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The interactions oN-piperidineethyl-functionaliz

ed indene compounds 1-RsBHNCH,CH,CoHs

(R = H— (1), MesSi— (2)) with lanthanide(lll) amides [(MgSi),N]sLn(u-Cl)Li(THF)s (Ln = Yb, Eu,
Sm, Nd) were studied. The results indicated that the ligands and reductive potentiaf$/ahehhave
an influence on the reaction patterns and the coordination mode of the indenyl ligands with the central

metals. Reactions of [(M8&i),N]sLn(u-CI)Li(THF)3 (L

n = Yb, Eu) with 2 equiv of corresponding indene

compounds 1-R-3-§H;0NCH,CH,CoHs (R = H— (1), MesSi— (2)) produced organolanthanide(ll)
complexes #§°11-CsH10NCH,CH,CoHgloLN" (Ln = Yb (3), Eu (5)) and novel organolanthanide(ll)
complexes with general formulag{:72,*-(CsH1oNCH,CH,CoHsSiMes)Li(u-Cl)ILn" (17%:5-CsH1oNCH,-

CH,CgHsSiMes) (Ln = Yb (4), Eu (), and a

new highly conjugated bi$piperidineethyl)-

dibenzofulvalene, (§H10NCH,CH,CgHs), (9), was unexpectedly isolated as a byproduct in the preparation
of 6, indicating the ligands’ effects on the coordination and reactivity patterns. Theoretical calculations
on ytterbium(ll) complexes having indenyl ligands indicated that the indenyl hapticity depends on the

strain, steric, and electronic effects. Treatment of

lanthanide(l1l) amides§is]sLn(u-Cl)Li(THF)3

(Ln = Sm, Nd) with 2 equiv of gH;oNCH,CH,CgH; (1) afforded indenyl lanthanide(lll) complexes

with general formulaz3-CsH1gNCH,CH,CoHg].LN"' [77

3:171-CsH10NCH,CH,CoHg] (Ln = Sm (7), Nd (8)).

The shortest distances involving the nonbridging atoms of gy@o@ions of the indenyl groups indicated

an allyl-like nature of the ligand-to-metal coordin
(THF); with 2 equiv of 1-MgSi-3-GH;NCH,CH,CgHs
dibenzofulvalene (§H10NCH,CH,CgHs), (9) and other

ation. The interaction of k®ideN]sSm" («-Cl)Li-
(2) produced an unexpected Bispiperidineethyl)-
unidentified solids, suggesting the ligands’ influence

on the reactivity patterns. All the compounds were fully characterized by spectroscopic methods and
elemental analyses. The structures of compouhds 8, and9 were additionally determined by X-ray
diffraction study. The catalytic activity of the organolanthanide compl&xeson MMA polymerization

was examined. It was found that thebonded trisi{-piperidineethylindenyl)lanthanide(lll) complex&s

and 8 exhibit unexpected good catalytic activity on MMA polymerization, and comfleiso showed

an unexpected high catalytic activity @acaprolactone polymerization. It was found that the catalytic
activity of the complexes depended on the polymerization conditions. The solvents, temperatures,
substituted groups, and lanthanide ionic radii effects on the catalytic activity of the complexes were

examined.

Introduction

It has been demonstrated that indenyl is a less electron rich
more sterically demanding, yet planaligand than cyclopen-
tadienyl! The former can bond either to the transition metals
through the @ ring with %, 2, 1%, andz® hapticity? or to the
group 4 and group 6 metals through the benzo ring agfan

ligand3“ Recently, they® and u-1*;5-bridging bonding mode

of the indenyl ligand with a transition metal has been repotted.
‘It has been proposed that reaction of ifisindenyl»Yb(THF),

with excess AlMg produced an ytterbium(ll) complex having
the indenyl ligands bonded to the metal through the benzo ring
in an#® hapticity® However, structural characterization of this
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N-Piperidineethyl-Functionalized Indenyl Ligands

type of ytterbium(ll) complex remains to be elucidated. The

other bonding mode of the indenyl ligands to the metals remains

to be reported.
Of the variety of early transition metal-based catalysts for
olefin transformation, complexes of the lanthanide amide

catalysts appear uniquely well suited for alkene and alkyne

hydroaminatior!, hydrosilylation® hydrophosphinatiofi, and
Tischenko reactio®? as well as Cannizarro-type disproportion-
ation and Aldol condensatios. It has been proved that the
interactions of different heteroatom-functionalized side arm

substituted indene compounds with the lanthanide amides
produced different kinds of organolanthanide(ll) complexes. The

interaction of pyrrolidine-functionalized indene compounds with
the europium(lll) amide [(MgSi),N]sEu-CI)Li(THF)s pro-
duced a novel tetranuclear triple-decker europium(ll) complex
with a linked indenyl ligand? while the interaction of meth-
oxyethyl-13 dimethylaminoethyl# furfuryl- or tetrahydrofur-
furyl, or 2-pyridylmethyl-functionalizet indene compounds
with lanthanide(lll) amides [(MgSi)N]sLn(u-Cl)Li(THF)3 (Ln

Yb, Eu) gave monomeric indenyl organolanthanide(ll)
complexes via a tandem silylamine elimination/homolysis of
the Ln—N bond reaction; thus, the reaction provided a new
methodology for the preparation of organolanthanide(ll) com-
plexes with indenyl ligands incorporating donor-substituted
groups. Meanwhile, evidence that SiSn?t and N&*/Nd>*
ions have more negative reductive potentials than those 8f/Yb
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Yb2" or EBT/EL?T has been well establishégiso, it is naturally

for us to design or select different sterically demanding indene
compounds and to study their interactions with the lanthanide-
(1) amides [(M&Si)N]sLn(u-Cl)Li(THF)3 (Lh = Yb, Eu, Sm,

Nd) to examine steric, electronic, and reductive potentials’
effects on the reaction.

In this paper, we will report the interactions Nfpiperidine-
ethyl-functionalized indene compounds 1-R-gHgNCH,-
CH.CyHs (R = H— or MesSi—) with lanthanide(lll) amides
[(Me3sSi)oN]sLn(u-Cl)Li(THF)3 (Ln = Yb, Eu, Sm, Nd), leading
to the isolation and characterization of the first examples of
organolanthanide complexes with indenyl ligands in a ngtel
bonding mode and the theoretical calculations on the ytterbium-
(1) complex having ay*-bonded indenyl ligand. The-bonded
tris-indenyl lanthanide(lll) complexes with unexpected good
catalytic activity on MMA polymerization and high activity on
e-caprolactone polymerization will also be reported. The steric
and Lr#™/Ln2* reductive potentials’ effects on the reactivity will
be discussed in this paper. A portion of this work was previously
communicated’

Results and Discussion

Synthesis of the LigandsThe ligand GH1oNCH,CH,CgH7
(1) was prepared by the reaction of freshly prepared indenyl
lithium with N-piperidineethyl chloride in THF:H NMR spectra
indicated that thé&l-piperidineethyl group was connected to the
sp? carbon of the five-membered ring of indene. Lithiatiorilof
with butyl lithium, followed by treatment with excess trimeth-
ylsilyl chloride, produced 1-MgSi-3-GH1oNCH>CH,CgHs (2).

The compound was fully characterized by NMR spectra and
elemental analyses. The synthetic processes are outlined in
Scheme 1.

Interaction of N-Piperidineethyl-Functionalized Indene
Compounds with [(Me3Si)N]sLn(u-Cl)Li(THF) 3. Synthesis
and Characterization of Novel Indenyl Lanthanide Com-
plexes. Treatment of lanthanide(lll) amides [(M®i)2N]sLn-
(u-CI)Li(THF)3 (Ln = Yb, Eu) with 2 equiv of the correspond-
ing indene compounds 1-R-358;0NCH,CH,CgHgs (R = H—

(1), MesSi— (2)) produced lanthanide(ll) complexeg®[;*-
C5H10NCH2CH2C9H6]2Ln” (Ln = Yb (3); Eu (6)) (Scheme 2)
and novel organolanthanide(ll) complexes with general formula
171727 (CsH10NCHCHCoHsSiMes)Li( u-Cl)ILn" (37%:72-CsH10-
NCH,CH,CoHsSiMes) (Ln = Yb (4); Eu (6)) (Scheme 3). All
complexes were fully characterized by spectroscopic methods

(16) Evans, W. JCoord Chem Rev. 200Q 206-207, 263.
(17) Wang, S.; Tang, X.; Vega, A,; Saillard, J. Y.; Sheng, E.; Yang, G;
Zhou, S.; Huang, ZOrganometallic2006 25, 2399-2401.
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Scheme 2
N/\:> + [(SiMeg);NIsLn(u-CI)Li (THF);
2
1 toluene l A

