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1. Introduction

The organometallic chemistry of the rare-earth metals (the
term “rare-earth metal” in this article will include scandium
and yttrium alongside the elements from lanthanum to
lutetium, the lanthanoids in the strictest sense) is domi-
nated by neutral and anionic compounds, as documented in
recent review articles.® The emergence of cationic alkyl
complexes of group 4 metals as key intermediates in
homogeneous olefin polymerization and related catalytic
reaction’ has recently prompted interest in cationic rare-
earth organometallic complex&sThis may also be a result
of increased attention to the development of catalytically
active complexes of the rare-earth metals in genésdl.
However, in contrast to the large number of neutral and
anionic organolanthanoid complexes, cationic complexes
have continued to appear in the literature at a relatively steady
rate in recent years only. The large ionic radii of the rare-
earth metal initially appeared to require the robust met-
allocenium structure [Lnf-CsRs),]T (R = H, alkyl) to
tolerate positively charged fragments. The presence of
appropriate donor ligands L has only recently enabled the
isolation of surprisingly “simple” hydrocarbyl mono- and
dications of the type [LNR(L),]¢ ™" (R = hydrocarbyl;m
=1, 2; L = neutral Lewis basé})-1>16

This review summarizes work related to the chemistry of
cationic rare-earth organometallic complexes, that is, mo-
lecular compounds of the rare-earth metals that contain at
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pounds, as well as their applications will be presented. Both
the chemistry of organometallic cations in the gas pHage
and that of rare-earth metal fullerene compodhaee outside
the scope of this review.

medium. This behavior is promoted by solvent media with
a high dielectric constant, pronounced Lewis basicity, or
both. Thus the molecular chemistry of rare-earth metal ions,
in particular in aqueous solutions, is dominated by ionic
specieg324 The adoption of “molecular” or “ionic” forms
is governed by very subtle effects. For example, crystals of
YCI3(THF)35 take the ion pair structure [Y&ITHF)s] -
[YCI4(THF),]~,2> whereas [YCJ(pyridine)] is “molecular”
in the solid staté&®

By contrast,organometalliccomplexes of large, highly

2. Overview of Synthesis, Structure, and
Properties

2.1. Synthesis

In principle, any neutral metal complex that contains a
polar metat-ligand bond LM —X is capable of dissociating  electropositive metals such as the lanthanoids require efficient
into cationic and anionic fragments [M and X, provided charge distribution and stabilization by a weakly coordinating
charge separation between these parts is sufficient in a givenless nucleophilic) anion to induce the charge separation
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necessary for ion formatiof:?® The following synthetic ion pair leads to the formation of solvent-separated ion pairs
methods have been shown to give cationic organo-rare-earthScheme 2). The nature of the ion pair becomes crucial for
metal complexes from neutral or anionic precursors (Scheme

1): Scheme 2
LnR,X solvent +ry1-
Scheme 2 2[[L:R2X]] E—— [LnR2(50|V)x]+[X] _
() [LnRs]+LA [LnRyJ*ILART 28 ————— [LnRy(solv),] [LnR2Xx(solv)y]
(i) [LnRs]+[PhsCI'IAI  ~Ph,cR - [LnRoJ'A applications in polymerization catalysis, as shown for the
d-block transition metals. The reactivity for a given cation
(i) [LnRs]+ [NR3HI'[Al “AR, NR5  [LnRe]'IAl is usually higher when the anion is more weakly coordinat-

ing.3132 Organometallic complexes of the s-block elements

(V) [Ln2Ry]+A (LR, [AT such as organolithium compourdé® and Grignard re-
LRdeL LRy (LR agent®3are well studied examples of complicated associa-
(v) [LnRs]* Lo Zn tion/dissociation equilibria in solution that affect the reactivity
(Vi) [LnR,X] + MYAT — i [LnRJ'IAT considerably.
(vii) Ln+2"R" +"A" [LnR,I'AT 3. Cationic Cyclooctatetraene Complexes
alLn = rare-earth metal; LA= Lewis acid; [A]" = anion; R =

Cyclooctatetraene complexes form a group of compounds
among the neutral non-cyclopentadienyl organolanthanoid

(i) alkyl group abstraction by strong Lewis acids such as complexes that have been investigated thoroughly, because

hydrocarbyl.

triarylboranes BR(R = Ph, GFs) or trialkylaluminum AR, the cyclooctatetraene dianion acts as a robust ancillary
(R = CH,SiMey): ligand#2” The known cationic cyclooctatetraene lanthanoid
(ii) alkyl group abstraction by the trityl cation [R@]"; complexes are listed in Table 1.
(i) alkyl group abstraction by weak Brgnsted acids such -
as [NRgH]+ (R’ = Me, Et: Rz = PhMQ); 'I(;ecl)trJrI]e Ié.xfe:;atlonlc Cyclooctatetraene Rare-Earth Metal
(iv) oxidation of divalent lanthanoid alkyl complexes by P —
transition metal carbonyl or borate complexes; no. compound characterization _refs
(v) rearrangement/dissociation of a neutral complex in- 1 [Sm(y?-CsHg)(HMPA)3]*[I] - X-ray, 'HNMR 38
duced by a neutral ||gand, 2 [La(8-CgHg) (HMPA) 4] F[La(178-CgHg)2] ~ 1H NMR 38
(V') Salt metatheS|S’ 3 [Sm(ns'CSHB)(HMPA)3]+[Sm(7/8'C8H8)2]7 X'rlayr mp, 38
(vii) one-pot procedures from metallic starting materials. 4 Ngge-CyHg)(THE)] “[BPRy - X_r;,,w EMR, 39-42
EA
2.2. Solid State Structures 5 [Nd(7*-CeHg)(HMPA)5] *[BPhy] - X-ray,"H NMR, 41,43
EA

The coordination geometry of cationic rare-earth metal

complexes is not fundamentally different from that of their  The synthesis of a cationic cyclooctatetraene samarium
neutral counterparts. The anionic X-type _I|ga_nd that was complex [Smg®-CgHg)(HMPA)3]*[I] ~ (1) was reported in
abstracted is usually replaced in the coordination sphere by1998328 It proceeds either by a simple one-pot reaction of
an L-type ligand such as a solvent molecule. The smalleststoichiometric amounts of metallic samarium, cycloocta-
element in the series, scandium, occupies a special positionetraene, and iodine in the presence of excess hexamethyl-
because a lower coordination number is commonly preferred phosphoric triamide (HMPA) at 5%C, or by reaction of the
compared with the larger lanthanoids. Saturation of the neutral complex [SmE-CsHg)I(THF)] with excess HMPA

coordination sphere is important in all cases for stability, (Scheme 3). The reaction of metallic lanthanum or samarium
leading to coordination numbers up to nine. The counteranion

can adopt a number of positions with respect to the cation. Scheme 3

In “contact ion pair” structures, electron-deficient bonding =

joins the two units covalently. Some structures show ] FIMPA. .

electrostatic cationanion interactions, while other com- ,/Sm\THF —_— ==

plexes have essentially separate ions. A variety of different HMPA’S'm\ [r

ion pair interactions involving the same class of anion have — A +Sm  onpA HvpA HMPA

been observed. Details will be given alongside the description U +l2 Tgoc 1

of the relevant compound.

2.3. lon Pair Interactions in Solution @ A @ i

THF’I}ld\ w, THF’I)Id\*THF [BPhy]

There is a continuum in solution from neutral molecules THE  (BHa) THF THF

via contact ion pairs (sometimes referred to as zwitterions) 4

to solvent-separated ion pafi%®® These ion pair dynamics

are of interest both fundamentally and in terms of reactivity. with cyclooctatetraene and a catalytic amount of iodine in
Such a situation often results in a rather complicated, the presence of HMPA afforded the ionic complexes {{2n(
multidimensional network of numerous structures that are CgHg)(HMPA)] T[Ln(78-CgHs)z]~ (Ln = La, n = 4 (2); Ln

in equilibrium and subject to subtle influences. For instance, = Sm,n = 3 (3)). The structure of these cationic complexes
addition of donor solvents to a neutral complex or a contact was determined bjH NMR spectroscopy; crystal structure



Cationic Organometallic Complexes of Sc, Y, and Ln

Chemical Reviews, 2006, Vol. 106, No. 6 2407

analysis for both samarium complexes showed that the ion[Ln(7°-CsHsR).CI] (R = Me, Ln = Dy; Ho; R=H, Lh =

pairs are well-separated in the solid state (Figure 1).

Figure 1. Molecular structure of the cationic part of [Spf{CsHs)-
(HMPA)3] " [Sm(»8-CgHg)2]~ (3). Hydrogen atoms and methyl
groups in HMPA are omitted for clarity. Drawn from data in ref
38.

The syntheses of two cationic cyclooctatetraene neo-

dymium complexes, [NdE-CgHg)(THF)4] "[BPhy] ~ (4)3°4?
and [Ndg8-CgHg)(HMPA)3] T[BPhy]~ (5),4+*® have been

Er, Yb) with Na[W(®-CsHs)(CO)] in THF yields [Ln(p®5-
CsH4R)o(THF) T [W(#5-CsHs)(CO)]~ (R = Me, Ln = Dy

(6), Ho (7); R=H, Ln = Er (8), Yb (9)), which are highly
thermally stable crystalline solids. Solution IR spectra (THF)
show CO stretching bands consistent with the free metal
carbonyl anion, whereas in the mull additional bands and a
lowering of the frequency of the lowest energy band from
the solution phase were observed. These data suggest a
polymeric structure in the solid state with lone-pair donation
from the carbonyl oxygen to the rare-earth metal center
(isocarbonyl bond) but solvent-separated ion pairs in THF
solution. No X-ray crystallographic data were given.

Preparation of a series of heterobimetallic Yb(lll) transition
metal complexes that exist either as carbonyl-bridged mo-
lecular species or solvent-separated ion pairs was achieved
by oxidation of the divalent ytterbium precursor [¥f{
CsMes)y(L)] (L = THF, OE) with [Coy(CO)g], [Fes(CO)x2,
[Mn2(CO)q], and [Re(CO)q] (Scheme 4). In the case of
[Coy(CO)g], the paramagnetic bimetallic complex containing
a bridging carbonyl unit in the solid state [VYij§¢CsMes),-
(THF)Co-CO)(CO}] (10) was isolated and characterized
by X-ray crystallography (Figure 2§.With [Fe3(CO)4, the
complex [ Yb(°-CsMes).} 2Fes(u-COR(COY,] (11) could be
isolated as violet crystals from a toluene soluttéiX-ray
crystallography confirmed this structure, in which two

presented. The reaction of the neutral borohydride complex[Yb(#r%-CsMes),] ™ units are connected by the dianion {fze

[Nd(178-CgHg)(BH4)(THF),] with a slight excess of [NgH]*-
[BPhy]~ in THF afforded4 in good yield. Its discrete ion
pair structure was confirmed B4 NMR spectroscopy and
X-ray crystal structure analysis. Substitution of the THF
ligands in4 with HMPA in pyridine led to5 in modest yield.
Characterization bjH NMR spectroscopy and X-ray crystal

COX}(COY]?". The inequivalence of thes®Bles resonances

in the '"H NMR spectrum (toluenég) suggests that the
structure in the solid state is retained in solution. By contrast,
reaction of [Yb{5-CsMes),(OEb)] with half an equivalent

of [Fe(CO}] gave [ Yb(175-CsMes),(THF)} sFe-CO),(CO),]

(12) after recrystallization from THF. Based on th¢ NMR

structure analysis revealed well-separated ion pairs. Treatingspectrum (THFdg) the authors proposed a structure in which

these neodymium complexes with Kf{@es) afforded the
mixed ring sandwich complex [Ngf-CgHg)(7°-CsMes)-

two [Yb(775-CsMes)(THF)]" cations are connected via single
carbonyl bridges to the dianion [Fe(CF)y, similar to

(THF)]. Reaction with appropriate sodium salts gave the Na[Fe(CO)].*®5°No X-ray diffraction data were reported.

alkoxide complex [Nd¢3-CgHg)(OEt)(THF)L and depending

on the reaction conditions the thiolate complexes Na[Nd-

(78-CgHg)(SBuU);] or [Na(THF)] [{ Nd(;78-CsHs)} 2(SBu)s] .

4. Cationic Bis(cyclopentadienyl) Complexes

A similar complex incorporating manganese instead of iron,
[Yb(77°-CsMes),Mn(u-CO}(CO)-y (13), offers an IR spec-
trum in THF solution consistent with a bridging carbonyl
ligand®* The molecular structure, determined by X-ray
crystallography in the absence of THF, consists of layers of
infinite, planar, polymeric sheets in which dimeric molecules

In 1992, a theoretical investigation into the bending of the formula [Yb§5-CsMes):Mn(u-CO)(CO)y, are packed
potentials of the postulated bis(cyclopentadienyl) rare-earth petween polymeric sheets of the composition [y¥(

metal cations [Lnf>-CsHs),]* (Ln = La, Sc) highlighted their

CsMes),Mn(u-CO)%(CO))w. The IR spectrum in the solid

usefulness as model compounds for neutral heavy alkalinestate or in cyclohexane is much more complicated than that

earth and lanthanoid(ll) metallocerfésPrevious and sub-

in THF, suggesting that the unusual structure in the crystal-

sequent work has shown that both solvent-free and solvatedjne state is maintained in noncoordinating solvents. The

contact ion pairs [Lnf>-CsRs),(u-A)(solv)] and solvent-
separated ion pairs [Lp¢-CsRs)z(solv)] T[A] ~ are isolable

reactivity of [Yb(;>-CsMes)»(OEL)] toward [Re(CO)q] to
yield [Yb(775-CsMes),Re(-CO)(COY)] (14) is similar to that

species (Table 2). However, bis(cyclopentadienyl) rare-earth of [Mn»(CO)yg].5t

metal cations [Lng>-CsRs),] ™ free of any further stabilization
still remain elusive.

4.1. Metallocenium Carbonylmetalate Complexes

The initial interest in cationic rare-earth metal complexes
that contain transition metaktarbonyl compounds arose
from investigations into the Lewis acidity of tris(cyclo-
pentadienyl) rare-earth metal complexes jCsH4R)s] (Ln
= Nd, Sm, Gd, Dy, Ho, Er, Yb; R= H, Me)* Such

An analogous redox reaction of [Sp¥CsMes)o(THF),]
with [Cox(CO)] formed [Sm{®>-CsMes)o(THF)(u-CO)Co-
(CO)-n] (15).52 Since the structure o5 could not be
confirmed by X-ray crystallography, it is not clear whether
the ions are separaten (= 0) or joined by isocarbonyl
linkages ( = 1). The authors note that the carbonyl region
of the IR spectra contains several strong bands, suggestive
of a low-symmetry, linked structure. By contrast, the ions
in the similar complex [Sm(THF)s] "[Co(CO),] ~ are sepa-

compounds have been shown to form adducts with terminal rate in the solid state; the coordination geometry around the
nitrosyl and carbonyl ligands of transition metal complexes samarium atom is roughly pentagonal bipyramidal with the
such as [Cnf>-CsHs)(NO),CI]. Furthermore, the reaction of  iodine atoms at the two apical positiotts.
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Table 2. Cationic Bis(cyclopentadienyl) Rare-Earth Metal Complexes

Zeimentz et al.

