield reaches 88% in 15 min at
room temperature when the molar ratio of monomer to
initiator ([Mg)/[l o]) is 500, whereas the yield is 36% usig
as the initiator under the same polymerization conditions
(Entries 11, 4). All of the GPC curves of the resulting
polymers are unimodal. These results clearly indicate that
the anionic lanthanide complexes were really used as single-
component initiators ir-caprolactone polymerization. It is
possible that the increased activity of the anionic lanthanide
complexes stems from the cooperation of the anion and the
cation, although the reaction mechanism is unclear. Actually,
a number of anionic lanthanide complexes were found to
show unique activity for the polymerization of some polar
and nonpolar monomers, whereas the corresponding neutral
lanthanide complexes showed very low activity, and, in some
cases, were even inactive for these polymerizatténs.

The central metal ion has a profound effect on the
polymerization, no matter what anionic or the neutral
lanthanide amides were used as initiators. Using neodymium
amido complexs as the initiator, the yield was 88% when
the molar ratio of monomer to initiator is 500 (Entry 11),
whereas it was 30% using ytterbium amido compéefor
polymerization, even when the molar ratio of monomer to
initiator decreases to 300 (Entry 14) under the same
polymerization temperature. The active trend is consistent
with the increasing order of their ionic radii, which is
consistent with those observed in the methylene-linked bis-
(phenolate) lanthanide alkoxide systetfs.

The neutral methylene-linked bis(phenolate) lanthanide
amides showed slightly lower activity for this polymerization
than the corresponding lanthanide alkoxides. For instance,
the yield was 86% (Entry 3) usiri§jas the initiator and 100%
using the corresponding neodymium isopropoxide as the
initiator,?® under the same polymerization conditions. But

(27) (a) Sheng, H. T.; Zhou, L. Y.; Zhang, Y.; Yao, Y. M.; Shen, ).
Polym. Sci., Part A, Polym. Cher2007, 45, 1210. (b) Zhou, L. Y.;
Yao, Y. M.; Li, C.; Zhang, Y.; Shen, QOrganometallic2006 25,
2880. (c) Simpson, C. K.; White, R. E.; Carlson, C. N.; Wrobleski,
D. A,; Kuehl, C. J.; Croce, T. A.; Steele, I. M.; Scott, B. L.; Young,
V. G., Jr.; Hanusa, T. P.; Sattelberger, A. P.; John, KCPgano-
metallics2005 24, 3685. (d) Woodman, T. J.; Schormann, M.; Hughes,
D. L.; Bochmann, MOrganometallic003 22, 3028. (e) Woodman,
T. J.; Schormann, M.; Bochmann, I@rganometallic003 22, 2938.

(f) Zhou, S. L.; Wang, S. W.; Yang, G. S.; Liu, X. Y.; Sheng, E. H.;
Zhang, K. H.; Cheng, L.; Huang, Z. XRolyhedron2003 22, 1019.
(g) Hou, Z. M.; Zhang, Y. G.; Tezuka, H.; Xie, P.; Tardif, O.; Koizumi,
T.; Yamazaki, H.; Wakatsuki, YJ. Am. Chem. So200Q 122, 10533.
(h) Hou, Z. M.; Tezuka, H.; Zhang, Y. G.; Yamazaki, H.; Wakatsuki,
Y. Macromolecules1998 31, 8650.
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all of the polymers obtained by these initiators have small same ancillary ligand can be synthesized in a controlled
PDIs (<1.40), which indicated that the neutral methylene- manner by general metathesis reactions by turning of the
linked bis(phenolate) lanthanide derivatives have good molar ratio of the reagents. Reactions of the methylene-linked
controllability for e-caprolactone polymerization. However, bis(phenolate) lanthanide chlorides with 2 equiv of sodium
the activities of these neutral lanthanide amides are appar-amide gave the neutral lanthanide amides, whereas the
ently lower than those of the amine bis(phenolate) lanthanidereactions with 4 equiv of lithium amide gave the anionic
amidest® Using ytterbium amido comple# for polymeri- products. The neutral and anionic bis(phenolate) lanthanide
zation, the yield reached 22% il h at 25°C, when the ~ amides showed different reactivity. The neutral lanthanide
molar ratio of monomer to the initiator is 200 (entry 6), amides reacted with carbodiimide to give the normal insertion
whereas when using the amine bis(phenolate) ytterbium products, whereas the similar reaction of the anionic lan-
amide as the initiator, the polymerization completed within thanide amide gave the ligand-redistributed products. The
1 min at 25°C, even when the molar ratio of monomer to  anjonic lanthanide amides are more active than the neutral
initiator increases to 2000. But the polymers obtained for ones fore-caprolactone polymerization. For the bridged bis-
the amine bis(phenolate) lanthanide amides have apparentlyphenolate) lanthanide derivatives, the ancillary ligands
larger PDIs ¢1.70)!¢ These results indicated that the dominate the activity and the controllability fercaprolac-
methylene-linked bis(phenolate) lanthanide amides havetone polymerization, whereas the active groups play a minor
bettel’ Contr0||abi|ity fOI’ th|S p0|ymel’i2ati0n than the amine ro|e_ The presence Of donor atom(s) on the |inker of the bis_
bis(phenolate) lanthanide amides. In comparison with those (phenolate) lanthanide complexes increases the activity for

results initiated by the methylene-linked bis(phenolate) ¢_caprolactone polymerization but decreases the controllabil-
lanthanide alkoxidé8 and amine bis(phenolate) lanthanide ity.

amidest® ancillary ligands have a profound effect on the

activity and the controllability foe-caprolactone polymer- Acknowledgment. Financial support from the National
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neutral and anionic lanthanide derivatives stabilized by the

Conclusion

Supporting Information Available: Crystallographic data for

(28) Although we previously reported that 100% yield can be reached in 1—3 and5-9 in CIF format. This material is available free of
1 h using methylene-linked bis(phenolate) neodymium isopropoxide charge via the Internet at http://pubs.acs.org.
as an initiatof® the polymerization is now found to complete in 10
min. 1C7011482
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