Ln =YDb(3); Eu(5)

Scheme 3 Figure 1. Molecular structure off. Hydrogen atoms are omitted
for clarity.
N
plex having an indenyl ligand bonded to the central metal
2 O" + [(Me3Si),NlsLn(¢-CI)Li(THF), through the benzo ring with*-hapticity (Figure 1).2
MesSi” H toluene/reflux Itis found that the Yb-C(Gs ring) bond distances range from
l\ ) 2.733(6) to 3.221(6) A, and the corresponding-Y®37) and

2 HN(SiMeg), + STHF Yb—C(38) distances of 3.221(6) and 3.139(6) A are significantly

longer than the other YbBC(GCs ring) distances (Table 1). The
Yb—C(39) and Yb-C(42) distances of 2.903(6) and 3.010(7)
A (with an average of 2.956(7) A) found ihare comparable

+ 112 [(MesSi N to the average E4C distance of 3.002(18) A found in thg-
—7 s-arene europium(ll) complex [Eug®les)AICI 4]5]4,18 and those
of sr-arene interaction complexes [Dmp(TphMCeFs] (M =
R = Me;Si-; Ln = Yb(4), Eu(6) Eu, Yb; Dmp= 2,6-MesC¢H3z with Mes = 2,4,6-MeCeHy;
Tph = 2-TripCsH4 with Trip = 2,4,61PrsCeH>)!° and those of
+(CsH;(NCH,CH,CyHs); (9) in case of Ln =Eu assignedr®-z-arene complexes IMSAr*), (M = Eu with

average EuC distances of 3.065(3) A, M= Yb with average

and standard elemental analyses, and the solid-state structur&b—C distances of 2.973(9) A; Art= 2,6-Trip,CeH3 with trip
of complex4 was established by single-crystal X-ray diffraction = 2,4,61Pr;CgH5),% if the ionic radii difference between Y¥b
study. They are extremely sensitive to air and moisture and and Ed" with different coordination numbers was taken into
soluble in polar solvents such as THF, DME, and pyridine. accoung! The Yb—C(40) and Yb-C(41) distances of 2.733-
Complexes and6 are soluble in toluene and benzene, but only (6) and 2.772(6) A found id are comparable to the YHC(u-
slightly soluble inn-hexane. Complexe®and4 are only slightly ~ CzHa) (2.770(3) and 2.793(3) A) and the YA (7>-MeC=CMe)
soluble in toluene and insoluble mhexane. (2.659+ 0.009 A) distances found in (M€s),Yb(u-CzH,)Pt-

1H NMR spectra of compoundsand4 showed a diamagnetic ~ (PPR)?? and (MeCs),Yb(y-MeC=CMe)** respectively. There-

property of the complexes, indicating that the oxidation state [0'e: the ligand bonding i is best described as grt-bonding

of the central metals i$-2, which has been proved by the solid- on the basis of these structural parameters. The theoretical
state structure of complet. The results suggested that the analysis reported below supports this conclusion. This structure

formation of the complexes goes through a one-electron repr_esents_the first _example of an organolanthanide(ll) complex
reductive elimination procest NMR spectra of compound having the indenyl ligand bonded to the metal through the benzo

. - . . . . ring in an»* fanshion. It is found that the £xing (C(34) to
in pyridine-ds and in benzenels gave different chemical shifts - .
for the ligands. In benzengsthe indenyl ligands resonated in C(38)) and the @ring (C(37) to C(42)) in4 are bent away

- from the lithium and ytterbium atoms along the C(31Q)(38)
the range 9.27 to 6.18 ppm. Two sharp singlets (0.39 and 0'Zoline with a folding angle of 5.9 to render possible formation

ppm) are observed for the two silyl groups, indicating that there of the Li—Cl, Yb—Cl, Li—C(35), and Li-C(36) bonds

are two distinct MgSi groups in4. However, in pyridineds The Yb—é(Os ring)] distances,range from 2.680(6) t'o 2 826-
the indenyl ligand resonated in the range 8.15 to 6.47 ppm, and(G) A, with an average of 2.744(6) A. 'I.'his distan(.:e is
only one broad singlet is observed for the two §8egroups. compélrable to those found in ytterbium(ll) complexg&jL-
These results suggested that the integrity of compleis MesNCH,CH,CoHel2Yb (2.722(10) A4 rac-(CHs)o(CoHe)2Yb-
retained in a nonpolar solvent such as benzene, whereas it dif‘fer%-l-l_":)2 (2.699(4) A)?“ [175:7-MesNCH,CH,CoHsSiMes] ,Yb

in pyridine probably due to coordination of'Land YI&*. This (2.778(14) A} (CsHoCoHe)oYb(THF), (2.776(7) and 2.76(6)
could lead to dissociation of LiCl from complek However,

attempts to isolate a compound without coordinated LiCl from  (18) Liang, H.; Shen, Q.: Jin, S.; Lin, Y. Chem Soc, Chem Commun

the pyridine failed. 1992 480-481. _
. . (19) Hauber, S. O.; Niemeyer, Ninorg. Chem.2005 44, 8644.
X-ray analysis revealed that complek shows the first (20) Niemeyer, MEur. J. Inorg. Chem 2001, 1969.

observed bonding mode of the indenyl ligand through a benzo  (21) Shannon, R. DActa Crystallogr.1976 A32 751.

ing i 4_ i i (22) Burns, C. J.; Anderson, R. A. Am. Chem. Sod.987, 109, 915.
rlpghln_ar&n f"ﬁ’.h'on da_nd one no(rjmalwhpt;]served bond|rr1]g TOde (23) Burns, C. J.- Anderson. R. A. Am. Chem. S0d987 109, 941,
of the indenyl ligand in am>-mode, which represents the first (24) Tian, S.; Arredondo, V. M.; Stern, C. L.; Marks, T.Qrganome-

example of a structurally authenticated organolanthanide com-tallics 1999 18, 2568.
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Table 1. Selected Bond Lengths (A) and Angles (deg) for Complexes 4, 7, 8, and 9

4 7 g 9

Yb—C14 2.777(6) SmC8 2.751(4) Ne-C8 2.776(13) C3C3A 1.371(4)
Yb—C15 2.683(6) SmC9 2.637(4) Ne-C9 2.669(12) ciC2 1.343(3)
Yb—C16 2.680(6) SmC10 2.707(4) Ne-C10 2.741(14) ciCs 1.468(3)
Yb—C17 2.755(6) SmC11 2.974 Ne-C11 2.980(14) c2c3 1.463(3)
Yb—C18 2.826(6) SmC12 2.991 Ne-C12 3.015(13) C4C5 1.408(3)
Yb—C37 3.221(6) SmCtl 2.545 Ne-Ctl 2,571 C4C9 1.385(3)
Yb—C38 3.139(6) SmC28 2.874(4) Ne-C24 2.822(12) C5C6 1.369(3)
Yb—C39 2.903(6) SmC29 2.713(4) Ne-C25 2.748(13) ceC7 1.381(3)
Yb—C40 2.733(6) SmC30 2.673(4) Ne-C26 2.783(14) czcs 1.379(3)
Yb—C41 2.772(6) SmC31 2.879(4) Ne-C27 2.969(15) csC9 1.385(3)
Yb—C42 3.010(7) SmC32 3.004 Ne-C28 3.001(13)
Li—C34 2.882 SmCt2 2.562 Ne-Ct2 2.599
Li—C35 2.302 SmC48 2.793(4) Ne-C40 2.887(12)
Li—C36 2.259 SmC49 2.710(5) Ne-C41 2.749(14)
Li—C37 2.797 SmC50 2.743(5) Ne-C42 2.721(13)

Sm-C51 2.943(4) Ne-C43 2.888(12)

Sm—C52 2.978 Ne-C44 2.997(12)

Sm—Ct3 2.568 Nd-Ct3 2.584

Sm-N1 2.768(3) Ne-N1 2.795(10)

Ct1-Sm—N1 915 Ct:-Nd—N1 91.0

Ct2—Sm—N1 107.6 Ct2-Nd—N1 103.5

Ct3-Sm-N1 103.8 Ct3-Nd—N1 107.5

Ct2—Sm—Ct1 115.2 Ct2-Nd—Ct1 115.1

Ct3—Sm—Ct1 115.2 Ct3-Nd—Ct1 115.2

Ct3-Sm—Ct2 118.6 Ct3-Nd—Ct2 119.2

aCtl means the centroid of C8, C9, C10, C11, C12 ring; Ct2: C28, C29, C30, C31, C32 ring; Ct3: C48, C49, C50, C51, ¢62lringans the
centroid of C8, C9, C10, C11, C12 ring; Ct2: C24, C25, C26, C27, C28 ring; Ct3: C40, C41, C42, C43, C44 ring.