no. compound characterization refs
M(CO)x Counterions
6 [Dy(1°>-CsHaMe)o(THF )] *[W(175-CsHs)(CO)] IR 45
7 [Ho(#75-CsHaMe)o(THF )] W (#5-CsHs)(CO)s] - IR 45
8 [Er(17°-CsHs)2(THF )] *[W(3°-CsHs)(CO)] - IR 45
9 [Yb(775-CsHe)o( THF)o] *[W(175-CsHs)(COY] - IR 45
10 [Yb(775-CsMes)o(THF)Cou-CO)(COY] X-ray, *H NMR, IR 46
11 [{ Yb(375-CsMes)} sFes(u-CON(COY] X-ray, 'H NMR, IR, EA 47
12 [{ Yb(17°-CsMes)o(THF)} 2Fe(u-CO)(CO)] HNMR, IR, EA 47
13 [Yb(75-CsMes),Mn(u-CO)(COk-ly X-ray,'H NMR, IR, EA, mp 51
14 [Yb(#°-CsMes),Reu-CO)(CO)] IHNMR, IR, EA, mp 51
15 [SM(75-CsMes)o(THF) (u-COWCo(CO)—n) 1H NMR, IR, EA, mp, susé. 52
16 [Ce{75-CsH3(SiMes),-1,3} 2(u-COYRW (37°-CsHs)(CO) X-ray, emission 53
17 [Ce{75-CsH3(SiMes)2-1,3} 2(MeCN)] T[W(#°-CsHs)(CO)] ~ IR, emission 53
18 [Sm{ 75-CsH4(CH,CH,OMe)} o(THF)]t[Co(CO)] ~ X-ray,'H NMR, IR 54
19 [Yb{ 75-CsH4(CH.CH,OMe)} o( THF)] F[Co(COY] - X-ray, 'H NMR, IR 54
Borate Counterions
20 [La{ 775-CsHa(SiMes)2-1,3} (MeCN)(DME) ] [BPhy] - X-ray, *H NMR, IR 55
21 [Ce{75-CsH3(SiMes)2-1,3 (MeCN)(DME) [BPhy] ~ H NMR, IR 55
22 [SM(5-CsMes)o(THF),] " [BPhy] X-ray, H, 13C, B NMR, IR, EA, susc¢ 56,63
23 [Ce(75-CsMes)o(THF),] T[BPhy] ~ HNMR, IR, EA 58,69
24 [Ce@>-CsMes)»(THT),] T [BPhy] ~ X-ray, IR, EA 58
25 [SM(#75-CsH4'Bu)(THF),] "[BPhy] - H, °C NMR, EA 59
26 [SM(5-CsH4SiMes)o(THF),] F[BPhy] ~ 1H, 13C NMR, EA 59
27 [SM@7>-NCyHBUp-2,5,(THF)] T [BPhy] H, °C NMR, EA 59
28 [Y (75-CsMes)o(THF )] F[BPhy] - 1H, 15C NMR, EA 59
28 [Yb(#°-CsMes),(THF),] " [BPhy] X-ray, EA 59
30 [Y (175-CsMesEt)y(THF )] 1 [BPhy] - 1H, 13C NMR, EA 59
31 [Sm(@5-CsMesEt)(THF),] [BPhy] ~ H, °C NMR, EA 59
32 [Yb(#5-CsHaBU)(THF),] *[BPhy] - X-ray, IR, EA, mp 60
33 [Sm@5-CsHaMe)(THF),] T [BPhy] ~ IR, mp, EA, conductivity 61
34 [Yb(#%-CsHaMe)o(THF),] T [BPhy] X-ray, mp, EA, conductivity 61
35 [SM(75-CsMes)o(172-HoNNH,) (THF)] F[BPhy] - X-ray, *H, 13C, 1B NMR, EA 62
36 [SM(5-CsMes)(u-PhypBPh] X-ray, *H, *C NMR, IR, EA 63,65,69
37 [La(n5-CsMes)a(u-PhypBPhy] no data available 64,65,69,171
38 [Ce(75-CsMes)o(u-PhyBPh] H NMR, IR 66,69
39 [Pr(7°-CsMes)(u-PhyBPhy] H NMR 66
40 [Nd(#°-CsMes)2(u-PhpBPhy] X-ray, 'H NMR, IR, EA 63
41 [Tm(#5-CsMes)(u-PhyBPhy| IR, EA 63
42 [Lu(775-CsMes)o(u-PhyBPh] no data available 65
43 [La(5-CsMesEt)(u-Ph)BPhy] H NMR 64
44 [La(i®-CsMe4 Pr)(u-PhyBPhy] H NMR 64
45 [La(17°-CsMesSiMes)s(u-PhyBPhy)] 1H, 13C NMR 64
46 [Lu(r®-CsMeqH) (u-PhyBPh] X-ray, H, *C NMR, EA 67
a7 [Ce > CsMes)(u-CsFs)nB(CoFs)a—n] no data available 69
48 [SM{ 75-CsMes(SiMe,CH,CH=CH,)} ;] "[BPhy] - X-ray,'H NMR, IR, EA 70
49 [{ Y(ﬂS-C5H5)2} 2(/1-M9)]+[B(C6F5)4]7 in situ, 1H NMR 71
50 [Y (375-CsHs)o( THF)2] *[B(CeFs)a] - 1H, 13C, 1B, 19F NMR, EA 71
51 [Y (75-CsHaSiMes)o(THF )] F[B(CoFs)a] = 1, 15C, 1B, 19F NMR 71
52 [Y (375-CsHs)a(i-Me) (u-CeF5)B(CoFs)al 1H, 13C, 11B, 19F NMR, EA 71
53 [Y (7°-CsHaSiMes)(u-Me) (u-CsFs)B(CsFs)2] X-ray, *H, 13C, 1B, *F NMR, EA 71
54 [Y (75-CsHs)o( THF )] *[B(CeFs)sMe]~ H, 13C, 1B, 1%F NMR, EA 71
55 [Y (75-CsHaSiMes)o(THF),] ' [B(CeFs)sMe] ™ H, 1C, 1B, *F NMR 71
56 [Y(775-C5H4SiMQ>,)2]+[B(CGF5)4]_ in situ, *H, 13C, 1B, °F NMR 71
57 [Pr(17>-CsMes)2(u-CeFs)2B(CeFs)2) 2 X-ray, *H NMR 76
58 [Nd(#7°-CsMes)2(ut-CeFs)2B(CeFs)-2 2 X-ray, '"H NMR 76
59 [Gd(17°-CsMes)2(u-CsFs)2B(CeFs)2] 2 no data available 76
60 [Ce > CsMes),(u-CoFs)2B(CeFs)2)2 no data available 77
61 [SM(#5-CsMes)(u-CsFs)2B(CsFs)2l2 X-ray, data not available 77
62 [Sc7°-CsMes)o( THF),] F[BPhy] - X-ray, 'H NMR, IR, EA 78
63 [Sc(>-CsMes)2(u-Ph)BPh] X-ray, IR, EA 78
64 [Sc(75-CsMes)o(FCsHs)] F[BPhy] - X-ray, EA 78
65 [Sc(7°-CsMes),(0-FCeHa)] "[BPhy] ~ X-ray, IR, EA 78
66 [{ Sc°>-CsMes)2} 2(u-Me)] T [B(CeFs)a] X-ray 78
67 [SC(}’]S-CsMes)z(/t-Cer)B(C5F5)3] X-ray, |R, EA 78
68 [SC(?]S-CsMes)z(OCMeg)z]+[Bph4]7 X—ray, 1H NMR 79
69 [Sc(5-CsMes)(OCPh)] F[BPhy] ~ X-ray,'H NMR, IR 79
Other Counterions
70 [Ce{75-CsH3(SiMes)2-1,3} 2(solv)] T[BF4] ™ 19F NMR, luminescence 53
71 [Sm(5-CsMes),Cl(u-Cl)Sm;5-CsMes),- X-ray 80

{‘ll,T]A-Me(OCI'bC H.).OMe} Sm()]S-CSM95)2] *-
[{ Sm(775-C5Me5)ZCI} 2(/1-CI)] -

aMagnetic susceptibility.
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Scheme 4
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The heterobimetallic ceriumtungsten compound [€&°- Scheme 5
CsH3(SiMes)z-1,3 2(u-CORW(17°-CsHs) (CO)Jz (16), synthe- =
sized by salt metathesis of [GETHF),] with 4 equiv of R ﬂvv> R
[K{CsH3(SiMe3)-1,3}] and 2 equiv of K[W{®-CsHs)(CO) /@ oC’éSC\\ R
in THF, is dimeric in the solid state, forming{&e(u-CO)W- 2Cely(THF), _ (M. R 07 j°N R
(u-CO)} 2 square (Scheme 53.The authors determined the R ie‘o O/Ce\ R
configuration in the solution state by IR and luminescence (1) 4 K*[CsH3(SiMe3),-1,3] &‘\‘c\ﬂxﬁc’” ﬁ
measurements. No luminescence was observed in THF or (2) 2 K*[W(11°-C5H5)(CO)] R i R
toluene solution, due to quenching of excited cerium states <=
by tungsten centers (consistent withirger-type energy 16
transfer). Since similar behavior of the solid material was R *
observed, the contact ion-pair structure revealed by X-ray /@ =
crystallography is retained in solution. In acetonitrile solution 16 MeCN R \Ce_(MeCN) W
however, strong luminescence was observed. IR spectroscopy R " oc/é(\)co
also indicated a pseudgs,-symmetrical anion [WW{>-CsHs)- R
(CO)]~. Thus the structure [Ge&°-CsH3(SiMes)-1,3},-
(MeCN)J *[W(#°-CsHs)(CO)]~ (17) was proposed. Treat- 17
ment of 16 with AgBF, resulted in [C&7r®-CsHa(SiMes)2- R *
1,3} 5(solv)] T[BF4]~ (70). The extent of ion pair aggregation /@
in tolueneds could not be conclusively determined BY 16 AgBF, R }; ol .
NMR spectroscopy. Luminescence spectroscopy7fdin = g FeTloMc | [BFd
acetonitrile or THF, however, is consistent with dissociated &
ion pairs. R
Crystallographic confirmation for the structure of flzy®- 70

+ - —
CsHa(CH.CHOMe) o(THR)]"[Co(CO) ™ (Ln = Sm (18), Yb (19)), which are both comprised of solvent-separated ion

pairs, has been presentédComplexesl8 and 19 were
reported to have been formed either by the reaction of
[Ln{#5CsH4(CH,CH,OMe)},l] with K[Co(CO),4] or one
electron oxidation of [L{i#®-CsHs(CH,CH,OMe)} »(THF)]
with [Coy(CO)] (Scheme 6). The data from both IR
spectroscopy (mull) and X-ray crystallography (Figure 3) are

Scheme 6
£ dve
Le—THE  /2[C0(CO)g] .

O
/OMe

Ln-THF [Co(CO)4I

A3 Q3
OMe K [Co(CO)I

Figure 2. Molecular structure of [Ybf>-CsMes),(THF)Cofu-CO)- Li—t  —————  (n=sm18) Yb(19)
(CO)] (10). Hydrogen atoms are omitted for clarity. Drawn from %\SMe '
data in ref 46.
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Figure 3. Molecular structure of the cationic part of [¥#°-
CsH4(CH,CH,OMe)} o(THF)]H[Co(CO)]~ (19). Hydrogen atoms
are omitted for clarity. Drawn from data in ref 54.

in accordance with separate ion pairs. Compled&@and19

Zeimentz et al.

THF is less favorable. They also discuss the synthetic utility
of 22 and its ring-opening of THF on reaction with
K(CsMes). This area has been comprehensively reviewed
elsewheré? Similar cerium complexes were prepared by
protonolysis of the neutral alkyl complex [GE{CsMes)»-
{CH(SiM&;)2}] with [NEtsH]*[BPhy]~ in THF or THT to
give the cationic compounds [GE(CsMes)2(L),] '[BPhy]~

(L = THF (23), THT (24)).58 The crystal structure of the
THT derivative 24 was determined by X-ray diffraction,
which showed that it consists of discrete ions. In a manner
similar to22, the Cp ring centroids (Cn) and the sulfur atoms
in the cation form a distorted tetrahedron with a-€3m—

Cn angle of 134.57(8) although unlike the earlier compound
the Cp rings are staggered rather than eclipsed.

An extension of both the oxidation and protonolysis routes
toward these complexes led to [SyPHCsH4R)(THF),] -
[BPhy]~ (R = 'Bu (25), SiMe; (26)), [Sm@°>-NC,H'Buy-
2,5p(THF)]*[BPhy]~ (27), [Ln(;7>-CsMes)o(THF),] “[BPhy] -

(Ln =Y (28), Yb (29), and [Ln>-CsH4Et)(THF),]*-
[BPhy]~ (Ln =Y (30), Sm 31)).° Complexe5—31 were
synthesized by oxidation of the divalent complexes [m(
C5H4R)2(THF)2], [Sm(775-2,5-IBU2-N04H2)2(THF)], [Yb(?]s-
CsMes)x(THF)], and [Smf5-CsH4Et)(THF)] with AgBPh,
or by protonolysis of the trivalent alkyl compounds p#{

are isostructural and adopt a distorted trigonal-bipyramidal CsMes)2Me(THF)], [Yb(7>-CsMes){ CH(SiMes)} (THF)], and

configuration with the two Cp-bound oxygen atoms occupy-

[Ln(55-CsH4EL){ CH(SiMe&)2} (THF)] (Ln = Y, Sm) with

ing the axial positions. The NMR spectra indicate that these [NEtzH] "[BPhy]~. The diamagnetic compounds all give rise

species are highly fluxional in solution. The fluxionality
involves coordinative competition between THF and the
chelating arm of the substituted Cp, rotation of the Cp ring,
or a Berry pseudorotation.

4.2. Metallocenium Borate Complexes

The complexes [L{y®-CsH3(SiMes)2-1,3},1(MeCN);]
(Ln La, Ce) were used as starting materials for the
ionic compounds [Lnf>-CsH3SiMes)-1,3} ,(MeCN)(DME)] -
[BPhy]~ (Ln = La (20), Ce Q1)) by reaction with AgBPh
in THF.55 Crystal structure analysis, following recrystalli-
zation by slow diffusion of diethyl ether into a DME solution
with a few drops of acetonitrile, confirmed the structure of
20in the solid state.

A samarium THF adduct [Smf-CsMes)o(THF),] '[BPhy] ~
(22) that is similar t020 and 21 was reported to form by
oxidation of [Sm®-CsMes),(THF);] with AgBPh, in THF
(Scheme 7% X-ray crystallography shows that the\es

Scheme 7
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; \ _THF

AgBPh, Sm
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+
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7

ring centroids (Cn) and the THF oxygen atoms form a
distorted tetrahedron with a Gi&m—Cn angle of 134.2
The authors report that the synthetic route involving the
Sm(lll) species [Sm>-CsMes),CI(THF),] and AgBPh in

to single resonances in th#H and 3C NMR spectra
(pyridine-ds), indicating solvent-separated, high-symmetry
ions in solution. The crystal structure 29 is similar to the
analogous compounds described above, wherein a distorted
tetrahedral center shows a-€8m—Cn angle of 135.83(16)

Further advances include the cationic ytterbium species
[Yb(7°-CsH4Bu)(THF),] "[BPhy] ~ (32),%° which was also
made by oxidation of the divalent species [¥BCsH4Bu)-
(THF),] with AgBPhy, as were the Sm and Yb complexes
incorporating the less bulky methylcyclopentadienyl ligand
[Ln(#5-CsHsMe)o(THF),] H[BPhy]~ (LN Sm @3), Yb
(34)).6* Both 32 and34 have also been characterized by X-ray
crystallography and show similar structures.

A mixture of 22 and the hydrazine complex [Sp%
CsMes)(7%-HNNH,)(THF)] T [BPhy] ~ (35) was formed in a
1:1 ratio when the Sm(lIIl) compleX $m(;®-CsMes)} o(u-
7%n?>-HNNH)] reacted with [NEgH]*[BPhy]~ (Scheme 852

Scheme 8
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The novel hydrazine comple85was characterized by X-ray
crystallography. If the chelating hydrazine ligand is consid-
ered as a single unit, the cationic portion of the Sm complex
adopts a slightly distorted tetrahedral geometry; two phenyl
groups of the borate anion are aligned with the hydrazine
ligand in the solid state.
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A complex free of THF or other strongly Lewis basic
solvents was synthesized by reaction of [BPCsMes)]
with AgBPh, in toluene followed by extraction with hot
toluene or benzerf8. This gave the crystallographically
characterized contact ion pair [Spi{CsMes)o(u-PhypBPhy]
(36) in 60% vyield (Scheme 9). Comple86 contains

Scheme 9

AgBPh,

—_—

\§¢§§m—)> [NEtsH'[BPh,]

\
Sm

G0

electrostatic cationranion interactions via two phenyl groups

of the tetraphenylborate in the crystalline state. The closest

approach of the phenyl groups occurs at oo position,
although themetacarbon atoms are also within coordination

distance. Synthesis of the analogous THF-free cationic

complexes [Lng®>CsMes)(u-PhyBPhy] (Ln = La (37), Ce
(38), Pr 39), Nd (40), Tm (42), Lu (42)) was also possible
from the trivalent precursors [SiCsMes){ CH(SiM&;),} ]
and [Ln@°>-CsMes)x(173-C3Hs)] (Ln = La, Ce, Pr, Sm, Nd,
Tm, Lu) via reaction with [NEH] [BPhy] .56 The neo-

dymium complex was characterized by X-ray crystallography

(Figure 4)% A further series of similar lanthanum compounds

Figure 4. Molecular structure of [Ndf>-CsMes)(u-PhypBPhy] (40).
One of two crystallographically independent molecules is shown;
hydrogen atoms are omitted for clarity. Drawn from data in ref 63.

with various substituted cyclopentadienyl ligands pi%a(
CsMesR)(u-PhpBPh] (R = Et (43), 'Pr (44), SiMe; (45))
has been reportéd X-ray crystallography indicated that the
structures of43 and 45 are similar to the parent penta-
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CoFs)nB(CsFs)a-n] (47), have been used as precatalysts in
hetero-Diels-Alder reactions (section 9.2.8).