O

o

Me;Si” H

(N

R), 25 [175:5*-Me;C(CoHe)(C2B10H10) YB(DME), (2.789(8) A)2¢
and f7%:7-Me;Si(Me;NCH,CH,CoHs) (HN'BU) 2 Yb (2.806(12)

Scheme 4

+  [(MegSi);N];Sm(u-CI)Li(THF),

|

QO

a8

9

+ other unidentified compound

A).14 So, it should be assigned as ahbonding mode.

An unexpected highlyr-conjugated bid{-piperidineethyl)-
dibenzofulvalene, (§14:0NCH,CH,CgHs), (9), was isolated as
a byproduct in the preparation & Treatment of [(Me
Si)oN]sSm" (u-CI)Li(THF) 3 with 2 equiv of 1-MgSi-3-GHio-
NCH,CH,CyHg (2) also led to the isolation 0® and other
unidentified solids (Scheme 4). Compoufidvas fully char-

Scheme 5

3
2 +  [(Me3Si);N]sLn(x-CI)Li(THF)3

toluene 80 °C
HN(SiMe3),

H NX N
N >
Ligand redistribution
\ i /
N

E\ Ln

Ln—N(SiMe3), / S
L Ay

not isolated Ln = Sm(7), Nd(8)

apparent from the crystallographic analysis that theGdbond
lengths in the conjugated fulvalene moietyfadlternate between
long and short, and there is a significant double-bond localization
between (CL)yC(2), C(3)-C(3A), and C(2A)-C(1A) (Table

1).

Evidence that a cyclopentadienyl radical is a key intermediate
in oxidative coupling was provided by Sitzmann and co-workers,
who recently reported the isolation and crystal structure of a
pentasubstituted cyclopentadienyl rad#allhis Cp radical,

acterized by NMR spectra, elemental analyses, and X-ray which was prepared by reaction of its corresponding anion with
diffraction study (Figure 2). NMR analyses results suggested ferrous chloride, has the sterically hindering isopropyl substit-

the presence of one indene and one substitNtpiberidineethyl
groups. X-ray diffraction study revealed that the twé
piperidineethyl-functionalized indenyl ring is coupled through
a C=C bond with a distance of 1.371(4) A, which is longer
than the standard 1.34 A expected for theChbond in ethylene
and other planar fulvalen@s.The C(3)-C(3a) distance of
1.371(4) A is also slightly longer than that of 1.359(10) A found
in the n-conjugated fulvalene &GH1(SiMes),.28 It is readily

uents, which prevent it from coupling. A similar result was
observed by Okuda and co-workers, who reported an oxidative
coupling of a trimethylsilyl-substituted cyclopentadienide anion
by iron(lll) chloride3° Stradiotto et al. recently observed an

(25) Cui, D.; Tang, T.; Cheng, J. H.; Hu, N.; Chen, W.; HuangJB.
Organomet. Chen002 650, 84.
(26) Wang, S.; Yang, Q.; Mak, T. C. W.; Xie, Brganometallic000

19, 334.

(27) (a) Bartell, L. S.; Roth, E. A.; Hollewell, C. D.; Kuchitsu, K. S.;
Young, J. E.J. Chem. Phys1965 26, 2683. (b) Ishimori, M.; West, R.;
Teo, B. K.; Dahl, L. F.J. Am. Chem. Sod971, 93, 7101.

(28) Malaba, D.; Tessier, C. A.; Youngs, W.Qrganometallics1996
15, 2918.

(29) (a) Sitzmann, H.; Boese, Rngew. Chem., Int. Ed. Engl991
30, 971. (b) Sitzmann, H.; Bock, H.; Boese, R.; Dezember, T.; Havlas, Z;
Kaim, W.; Moescherosch, M.; Zanathy, . Am. Chem. S0d.993 115
12003.
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Figure 2. Molecular structure of.

AP
oxidative coupling in the study of [1,5]-silicon shifts in s &2
indenylsilanes leading to isolation and characterization of the
dimer [Clngo(SiMeg)2]2.3l

Thus, the formation 09 is proposed to go through a radical
process initiated by homolysis of the £tiN(SiMes), (Ln = Eu, 2D
Sm) bond, which has been established in our previous Wérks. Nt
The radical*N(SiMes), abstracts the hydrogen atom on the
saturated carbon atom on the indene ring of 1;846-GH1o-
NCH,CH,CgHsg (2), gIVIng the radical I-MQSi-s-O:,HloNCHz- o2/
CH.CgHs, which is then coupled to give (1-M8i-3-GHig
NCH,CH,CgHs),. Homolysis of the &SiMes bond! and <
electron rearrangement then leads to the isolated compgund
having two indenyl rings coupled through &C bond.

It has been documented that Stsn?+ and Nd*/ Nd?* have
more negative reductive potentials than those of'Y¥b?+ and
EWH/EW". To study the ligands and the £l Ln?* reductive
potentials’ effects on the reactions, the interactions of the above
indene compounds with the lanthanide(lll) amides [{Me
Si)N]sLn(u-CI)Li(THF)3 (Ln = Sm, Nd) were examined.
Treatment of lanthanide(lll) amides [(M®i),N]sLn(x-Cl)Li-
(THF)z (Ln = Sm, Nd) with 2 equiv of @H;o0NCH,CH,CgH7
(1) afforded novel trisindenyl lanthanide(lll) complexes with  From Table 1, we can see that the two carbon atoms shared
general formula 73-CsH10NCH,CH;CoHe]oLn" [173:771-CsH10- by both G and G rings of a substituted ¢Hg ligand lie
NCH2CH,CoHe] (Ln = Sm (7), Nd (8)) (Scheme 5). The  significantly more remote from the metal ion than the three
complexes are air- and moisture-sensitive solids. They are carbon atoms belonging exclusively to thefagments, which
soluble in toluene, benzene, and polar solvents such as THF are likely to approach a more allyl-like nature. However, the
DME, and pyridine, but only slightly soluble imhexane. They  usual consequences of the decrease of the ionic radius of the
were fully characterized by spectroscopic methods and elemental_n3+ jon when moving from Né to Sn#t are clearly reflected
analyses. The structures of the complexes were additionally by the average LaC, Ln—Ct (Ct= the centroid of the §ring
determined by X-ray diffraction study!H NMR studies of indenyl ligands), and LaN distances.
indicated that the protons of the indenyl rings resonated in the  The corresponding average £€ (Ln = Sm, Nd) and LA
range 10.2 to 6.17 ppm for compl@which is similar to the  Ct (Ln = Sm, Nd) distances of 2.825(4) and 2.558 A found in
range of proton resonances for the indenyl ligands observed in7 and 2.849(13) and 2.585 A found thare also longer than
(CoH7)3SM(THF)32 and in the range 8.25 to 5.30 ppm for the corresponding average £€& (Ln = Sm, Nd) and La-Ct
indenyl ligands for comple®. The protons of substituted groups  (Ln = Sm, Nd) distances of 2.811(9) and 2.538 A inkg)s-
of the indenyl rings resonated at the expected ranges subject tosm(THF$2 and 2.83(2) and 2.57 A in @El7)sNd(THF)32 The
the paramagnetic properties of the complexes. Sm—N(1) distance of 2.768(3) A ifi is also significantly longer

X-ray analyses revealed that the central metals in complexesthan those of 2.301(3) Ain @Mes),SmN(TMS)3 and 2.320-

7 and 8 were coordinated by three indenyl ligands and one (4) A in Me;Si(CsMes)(N'Bu)SmN(TMS);34 these differences
nitrogen atom of the substituted group (Figure 3 and Figure 4). may be due to the combined effects of different ionic radii and
The metal ions are situated at the center of the distorted pseudothe space-demanding nature of benzo groups of the three
tetrahedron. The two complexes crystallize in the monoclinic substituted indenyl ligands in the complexes. The-$\(l) and
system and belong to the same space gr&®Zn. So, they ~ Nd—N(1) distances of 2.768(3) and 2.795(10) A foundiand

are isomorphous. Selected bond lengths and angles are liste® are significantly longer than the €& distance of 2.684(4)

Figure 3. Molecular structure o¥. Hydrogen atoms are omitted
for clarity.

Figure 4. Molecular structure 08. Hydrogen atoms are omitted
for clarity.

in Table 1. A found in (GH7)3CePy35 these differences may be attributed
(30) Okuda, J.; Herdtweck, E.; Zeller, E. @hem. Ber1991, 124, 1575. (33) Evans, W. J.; Keyer, R. A;; Ziller, J. WOrganometallics1993
(31) Stradiotto, M.; Hazendonk, P.; Bain, A. D.; Brook, M. A.; 12 2618.