The samarium complex [Sm°-CsMe4(SiMe,CH,CH=
CH,)}.]T[BPhy~ (48), incorporating a cyclopentadienyl
ligand with a tethered olefin unit, can be isolated via reaction
of the divalent precursor [Sfw°-CsMey(SiMe;CH,CH=
CHy,)} 2] with AgBPhy in toluene’® Interestingly, coordination
of the two olefin units is preferred over that of the phenyl
groups from the borate anion in the solid state (Scheme 10).

Scheme 10
SiMe, SiMe, T+
X //? AgBPh ' //7 -
\&\ 4 gBPhy \&\ 4 [BPhy]
SiNe, Sille,
48

A series of cationic rare-earth metallocenium complexes
was isolated using [Y-CsH4R)2(«-Me)], (R = H, SiMey)
as a starting material (Scheme I1)Reaction of [Y{°-

Scheme 11
F
R F F
R'@\ _Me_ 5 2 2 B(CgFs)s R'@\ -F
Yo N _— Y<I--H F
Me R R= H, S|M93 \H\\C/B
%R e, b\ Gefs
R CeFs
R = H (52), SiMe; (53)
RoH [PhsC]*[B(CsFs)al
-85 °C, CD,Cl, lTHF
R : % '
< ’@\ Ve % RN ATHF
v Y [B(CeFs)al %\THF
& =
. R
[B(CeF5)sMe]

R =H (49)
R =H (54), SiMe, (55)
l [PhaCI*[B(CoF5)a]THF

R@\ _THF
gY\THF [B(CeFs)al

R
R = H (50), SiMe; (51)

+

CsHs)2(u-Me)], with 1 equiv of [PRC]*[B(CsFs)4]~ at —65
°C in CD.Cl, gave the bimetallic cation{ [ (#°-CsHs)2} -
(u-Me)]"[B(CeFs)4]~ (49). The use of 2 equiv of [R]*-
[B(CeFs)4]~ in toluene gave an oily precipitate. Addition of

methylcyclopentadienyl compound. Recently, this series THF to this material gave the expected discrete ion pairs

could be further extended on the Lu complex [(
CsMegH)(u-PhyBPhy] (46) with a sterically less demanding
cyclopentadienyl ligané” The reaction chemistry of this

[Y(75-CsH4R)(THF),] T [B(CsFs)al~ (R = H (50), SiMe;
(52)).

When 2 equiv of B(GFs)s in toluene was used to activate

family of contact ion pairs has been extended to a number [Y(75-CsH4R)x(u-Me)], (R = H, SiMes), the contact ion pairs
of organometallic reagents, leading to unsolvated complexes[Y (#5-CsH4R)2(«-Me)(u-CeFs)B(CsFs)2] (R = H (52), SiMes
otherwise inaccessible via conventional synthetic routes (53)) were formed. An X-ray structure analysis8 revealed

(section 9.4F5> The samarium comple®6 reacted with
LICH2Bu in an unexpected manner to yieldSm(;°-
CsMes)2} 2(u-n%:173-C(CHy)s), a rare example of lanthanoid-
baseds-alkyl elimination®8

Complexes36, 37, and38, as well as the solvated cerium
complex 23 and the contact ion pair [Ce{-CsMes)a(u-

that the anion coordinates in a chelating fashion via one
ortho-fluorine and two methyl hydrogens (Figure 5). NMR
studies showed that the complexes are highly fluxional in
solution. The solvent-separated ion pairs ¥ CsHaR),-
(THF);]"[B(CeFs)sMe]~ (R = H (54), SiMe; (55)) were
formed on the addition of THF t&2 or 53, respectively.
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Scheme 12

Meo _M
Me/AI\ . %\
\ _Me Me_ + -

Ln Ln 2 [Ph3C]'[B(CgF5)4]

\Me\ /Me%/
Me/Al\Me

Ln =Pr, Nd, Gd, Ce, Sm

Figure 5. Molecular structure of [Y§5-CsH,SiMes) (u-Me)(u- “Ln = Pr 67, Nd (58), Gd (59), Ce 60), Sm 61).

CsFs5)B(CeFs)2] (53). Remaining hydrogen atoms and remaining gcheme 13
fluorine atoms of B(GFs); are omitted for clarity. Drawn from data

in ref 71. /& H
o o % [PhNMe,H]*[BPh,J s @ Q
The in situ generated THF-free cationic complex 7f¥( > SEC‘MeW%\H B

CsH4SiMes),] T[B(CeFs)4] ~ (56) was active in isobutylene
polymerization (section 9.1.4).

Although no organometallic species were fully character- 5 CeHoF 63
ized, it can be postulated that the reaction of the Sm(lll) s
compound [Smf>-CsMes)(u-Me),AlMe;] and indeed that
of the Sm(ll) species [SmP-CsMes),(THF),] with MMAO *
(MMAO = modified methylaluminoxane containing iso- /& /©
butylaluminoxane) or ABusy/[PhsC]*[B(CeFs)4] ~ resulted in }SC/F [BPh.] /&
the formation of bis(cyclopentadienyl) samarium(lll) cation/ \% E ¢ \SCQ
organoaluminate contact or solvent-separated ion paifs. \© %
The reaction is likely to proceed in the latter case via one
electron oxidation of the Sm(ll) center by the aluminum
reagent to give an intermediate heterobimetallic-Skh
complex. It is noteworthy that complexes such as [gm(  (Scheme 13). Addition of THF t&3 afforded the corre-
CsMes) (u-Me),AlMe,] can be cleaved by THF to form  sponding THF adduc62. Addition of fluorobenzene or
neutral [Smg>-CsMes),Me(THF),] and AlMe; and not the o-difluorobenzene t63yielded the adducts [Sgt-CsMes),-
ion pair [Smg>-CsMes)(THF)] T[AIMe 4] .74 A later study (FGsHs)2] T [BPhy]~ (64) and [Scf;®>-CsMes)o(0-F.CeHa)] -
showed that the variation of substituents at the cyclopenta-[BPhy]~ (65). Their X-ray structure analysis revealed well-
dienyl ring has a profound effect on the reactivity of the separated anions and coordination of the fluorobenzenes to
Sm(ll) complexes on activation with MMAQ.Furthermore,  the metal center via the fluorine atoms. Compi@reacted

24h,25°C

benzene-d(;\ BPh
-BFh3

the Lewis base-free ion pairs [LyftCsMes)z(u-CeFs)2B- via C—F activation witho,a,a-trifluorotoluene to yield the
(CeFs)a)2 (Ln = Pr (57), Nd (58), Gd (59)) were prepared  neytral bis(cyclopentadienyl) fluoro complex [§&CsMes)oF].
by reaction of the aluminate complexes [lPHCsMes)(u- The reaction of [Sef>-CsMes),Me] with half an equivalent

Me)AlMe;], with [PheC]*[B(CeFs)s] ~ in toluene (Scheme ¢ [PhNMeH]*[B(CeFs)s]~ in toluene yi i
yielded the methyl
12).° X-ray crystallography ob7 showed that wo [P prigged dimer {Sc5-CsMes)s} o(u-Me)]*[B(CeFs)a] ~ (66);
CeMes)o] ™ units are linked by two [B(6Fs)a]  units via Pr-F monomeric [Scf®>-CsMes),(u-CeFs)B(CsFs)3] (67) was iso-
interaction. The correspondmg cerium and samarium com- lated in the presence of additional [PhNME[B(CeFs)a] .
plexes60 and61 were synthesized in an analogous manner i . : :
The X-ray structure o066 shows a trigonal bipyramidal,

?Snedctitéieg.f;ﬁcatalysts for 1,3-butadiene polymerization bridging methyl group with a SeC—Sc angle close to linear

The reaction of [Saf5-CsMes);Me] with [PhNMeH]*- and a noncoordinatin_g anion. [W the anion coordinates
[BPh]~ in THF yielded [Scg5-CsMes)(THF),]*[BPhy]~ to the me.tal center via two fluorine atoms, comparable to
(62).78 The solid-state structure of its THf-analogue, which the ppordlnathn of th@-difluorobenzene molecule i65.
was obtained after recrystallization from THiFpentane, ~ Addition of a slight excess of acetone or benzophenone to a
was determined by X-ray crystallography and shows well- fluorobenzene solution o83 yielded the cationic, crystal-
separated ion pairs. The same reaction carried out in toluendographically characterized bis(acetone) and mono(benzo-
instead of THF afforded the base-free cationic compound phenone) adduc®8 and69, respectively® Decomposition
[Sc(;°-CsMes)o(u-Ph)BPR] (63). In contrast to the com-  of 63 in C¢De suspension within 24 h at room temperature
pounds with larger lanthanoids above, only one phenyl group afforded [Scf>-CsMes),Ph] and BPhas the major products
of the [BPh]~ anion interacts with the cationic metal center as monitored byH and**C NMR spectroscopy.
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4.3. Metallocenium Cluster Complex

Tetraglyme has been shown to induce a rearrangement ofa

the solvent-free samarocene chloride [$PCsMes).Cl]3
from its trimeric structure with an approximately hexagonal
(Sm—Cl);3 core to the unusually complex ion pair structure
[Sm(°-CsMes)2Cl(u-Cl)Smz>-CsMes)A u,17*-Me(OCHCH,),-
OMe} Sm(;7°-CsMes)2] *[Sm (i7°-CsMes)Cl(u-Cl) Sm (-
CsMes),Cl]~ (71).8° The three different Sm centers in the
cationic portion of the ion pair structure are connected via
tetraglyme and chloride bridges, while in the anion a chloride
bridge links two equivalent Sm$-CsMes),Cl units (Scheme
14).

N
l

Scheme 14
/@ tetraglyme

Q{C\.\
.

/éi _Cl—Sm /&
Cl MeO g

% |
v

5. Cationic Mono(cyclopentadienyl) Complexes
Significantly fewer neutral rare-earth metal half-sandwich
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groups have the advantage that the cationic derivatives retain
oalkyl group, potentially useful in polymerization or
organic transformation reactions. Published examples of
cationic organolanthanoid half-sandwich complexes are listed
in Table 3.

5.1. Donor-Functionalized Mono(cyclopentadienyl)
Complexes

[S 775:771-C5Me4(CH2CH2N Me,)} (CHzph)r[B(Cer)s-
(CH.Ph)[” (72) was synthesized in situ by addition of
B(CsFs)s to a tolueneds solution of the neutral, crystallo-
graphically characterized complex [3€:7'-CsMes(CH,CH,-
NMe,)} (CH.Ph)] (Scheme 15§2 No detailed characteriza-

Scheme 15
.
2 ! B(CeF ( ! -
N’SCQIR (CeFs)3 N/SC\‘(mlUGne-ds)x [B(CeFs5)3R]
M - R - R
© Me Me Me
R = CH,Ph 72

g Mezsﬁ

M BPh

e,Si ] _BPhs Lr|1‘R' [BPhRT
No--ViTHF THF 70 e

= \,R' =/ THF

Ln=Y, Lu; R' = CH,SiMe3 Ln=Y (74), Lu (75)
tion was given for this compound, but addition of ethylene

gave noticeable polyethylene formation within several min-

utes.

Similar complexes with a furyl-functionalized cyclopenta-
dienyl ligand [L{ 7°5*CsMesSiMey(C4H3z0-2)} (CH,SiMes)-
(THF)] "[BPhs(CH.SiMe3)]~ (Ln =Y (74), Lu (75)) were
prepared in situ by the reaction of the corresponding neutral
bis(alkyl) complexes with BRfin THF (Scheme 153 The

compounds are known compared to the extensive range ofNMR spectroscopic data indicated the formation of solvent-

bis(cyclopentadienyl) complexes, due in part to the greater
thermodynamic stability of the metallocene derivati¥eBhe
neutral complexes containing one Cp and twbound alkyl

separated ion pairs.
Reaction of the neutral binuclear bis(alkyl) complexes
[Ln(17°n"u-CsMesSiMe;PCy)(CHSIiMes)]. (Cy = cyclo-

Table 3. Cationic Mono(cyclopentadienyl) Rare-Earth Metal Complexes

no. compound characterization refs
Donor-Functionalized Cyclopentadienyl Ligands
72 [Sc{75:7%-CsMeq(CH,CH2NMey)} (CH,Ph)JF[B(CeFs)s(CHPh)T in situ, no data available 82
73 [Sc{75:7*-CsMes(CH.CH,NMey)} (CH.Ph)][B(CsFs)4] = in situ, no data available 82
74 [Y {n°:n*-CsMesSiMey(CsH30-2)} (CH,SiMes)(THF),] " [BPhs(CHzSiMes)] 1H, 13C, 1B NMR 83
75 [Lu{ %3 -CsMesSiMey(CsH30-2)} (CH,SiMes)(THF )] T[BPhs(CH.SiMes)] 1H, BC, 1B NMR 83
76 [LY (5531 ,u-CsMesSiMe:PCy )} 2(u-CH,SiMes)] T[B(CeFs)4] ~ 2 in situ, no data available 84
77 [{ Lu(®n*u-CsMesSiMePCy)} o(u-CH;SiMes)] T[B(CeFs)a] ~ 2 in situ, no data available 84
78 [{ Y (75:71 1-CsMesSiMeP Cy ) o(u-CH,SiMes)] F[B(CeFs)s(CH.SiMes)] 2 in situ, no data available 84
Nonfunctionalized Cyclopentadienyl Ligands
79 [La(#5-CsMes){ CH(SiMey)2} (u-PhyBPhy] 14, 13C, 295j NMR, 3C CP MAS, EA 85
80 [La(75-CsMes){ CH(SiMes)2} (THF)s] '[BPhy] 1H, 13C, 29Sj NMR, 13C CP MAS, EA 85
81 [Y (#°-CsMe;SiMes) (CH,SiMes) (THF),] H[BPhy] 1H, 13C NMR 86b
82 [Sc(®-CsMes)Me(‘BusP=0)(u-Me)B(CsFs)s] X-ray, H, B, 1%F NMR 87
83 [Sc(®-CsMesSiMes)(CH:SiMes)(THF),] T[B(CeFs)a] ™ in situ,'H NMR 89-91
84 [Y (7°-CsMesSiMes)(CH,SiMes)(THF),] 1[B(CsFs)4] in situ, no data available 89
85 [Gd (% CsMe,SiMes)(CH,SiMes)(THF),] "[B(CsFs)4] in situ, no data available 89
86 [Lu(n>-CsMe,SiMe;)(CH;SiMes)(THF),] [B(CesFs)al = in situ, no data available 89
87 [Sc{ 175-CsHs3(SiMes)o-1,3} (CH,SiMes) (THF),] "[B(CeFs)4] ~ in situ, no data available 90
88 [Sc(r®-CsMes)(CH,SiMes)(THF),] *[B(CsFs)4] in situ, no data available 90
89 [Sc(7°-CsMesSiMes) (CH,SiMes)(THF),] *[B(CoFs)a] IH NMR 90
90 [SM(#5-CsMes){ n3-ArNC(Me)CHC(Me)NAR (u-Me)B(CsFs)3]° 1H NMR, mp, EA 92
91 [Y (7°-CsMesSiMes)(THF)4] > [BPhy] 2 X-ray, H, 1'B NMR, EA 93

aCy = cyclohexyl.? Ar = CsH3Pr-2,6.
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hexyl; Ln =Y, Lu) with 1 equiv of [PRC]"[B(CeFs)4]
[PhANMeH]*[B(CgFs)4] ~, or B(CsFs)z in CeHsCl afforded
the corresponding binuclear monocationic mono(alkyl)
species {Ln(5%nt,u-CsMesSiMePCy)} o(u-CH,SiMes)] *-
[B(CeFs)3sR]™ (R = CeFs, Ln = Y (76), Lu (77); R =
CH,SiMes, Ln = Y (78)).8* These monocations, generated

Zeimentz et al.