McGlinchey, M. J.Organometallics200Q 19, 590. (34) Tian, S.; Arredondo, V. M.; Stern, C. L.; Marks, T.Qrganome-
(32) Guan, J.; Shen, Q.; Fischer, R.DOrganomet. Cheni997 549, tallics 1999 18, 2568.

203. (35) Zazzetta, A.; Greco, AActa. Crystallogr.1979 B35, 457.
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Table 2. Selected Bond Lengths and Angles from the DFT-Optimized Structure of 4, [4-Li], 4-LiCl, 4'-LiCl,
(7%:m%-Ind) 2Yb(NH3)2 (A), (#%5%-Ind) Yb(NH3), (B), and [(17°%#55-Ind),Yb(NH 3),Li] © (C) (atom labeling refers to the X-ray

structure of 4)

4 [4-Li]~ 4-LiCl 4'-LiCl Ad B C
Distances (A)

Yb—C14 2.758 2.757 2.763 2.713 2.732 2721 2.671
2.736

Yb—C15 2.692 2.697 2.709 2.697 2.686 2.717 2.692
2.748

Yb—-C16 2.720 2.718 2.707 2.703 2.732 2.721 2.671
2.736

Yb—C17 2.820 2.807 2.746 2.724 2.740 2.763 2.692
2.847

Yb—C18 2.847 2.834 2.784 2.741 2.740 2.763 2.692
2.847

Yb—C37 3.225 3.210 3.113 2.805 2.943 3.059

Yb—C38 3.313 3.113 3.027 2.792 2.943 3.059

Yb—C39 2.878 2.889 2.805 2.751 2.847 2.869

Yb—C40 2.729 2.741 2.651 2.699 2.751 2.714

Yb—C41 2.778 2.781 2.679 2.693 2.751 2.714

Yb—C42 3.004 2.996 2.879 2.753 2.847 2.869

Yb—ClI 2.729 2.675

Yb—N1 2.692 2.710 2.714 2.604 2.561 2.556 2.644

Yb—N2 5.528 5.617 5.702 5.483 2.561 2.556 2.644

Li—Cl 2.286

Li—C34 2.896 2.149

Li—C35 2.362 2.112

Li—C36 2.233 2.149

Li—C37 2.699 2.253

Li—C38 3.082 2.253

Angles (deg)

Cl—=Yb—N1 92 90.9

N2—Li—Cl 127

HOMO/LUMO gap (eV) 0.73 0.73 0.92 1.02 0.59 0.73 0.61

relative energy (eV) 0 0.08

aThere are two symmetry-independesitCs rings, thus two different series of Yb-(C14/C18) distances.

to the co-effects of the hybridization state of the nitrogen atoms,

the ionic radii, and steric effects.

The formation of complexe¥ and 8 may be through
silylamine eliminatiof® followed by ligand redistribution reac-
tion. It is different from the above reactivity pattern for the
formation of an unexpected-conjugated fulvalenedj in the
reaction of silyl-substituted inden&)(with [(Me3Si);N]sSm-
(u-Cl)Li(THF)3. The formation pathway for complex&sand
8 is proposed in Scheme 5.

Li(THF)3 (Ln = Yb, Eu) produced the organolanthanide(ll)
complexes with indenyl ligands in a novet-bonding mode,
suggesting the steric effects on the coordination mode of indenyl
ligands.

Theoretical Calculations.In order to understand the peculiar
n* coordination mode of the metal in compouddwe have
carried out a DFT analysis on this complex as well as on a
series of related models. Complete geometry optimizatioh of
leads to a structure that is close to the solid-state X-ray one, as

The above results suggested that steric effects of ligands andgyemplified by the major optimized metric data given in Table
Ln3*/Ln?* reductive potentials have a great influence on the 5 (compare with Table 1). In particular, thg coordination

reaction pattern. The interactions of non-silyl-substitukéd
piperidineethyl-functionalized indene compounds with lanthani-
de(lll) amides [(M@gSi):N]sLn(«-Cl)Li(THF)3 (Ln = Yb, Eu)
produced the indenyl lanthanide(ll) complexes via silylamine
elimination/homolysis of the LAN bond, while interactions of
non-silyl-substitutedN-piperidineethyl-functionalized indeng)(
with lanthanide(lll) amides [(MgSi),N]sLn(u-CI)Li(THF)3 hav-

ing more negative LH/Ln?" (Ln = Sm, Nd) reductive
potentials produced the tris-indenyl lanthanide(lll) complexes
via silylamine elimination reaction. Isolation and characterization
of dibenzofulvalened in cases of the interactions of silyl-
substitutedN-piperidineethyl-functionalized indene2)( with
lanthanide amides [(M&i),N]sLn(u-CI)Li(THF)3 (Ln = Eu,

Sm) suggested that the samarium, which has a more negativ

Smet/Sn?t reductive potential than that of EUEW T, may have
a reaction pattern similar to europium, indicating the ligands’

effects on the reaction. The interactions of sterically demanding

silyl-substitutedN-piperidineethyl-functionalized indene com-
pound @) with the lanthanide amides [(M8i)2N]sLn(u-Cl)-

(36) Eppinger, J.; Spiegler, M.; Hieringer, W.; Herrmann, W. A,
Anwander, RJ. Am. Chem. So200Q 122, 3080.

[S]

mode of the @ring is also found by the calculations, with four
short (2.73 to 3.00 A) and two long (3.23 to 3.31 A) ¥6
distances. The corresponding Mulliken overlap populations
(OPs) indicate that the two “nonbonding” € contacts are

in fact weakly bonding (small positive values), the four other
Yb—C contacts exhibiting OPs that are significantly much
largerl” These results suggest strongly that the metat in
forced to bind to the €ring in any* fashion, whereas without
any molecular strain it would prefer to bind it in & mode
(or rather to the gring in anx® mode) in such a way that it
would reach the 16-electron count, which usually provides
stability to this type of complexes related tb@pML » species.
Although electron-deficient, the 14-electron compliexhibits

a significant HOMO/LUMO gap, as seen on its MO diagram
shown in Figure 5. This diagram is fully consistent with the
existence of a diamagnetic'4fyb(ll) center. The effect of the
presence of the lithium atom coordinating one € bond of a

Cs ring can be tested by removing'iLfrom 4 and reoptimizing
the structure of the remaining anion, namely sfiGogNCH,CH,-
CoHsSiMe;),ClYb]~ ([4-Li] 7). A shortening by 56% of the
Yb—C37 and Yb-C38 distances is obtained (Table 2). A
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Figure 5. MO diagram of4.

similar reoptimization, but this time after removing the LiCl

molecule from4 and still keeping only one nitrogen atom (i.e.,

N1) bonded to Yb (model compound notéd.iCl), leads to a

shifting of the metal atom toward C37 and C38 (Table 2),

indicating a distorted coordination mode approaching closer to

the % hapticity. The removal of the major steric effects in this

latter model by changing the SiMlgroups into SiH and the

CsH1oN rings into NH units, i.e., optimizing (HNCH,CH,CgHs-

SiH3),Yb (model compound noted-LiCl ), in the same local

minimum, allows the metal to achieve th&coordination mode,

as indicated by the optimized Y4 bond distances given in

Table 2. These results confirm that strain, steric, and electronic

effects are frustrating the Yb(ll) center 4y which would like

to bind in any® mode to the gring (or in any® mode to the

Cs ring) and that there is a soft potential linking th&and 5

coordination modes, without any energy barrier in between.
We have tested the ability of Yb(Il) to bind to the €ng of

the indenyl ligands in calculating the¥ind),Yb(NH3), model

(A) and comparing it to itsy®:;%-ind),Yb(NH3), isomer B).

This simple model compound was chosen because it is isoelec-

tronic and structurally related to compou#drhe most relevant
data are given in Table 2, in which the atoms are labeled in a
manner similar to compourdl The optimized structures &
symmetry are shown in Figure 6. Tha®(;° isomerB is
computed to be only 0.08 eV less stable than t¥e;€) isomer

A, indicating the rather easy availability to coordinate the C
ring.3b As expected, the £xing is not perfectly symmetrically

n® bonded, exhibiting a slight distortion toward, with the
Yb—C37 and Yb-C38 distances being5% longer than the
average of the four others. Reoptimization of the whole molecule
with the Yb—C40 and Yb-C41 distances forced to be constant
and equal to 2.650 A, é., forcing thes? coordination of the €
ring, results in a destabilization of only 0.21 eV, confirming
the soft potential linking the;® and »* coordination modes.
When a Li" cation is added to they:;75-Ind),Yb(NH3), isomer

in a manner similar to that id, i.e., complexing the available
Cs ring, the resulting [%%5-Ind),Yb(NH3),Li] ™ optimized
structure ofCs symmetry (modeC) exhibits arny® coordination

Wang et al.

Figure 6. Optimized structures fomf:n°-Ind),Yb(NH3), (A), (1>
7%-Ind),Yb(NHa), (B), and [¢;%75-Ind),Yb(NH3),Li] ™ (C).

mode of the @ ring rather than the;? mode adopted by
(Figure 6 and Table 2). Nevertheless; ldomplexation of the
Cs ring has a similar effect as id on the metal hapticity,
namely, a distortion of thg® bonding mode toward thg* one.

MMA and e-Caprolactone Polymerization. The catalytic
activities of the complexed—8 as single-component MMA
polymerization catalysts were examined. The polymerization
procedures were carried out in a series of solvents. The product
was quenched with acidified methanol after a fixed interval.
The microstructure analyses of polymers were carried out using
IH NMR and!3C NMR spectra. The results are summarized in
Table 4 and Table 5. It was found thatbonded complexes
and 8 exhibit unexpected good catalytic activities on MMA
polymerization, and complexshowed high catalytic activities
one-caprolactone polymerization. It is also found that complexes
4—6 can function as single-component MMA polymerization
catalysts with good catalytic activities. The results are listed in
Table 3.

It is of interesting to note that the catalytic activities of the
complexes4—6 as single-component MMA polymerization
catalysts and the polymers’ molecular weights are temperature
dependent. The catalytic activities of the complexes and the
polymers’ molecular weights increase as the polymerization
temperatures decrease; the highest molecular weight=(1.03
x 10°) can be obtained by using catalystvhen the polym-
erization process was carried out a60 °C in DME. The
substituents on the indenyl ligands and ionic radii of the central
metals of the complexes also have an influence on the activities
of the catalysts. Complexes with the M group on the indenyl
ligands showed a relatively higher activity than complexes
without the MegSi group on the indenyl ligands (for example,
catalysts4 and 6). The larger the ionic radius of the central
metal of the catalyst, the higher the catalytic activity of the
catalyst (for example, catalysfsand6).

The solvents used for polymerization not only have an
influence on the activities of the catalysts but also have an
influence on the tacticity of the polymers. The syndiotactic-
controlled polymers were obtained when the polymerization
processes were carried out in polar solvents such as THF and
DME. The isotactic-controlled polymers can be obtained when
the polymerization procedures were carried out in toluene. The
catalysts generally showed higher activities in polar solvents
such as THF and DME than in toluene.

As rare examples of tris-indenyl lanthanide(lll) complexes
exhibiting catalytic activities on olefin and other polar monomer
polymerization?” the z-bonded complexeg and 8 as single-
component MMA polymerization catalysts were examined. The
results indicated that they exhibited unexpected good catalytic
activities in catalyzing MMA polymerization in the temperature
range 30 to—30 °C in THF and DME for catalys? and in
THF for catalyst8, but catalyst8 showed higher activities at
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Table 3. Data for MMA Polymerization

stereochem
cat. solvent t T(°C) mm mr rr Mp x 1073 My, x 10738 Mw/Mp, conv (%) activityx 1074
42 THF 30 min 0 0 43 57 39 3.9
3 min -30 16 29 55 77.78 142.63 1.83 71 70.68
10s —60 12 31 57 65.88 130.88 1.99 88 15.77
DME 30 min 0 16 30 54 32.00 51.41 1.61 13 1.31
30 min —-30 17 31 52 50.02 106.52 2.13 51 5.02
1 min —60 0 29 71 103.51 186.91 1.81 73 222.69
toluene 30 min 0 55 23 22 30.59 59.60 1.95 2 0.18
30 min -30 49 23 28 30.86 76.70 2.49 9 1.07
30 min —60 49 22 29 37.43 85.62 2.29 1 0.15
50 THF 30 min 30 19 34 47 27.82 44.64 1.60 21 2.14
30 min 10 13 32 55 32.68 68.22 2.09 34 3.37
10 min 0 17 33 50 28.43 52.56 1.85 54 16.4
DME 30 min 10 19 32 49 22.73 43.06 1.89 8 0.85
30 min 0 18 32 50 29 2.90
2 min -30 25 31 44 39.96 88.89 2.22 51 76.05
2 min —60 16 30 54 52.29 106.94 2.05 86 1245
toluene 30 min 60 71 16 13 36.84 80.84 2.19 4 0.36
30 min 30 77 13 10 73.10 135.17 1.85 7 0.71
6P THF 30 min 10 20 32 48 47.26 77.048 1.63 14 1.39
30 min 0 18 33 49 44 4.4
10s —30 19 33 48 40.727 75.04 1.84 83 1482
10s —60 12 34 54 50.56 89.22 1.76 95 1662
DME 30 min 30 21 35 44 22.27 28.79 1.29 6 0.57
30 min 0 20 31 49 22 2.14
10s -30 17 33 50 65 1166
10s —60 16 32 52 54.79 101.89 1.86 76 1379
toluene 2 min 0 59 23 18 31.12 43.46 1.40 37 54.55
30s —30 52 25 23 60.33 122.65 2.03 32 192.9
30s —60 58 24 18 89.65 156.16 1.74 47 279.06
72 THF 30s 30 15 32 53 22.96 38.05 1.66 43 4.2
30s 0 13 30 57 33.47 57.35 1.71 41 4.17
30s -30 10 31 59 75.84 137.24 181 36 3.59
30s —60 11 28 61 84.16 158.73 2.42 24 2.42
DME 30s 30 16 32 52 16.71 23.08 1.38 9 0.96
30s 0 17 30 53 29.06 50.91 1.75 46 4.66
30s -30 16 28 56 32 3.68
30s —60 15 27 58 64.08 113.43 1.77 5 4.57
82 THF 30s 30 12 34 54 30.52 53.21 1.74 61 6.14
25s 10 15 40 45 36.70 75.73 2.06 61 7.29
40s 0 10 31 59 45 3.41
40s -30 7 30 63 3 0.24
DME 30s 0 16 31 53 14.92 25.68 1.72 31 3.28
3s -30 15 29 56 30.43 59.05 1.94 77 45,53
3s —60 16 25 59 59 58.03

aConditions: cat./MMA (mol/mol)= 1:500, MMA/solvent (v/v)= 1:5, activity: g PolyMMA/mol cath; t: polymerization time;T: polymerization
temperature®Conditions: cat./MMA (mol/mol)= 1:500, MMA/solvent (v/v)= 1:3, activity: g PolyMMA/mol cath;t.: polymerization timeT: polymerization
temperature.

Table 4. Data for e-Caprolactone -CL) Polymerization?

cat. solvent time T(°C) Mn x 1074 My x 1074 Mw/Mp, conv (%) activityx 1074
7 THF 0
30 min 30 17.70 21.31 1.20 11 1.28
5 min 60 28.21 41.49 1.47 41 27.7
DME 2 min 30 33.76 60.02 1.78 58 98.02
5 min 60 28.83 42.13 1.46 44 30.16
toluene 1 min 30 44.18 58.28 1.32 56 190.3
30s 60 51.14 84.11 1.64 77 538.05

aConditions: catg-CL (mol/mol) = 1:500,e-CL/solvent (v/v)= 1:5, activity: g Poly¢-CL)/mol cat:h; time: polymerization timeT: polymerization
temperature.

lower temperatures in DME. The catalytic activity of these polymers increase as the polymerization temperatures decrease,
m-bonded complexes on MMA polymerization can be compared indicating that the propagation process is favored at low
with those of lanthanide(ll) complexes having donor-substituted temperatures. The syndiotactic-controlled polymers were ob-
groups on indenyl ligand$-1> The molecular weights of  tained in all cases of MMA polymerization, and the molecular
weight distributions are in a relative narrow range of 1.38 to

(37) (a) Yasuda, HJ. Organomet. Chen2002 647, 128. (b) Hou, Z; 242
Wakatsuki, Y.Coord Chem Rev. 2002 231, 1-22. (c) Nakayama, Y.; T .
Yasuda, H.J. Organomet. Chem2004 689, 4489. (d) Dehnicke, K.; The activity of thesr-bonded complex’ as a catalyst for
Greiner, A.Angew. Chem., Int. EQR003 42, 1340-1354. (e) Deng, M. - izati i
Y.; Yao, Y. M.; Shen, Q.; Zhang, Y.; Sun, Dalton Trans 2004 944— N CaprOIaCtjon EOIym?”Z.atlon v;/as exammled' It ShO\lNed an
950. (f) Kerton, F. M.; Whitwood, A. C.; Willans, C. EDalton Trans unexpected high activity in catalyzingcaprolactone polym-