Despite the relatively high thermal stability 82 in solution,
polymerization of ethylene at elevated temperatures showed
a decline in activity probably due to catalyst decomposition,
whereas the activity at room temperature is quite high (1.3
x 107 kg mol* h™* bar ).

The in situ generation of cationic mono(cyclopentadienyl)

in situ, were used for the polymerization of isoprene (section complexes of the lanthanoids for the polymerization of
9.1.3). Since the isolation of these compounds was Not gitferent nonpolar substrates has been described. The reaction

possible due to their high instability, DFT calculations were
carried out, which corroborated their proposed structures.

5.2. Nonfunctionalized Mono(cyclopentadienyl)
Complexes

The first example of a cationic lanthanoid alkyl complex
was reported by Schaverien in 1982The complex [Lag®-
CsMes){ CH(SiMey)} (u-PhyBPhy] (79) was synthesized in
good yield by protonolysis of [Laf-CsMes){ CH(SiMe&;)2} ]
with an equimolar amount of [PhNMd]*[BPhy] ~ in toluene
(Scheme 16). During the reaction, the formation of PhihMe

Scheme 16

jclbi [PhNMe,HJ [BPh,] % @ Q
e T e /Laf\ B’

< TUO
79

[BPh,T

toluene

R = CH(SiMe3),
.
THF [
— |THFF3 R
THF  THF
80

and CH(SiMes), was monitored byH NMR spectroscopy.
The stoichiometry o79was confirmed by elemental analysis
as well as by*H, 13C, and?°Si NMR spectroscopy. A small
upfield shift of theipso carbons in thé3C NMR spectrum

of [Sc(75-CsMesSiMes)(CH,SiMes),(THF)] with 1 equiv of
[PhsC]*[B(CsFs)4] ~ in benzene afforded the cationic complex
[Sc(7°-CsMesSiMes)(CH,SiMes)(THF)] F[B(CéFs)4] ~ (83).8°
TheH NMR spectrum of the complex generated in situ in
CsDs showed resonances due to;EH,SiMes, as well as
two sets of THF resonances, but the methylene protons of
the trimethylsilylmethyl ligand were not observed. lon pair
83 shows excellent activity for syndiospecific styrene homo-
polymerization and styreresthylene copolymerization (sec-
tion 9.1). Analogously, the cationic lanthanoid complexes
[Ln(77°-CsMesSiMes)(CH,SiMes)(THF )] *[B(CeFs)d] ~ (Ln =

Y (84), Gd @85), Lu (86)) were generated in situ and their
polymerization activity examined. Nevertheless, efforts to
isolate the cationic species were unsuccessful. In a few hours,
the formation of a benzene-insoluble oily product was
observed. Comple&3 and the related cationic half-sandwich
scandium complexes [$g°-CsH3(SiMes),-1,3} (CH,SiMe3)-
(THF) "[B(CsFs)s]~ (87) and [Scf®>-CsMes)(CH,SiMes)-
(THF),]*[B(CeFs)4]~ (88) (generated in situ from the corre-
sponding neutral bis(alkyl) complexes with 1 equiv of
[PheC]H[B(CeFs)4]~ in benzene) were reported to be highly
active in the homo- and copolymerization of various nonpolar
monomers (section 9.2 The bis(THF)-coordinated cat-
ionic species [Se-CsMesSiMes)(CH,SiMes)(THF),] -
[B(CeFs)4]~ (89) is more stable but inactive toward ethylene
and norbornene polymerizatigh.

Reaction of [Sm{>-CsMes){ 3-ArNC(Me)CHC(Me)NAR -
Me] (Ar = CgH5'Pr-2,6) with B(GsFs)s in toluene afforded
[SM(@75-CsMes){ 73-ArNC(Me)CHC(Me)NAR (u-Me)B-

compared to the uncoordinated borate anion was explained(C¢Fs);] (90), which was analyzed byH NMR spectros-

by m-coordination in weakly donating solvents with rapid
inter- or intramolecular exchange. Addition of 3 equiv of
THF to a toluene solution of9 afforded [La{;’>-CsMes)-
{CH(SiMe&3),} (THF)3] 1 [BPhy]~ (80) by irreversible displace-

copy?? Complex90 is relatively poorly soluble in toluene
and shows no reactivity under CO atmosphere in toluene or
toward ethylene or MMA at room temperature.

A unique example of an yttrium mono(cyclopentadienyl)

ment of the coordinated tetraphenylborate anion. Here, thedication [Y (75-CsMesSiMes) (THF )42 [BPhy > (91), was

resonances of thpsocarbons of the anion are in agreement
with a noncoordinating, tetrahedral [Bffhanion. Reaction
of 79 with LiCH(SiMe3), gave the neutral bis(alkyl) mono-
(cyclopentadienyl) complex [Laf-CsMes){ CH(SiMe&;)2} 2;
reaction with LIOGH3'Buy Et,O yielded the mixed alkyt
alkoxide complex [Laf>-CsMes){ CH(SiMe;),} (OCsH3'Buy)].

[Y (7°>-CsMesSiMes)(CH,SiMes)(THF),] [BPhy] ~ (81) was
generated by the reaction of ¥CsMe;SiMes)(CH,SiMes),-
(THF)g2 with 1 equiv of [PhNMegH]*[BPhy]~ in CsDsBr
at —20 °C .8 |n situ characterization b{H and*3C NMR
spectroscopy indicated the formation of SiMded PhNMe
besides81. The complex decomposes in solution at room
temperature within 24 h.

The reaction of [Saf>-CsMes)Me,('BusP=0)] with the
Lewis acid B(GFs)3 in toluene formed the contact ion pair
[Sc(7>-CsMes)Me(BusP=0)(u-Me)B(CsFs)3] (82).8” The dif-
ference of 4.1 ppm between thmeta and para fluorine
signals in the’®F NMR spectrum, by analogy to related
zirconium complexes [4Mes;SIN(CH,CH,NSiMes),} R(u-
R)B(CsFs)s] (R = Me, CH,Ph)8 as well as the X-ray crystal
structure clearly show tha&2 exists as a contact ion pair.

formed upon reaction of the neutral hydride clus{er(f;°-
CsMesSiMes)} a(u-H)a(us-H)4(THF),] with an excess of
[NEtz;H] "[BPhy] ~ in THF-ds (Scheme 1792 X-ray structure
analysis (Figure 6) revealed no close iton interactions
in the solid state.

Scheme 17
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Scheme 18
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6.1.2. Functionalized Triazacyclononane and
Triamino-amide Complexes

The macrocyclic six-electron donor 1,4,7-triazacyclononane
(TACN) has been widely used as a facially coordinating
ancillary ligand in coordination chemistry and homogeneous
catalysis® %7 Various syntheses of cationic rare-earth organo-
metallic complexes with donor-functionalized triazacyclono-
nane and other related ligands have been reported (Chart 1).

Chart 1
Figure 6. Molecular structure of the cationic part of [iy% By N _Bu
CsMe,SiMes)(THF)4)?>[BPhy] 2 (91). Hydrogen atoms are omitted ﬁu —Si” Bu N
for clarity. Drawn from data in ref 93. (N\ (N\ (Nw
. . L RN _NR N N N N~
6. Cationic Complexes with Monoanionic, R = Me. Pr

Non-Cyclopentadieny! Ligands

The reaction of [PhNMgH] "[B(CsFs)4]~ with the neutral
dialkyl complex [Y{ 773:*-N,N'-R,-TACN-N"-(CH,),N'Bu} -
(CH.SiMes),] (TACN = 1,4,7-triazacyclononane) insBsBr
gave SiMe, free PhNMeg, and the cation [Y#%#7*-N,N'-
R>-TACN-N'"-(CH,),N'Bu)(CH,SiMes} |1 [B(CsFs)4] = (R =

6.1. Complexes with L ,X-Type Ligands ( n = 3-5)

This class of compounds contains azacrown ether and
triazacyclononane complexes as well as complexes with

analogous “open” chelating ligands (Table 4).

6.1.1. Deprotonated Aza-18-crown-6 Complex

The reaction of the structurally characterized complex
[Y(MAC)(CH;SiMes),] (MAC = deprotonated aza-18-crown-
6) with B(CsFs)s afforded the highly unstable cationic
complex [Y(MAC)(CHSiMes)] *[B(CeFs)s(CH,SiMes)] -
(92 (Scheme 18} Comparison of thenetdpara fluorine
chemical shift values in théF NMR spectra recorded
in THF-dg indicates the presence of noncoordinating

Me (93)).° The mono-THF adduct could be obtained in the
presence of excess of THg-(R = 'Pr (94)). In analogous
reactions using §DsBr as solvent, [PhNMgH] T[B(CsFs)4] ~

was added to the respective neutral complexes to afford a
series of cationic rare-earth metal complex85—106).°

All of these in situ generated cationic complexes are active
in the homo- or copolymerization of ethylene and ethylene/
o-olefins. Additionally, the related cationic lanthanum mono-
alkyl complex [Lag®7%*N,N'-Me-TACN-N"-(CH,),N'Bu)-
(CH,SiMes)(THF-dg)d *[B(CeFs)a] ~ (107) showed rarecis-
selective behavior in the linear dimerization of phenyl-

anions. acetyleng®

Table 4. Cationic Rare-Earth Organometallic Complexes That Contain l,X-Type Ligands (n = 3—5)

no. compound characterization refs
92 [Y(MAC)(CH 2SiMe3)] "[B(CeFs)3(CH,SiMes)] ~ 2 in situ, H, 13C, 19F NMR 94

93 LY {n%n*-N,N'-Mex- TACN-N"-(CH,),N'Bu} (CH,SiMes)] *[B(CsFs)4] ~ ° in situ,*H, 13%C NMR 98,99,169
94 [Y {37%:97*-N,N'- Pr,-TACN-N"-(CH,),N'Bu} (CH,SiMez)(THF-dg)] [B(CsFs)4] ~ ° in situ,'H NMR 98,99,169
95 [Y(73:7%-N,N'-Me-TACN-N"'-SiMe;N'Bu)(CH,SiMes)] *[B(CFs)4] ~ ° in situ, *H, 13C, 19F NMR 99

96 [Nd(#73%:7%-N,N'-Me,-TACN-N"-SiMe;N'Bu)(CH,SiMe3)] F[B(CsFs)4] ~ ° in situ, no data available 99

97 [Sc(7%:7*-N,N'-Mex-TACN-N"-SiMe;NsBu) (CH;SiMes)] F[B(CeFs)s] ~ ° in situ, no data available 99

98 [Y(7%5%-N,N'-Me,-TACN-N"-SiMe;NsBu) (CH,SiMe3) ] [B(CeFs)s] ~ ° in situ, no data available 99

99 [Nd(77%:57%-N,N'-Me,-TACN-N'"'-SiMe;NBu) (CH,SiMe3)] 1 [B(CeFs)4] ~ ° in situ, no data available 99

100 [Y (57%:571-N,N'- Pr-TACN-N"-SiMe;N'Bu) (CH,SiMes) (THF-dg)]  [B(CeFs)a] ~° in situ, *H NMR 99

101 [Nd{7°%25%N,N'-Me,-TACN-N"'-(CH,),N'Bu} (CH,SiMe3)] *[B(CeFs)s] in situ, no data available 99

102 [La{7%:7%-N,N'-Me,-TACN-N"'-(CHy),NBU} (CH,SiMes)] *[B(CeFs)q] in situ, *H NMR 99,100
103 [Y {7%57*-N,N'-Mex-TACN-N"-(CH,),NBu} (CH;SiMes)] "[B(CeFs)s] ~ © in situ, no data available 929

104 [Nd{ 7%:1%N,N'-Me,-TACN-N"-(CH,),NsBu} (CH,SiMes)] "[B(CsFs)s] in situ, no data available 929

105 [La{7%:7*-N,N'-Mez-TACN-N"-(CHy)NBu} (CH,SiMe3)] T[B(CesFs)4] in situ,'H NMR 99

106 [Y {n%3*N,N'-Me,-TACN-N"-(CH,),N"Bu} (CH,SiMes)] "[B(CsFs)s] in situ, no data available 99

107 [La{#7%:7*-N,N'-Mex-TACN-N"-(CH,).N'Bu} (CH,SiMes)(THF-dg)] "[B(C¢Fs)4] ~ ° in situ, *H, 13%C NMR 100

108 [Y({MezN(CH,)2} 2N(CH,),N'Bu)(CH,SiMes)(THF-dg)x] *[B(CsFs)4] in situ,H, 13%C NMR 99,101,169

aMAC = deprotonated aza-18-crown{6TACN = 1,4,7-triazacyclononane.
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Table 5. Cationic Rare-Earth Organometallic Complexes That Contain Non-Cyclopentadienyl tkX-Type Ligands

no. compound characterization refs
109  [So{#°-ArNC(Me)CHC(Me)NAR (CHoCeHs){ 1,776-CeHsCH,B(CeFs)s} 12 X-ray, *H, 1°C, 1B, 1% NMR, EA 103
110 [Sc{73-ArNC(Me)CHC(Me)NAR Me(8-CeHsBr)] "[B(CsFs)a] ~ 2 X-ray, 'H, 1°C, 1B, 1%F NMR, EA 105

111 [So{#°-ArNC(Me)CHC(Me)NAR Me(#°-CeHe)] [B(CeFs)a] ~ 2 14, 1%C, 11B, 19F NMR, EA 105

112 [Sc{#3-ArNC(Me)CHC(Me)NAR Me(r®-toluene)F[B(CsFs)s] ~ 2 X-ray, H, 13C, 1B, 1%F NMR, EA 105
113 [Sc{73-ArNC(Me)CHC(Me)NAR Me(r¢-mesitylene)T[B(CeFs)] ~ 2 1H, 13C, 1B, 1%F NMR, EA 105
114 [ScMe(73-ArNC(Me)CHC(Me)NAR (u-Me)B(CsFs)3]? in situ,H, 'B, *F NMR 105,106
115  [Sc(GiFs){#3-ArNC(Me)CHC(Me)NAR (u-Me)B(CsFs).Me] in situ, *H, 1B, 19F NMR 105,106
116  [Sc{73-ArNC(Me)CHC(Me)NAR{ (u-Me)B(CsFs)s} 2]? in situ,H, 'B, *F NMR 105,106
117  [Sc(GFs){#3-ArNC(Me)CHC(Me)NAR (1-Me)B(CsFs)3]? X-ray, *H, 1B, 19F NMR 105,106
118  [(Sc{73-ArNC(‘Bu)CHC(BuU)NAr} Me)(u-Me)] " [B(CeFs)sMe]~ 2 in situ, *H, 13C, B, %F NMR 107

119  [ScMe{53-ArNC(BU)CHC(BU)NAT} (1-Me)B(CsFs)s]? X-ray, H, 13C, 1B, 19 NMR, EA 107
120  [Sc{73-ArNC('‘Bu)CHC(BU)NAr}{ (u-Me)B(CsFs)3} 22 1H, 1C, 1B, F NMR, EA 107
121 [Sc{#°-ArNC(‘Bu)CHC(BU)NCsH3(Pr)(CH(Me)CH)}H (1u-Me)B(CsFs)a} 2 1H, 13C, 11B, 19F NMR, EA 107
122 [Sc{n3-ArNC(‘Bu)CHC(BU)NAr}Me] [B(CsFs)4] in situ, no data available 107
123 [ScMe{73-ArNC(BU)CHC(BU)NATr} (1-Me)B(CyoFs)(CeFs)]? 1H, 13C, 1B, 1%F NMR, EA 106
124 [So{#°-ArNC(Bu)CHC(BU)NAT}{ (u-Me)B(Ci2Fs)(CeFs)} 2] 14, 13C, 118, 19F NMR, EA 106
125 [Sc{73-ArNC('‘Bu)CHC(Bu)NATr} (CH,SiMe;CH,SiMes)(u-Me)B(CsFs)s)? X-ray, 'H, 1°C, 1B, 1%F NMR, EA 106
126 [So{#°-ArNC('Bu)CHC(BU)NAT} (CH,SiMe;CH,BU)(1-Me)B(CsFs)3] 2 1H, 15C, 118, 19F NMR, EA 106
127 [Sc{#*-ArNC('Bu)CHC(BU)NAr} (CH,SiMe,CH,SiMes)(1-Me)B(Cy2Fg)(CsFs)] 1H, 13C, 1B, 1% NMR, EA 106
128  [So{#°-ArNC('Bu)CHC(BU)NAT} (CH,SiMe;CH,BU)(1-Me)B(CyoFs) (CeFs)] 2 14, 13C, 11B, 1%F NMR, EA 106

— in it 14 130 11R 19

129 1S e ®-ANC(BU)CHC(BUNAT} (NCHCPRCH,CHMe)] [B(CsFs)sMe]- @ in situ, *H, °C, 18, F NMR 108
130 [Tm{#3-ArNC('BU)CHC(BU)NATr} ;] [BPhy]~ 2 H NMR 109

131 [Tm{n3-ArNC('Bu)CHC(BU)NATr} ;] [B(CsFs)4] - X-ray,'H NMR, EA 109

132 [Y{2-NAr—CgH4(CH=NATI)}(CH,SiMe;Ph)(THF}] *[B(CsFs)3(CHzSiMe:Ph)] 14, 1°%C, 11B, 19F NMR, EA 110
133  [Y{2-NAr—CgHs(CH=NAI)}(CH;SiMe;Ph)(THF)]"[B(CeFs)3(CH:SiMe;Ph)] 2 in situ, no data available 110
134  [Lu{2-(ArN=CMe)-6-(ArNCMe)CsHsN} (CH,SiMe;CH,SiMes)(THF)][B(CeFs)sMe]~ @ H, 1°C, 11B, 19F NMR 111

135 [La(P{CsH4+-2-CH.NMez}{ CH(SiMe&3)(SiMexCH,)} ) (THF)4] T[BPhy] ~ X-ray, H, 1B, 3P NMR 112

aAr = C5H3iPrz-2,6.