2004 22372244, erization at a temperature ranging from 30 to°&in DME
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and toluene. The molecular weights of polymers increase asrefluxed and distilled over either finely divided LiAl-br sodium

the polymerization temperatures increase; the highest moleculatbenzophenone ketyl under argon prior to use unless otherwise noted.
weight M, = 51.14 x 10% and the highest catalytic activity =~ CDCl; was dried over activate4 A molecular sieves. MMA and
(5.38 x 10° g pCL:(mol cat.y -h~1) are observed at 62C in e-caprolactoned-CL) were dried over finely divided Caidistilled
toluene. The catalytic activity of complékon e-caprolactone ~ before use. [(MgSi)N]sLn" (u-C)Li(THF)s (Ln = Yb, Eu, Sm,
polymerization is even higher than those of lanthanide(lly Nd) were prepared according to reported procedifféSElemental
complexes with carbon-bridged biphenolate ligdftisr those analysis data were obtained on a Perkin-Elmer 2400 Series I

of lanthanide(11l) complexes with tetradentate dianionic ligafitls. ~ €lemental analyzer. IR spectra were recorded on a Perkin-Elmer

The observed molecular weight distributions are in a narrow 283(G) spectrometer (Csl crystal plate, Nujol and Fluoroble muils).
range of 1.20 to 1.78 Melting points were determined in sealed capillaries and are

. : ?
The MMA polymerization mechanism for the lantharide(l) - (=P EOR Sreetiorts RS S0c T MR S0eete 1 oo
complexes4—6 may 'be. through a re.ductlve dlmerlzqtlon of NMR spectrometer in pyridinds and benzeneés for lanthanide
MMA to form a bis-intiator, comprising two lanthanide(lll)  complexes and in CDGfor polymers and substituted indenes, and
enolates joined through their double bofidHowever, the  chemical shifts forH and 3C NMR spectra were referenced to
lanthanide(lll) complexe§ and 8 catalyzed MMA ande-ca- internal solvent resonances. Gel permeation chromatography (GPC)
prolactone polymerization may be through the coordination of znalyses of polymer samples were carried at@Qusing THF as
the monomer to the metal center, leading to changes of theeluent on a Waters-150C instrument and calibrated using mono-
coordination mode of the indenyl ligand ', which then dispersed polystyrene standards at a flow rate of 1.Gnmir: L.
initiated the polymerization process as the sterically crowded Number-average molecular weights and polydispersities of polymers

complex (GMes)3Sm did3?® are given relative to PS standards. The polymers were analyzed
according to the literaturé.
Conclusion Preparation of CsH;gNCH,CH,CgH7 (1). To a solution of
indene (12.0 mL, 102.0 mmol) in 100.0 mL of THF was slowly
In summary, the interactions of th&-piperidineethyl-  added a 1.53 M+-BuLi solution (67.8 mL, 102.0 mmol) at €C.

functionalized indene compounds with lanthanide(lll) amides The reaction mixture was stirred at room temperature overnight
[(MesSi)oN]sLn(u-Cl)Li(THF)3 were studied. The results indi-  and was then cooled to°C. GsH1gNCH,CH,CI (15.1 g, 102 mmol)
cated that substituents on the indenyl ring have an influence onwas slowly added to the reaction mixture. The reaction mixture
the reactivity and coordination mode of the indenyl ligands with was stirred at room temperature overnight, and then it was
the central metals. The interactions of the silyl-substituted hydrolyzed. The organic layer was separated and the aqueous layer
N-piperidineethyl-functionalized indene compounds with the was extracted with diethyl ether (2 15.0 mL). The organic
lanthanide(lll) amides [(MgSi),N]sLn"" (u-CI)Li(THF)3 (Ln = fractions were combined and dried over anhydrous Mg8I&red,

Yb, Eu) gave the lanthanide(ll) complexes with the indenyl and evaporated under vacuum. The oily, yellow product (14.2 g,
ligand coordinated to the metal through the benzo ring in a novel 61%) was obtained after distillation under reduced presstie.
n*-hapticity, which has been analyzed by DFT calculations, and NMR (300 MHz, CDCh): 0 7.49 (d,J = 7.28 Hz, 1H), 7.41 (d,

an unexpected dibenzofulvalene in the cases oFLEu and I = 7-39 Hz, 1H), 7.23 (ddJ = 7.28 Hz, 5.24 Hz, 1H), 7.15 (dd,
Sm. The interactions of non-silyl-substituted indene with the 2= /-39 Hz, 7.13 Hz, 1H), 6.26 (s, br, 1H), 3.34 (s, br, 2HiH9),
lanthanide(lll) amides [(MgSi)NJsLn" («-CI)Li(THF)5 pro- 283 (M, 2H), 2.71 (m, 2H) (8;CHy), 2.53 (s, 4H), 1.68 (m, 4H),

: . ; . 1.51 (m, 2H) (GH10). IR (Nujol and Fluoroble, cmt): v 3066
duced lanthanide(ll) complexes having an indenyl coordinated (M), 2928 (m), 2854 (m), 1653 (s), 1559 (s), 1477 (s), 1451(s),

to the metal in a>-mode when Ln is Yb and Eu and tris-indenyl

! ; 1308 (m), 1260 (m), 1227 (w), 1155 (m), 1113 (m), 1041(m), 992
Ignthamde(lll) gomplexes W|.th unusually long t.ﬁ: and Ln-N (m), 961 (m), 915 (m), 864 (W), 769 (s), 714 (s), 663 (M), 559 (W).
distances having an allyl-like nature of the indenyl-to-metal g\ms vz (fragment, relative intensity %): 98 (gH:1,N*, 100),
coordination when the L31/Ln** has more negative reductive 115 (GH,*, 0.46), 128 (GH,CH,", 0.97), 227 (M, 2.13), 228

potentials (e.g., L= Sm, Nd). This work demonstrated that (M + 1]*, 0.19). HRMS/MALDI [CigHaN + H]*: calcd

the homolysis of the LN bond chemistry may be extended 2281752, found 228.1705.

to samarium chemistry when a suitable sterically demanding  preparation of 1-MesSi-3-CsH1NCH,CHCgHs (2). To 50.0

ligand is a_ppl_led. Theoretical c_alculat_|ons on ytterb_lum(ll) mL of a THF solution of GH;gNCH,CH,CeH- (1) (6.00 g, 26.4

complexes indicated that the strain, steric, and electronic effectsmmol) was slowly added a 1.67 MBuLi solution (15.8 mL, 26.4

have an influence on the hapticity of the indenyl ligands. The mmol) at 0°C. The reaction mixture was stirred at room temperature

study on the catalytic activity of the complexes as single- overnight and was then cooled tdG. To the mixture was added

component MMA polymerization catalysts showed that the freshly distilled MeSiCl (6.70 mL, 52.8 mmol) in one portion.

sr-bonded trisindenyl lanthanide(lll) complexes showed unex- The reaction temperature was gradually raised to room temperature

pected good catalytic activity both on MMA and ercapro- and stirred at that temperature overnight. The solvents and excess

lactone polymerization. The temperatures, solvents, substituentsMesSiCl were evaporated under vacuum. Then 40.0 mb-loéxane

and catalytic conditions have an influence on the catalytic was added, and the precipitate was filtered off. The solvent was

activities of the complexes. pumped off, affording the product as a yellow oil (5.96 g, 75%).

IH NMR (300 MHz, CDCH): 6 7.47 (m, 2H), 7.31 (ddJ = 6.65,

7.92 Hz, 1H), 7.22 (dd) = 6.65, 7.98 Hz, 1H), 6.35 (s, br, 1H),

3.41 (s, br, 1H) (He), 2.87 (m, 2H), 2.70 (m, 2H) (8,CH),
Materials and Methods. All syntheses and manipulations of ~ 2-53 (s, 4H), 1.68 (m, 4H), 1.50 (m, 2H) {&,), 0.05 (s, 9H)

air- and moisture-sensitive materials were carried out on flamed- (Si(CHs)s). **C NMR (300 MHz, CDCY): 6 146.1, 144.3, 139.8,

dried Schlenk-type glassware on a Schlenk line. All solvents were 130.5, 124.6, 123.7, 122.8, 118.9, 58@&He), 54.7, 44.8, 26.1,

Experimental Section

(38) (a) Boffa, L. S.; Novak, B. MMacromolecule4994 27, 6993. (b) (40) Zhou, S.; Wang, S.; Yang, G.; Liu, X.; Sheng, E.; Zhang, K.; Cheng,
lhara, E.; Morimoto, M.; Yasuda, HMacromolecules 995 28, 7886. L.; Huang, Z.Polyhedron2003 22, 1019.
(39) Evans, W. J.; Forrestal, K. J.; Ziller, J. \Wngew. Chem., Int. Ed. (41) Bovey, F. A.; Mirau, P. ANMR of PolymersAcademic Press:

Engl. 1997, 36, 774. San Diego, 1996.
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25.4, 24.5 CH,CH.CsHig), —2.4 (SiCH3)s). IR (Nujol and
Fluoroble, cmY): v 3066 (s), 3012 (s), 2933 (s), 2853 (m), 1653
(m), 1559 (m), 1457 (s), 1448 (s), 1375 (m), 1248 (s), 1155 (m),
1116 (m), 1030 (s), 930 (w), 877 (s), 838 (s), 764 (s), 735 (M),
614 (s), 563 (w). Anal. Calcd for gH,gNSi: C, 76.19; H, 9.76;

N, 4.68. Found: C, 76.56; H, 9.64; N, 5.00.

Preparation of [7%#7-CsH;o0NCH,CH,CgHgloYb" (3). To a
toluene (30.0 mL) solution of [(MgSi)N]sYb" (u-CI)Li(THF)3
(1.18 g, 1.30 mmol) at room temperature was slowly added a
toluene (10.0 mL) solution of &1;CH,CH,NCsH;0 (1) (0.590 g,
2.60 mmol). After the reaction was stirred at room temperature for
6 h, the mixture was then refluxed for 24 h until the color of the
solution changed from yellow to purple-red. The solvent was

Organometallics, Vol. 26, No. 6, 20821

Calcd for GoHagNoEu: C, 63.56; H, 6.67; N, 4.63. Found: C, 63.21;
H, 6.37; N, 4.53.

Preparation of [#%7?%n7%*(CsH1oNCH,CH,CgHsSiMes)Li( u-
CD]Eu(#°n-CsH10NCH,CH,CgHsSiMe3) (6). This compound
was prepared as a yellow solid in 50% yield from reaction of Me
Si)oN]sEU" (u-CI)Li(THF)3 (1.25 g, 1.40 mmol) and 1-M8i-3-
CsH10NCH,CH,CgHs (2) (0.840 g, 2.80 mmol) following procedures
similar to those used for the preparation of compleMp: 152—
154 °C. IR (Nujol and Fluoroble, crmt): v 3059 (w), 2934 (m),
2853 (m), 2757 (w), 1636 (w), 1457 (s), 1248 (s), 1151 (w), 1119
(w), 1033 (w), 878 (w), 839 (m), 763 (m), 698 (w), 612 (w). Anal.
Calcd for GgHsgNLCIEULISI,: C, 57.66; H, 7.13; N, 3.54. Found:
C, 57.30; H, 6.63; N, 3.13.

evaporated under reduced pressure. The residue was washed with [CsH1dNCH,CH,CqHs]> (9) can be isolated as a byproduct from

n-hexane (10.0 mL). The resulting solid was extracted with toluene
(2 x 10.0 mL). The toluene solution was combined and concen-

the reaction.
Preparation of [773-C5H 10NCH,CH,CgH 6] 2S|'n|" [773: 7]1-C5H 100

trated to 15 mL, and purple-red needle crystals were obtained by NCH2CH2CgH¢] (7). To a toluene (30.0 mL) solution of [(Me

cooling the concentrated solution at®© (0.481 g, 59%). Mp: 154

156 °C. IR (Nujol and Fluoroble, cmt): v 2933 (s), 2851 (m),
2802 (m), 2765 (w), 1684 (w), 1653 (s), 1559 (s), 1457 (s), 1262
(w), 1123 (s), 1033 (m), 760 (s}H NMR (300 MHz, benzene-
dg): 0 7.53-7.34 (m, 8H), 6.26 (m, 2H), 6.18 (m, 2H) {By),
2.86 (m, 4H), 2.75 (m, 4H), 2.46 (m, 8H), 1.68 (m, 8H), 1.47 (m,
4H) (CH,CH,CsHi0). Anal. Calcd for GoHaNoYb: C, 61.42; H,
6.44; N, 4.48. Found: C, 61.74; H, 6.58; N, 4.17.

Preparation of [5*#2n-(CsH1gNCHCH,CoHsSiMeg)Li( u-
CH]Yb " (35:1-CsH10NCH,>CH,CgHsSiMes) (4). To a toluene (30.0
mL) solution of [(M&Si),N]sYb" («-CI)Li(THF)3; (1.36 g, 1.50
mmol) at room temperature was slowly added a toluene (10.0 mL)
solution of 1-MgSi-3-GH;oNCH,CH,CgHs (2) (0.90 g, 3.0 mmol).
After the reaction was stirred at room temperature for 6 h, the
mixture was then heated to 8€C and the color of the solution

Si)N]sSm'" (u-CI)Li(THF)3 (1.16 g, 1.30 mmol) at room temper-
ature was slowly added a toluene (10.0 mL) solution efi{z
NCH,CH,CoH7 (1) (0.590 g, 2.60 mmol). After the reaction was
stirred at room temperature for 6 h, the temperature was raised to
80 °C and the reaction mixture was stirred at this temperature for
12 h. The solvent was evaporated under reduced pressure. The
residue was washed witlthexane (10.0 mL). The resulting solid
was extracted with toluene (R 10.0 mL). The toluene solution
was combined and concentrated to 15.0 mL. Orange-red crystals
were obtained by cooling the concentrated solution &€ ¢0.780

g, 72%). Mp: 208-210°C.*H NMR (300 MHz, benzengl): o
10.02 (dJ = 8.13 Hz, 1H), 9.58 (d) = 8.07 Hz, 1H), 8.91 (s, br,
1H), 8.60 (s, br, 1H), 8.25 (s, br, 1H), 8.02 (s, br, 1H), 7.88 (m,
1H), 7.477.34 (m, 5H), 6.83 (s, br, 2H), 6.73 (s, br, 2H), 6.17 (s,
br, 2H) (GHe), 3.19-2.46 (m, 24H), 1.840.34 (m, 18H) (¢1,CH,-
NCsHi0). IR (Nujol and Fluoroble, cmt): v 3066 (w), 2933 (m),

changed from yellow to dark red. The mixture was then stirred at 2853 (W), 2765 (w), 1653 (m), 1559 (m), 1457 (w), 1307 (w), 1254
this temperature for 24 h. The solvent was evaporated under reduced) 1156 W) 1111 (m) 1037 W) 051 W) 857 W) 769 m)

pressure. The residue was washed withexane (10.0 mL). The
resulting solid was extracted with-hexane (3x 5 mL). The

718 (m). Anal. Calcd for ggHgoN3Sm: C, 69.51; H, 7.29; N, 5.07.
Found: C, 69.17; H, 7.13; N, 5.17.

solution was combined and concentrated. The complex was isolated Preparation of [5%-CsH1oNCH,CH»CoH e Nd" [173:71-CsH1o-

as dark red crystals (0.650 g, 54%) at room temperature after severaNCHZCHzch

days from then-hexane solution. Mp: 192194°C. IR (Nujol and
Fluoroble, cml): v 2934 (s), 2798 (m), 1634 (m), 1451 (s), 1381
(s), 1248 (s), 1155 (m), 1116 (m), 1030 (m), 877 (m), 839 (s), 763
(m), 735 (w), 614 (m)IH NMR (300 MHz, benzenek): 6 9.27
(s, br, 1H), 8.14 (s, br, 1H), 7.73 (m, 2H), 747.13 (m, 4H),
6.18 (s, br, 2H) (GHs), 3.19 (m, 4H), 2.75 (m, 4H), 2.47 (m, 8H),
1.66 (m, 4H), 1.45 (m, 4H), 1.34 (m, 2H), 1.21 (m, 2H)
(CH,CH,CsH1g), 0.39 (m, 9H) (Si(®l3)3), 0.20 (M, 9H) (Si(El3)s).
IH NMR (300 MHz, pyridinegs): ¢ 8.15-8.02 (br, 2H), 7.46-
7.33 (m, 2H), 7.26-7.09 (m, 4H), 6.47 (s, 2H) (&ls), 2.90 (m,
4H), 2.69 (m, 4H), 2.52 (m, 8H), 1.56 (m, 8H), 1.35 (m, 4H)
(CH.CH,CsH10), —0.03 (s, 18H) (Si(El3)3). Anal. Calcd for
C38H56N2C|Lisi2Yb: C,56.18; H, 6.95; N, 3.45. Found: C, 55.93;
H, 7.04; N, 3.12.