The generation of [Y{(Me:N(CH,)2}.N(CH,),N'Bu)-
(CH,SiMes)(THF-dg)y] "[B(CsFs)s] ~ (108 was possible using
an analogous, conformationally less rigid monoanionic
tetradentate ligand based on a linear triamine mdiet§t
1H and'3C NMR spectroscopy revealed resonances similar
to the related substituted TACN complexes. However, THF
is required for sufficient stability to allow?’C NMR spectra
to be measured. Polymerization of ethylene could be
monitored despite rapid catalyst deactivation when the
cationic complex was generated in situ upon reaction with
[Pth]+[B(C6F5)4]7

6.2. Complexes with L ,X-Type Ligands

6.2.1. B-Diketiminato Complexes

The monoanionig-diketiminato ligands ArNC(R)CHC-
(R)NAr (R = 'Bu, Me; Ar = C¢H5'Pr»-2,6) have witnessed
a surge in interest as ancillary ligands for transition metal
complexes in recent yeal®¥ Table 5 contains cationic
lanthanoid complexes with-diketiminato and related ligands.

Addition of B(GsFs)s to a benzene solution of [$g°-
ArNC(ME)CHC(ME)NAI} (CH2C5H5)2] (Ar = C6H3‘Pr2-2,6)
yielded crystals of [Sa;3-ArNC(Me)CHC(Me)NAR (CH,-
CeHs){/l,776-C6H5CHQB(C5F5)3}] (109 suitable for X-ray
crystallography (Scheme 19 The structure clearly shows

Scheme 19

Me N/Ar /

C

;N\ CHoPh  B(CeFe)s _ ;N\ CH,Ph
Me AI! \SC/ /

CH,Ph

Ar = CgHgPry-2,6 109 B(CeFs)s

a contact ion pair arising fromé-bonding of the abstracted

contact ion pair was also noted by the chemical shift
difference of 3.9 ppm between timeetaandpara fluorines
of the anion in the®F NMR spectrum. This could also
explain the inactivity ofL09toward H and ethylene, because
the binding of toluene to cationic titanium complexes
decreases their polymerization activif§f.As evidenced by
the short Se-C distances (C1 2.835(2) and C3 2.787(2) A)
and the large extent to which the metal center lies out of the
ligand plane (1.114 A), thg-diketiminato ligand appears
to have morer-bonding character in this cation than in the
neutral complex.

A series of related complexes, [SE8-ArNC(Me)CHC-
(Me)NAr} Me(5-Ar")] '[B(CeFs)s] ~ (Ar = CeH3'Pr-2,6; Ar
= C¢HsBr (110, CsHe (111), toluene (12, mesitylene
(113), was synthesized from [$g3-ArNC(Me)CHC(Me)-
NAr}Me;], using [PRC]T[B(CeFs)4] .1 This enabled the
thermodynamic parameters for the arene exchange to be
studied, thus rationalizing the characteristicg®toordina-
tion of arenes to complexes suchld®. The order of arene
coordination was found by competition experiments to be
bromobenzene< benzene< mesitylene< toluene. This was
explained by the interplay of basicity and steric factors. A
mechanism for the displacement of mesitylene by toluene
invoking partial slippage of thg®-coordinated arene to lower
hapticity and adjacent exchange by the more basic toluene
was backed up by kinetic measurements via NMR spectros-
copy at low temperature. Multinuclear NMR experiments
as well as X-ray structure analysi$10 112 showed the
existence of well-separated ion pairs for complex&6—
113

By comparison,-diketiminato-supported alkyl cations
derived from [S€73-ArNC(Me)CHC(Me)NAR Me;], using
B(CeFs)z instead of [PBC]T[B(CeFs)4]~ are relatively un-
stable'®>1% The addition of B(GFs)s at —33 °C led to the
formation of the contact ion pair [ScNIg3>-ArNC(Me)CHC-

benzyl group to the scandium center. The presence of a(Me)NAr} (u-Me)B(CsFs)s] (114 (Scheme 20). However, at
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Scheme 20 Scheme 21
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F F F F substituted backbone has recently been preséftddese

compounds were generated with either Biffg)(CsFs) or

E B(CeFs)s from the neutral bis(alkyl)3-diketiminato com-

115 17 plexes [S¢n*-ArNC(Bu)CHC(BU)NAIRR] (Ar = CeH4Pr-
2,6; R= R = Me, CHSiMe;; R = CH,SiMe;, R =

room temperature rapideEs transfer gave the contact ion  CH,'Bu) in toluene (Scheme 22). Thus for-RMe, [ScMe-

pair [Sc(GFs){ 73-ArNC(Me)CHC(Me)NAR (u-Me)B(CsFs)--

Me] (115. Addition of a second equivalent of B{Es)s to Scheme 22

114gave the more stable contact ion pair{$eArNC(Me)-

f Ar l Ar
CHC(Me)NAR{ (u-Me)B(CsFs)a} 2] (116). Over longer pe- BUEN” A Bu N endo
riods of time, this compound also decomposed via aryl group -~ ';l\\ Me “tolvened. B ';l\\ /Me\B /8
transfer to give [Sc(€Fs){ 73-ArNC(Me)CHC(Me)NAR (u- Ar 3¢ ° Ar SC 1152
Me)B(CsFs)s] (117), whose structure was confirmed by Me Me
multinuclear NMR spectroscopy and X-ray structure analy- Ar = CgHyPry-2,6
sis!0 B1 = B(CeFs)s "

The reaction of varying amounts of Bffs)s with a similar F . Ar
dimethyl scandium complex [$g3-ArNC(‘Bu)CHC(Bu)- F F B q N’
NAr}Mey] (Ar = CsH4Pr-2,6) containing a sterically more gg DN Me
bulky g-diketiminato ligand resulted in the formation of B,= FF FF Ar ?C exo
different ion pairs (Scheme 21Y’ Half an equivalent of B Me. _
B(CsFs)s yielded a methyl-bridged dimer [(§g3-ArNC(‘Bu)- F Q O F "By /By
CHC(BU)NAr} Me)(u-Me)|T[B(CeFs)sMe]~ (118 that could
not be isolated as a solid. A monomeric, crystallographically Fr o F B1 (119), B, (123)

characterized contact ion pair [Scig-ArNC(‘Bu)CHC-
(‘Bu)NAr} (u-Me)B(CsFs)z] (119 was isolated by addition  {#3-ArNC(‘Bu)CHC(BU)NAr} (u-Me)B(Ci2Fs)(CeFs)] (123
of 1 equiv of B(GFs)s. A dicationic contact ion triple [Ja;®- and  [S€#3-ArNC(‘Bu)CHC(BU)NATr}{ (u-Me)B(CyoFg)-
ArNC(‘Bu)CHC(BuU)NAr}{ (u-Me)B(CsFs)s} 2] (120 resulted (CsFs)}2] (124) were synthesized. Interestingly, no cations
from the addition of 2 equiv of B(§s)s. The *H NMR could be made when R R’ = CH,'Bu. Furthermore, when
spectrum of119 shows broad signals at room temperature cationic complexes starting from the bulkier alkyl complexes
but is consistent with the presence of two diastereomers atformed, these groups coupled to give {8&ArNC(‘Bu)-
—60 °C. The interconversion of the diastereomers was CHC(BuU)NAr}(R)(u-Me)B(CsFs)s] (R = CH:SiMe;CH,-
proposed to occur either via a ligand flipping mechanism or SiMe; (125, CH,SiMe,CH,Bu (126)) and [S€#°-ArNC(‘Bu)-
via an associative ion pair process. The exchange barrier wasCHC(BuU)NAr} (R)(u-Me)B(Ci2Fs)(CsFs)] (R = CH.SiMe,-
estimated to be 51.9(11) kJ mélat —10 °C. In solution, CH,SiMe; (127), CH,SiMe,CH,'Bu (128). It was found that
metalation of an isopropyl group via loss of methané19® the compounds with methyl coligands exist in solution at
resulted in the formation of [$¢3-ArNC(‘Bu)CHC(Bu)- room temperature as an exchanging pair of diastereomers
NCeH3(Pr)(CH(Me)CH)}{ (u-Me)B(CeFs)s}] (121), as in- with indistinguishable'H and*°®F NMR spectra. However,
dicated by multinuclear NMR spectroscopy and elemental at lower temperature coalescence behavior betweeaxte
analysis. and endo isomers could be observed and the barriers to
A further study of ion pair dynamics in solution involving exchange estimated. Interestingly, the ion pairs with the
complexes119 and 120 and others also having #®Bu- bulkier coupled alkyl group exist as only one diastereomer
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at all temperatures (X-ray structure analysislab showed Scheme 23

this to be theexoisomer). Neithed25nor 127 reacted with Ar *
a second equivalent of either B(Es)(CsFs) or B(CsFs)s. N,Ar THE N’\ THF
The cationigs-diketiminato scandium compledd9 showed ( >Y’_R _B(CeFs)s_ C AR
high activity for catalytic intramolecular hydroamination of N~ ) CeHsBr/THF N\A THF
both o,w-aminoalkynes and,w-aminoalkene&? The mech- Ar '
anism was proposed to proceed via olefin insertion into the Ar = CeHyPrz-2,6 [B(CeFs)sRI
Sc—N o-bond formed upon substrate protonolysis. A cationic R = CH,SiMe.Ph 132

N-bound heterocyclic product [$g3-ArNC(‘Bu)CHC(Bu)-

1 X X

NAr} (NCH,CPhCH,CHMe)]*[B(CsFs)sMe]~ (129 could | |

be observed by multinuclear NMR spectroscopy in the N B(CeFs)s N

reaction of 119 and 2,2-diphenyl-4-pentenylamine under AN TR NS CDZCITHE | oM=Ly

stoichiometric conditions (section 9.2.1). R R THF  CH,SiMe;R
Recently, the syntheses of cationic homoleptic thulium Ar = CgHs'Prp-2,6 [B(CeF 5)3CHal

complexes [Tr{n>-ArNC('Bu)CHC(BU)NAr} ;] F[BPhy]~ (130 R = CH,SiMes 134

and [Tm{#3-ArNC('‘Bu)CHC(BuU)NATr} ;] "[B(CeFs)4] ~ (131)
by reaction of appropriate ammonium tetraarylborates and
a thulium precursor containing both the monoanionic

pB-diketiminato ligand ArNCBu)CHC(BuU)NAr (Ar = MesSi X/ '
CsHs'Pr,-2,6) and its deprotonated dianionic derivative were MeZSi\\T Ve e H BT Me3Si~<| THF
described® Whereas the formation of.30, which is . — P—L\afTHF
thermally unstable, was confirmed Hy NMR spectroscopy, MeN™ p THF /| THF
131 could be isolated in good yield and its structure CH(SiMey), N\THF
determined by single-crystal X-ray diffraction. The structure BPhT

showss-interactions between two ligand carbon atoms and
the cationic metal center (TAHC2=2.717(3) and TmC31

= 2.826(3) A, Figure 7). Treatment of a CBCl, solution of [Lu{2-(ArN=CMe)-
6-(A|’NCM€2)C5H3N} (CstlMeg)zl (Ar = C6H3‘Pr2-2,6) with
B(CeFs)s in the presence of THF led to the cationic
monoalkyl derivative [L{2-(ArN=CMe)-6-(ArNCMe)-

in which two trimethylsilylmethyl groups have been coupled
together (Scheme 23)! The cation, which is stable in
solution, was analyzed by multinuclear NMR spectroscopy.
The small difference betweemetaand para aryl fluorine
resonances of only 2.6 ppm in tH&F NMR spectrum
indicates a solvent-separated ion pair. The coupling was
explained by concerted silylmethyl group extraction by
B(CsFs)s accompanied by alkyl group migration.

The cationic alkyl lanthanum complex [Lg(@sHs-2-
CH,NMez}{ CH(SiMe)(SiMe&;CH,)} )(THF)s] [BPh] ~ (139
Figure 7. Molecular structure of the cationic part of [{e- resulted from the reaction of the cyclometalated lan-
ANC(BU)CHC(BU)NAT} ;] [B(CeFs)] - (131) One of two crys-  anum phosphide complex [{@MesSi)CH} (CeHa-2-
tallographically independent molecules is shown; hydrogen atoms CHzNMe2)P]"[P(CeHa-2-CHNMeo){ CH(SiMes)(SiMe-
and aryl substituents of the ligands are omitted for clarity. Drawn CHg2)}]~ with [NEtzH]*[BPhy]~ in THF (Scheme 23)*2In
from data in ref 109. this reaction, protonolysis of the bidentate, monoanionic
ligand instead of the tridentate, dianionic CPN-type ligand
occurred, as confirmed by multinuclear NMR spectroscopy
and X-ray structure analysis.