Preparation of [#%#7-CsHio0NCH,CH,CgHgl.EU (5). To a
toluene (30.0 mL) solution of [(M&i),N]sEu" (u-CI)Li(THF)3 (1.09

6] (8). This complex was prepared as blue crystals
in 62% vyield from reaction of [(MSi),N]sNd" (u-Cl)Li(THF)3
(1.07 g, 1.20 mmol) and $81;,,0NCH,CH,CgH; (1) (0.550 g, 2.40
mmol) following procedures similar to those used for the preparation
of complex7. Mp: 200-202 °C. *H NMR (300 MHz, benzene-
de): 0 8.25 (d,J = 8.04 Hz, 2H), 7.8%7.40 (m, 10H), 6.78 (m,
1H), 5.95 (m, 1H), 5.75 (m, 1H), 5.30 (s, 3H) 445), 3.05-2.16
(m, 24H), 1.88-0.20 (m, 18H) (®1,CH,NCsH3g). IR (Nujol and
Fluoroble, cmi®): v 2933 (m), 2853 (w), 2799 (w), 1653 (m), 1636
(w), 1457 (m), 1442 (w), 1397 (w), 1307 (w), 1258 (w), 1147 (w),
1114 (m), 1033 (w), 959 (w), 857 (w), 769 (m), 718 (m). Anal.
Calcd for GgHgoN3Nd: C, 70.03; H, 7.35; N, 5.11. Found: C,
70.87; H, 7.34; N, 4.37.

Preparation of [CsH;0NCH,CH,CgHs], (9). This compound
was prepared in 26% yield as brown crystals from a reaction of
[(MesSi)N]sSm" (u-CI)Li(THF)3 (1.11 g, 1.20 mmol) and 1-Me
Si-3-GH;oNCH,CH,CoHs (2) (0.740 g, 2.40 mmol) following

g, 1.20 mmol) at room temperature was slowly added a toluene procedures similar to those used for the preparation of conplex

(100 mL) solution of GH1gNCH,CH,CoH- (1) (0560 g, 2.50
mmol). After the reaction was stirred at room temperature for 6 h,
the temperature was raised to 8D and the reaction mixture was

IH NMR (300 MHz, CDC}): 6 7.93 (s, 2H), 7.317.18 (m, 8H)
(CgHs), 2.88 (m, 4H), 2.77 (m, 4H) (B,CH,), 2.54 (m, 8H), 1.64
(m, 8H), 1.58 (m, 4H) (NGH;0). Anal. Calcd for GoH3gNy: 85.29;

stirred at this temperature for 24 h. The solvent was evaporatedH, 8.50; N, 6.21. Found: C, 84.93; H, 8.32; N, 6.09.

under reduced pressure. The residue was washednaigxane
(10.0 mL). The resulting solid was extracted with toluenex(2

An unidentified solid can be isolated from the reaction mixture.
X-ray Crystallography. A suitable crystal of the complexds

10.0 mL). The toluene solution was combined and concentrated to 7, 8, and 9 was mounted in a sealed capillary. Diffraction was

15.0 mL to give a yellow, crystalline solid (0.560 g, 75%). Mp:
168—-170°C. IR (Nujol and Fluoroble, cm): v 2933 (m), 2852

(w), 2801 (w), 1653 (m), 1559 (s), 1457 (s), 1303 (w), 1258 (w),
1156 (w), 1106 (w), 1033 (w), 968 (w), 768 (m), 714 (w). Anal.

performed on a Siemens SMART CCD-area detector diffractometer
using graphite-monochromated Maadiation ¢ = 0.71073 A);
temperature 293(2) Ky andw scan technique; SADABS effects
and empirical absorption were applied in the data corrections. All
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Table 5. X-ray Experimental Data of Compounds 4, 7, 8, and 9

4 7 8 9
empirical formula GgH5eC|LiN 2SibYb CagHeoN3zSmM C;gHeoNsNd CsoH3sN2
molecular mass 812.46 829.34 823.23 450.64
cryst syst triclinic monoclinic monoclinic triclinic
space group P1 P2i/n P21/n P1
a(A) 11.8171(2) 14.5740 (5) 14.5822(2) 5.5969(15)

b (A) 13.1286(2) 18.7396(2) 18.7434(6) 10.970(3)

c(R) 14.4153(2) 16.4420 (2) 16.4400(4) 11.163(3)

o (deg) 72.8130(10) 70.031(4)

p (deg) 70.4390(10) 113.5500(10) 113.3030(10) 86.755(5)

y (deg) 75.3670(10) 89.162(5)

V (A3) 1983.68(5) 4116.56(4) 4126.84(18) 643.1

temperature (K) 293(2) 293(2) 293(2) 294(2)

Dcaicd (g €n3) 1.360 1.338 1.325 1.164

z 2 4 4 1

F(000) 832 1724 1716 244

no. of reflns collected 10 255 12 452 12577 3661

no. of unique refins 689, = 0.031) 7140 Ry = 0.026) 6146 Ry = 0.078) 2600 Ry = 0.020)

no. of params 406 469 469 154

2 (A) Mo Ka 0.71073 0.71073 0.71073 0.71073

u (mm-Y) 2.512 1.462 1.294 0.067

0 limits (deg) 1.65/25.04 1.73/25.03 1.87/24.00 1.94/26.63

GOF 1.1083 1.126 1.098 1.002

R(I > 20(1)) 0.043 0.038 0.086 0.056

WRy 0.096 0.072 0.233 0.127

largest diff peak and hole (& 3) 1.062 and-0.978 0.628 and-0.809 0.712 and-0.831 0.145 and-0.152
structures were solved by direct methods (SHELXS#9%om- was developed by te Velde etdf.The standard ADF STO TZP

pleted by subsequent difference Fourier syntheses, and refined bybasis set was usé@éiThe frozen-core approximatiéhwas consid-
full-matrix least-square calculations basedF(SHELXS-97)%2 ered for Yb, 5p; Cl, 2p; Si, 2p; N, 1s; and C, 1s. Relativistic
The X-ray experimental data are given in Table 5. CCDC No. corrections were added using the ZORA (zeroth-order regular
252064 for4, 617100 for9, 617101 for8, and 617102 for7 in approximation) scalar Hamiltonig.Geometry optimizations for
CIF format have been deposited with the Cambridge Crystal- (35:5-Ind),Yb(NHs)2, (75:%5-Ind),Yb(NHs),, and [¢75:476-Ind),Yb-

lographic Data Centre. (NHa),Li] + were done withCs symmetry as constraint.
MMA and e-Caprolactone Polymerization.MMA or e-capro-

lactone polymerization reactions were performed in a 50.0 mL . .
Schienk flask, placed in an external temperature-controlled bath, _ Acknowledgment. We thank the National Natural Science

on a Schlenk line, or in a glovebox. In a typical procedure the Foundation of China (20472001, 20672002), the program for
catalyst (26-50 mg) was loaded into the Schlenk flask and the the NCET (NCET-04-0590), the Excellent Young Scholars
solvent was added. After the external bath temperature was Foundation of Anhui Province (04046079), and the Education
stabilized, MMA ore-caprolactone was added through a gastight Department of Anhui Province for financial support for this
syringe. The polymer product was precipitated into methanol (50.0 Work. The theoretical investigation was supported by the Franco/
mL), washed with methanol, and then dried to a constant weight Chilean grant CNRS/CONICYT 18176. Computing facilities
in a vacuum oven at 56C. The stereochemistry of the polymers ~Wwere provided by the University of Rennes 1 (PCIO) and the
and their molecular weights were analyzed'syNMR spectros-  IDRIS-CNRS national center. Professor Zixiang Huang is
copy and GPC techniques, respectively. gratefully acknowledged for his help in the X-ray structure
Computational Details. DFT calculations were carried out using ~ determination.
the Amsterdam Density Functional packé&ggeveloped by Baer-
ends and co-workerd.The local density approximation for electron
qorrs;atlon was treated with the Voskwilk —Nusair parametriza- 45 ginates for the optimized structures in XYZ format and CIF
tion*% The nonlocal corrections of Beckand Perded (BPS6) files giving X-ray crystallographic data for the structure determi-

\_’I_Vﬁre addeq tol t.hf excltq_ange anddcorrelatl?nde?er%Les, re|3p|e?'vewnation of complexed, 7, 8, and9. This material is available free
€ numerical integration procedure applied for the calculations ¢ charge via the Internet at http://pubs.acs.org.
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