6.2.2. Complexes with Other Related Ligands

A bulky anilido-imine ligand, which combines the proper- . .
ties of 5-diketiminate and salicylaldimine ligands, has been 6-3. Complexes with LX-Type Ligands

used to support organoyttrium compleXé&sReaction of The com ; i ; - ;
X pounds of this class, including cationic lanthanoid
[Y {2-NAr-CgH4(CH=NATI)} (CH,SIMe;Ph)(THF)] (Ar = s Had i
HyP1,-2.6) with B(GFe)s in bromobenzene resulted in the kéfanzam|d|nato and allyl complexes, are compiled in Table

formation of [Y{2-NAr-CsH4(CH=NAI)} (CH,SiMe,Ph)-

(THF),]T[B(CsFs)3(CH.SiMePh)]” (132 as a thermally ini

stable solid (Scheme 23%F NMR measurements were in 6.3.1. Benzamidinato Complexes

accordance with separate ion pairs in the presence of excess The reaction of [Y#73-PhC(NAry} (CH,SiMes)(THF)] (Ar
THF. Formation of [{ 2-NAr-CgH4(CH=NAr)} (CH,SiMe,- = CsH3'Pr-2,6) with 1 equiv of [PhNMgH]T[B(CsFs)4] ™ in
Ph)(THF)J'[B(CeFs)3(CH.SiMePh)T™ (133) as a mixture of THF-dg yielded SiMe, PhNMe, and the cationic yttrium
three isomers, which may be geometrical in nature or resultalkyl species [Y73-PhC(NArk} (CH,SiMes)(THF-dg),] *-
from ion pair interactions, in the absence of excess THF was [B(CsFs)4]~ (136), as shown by in sitdH and *3C NMR
postulated from in situ NMR spectroscopic measurements. spectroscopy (Scheme 24§.The isolation of complexes
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Table 6. Cationic Rare-Earth Organometallic Complexes That Contain LX-Type Ligands

no. compound characterization refs
136 [Y{#3-PhC(NAr)} (CH,SiMes)(THF-dg),] "[B(CeFs)s] ~ 2 in situ, *H, 2°C NMR 113,169
137 [Sc{73-PhC(NAr)} (CH,SiMes)(THF),] F[BPhy] ~ 2 X-ray, H, 1*C NMR, EA 114

138 [Y {#3-PhC(NAr)} (CH,SiMes)(THF)s] [BPhy] ~ 2 X-ray, H, 13C NMR, EA 114

139 [La{#3-PhC(NAr)} (CH,SiMes)(THF)4] T[BPhy] ~ 2 X-ray, *H, 13C NMR, EA 114

140 [Nd{#3-PhC(NAr)} (CH,SiMe3)(THF),] "[BPhy] ~ 2 X-ray, EA 114

141 [Gd{#*-PhC(NAry} (CH,SiMes)(THF)s] "[BPhy] ~ 2 X-ray, EA 114

142 [Lu{73-PhC(NAr)} (CH,SiMes)(THF)3] '[BPhy] ~ 2 X-ray, ™H, 13C NMR, EA 114

143 [Sc{773-PhC(NAr)} (CHzSiMes)(THF-ds),] F[B(CéFs)a] ~ 2 in situ, 'H NMR 114,169
144 [La{773-PhC(NAr)} (CH,SiMes)(THF-0g)a] *[B(CsFs)a] ~ 2 in situ,H, *C NMR 114

145 [Nd{73-PhC(NArk} (CH,SiMes)(THF)] [B(CeFs)4] ~ 2 in situ, no data available 114,115
146 [Gd{73-PhC(NArk} (CH,SiMes)(THF)] T[B(CeFs)4] ~ 2 in situ, no data available 114
147 [Lu{73-PhC(NAr)} (CH,SiMes)(THF)y] T[B(CeFs)4] ~ 2 in situ, no data available 114
148 [Y {77°-(CsFs)C(NAI)2} (CH2SiMes)(THF-0g),] [B(CeFs)a] ~ 2 in situ, H, °C, 1F NMR 115

149 [Nd(73-C3Hs)2(THF)4] "[BPhy] - no data available 116,161
150 [Nd(#73-C3Hs)2(THF)4] " [B(CsFs)4] no data available 116
151 [Nd(73-C3Hs)2(DME) 4] "[B(CeFs)4] no data available 116
152 [Nd(773-C3Hs)-(dioxane)] *[B(CeFs)4] - no data available 116
153 [La(n3-CsHs) o THF)4] T [BPhy] X-ray, data not available 116
154 [La(3-C3Hs)2(THF)4] T[B(CeFs)4] X-ray, data not available 116
155 [Nd(#7%-CsHs) CI(THF)s] *[BPhy] - X-ray, EA 117

aAr = CeHgiPrz-Z,G.

Scheme 24
Ph

Ar—N ,|\ N—Ar [PhNMe,H]*[B(CeF5)4l”

Y- .
THF/ \\CstIME3 THF'dg
CH,SiMe;
. +
Ar = CgHgPry-2,6 Ph
Ar—N""N—Ar [B(CeFs)al

(THR)Y Y\:stuwe3
136

[Ln{#3-PhC(NAr)} (CH.SiMes)(THF),] *[BPhj]~ (Ar =
CsH3Pr-2,6; Ln=Sc,x =2 (137); Ln =Y, x = 3 (139),
Ln =La,x =4 (139; Ln = Nd, x = 4 (140; Ln = Gd, x
= 3 (14D; Ln = Lu, x = 3 (142) was possible from the
corresponding bis(alkyl) complexes with [PhNjg [BPhy] ~
in THF.2“ The structures for all of these complexes could
be determined by X-ray crystallography. As expected, the
number of THF molecules bound to the metal increases with
the ionic radit* of the metal centers. Sind86 was shown
to be an active ethylene polymerization catalyst, pro-
ducing polyethylene with a narrow polydispersity analo-
gous complexes [Lf13-PhC(NAr)} (CH,SiMes)(THF),]*-
[B(CsFs)4]~ (LN = Sc (143, La (144, Nd (145, Gd (146),
Lu (147) were generated by in situ activation of the bis-
(alkyl) complexes with [PhNMgH]T[B(CgFs)4] ~ in toluene
in the presence of 20 equiv of isobutylalumoxane (TIBAO)
at 30 °C and also tested for their activities (section
9.1.1)11415The intermediate-sized metals (Y and Gd) were
found to be the most active within this series. Another
analogous yttrium complex with a perfluorinated backbone
[Y {7%(CeFs)C(NAr);} (CHzSiMes)(THF-dg),] *[B(CeFs)a] -
(148 (Ar = CgH3Pr-2,6) showed similar properties in
ethylene polymerization under the same conditighs.

6.3.2. Allyl Complexes

Cationic bis(allyl) neodymium and lanthanum complexes
[Ln(73-CaHs)2(L)n] T[A] - (Ln = Nd; L=THF,n=4, A=
BPh, (149; L = THF, n = 4, A = B(C¢Fs)s (150); L =
DME, n = 4, A = B(CsFs)4 (151); L = dioxane,n = 4, A
= B(CeFs)s (152); Ln = La; L = THF, n = 4, A = BPh,

(153; L = THF, n = 4, A = B(C¢Fs)4 (154) have been
synthesized by partial protonolysis of the neutral tris(allyl)
complexes with different trimethylammonium borates in
appropriate solvents (Chart 2f.The compounds were fully

Chart 2
THE a_ T
THF
THF< I /THF - THF_:Nd’THF BPh,]"
THF/Lla\)) [B(C6X5)4] |:THF/\l/ THF [ 4]
N >
183 (X =H) 155
154 (X =F)

characterized, but no spectroscopic data were published.
Complexesl53and154were characterized by X-ray crystal
structure analysis. The two allyl groups in the catiorl 64
adopt acis arrangement. Polymerization of 1,4-butadiene in
toluene usind50, 152, and154as one-component catalysts
showed higltis-1,4-selectivity. Additionally 152 (with the
more labile dioxane donor ligand) exhibited the highest
activity, with a TOF of about 10 0001 (section 9.1.3).

The comproportionation of the neutral tris(allyl) neo-
dymium complex [Lnf3-CsHs)s(dioxane)] with NdC§ in a
1:1 molar ratio followed by protonolysis with 1 equiv of
[NMe3H]*[BPhy]~ yielded [Nd{;3-CsHs)CI(THF)s] F[BPhy]
(155 as a green solitt” X-ray structure analysis revealed a
well-separated ion pair. The metal center adopts a pentagonal-
bipyramidal coordination geometry withti@ns configuration
for the allyl group and the chloride ligand. No catalytic
activity toward 1,4-butadiene was observed, probably due
to rapid decomposition of the complex in toluene at room
temperature or to coordination of THF or the counterion in
solution.

6.4. Complexes with X-Type Ligands

The cationic complexes known of this type, which all
contain a trifert-butoxy)silanolate ligand, are compiled in
Table 7.

Reaction of the dimeric, THF-free rare-earth metal
silanolate complexes [{m,7>OSi(OBu)s} (CH,SiMes),]2
(Ln =Y, Tb, Lu) with 2 equiv of [NE§H]"[BPhy] " yielded
the cationic derivatives [L{OSi(OBu)s} (CH.SiMes)-
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Table 7. Cationic Rare-Earth Organometallic Complexes That Contain an X-Type Ligand

no. compound characterization ref
156 [Y{ OSi(OBu)s} (CH.SiMes)(THF)s] [BPhy] - 1H, 13C, 1B NMR, EA 118
157 [Th{ OSi(OBuU)s} (CH,SiMes)(THF),] F[BPhy] - EA 118
158 [Lu{ OSi(OBuU)3} (CH;SiMes)(THF)4] F[BPhy] ~ H, 13C, 1B NMR, EA 118
159 [Y{OSi(OBu)s} (CH,SiMes)(12-crown-4)(THF)T[BPhy] ~ H, 13C, "B NMR, EA 118
160 [Lu{ OSi(OBuU)s} (CH,SiMes)(12-crown-4)(THF)} [BPhy] - 1H, 13C, 1B NMR, EA 118
161 [Y{OSi(OBu)s} (CH,SiMes)(15-crown-5)F [BPhy] - H, 1°C, "B NMR, EA 118
162 [Lu{ OSi(OBu)s} (CHzSiMe;)(15-crown-5)F [BPhy] - H, 13C, 1B NMR, EA 118
163 [Y{OSi(OBu)s} (CH.SiMes)(THF)4] [B(CeFs)4] - H, 13C, 1B, F NMR, EA 118
164 [Y{ OSi(OBu)3} (CH,SiMes)(THF),] *[AI(CH ;SiMes).] - 1H, 13C, 1B, 27Al, 29Si, 8%y NMR 118
165 [Y{OSi(OBu)s} (CH,SiMes)(THF)4] [BPhs(CH,SiMes)] - in situ, H, 13C, 1B NMR 118

(THF),J*[BPhy~ (Ln = Y (156), Tb (157), Lu (158) in THF
(Scheme 25)!8 Further derivatives were obtained by adding
Scheme 25
s +
tE|>u C'S)I(O Bu)s
R\L _O__OBu| INEGHI'BPh | THE_ | THF

n
R” \O/ I\OtBu THF THF/LIn\R
Z THF
Ln=Y, Th, Lu [BPhsT
R = CH,SiMes Ln =Y (156),
Tb (157), Lu (158)
2-crown-d 15-crown-5
heptane heptane
O/_\o i .
[O/_\'o r\omo
\\"// [BPh,]" \JO)\O‘\/N
// ~ 4 O~\\
THF C\) R Lln\R
(e}
Si(O'Bu), -
Ln =Y (159), Lu (160) Si(O'Bu);
[BPh,J"

Ln=Y (161), Lu (162)

stoichiometric amounts of 12-crown-4 or 15-crown-5 to give
[Ln{ OSi(OBu)3} (CH,SiMes)(L)(THF),] *[BPhy] ~ (L = 12-
crown-4,n=1; Ln=Y (159, Lu (160; L = 15-crown-5,
n=0; Ln =Y (161, Lu (162). Reaction of [¥{u,n?*
OSi(OBu)s} (CH;SiMes),), with [PhNMeH]*[B(CeFs)4]
[AI(CH.SiMes3)s] or BPh; yielded the expected cationic
yttrium compounds [YOSi(OBu)s} (CH,SiMes)(THF),] F[A] -

(A = B(CeFs)4 (163, Al(CH,SiMe3)4 (164), BPh(CH,;SiMe3)
(169). Multinuclear NMR spectroscopy gave resonances
indicative of solvent-separated ion pairs in solutiti.and

13C NMR spectroscopy indicated the presence of small
amounts of the bis(alkyl) and bis(silanolate) complexes
[Ln(CH,SiMe3)o(THF)]*[A]~ and  [Ln{ OSi(OBu)s} 2

(THF).TA] ~, which presumably formed by ligand redis-
tribution processes.

7. Cationic o-Alkyl Complexes Bearing Neutral
Coligands

A series of mono- and dicationic rare-earth metal alkyl
complexes that contain THF, macrocyclic, or tripodal
ligands have become accessible. These complexes are in
some cases thermally more robust than the neutral parent
compounds and have been characterized in the solution and
solid state. In contrast to the bulky tris(alkyl) complex
[Ln{ CH(SiIM&)2} 3], 11 122 tris(trimethylsilylmethyl) deriva-
tives [Ln(CH:SIiMe;)3(THF) 12> 1?6 are reactive toward alkyl
group abstraction by Lewis or Brgnsted acids.

7.1. Monocationic a-Alkyl Complexes

(7.1.1. Coryplexes with Neutral L,-Type Coligands
n = 4-6

Crown ethers comprise a family of neutral macrocyclic
donor ligands suitable for coordination at lanthanoid cen-
ters!?” Complexes incorporating these coligands are compiled
in Table 8.

Complexes of the general type [LARE)(THF)][A] -

(Ln = Sc, Y, Lu; R= CH,SiMez;; CE = 12-crown-4, 15-
crown-5, 18-crown-6x = 0, 1; A = AIR,4, BPhR, BPhy)
were readily prepared in THF from either their parent THF
adducts [LnB(THF),] or the thermally more robust crown
ether complexes [LniR12-crown-4)]+?812°Treatment of in
situ generated THF-supported alkyl cations [LORHF),] *-
[BPhg(CH,SiMe;)]~ (Ln =Y (190, Lu (191) with crown
ethers gave the ion pairs [Ln(G8iMes),(CE)(THF)]*-
[BPhg(CH.SiIMe;)]~ (Ln = Y; CE = 12-crown-4,x = 1
(166); Ln = Lu; CE= 12-crown-4x =1 (167); CE = 15-
crown-5,x = 0 (168); CE = 18-crown-6,x = 0 (169)) in

Table 8. Monocationic Alkyl Rare-Earth Metal Complexes That Contain Neutral L,-Type Ligands (n = 4—6)

no. compound characterization ref
166 [Y(CH:SiMes)x(12-crown-4)(THF)] [BPhs(CH;SiMe;)] H, 13C, B NMR, EA 130
167 [Lu(CHSiMes)2(12-crown-4)(THF)] [BPhs(CH,SiMes)] - X-ray, H, 1°C, 1B NMR, EA 130
168 [Lu(CH2SiMes),(15-crown-5)F[BPhs(CH,SiMes] - X-ray, H, 1°C, 1B NMR, EA 130
169 [Lu(CH,SiMes)2(18-crown-6)] [BPhs(CH,SiMes] - X-ray, *H, 13C, 1B NMR, EA 130
170 [Y(CH.SiMes)x(12-crown-4)(THF)T[AI(CH ;SiMes)s] 1H,13C NMR, EA 129
171 [Sc(CH:SiIMe;)2(12-crown-4)F [BPh] ~ H, C, 1B NMR, EA 128
172 [Y(CH_SiMes)x(12-crown-4)F[BPhy] - H, 13C, B NMR, EA 128
173 [Lu(CHzSiMe3),(12-crown-4)(THF)] [BPhy] ~ H, 1B, 1°C NMR, EA 128
174 [Sc(CH:SiMes)2(12-crown-4)F [BPhg(CH,SiMes)] H, 13C, 1B NMR, EA 129
175 [Y(CH:SiMes)(12-crown-4)(THF)] " [B(CsFs)3(CH.SiMes)] ~ in situ,H, 1C, B, 1%F NMR 129
176 [Lu(CH,SiMes),(12-crown-4)(THR) *[B(CeFs)3(CH,SiMes)] in situ, *H, 13C, 1B, 1%F NMR 129
177 [Y(CH:SiMes)z(12-crown-4)(THFR)] " [B(CsFs)al ~ in situ,H, 13C, B, 1%F NMR 129
178 [Lu(CHzSiMe;)2(12-crown-4)(THF) *[B(CeFs)4] - in situ,*H, °C, 1B, 1%F NMR 129
179 [YMey(12-crown-4)(THF)] *[BPhy]~ X-ray, 'H, 1°C, 1B NMR, EA 131
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Scheme 26 prismatic coordination geometry, where all six oxygen atoms
[LNR3(THF),] of 18-crown-6 are coordinated to the eight-coordinate lute-
Ln=Lu, Y THF | BPh tiumion. .
EZSS&SFL“"% l The yttrium complex [Y(CHSiIMe;)3(12-crown-4)] re-
s [LnRo(THF),J*TAT tg:ax::“s(zfg%) acted with [AI(CHSiMes)s] in THF to give microcrystal-
CE‘ ’ line [Y(CH,SiMes)(12-crown-4)(THF)F[AI(CH ;SiMes) 4]~
(170.12° The tris(alkyl) complexes [Ln(CkBiMes)s(12-
CE =j12-crown-4 CE =l15—crown—5 CE =l18-crown-6 crown-4)] of scandium, yttrium, and lutetium also reacted
N N . with [NEt;H]T[BPhy]~ in THF to give the alkyl cations
SESNINIS B N Ty Iy %0 (173 Ln = Lu X~ 1 @79y
ol /[0 Al |07 N - ' - = ; =Y, X= : = LU, X=
& /¥\THF . \/\}%/:/\/ . &05}_“/\4 6| or with BPh to give [Sc(CHSiMes),(12-crown-4)t-
R RO R R R [BPhs(CH,SiMes)] ~ (174).32° The reactions of the neutral 12-
Ln=Y (166), Lu (167)  Ln = Lu (168) Ln = Lu (169) crown-4 adducts with B(Fs)s or [PhNMeH] T [B(CsFs)4] ™

in THF-dg yielded [Ln(CHSiMes),(12-crown-4)(THF) -
high yield (Scheme 26¥° The Ln—CH, resonances were [B(CeFs)3(CH:SiMes)]~ (Ln = Y (175, Lu (176) and
observed at higher field in tHél and’3C NMR spectrawith ~ [LN(CHzSiMes)y(12-crown-4)(THF) *[B(CgFs)a] ~ (Ln =Y
increasing size of the crown ether in agreement with an (177), Lu (178)), respectively, and were monitored in situ
enhanced shielding along this serié®8 NMR spectra at by multinuclear NMR spectroscopic experimeHts.
room temperature in THBg are consistent with identical Addition of 12-crown-4 to a THF solution of the in situ
anions separate from the cation in each case. According togenerated monocation [YM@EHF)s] “[BPhy~ (199), pre-
X-ray structure analysis, the cationic lutetium compl&? pared from the dication [YMe(THE)*[BPhy] 2 (214) and
exhibits a seven-coordinate capped trigonal prismatic metalLiMe, allowed the isolation of the crown ether adduct
center (Figure 8). 15-Crown-5 stabilizes thet{4) electron  [YMez(12-crown-4)(THR)]*[BPh]~ (179 in 80% yield as
thermally robust, colorless crystdf§. The ligands around
the yttrium center adopt a square antiprismatic configuration
in the solid state.

7.1.2. Complexes with Neutral Ls-Type Coligands

Macrocyclic and tripodal ligands that contain nitrogen or
sulfur donors have been shown to stabilize cationic scandium
alkyl complexes (Table 9, Chart 3). In situ generated
complexes containing these ligands were used as catalyst

Sit precursors for olefin polymerization (section 9).

The scandium trimethyl complex [ScM#es-TACN)]
with the 1,4,7-trimethyl-1,4,7-triazacyclononane ligand;Me
TACN, prepared by salt metathesis of the corresponding
scandium trichloride [Sc@IMes-TACN)] with methyl-
lithium, reacted with B(@Fs)s in THF to give the contact
ion pair [ScMe(Mes-TACN)(u-Me)B(CsFs)s] (180 (Scheme

Figure 8. Molecular structure of the cationic part of [Lu@@H  27)°° The *H NMR spectrum of180 in THF-ds shows a
SiMes),(12-crown-4)(THF)} [BPhs(CH,SiMes)]~ (167). Hydrogen ~ broad singlet ab 0.50 ppm for thex-Me group and a sharp
atoms are omitted for clarity. Drawn from data in ref 130. singlet ato 0.66 ppm due to the terminal S&le groups.

Furthermore, [ScMgMes-TACN)] reacted with [PhNMgH] -
fragment [LnR]™ (n = number of f-electrons) without [B(CgFs)s]~ in THF to form the ion pair [ScMg&Mes-
additional THF to give [Lu(CHSiMes),(15-crown-5)f- TACN)(THF),]"[B(CeFs)s]~ (181). Although thelH NMR
[BPhg(CH,SiMes)]~ (168). The (14+ 14) electron cationin ~ spectrum of181 in THF-dg indicates the formation of the
168also has a seven-coordinate metal center with a cappedexpected byproducts, fré¢N-dimethylaniline and methane,
trigonal prismatic coordination geometry. The (1614) the Se-Me resonance of the cation was not detected.
electron lutetium center in [Lu(Ci$iMes),(18-crown-6)f - Experimental observations suggest the formation of a liquid
[BPhg(CH,SiMes)]~ (169 adopts a doubly capped trigonal clathrate.

Table 9. Monocationic Alkyl Rare-Earth Metal Complexes That Contain Neutral Ls-Type Ligands

no. compound characterization ref
180 [ScMe(Mes-TACN)(u-Me)B(CsFs)4] 2 in situ,'H NMR 96
181 [ScMexMes-TACN)(THF),] '[B(CeFs)a ~ 2 in situ,'H NMR 96
182 [Sc(CH:SIMes)2(Mes-TACN)] F[B(CeFs)3(CH.SiMes)]~ 2 in situ, no data available 132
183 [Y(CH2SiMe3)2(Mes-TACN)]*[B(CeFs)3(CH:SiMes)] ~ 2 in situ, no data available 132
184 [Sc(CH:SiIMes)z(Mex-pz)(THF)[B(CeFs)s] ~ P 14, 13C, 1F NMR, IR, MS 132
185 [Sc(CH:SiIMes)2(Mez-pz)]T[B(CeFs)s(CH:SiMes)] ~ © in situ, no data available 132
186 [Sc(CH:SIMe),(‘Pr-trisox) [ [B(CeFs)s] ~ © in situ, *H, 13C, 1F, 2°Si NMR 133
187 [Sc(CH:SIMes)(TTCN)(THF)][B(CgFs)4] ~ ¢ in situ, *H, 13C, *F NMR 134
188 [Sc(CHSIMes)x(TTCN)]T[B(CsFs)3(CH,SiMes)] ~ ¢ in situ, no data available 134

aTACN = 1,4,7-triazacyclononané& Me,-pz = tris(3,5-dimethylpyrazolyl)methané. Pr-trisox= 1,1,1-tr{ 2-[4-(S)-isopropyloxazolyl} ethane.
dTTCN = 1,4,7-trithiacyclononane.
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Chart 32

2(a) 1,4,7-trimethyl-1,4,7-triazacyclononane (TACN); (b) 1,4,7,-trithia-
cyclononane (TTCN); (c) 1,1,1-{r2-[4-(S)-isopropyloxazolyl} ethane 'Pr-
trisox); (d) tris(3,5-dimethylpyrazolyl)methane (Mpz).

Scheme 27
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The reaction of [Sc(CkBiMe;)3(Mez-pz)] (Me,-pz = tris-
(3,5-dimethylpyrazolyl)ymethane), in which (Mgz) is fa-
cially coordinating, and [PJC][B(CeFs)4] ~ in CD,Cl/THF
afforded the ion pair [Sc(CiBiMes)(Mer-pz)(THF)]"-
[B(CeFs)a]~ (184.1%

NMR spectroscopic investigations into the reactivity of
the tris(oxazolyl)ethane-supported scandium tris(alkyl) de-
rivative [Sc(CHSiMes)s('Pr-trisox)] (Pr-trisox= 1,1,1-tri-
{2-[4-(9)-isopropyloxazolyl}ethane) suggested its trans-
formation into an alkyl cation [Sc(Ci$iMes)2(Pr-trisox)]"-
[B(CsFs)4]~ (186) upon treatment with [PIC]T[B(CesFs)4]~
in CD2C|2.133

The 1,4,7-trithiacyclononane (TTCN) supported scandium
derivative [Sc(CHSiMe;)(TTCN)(THF)[T[B(CeFs)4] ~ (187)

Zeimentz et al.

7.1.3. Complexes with Neutral L-Type Coligands

Monocationico-alkyl complexes containing solely THF
are listed in Table 10.

The reaction of [Y(CHSiMes)s(THF),] with [AI(CH »-
SiMes)s] gave the thermally robust ion pair [Y(GHiMe;),-
(THF)4]T[AI(CH ;SiMes)4]~ (189 in THF.129135 The 8Y
NMR chemical shift correlated well with the charge at
yttrium, being significantly shifted to higher field when
compared to that of the neutral complex. Likewise, the
coupling constants increased with the charge at the yttrium
center. Crystallographic characterization1®9 revealed a
distorted octahedral coordination geometry around the
yttrium center withcis-arrangement of the two trimethyl-
silylmethyl groupg:30:136

A mixture of [Ln(CH:SiMe3)3(THF),] (Lh =Y, Lu) and
1 equiv of BPR in THF gave the ion pairs [Ln(C$iMe;s),-
(THF),] "[BPhg(CH.SiMes)]~ (Ln =Y, n =4 (190; Ln =
Lu, n = 3 (192).12%130 When the stronger Lewis acid
B(C¢Fs)z was used, the ion pairs [Ln(GHiMes)(THF),] -
[B(CeFs)3(CHzSiMes)]~ (Ln =Y (192, Lu (193) could be
prepared in situ and characterized by NMR spectroscopy
(THF-dg) but required forcing conditions (several hours at
40-50 °C) due to the greater stability of the adduct
B(CoFs)3(THF).137-13% The 1%F NMR spectra of [Ln(Ch+
SiMe3)o(THF),] [B(CeFs)3(CH,SiMes)] ~ exhibitedmetdpara
chemical shift differences of 2.2 ppm, consistent with the
presence of solvent-separated ion pairs.

The tris(alkyl) complexes [Ln(CEBiMes)s(THF),] (Lh =
Y, Sc, Lu) underwent protonolysis with equimolar amounts
of [NEtsH] "[BPhy]~ to give the ion pairs [Ln(CkBiMes),-
(THF)J[BPhy]~ (Lh = Sc,x =3 (194; Lh =Y, x =4
(195; Ln = Lu, x = 3 (196)) in THF (Scheme 28¥°13
The H, 13C, and'B NMR spectroscopic data fck95 are
consistent with the presence of solvent-separated ions
in solution. The coupling constartfcy of 97.2 Hz was
similar to that found for the neutral tris(alkyl) compleddu
= 98.4 Hz) and does not appear to indicatecaagostic
interactiont40-143

Analogous yttrium and lutetium complexes containing the
anion [B(GFs)4] ~ could be generated and observed by NMR
spectroscopy?® Equimolar amounts of the tris(alkyl) com-
plexes [LN(CHSiMe3)3(THF),] and [PhNMeH] " [B(CeFs)4] ™
underwent reaction in THHs to form [Ln(CH:SiMes),-
(THREW'[B(CeFs)a ~ (Ln =Y (197); Ln = Lu (198)).

The aluminate [Y (u-Me)AlMe3} 5] reacted with [NEH]*-
[BPhy]~ in THF to give the dimethyl derivative [YMe
(THF)s] " [BPhy]~ (199 as thermally robust crystald!
Formation of the related complex [YMEHF),] "[B(CeFs)4] ™

was generated in situ in dichloromethane and characterized(200 was monitored in situ during the reaction of{[(¢:-

by multinuclear NMR spectroscopy*

Me),AlMe,} 3] and 1 equiv of [PhNMgH]*[B(CsFs)4] ™ in

Table 10. Monocationic Alkyl Rare-Earth Metal Complexes That Contain Neutral L-Type Ligands

no. compound characterization refs
189 [Y(CH,SiMes)(THF),] *[AI(CH 2SiMes)] X-ray, 1H, 13C, 27Al, 89%Y NMR, EA 129,135
190 [Y(CH,SiMes)(THF)4] *[BPhs(CH,SiMes)] - 1H, 13C, 11B, 8%y NMR, EA 129,130
191 [Lu(CH,SiMes)o(THF)s] F[BPhs(CH,SiMes)] - 14, 13C, 1B NMR, EA 130
192 [Y(CH,SiMes)o(THF)] *[B(CeFs)s(CH,SiMes)] in situ, H, 13C, 11B, 19F NMR 129,130
193 [Lu(CH:SiMes)o(THF),] H[B(CsFs)s(CH:SiMes)]~ in situ,H, 13C, 1B, 19F NMR 129,130
194 [SC(CHSiMes)(THF)s] [BPhy] - 14, 13C, 118 NMR, EA 129
195 [Y(CH:SiMes)o(THF),]  [BPhy] - 14, 13C, 11B, 8%y NMR, EA 129,135
196 [LU(CH:SiMe3)o(THF)s] '[BPhy] - 4, 13C, 118 NMR, EA 129
197 [Y(CH,SiMes)(THF )] F[B(CeFs)a] - in situ, H, 13C, 1B, 19F NMR 129
198 [Lu(CHSiMes)2(THF),] *[B(CeFs)a] in situ, H, 13C, 1B, 19F NMR 129
199 [YMexy(THF)s] *[BPhy] - X-ray, H, 13C, B NMR, EA 131
200 [YMex(THF),]*[B(CésFs)a]~ in situ,’H NMR 131
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Scheme 28 Scheme 29
) -Me),(AlMe. /\
[Ln(CH,SiMeg)s(THF),] [Y{(u-Me)y( 213l [ d ,O>
Ln=S8c, Lu, Y + - AN
 Lu, [NEt;H]*[BPh,] | THF O\\Y/,o + 2 [PhNMe,H]'[BPh,,
o ~CH.Si 2 [PhNMe,HI*[B(CeFs)4]" or 2 BPh
[NEtsH]+[BPh4]'lTHF ve T Me;SiCH; \CHzg:\'ﬁ:""% 2 84 s
THF| THF BPhT
rip rESMe [ e S | L
THF>|-|n_CH23iMes [BPh,J Me 12-crown-4 | THF
199
(THF), . ”
12-crown-4l ( 9;?) 2+ [OO/\_\%B
Ln=Sc, n =1 (194) R /Y\/ (Al
Ln=Y,n=2(195) — * —=Y, [AT i
Ln="Lu,n=1(196) [q 0 (; C\>/// Netosivies 2 (THF) CH,SiMe,
ol /o [BPh,J CJ \'3 A = BPh;(CH,SiMe;) (201);
Yime 4 BPh, (202); B(CgFs)4 (206)
™ NvE A = BPhy(CH,SiMe;) (203);
179 B(CqsFs)4 (208)

a face-capping 12-crown-4 and three THF units, giving an
eight-coordinate yttrium center of square antiprismatic
coordination geometry. Although thermally robust as isolated
compounds, these complexes were not stable in pyridine
solution. Complex202 reacted with pyridine within 10 h
with concomitant formation of [Yif>-(C,N)-CsD4N)(12-
crown-4)(GDsN)n]?t[BPhy] ~, (205). Dicationic mono(tri-
methylsilylmethyl) complexes of yttrium and lutetium
[Ln(CH,SiMe3)(12-crown-4)(THF)]2*[B(CeFs)a] 2 (N = 1;
Ln =Y (206), Ln = Lu (207); n=2; Ln=Y (208, Lh =
Lu (209) were prepared in situ and characterized by
7.2.1. Complexes with Neutral L,-Type Coligands multinuclear NMR spectroscopy. These complexes with the
(n=3 4) [B(CeFs)4]~ anion showed a much higher solubility in THF
. .. than those with the [BRl™ anion. Interestingly, the bis(12-
Dicationic complexes of the rare-earth metals containing crown-4) complexes, but notably not the mono(12-crown-
oneo-alkyl group are rather unu;ual speci_es, because they4) analogues, reacted with [PhNA*[B(CeFs)s]~ to give
were not expected and were discovered in the context of yimethyisilyimethyl-free complexes, tentatively assigned as
hqmogeneoua-olefln polymenzaﬂpn catalysis. Those con- [Ln(12-crown-4)(THF)J3*[B(CeFs)s] s (LN = Y, Lu).
taining neutral chelating ktype ligands ¢ = 3, 4) are The reaction of [SEPr-trisox)(CHSIMes)s] with 2 equiv
compiled in Table 11. , _ . of [PhC]*[B(C6Fs)4]~ was monitored by multinuclear NMR
Dicationic yttrium and lutetium mono(trimethylsilyl-  spectroscopy? The formation of 2 equiv of PIECH,SiMes
methyl) complexes with [BPACH,SiMe;)]™ and [BPh]™  was observed and the scandium-containing species tentatively
counterions were isolated as both mono- and bis(12-crown- assigned as the dicationic complex [Beftrisox)(CH-
4) complexes: [Y(CHSiMe;)(12-crown-4)(THRI?'[A] > SiMey)]2+[B(CeFs)d] 2 (210). This complex was proposed as
(x=2, A=BPh(CH,SiMey) (201; x=3, A=BPh (202)  the active species in 1-hexene polymerization when generated
and [Ln(CHSiMe;)(12-crown-4)]*[A] > (Lh = Y, A = in situ (section 9.1) but was not isolated.
BPhy(CH,SiMe) (203); Ln = Lu, A = BPh, (204)) (Scheme [Sc(CH:SiMes)(TTCN)JZ*[B(CeFs)d] 2 (211) was gener-
29)12° These complexes are highly soluble in pyridine, but ated in situ upon reaction of the neutral tris(alkyl) complex
their solubility in other solvents such as THF and dichloro- ith 2 equiv of [PRC]*[B(CeFs)s]~ and used as catalyst for

methane is highly dependent on the choice of anion and thene polymerization of 1-hexene and styrene (section’941).
number of 12-crown-4 ligands. They were prepared in high

THF-ds. Single-crystal X-ray structure analysis d©99
revealed a pentagonal bipyramidal coordination geometry
around the yttrium center in the solid state with methyl
groups arranged in &ans fashion. Notably, THF readily
displaced three molecules of AlMevhen the aluminate
[Y{(u-Me),AlMe,}s] was converted into the ion pair
[YMey(THF)s] "[BPh] .

7.2. Dicationic a-Alkyl Complexes

yield from THF solutions of the parent neutral crown-ether 7.2.2. Complexes with Neutral L-Type Coligands
Dicationic rare earth metal alkyl complexes that contain

derivatives and the corresponding Lewis or Brgnsted acids,

BPh; or [NEtzH]*[BPhy]~. The crystal structure d¥02 has

Table 11. Dicationic Alkyl Rare-Earth Metal Complexes That Contain Neutral L,-Type Ligands (n = 3, 4)

THF or pyridine are collected in Table 12.

no. compound characterization ref
201 [Y(CH,SiMes)(12-crown-4)(THF)| 2 [BPh(CH,SiMes)] 1H, 13C NMR, EA 129
202 [Y(CH,SiMes)(12-crown-4)(THF) 2 [BPhy] 2 X-ray, H, 13C, 1B NMR, EA 129
203 [Y(CH,SiMes)(12-crown-43] 2 [BPh(CH,SiMes)] 2 1H, 13C, 1IB NMR, EA 129
204 [Lu(CHSiMes)(12-crown-4)]2[BPhy] > 1H, 13C, 1B NMR, EA 129
205 [Y (37%-(C,N)-CsD4N)(12-crown-4)(GDsN),] 2 [BPhy] ~» in situ, 1H, 13C, 1B NMR 129
206 [Y(CH;SiMes)(12-crown-4)(THF))2"[B(CeFs)4] 2 in situ, H, 13C, 1B, 1%F NMR 129
207 [Lu(CH,SiMes)(12-crown-4)(THF)| 2 [B(CeFs)4] 2 in situ, H, 13C, 1B, 1°9F NMR 129
208 [Y(CH.SiMes)(12-crown-4)(THF),]>T[B(CesFs)4] 2 in situ,H, 13C, B, 1%F NMR 129
209 [Lu(CH,SiMes)(12-crown-4)THF),]2*[B(CeFs)s 2 in situ, H, 13C, 1B, 19F NMR 129
210 [Sc(CH:SiMes)(Pr-trisox)E[B(CeFs)4] 2 2 in situ, IH, 13C, 1°F, 2°Si NMR 133
211 [Sc(CH:SIMes)(TTCN)J> [B(CeFs)s] 2P in situ, no data available 134

a ipr-trisox= 1,1,1-tr{ 2-[4-(9-isopropyloxazolyl}ethane? TTCN = 1,4,7-trithiacyclononane.
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Table 12. Dicationic Alkyl Rare-Earth Metal Complexes That Contain Neutral L-Type Ligands

no. compound characterization refs
212 [Y(CH:SiMes)(THF)s)>f[BPhy] ~, 1H, 13C, 1B, 8% NMR, EA 129,135
213 [Lu(CH,SiMes)(THF)4]? [BPhy] > IH, 13C, B NMR, EA 129
214 [YMe(THF)g]2"[BPhy] 2 X-ray, 'H, 13C, 1B, #Y NMR, EA 131,135
215 [YMe(THF),]?>"[B(CsFs)4] 2 in situ,'H NMR 131
216 [LuMe(THF)s)2H[BPhy] > 1H, 13C, 1B NMR, EA 131
217 [YbMe(THF)s]* [BPhy] 2 EA 131
218 [HoMe(THF))2t[BPhy] > X-ray, EA 131
219 [ScMe(THF))>"[BPhy] 2 1H, 13C, B NMR, EA 131
220 [NdMe(THF);]2*[BPhy] > EA 131
221 [YMe(CsHsN)e]> [BPhy] 2 1H, 13C, B NMR, EA 153
222 [Y {#?-(C,N)-CsH4N} (CsHsN)e] 2 [BPhy] 2 X-ray,H, °C, 1B NMR, EA 153

Treatment of a THF solution of the yttrium tris(alkyl)
complex [Y(CHSIiMes)3(THF),] with 2 equiv of [NEgH]*-
[BPhy]~ or [PhNMeH][BPhy]~ gave the dicationic alkyl
complex [Y(CHSiIMe;)(THF)s]>t[BPhy] 2 (212 as thermally
robust, colorless microcrystals (Scheme 3813The lute-

Scheme 30
[Y{(-Me),AlMe;}3]
[Y(CHSiMe3)3(THF),] 2 [NEt3H]*[BPh4]'l THF
THF | 2 [PhNMe,H]*[BPh,] Me 2+
THF |
\),_THF -
CHpSiMe; 2+ THF—/Y<THF [BPhy],
THF]
THF! __THF [BPh4] " THF
THF ™| THF 214
THF
*[BPhy] | THF : ioni
212 5 [NEtsH] [Bph“]T Figure 9. Molecular structure of the cationic part of [YMe-

[LisYMeg(THF)] (THF)e]2"[BPhy] 2 (214). Hydrogen atoms are omitted for clarity.
Drawn from data in ref 135.

tium complex [Lu(CHSIiMe;)(THF):]**[BPh] "> (213 was  gications with pentafluorophenylborate anions in ethylene
prepared by the reaction of [Lu(GBiMes)s(THF),] with 2 and 1,3-diene polymerization is described in section 9.1.

equiv of [PhNMeH] *[BPhy] ~.***The remaining alkyl groups A ligand exchange reaction was carried out by dissolving
at the rare-earth metal id12 and 213 were resistant 0 the dicationic yttrium methyl compleX14in excess pyridine
Bronsted acid®1%144145The 89 NMR resonance ab and immediately precipitating with pentane to give the

409.2 ppm for212in THF-dg was shifted to a sign!ficantly analogous pyridine adduct [YMeg8sN)e]> [BPhs] 2 (221).
higher field compared to that for the corresponding mono- when 214 was left in pyridine at room temperature;—€
cations and the neutral precursor, respectively. activation proceeded to give the structurally characterized
When the tris(aluminate) [Mu-Me)AIMe}s]**® was  dicationic rare-earth metaP-pyridyl complex [Y{ #2-(C,N)-
treated with 2 equiv of [NEH]“[BPhyj]~ in THF, the ion  C4H,N} (CsHsN) 2 [BPhy] ~ (222).158 X-ray crystallography
triple [YMe(THF)g]**[BPhy] 2 (214 containing the methyl  revealed that the pyridyl comple222 adopts a pentagonal
dication was obtained as th_ermally robust colorless crystals pipyramidal coordination geometry with the pyridy! ligand
(Scheme 30)*-1% Formation of the related complex in an axial position. Kinetic data demonstrate that this
[YMe(THF),J>*[B(CeFs)s] 2 (215 was monitored in situ  complex forms by an associative mechanism in the presence
during the reaction of [{(u-Me)AlMez}3] and 2 equiv of  of excess pyridine after rapid exchange of the Lewis bases
[PhANMeH][B(CeFs)s] ~ in THF-dg.23! Alternatively, 214 to give 221
was prepared from the ate complexd{YMeg(THF)]*4” and
5 equiv of [NEgH]T[BPhy]~ in THF.1% The analogous ; i ) ;
lutetium 216), ytterbium @17), and holmium 218) deriva- %OanI;/aéigé Cationic Rare-Earth Organometailic
tives as well as the scandium derivative [ScMe(T#)
[BPhy] ™2 (219 were also prepared from the appropriate  Divalent cationic rare-earth organometallic metal com-

hexamethylates [LLnMes(THF)] by protonolysisi*7-150 plexes are extremely rare species and in some cases appear
reaction of [Nd («-Me),AlMe_} 5] with 2 equiv of [NEgH] *- to have formed serendipitously upon the addition of neutral
[BPhy]~ afforded [NdMe(THF)]?"[BPhy] > (220). Crystal ligands. Those few compounds to have been reported are

structure analysis 0214 revealed that the methyl dication compiled in Table 1375

exhibits a pentagonal bipyramidal coordination geometry  The first examples of cationic organolanthanoid(ll) com-
around the yttrium center with the methyl group in the apical plexes to be published, [Y5-CsH3(SiMes)»-1,3} (18-crown-
position (Figure 9). The holmium derivatiZ 8is isostruc- 6)][CsH3(SiMes)>-1,3] (223 and [Snf #75-CsHa(SiMes),-
tural with its yttrium analogue214 in the solid state.  1,3}(18-crown-6)][Sm{ 7°-CsH3(SiMes)-1,3}3] ™ (224), were
Although the'H and3C NMR spectroscopic data f&14 formed upon treatment of the bis(cyclopentadienyl) lantha-
do not indicate any agostic interactions, the high value of noid(ll) complexes [Lfi#5-CsH3(SiMes),-1,3}5] with 18-
yc (53.6 Hz) is remarkabl®>52The role of these alkyl  crown-6 in benzene (Scheme 3%).The displacement of
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Table 13. Divalent Cationic Organolanthanoid Complexes

Chemical Reviews, 2006, Vol. 106, No. 6 2425

no. compound characterization ref
223 [Yb{#°-CsH3(SiMe3).-1,3} (18-crown-6)F [CsH3(SiMes),-1,3]~ X-ray, *H, 2°Si, 1"%Yb NMR 154
224 [SM{ 775-CsHa(SiMes)2-1,3} (18-crown-6)F [Smf 775-CsHa(SiMes)>-1,3} 3] - X-ray, °Si NMR 154
225 [Yb(37-CiaHe)(THF)s] [AIMe 4] - X-ray, *H NMR, EA 155
226 [Eu(CeFs)(THF)e] [BPh] - X-ray,'H NMR, IR, EA 156
227 [Yb(CeFs)(THF)s] *[BPh]~ X-ray, *H, 1F, 17%Yb NMR, IR, EA 156
228 [YD(CoFs)(THF)s] [YDb(CeFs){ N(SiMes)z} 2] X-ray, IR 156
Scheme 31 Scheme 32
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one cyclopentadienyl ligand by the crown ether afforded
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THF
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[AlMe,]

The one-pot reaction of metallic ytterbium or europium
with HgPh(GFs) and [NMeH]*[BPhy]~ in THF gave the
tetraphenylborate salts of solvated pentafluorophenyl lan-

and224as crystalline salts. Characterization by multinuclear thanoid(ll) cations [Ln(@Fs)(THF)]*[BPh]~ (Ln = Eu,
NMR spectroscopy and X-ray structure analysis revealed X = 6 (226); Ln = Yb, x = 5 (227); Scheme 33)° The
well-separated ions. The cations contain one cyclopentadienyl

ligand and one crown ether in a sandwich-like structure with Scheme 33

the cyclopentadienyl ligand and one oxygen donor adopting
the apical positions of a pseudo-pentagonal bipyramid (Figure

10).

Figure 10. Molecular structure of the cationic part of [{h°-
CsH3(SiMes),-1,3} (18-crown-6)T[CsHs(SiMes),-1,3] (223). Hy-

drogen atoms are omitted for clarity. Drawn from data in ref 154.

Addition of excess THF to the unsymmetrical bis(1-
trimethylsilylfluorenyl)  ytterbium complex [Yb{®-
C13H88|M63){776-C13H3(S|M63)(A|M93)}] gave the crystal-
lographically characterized ion pair [Vip{C13Hg)(THF)4] -
[AIMe 4]~ (225 in low yield (Scheme 32)° Experiments
with a deuterium labeled indenyl group and TH§ndicated
that the SiMe group was eliminated from the indenyl group

Ln + Hg(CeFs)(CeHs) + [NMesH]*[BPh,J
R F ¥

F‘QL”_(THF& [BPhyJ

F F
Ln = Eu: x =6 (226), Ln = Yb: x = 5 (227)

THF

—_—

same divalent ytterbium cation as 227 was found in the
mixed-valent complex [YWCeFs)(THF)s]"[Yb" (CeFs)2-
{N(SiMes)2} 2]~ (228), isolated in low yield from the reaction
of ytterbium, HgPh(@Fs), and HN(SiMg), in THF. X-ray
structure analysis revealed well-separated ions; con##8x
is notably highly thermally stable. The E bond distance
is shorter in the cationic compound26 than in the
comparable neutral complex [Euf€s)2(THF)s].15” Complex
227 exhibits *H and °F spectra typical of an YbhCgFs
species. A slightly asymmetric multiplet with the coupling
constant$Jvur ~ 48 Hz,*Jvpr ~ 33 Hz, andPJypr ~ 8 Hz
arising from'"*Yb—°F coupling was observed in thé'Yb
NMR spectrum at-30 °C.

9. Applications

Cationic organolanthanoid complexes have been used in
a number of catalytic and stoichiometric reactions. These
include homo- and copolymerization catalysis of nonpolar
substrates, catalysis of organic transformations, reduction of
dinitrogen and synthesis of unsolvated neutral rare-earth
organometallics.

9.1. Polymerization Catalysis
The initial studies into the polymerization catalysis of

by the attack of THF, although the exact reaction pathway cationic organolanthanoids exclusively addressed homoge-

remains obscure.

neous ethylene polymerization. Recent investigations have
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Table 14. Ethylene Polymerization with Cationic Organolanthanoid Catalysts Generated in Situ by the Reaction of a Neutral Precursor
with an Activator

activity Mn
t (kg mol* (x 10°

catalyst precursor activator cocatalyst(min) h™'bar?!) gmolY) MM, ref

143 [S¢{73-PhC(NAr} (CH,SiMes)(THF)]? [PhNMeH]*-  TIBAO 20 24 58 1.6 114
[B(CeFs)a]

136 [Y{7%-PhC(NArp} (CH.SiMes),(THF)J* [PhNMeH] *- 5 1040 360 1.2 113
[B(CeFs)a]

136 [Y{#3-PhC(NAr)}(CH,SiMes),(THF),]2 [PANMeH] ™~  TIBAO 5 2670 170 2.1 113
[B(CeFs)a] -

136 [Y {53-PhC(NAr} (CH,SiMes)o( THF)]? [PhNMeH]*-  TIBAO 20 1666 833 2.0 114
[B(CeFs)a] -

144 [La{73-PhC(NAr}} (CH,SiMe;)o(THF)J? [PhNMeH]™-  TIBAO 20 470 835 25 114
[B(CeFs)a] -

145 [Nd{ 73-PhC(NAr} (CH,SiMes)(THF)]2 [PhNMeH]™-  TIBAO 20 1596 725 2.2 114
[B(CeFs)a] -

146 [GH 73-PhC(NAr} (CH,SiMes)(THF)]2 [PhNMeH]™-  TIBAO 20 1753 188 2.1 114
[B(CeFs)a] -

147 [Lu{7*-PhC(NAr)} (CH,SiMes)(THF)J2 [PANMeH]*-  TIBAO 20 496 354 1.4 114
[B(CeFs)a] -

182  [Sc(CH:SiMes)s(Mes-TACN)] B(CeFs)s Al'Bus 60 240 e e 132

183 [Y(CH:SiMes)s(MesTACN)] B(CeFs)s AliBus 60 10 e e 132

185  [Sc(CH:SiMes)s(Mex-pz)] B(CsFs)s Al'Bus 60 290 e e 132

188 [Sc(CH:SiMes)s(TTCN)] B(CoFs)s AliBug 60 110 e e 134

[Sc{73-ArNC('Bu)CHC(BU)NAr} Mey) PMAO-IP e 58 940 2.0 107

119 [Sc{#*-ArNC(IBBU)CHC(BU)NAT} Mej] B(CeFs)s PMAO-IP e 15 620 1.7 107

122 [So{ 73-ArNC('Bu)CHC(BU)NAr} Me,] [PhsC]*- PMAO-IP e 2F 340 25 107
[B(CeFs)a] -

82 [SC(}’]S-C5M85)Mez(tBU3P=O)] B(C5F5)3 e 130 e e 87

[Sc{75%:7*-CsMey(CH.CHNMey)} Cl;] MAO 15 771 180 2.1 82

73 [So{ 75:77%-CsMes(CH,CH.NMe,)} (CH.PhY]  [PhNMeH] ™ AlEts 15 25 4 1.9 82
[B(CeFs)a] -

93 [Y {13:5*N,N'-Me- TACN-N"-(CH,),N'Bu} -  [PhNMeH]*- 10 1180 70 4.9 98
(CH:SiMe3),] [B(CeFs)a] ™

108 [Y({Me:N(CH,)2} 2N(CH,):.NBu)- [PhC]*- 15 60 30 2.2 101
(CH;SiMey),] [B(CeFs)a]~

aAr = CgHaPR-2,6.2T=30°C.¢T =50°C. 9T = 33 °C. ¢No information available! T = 80 °C.

also coveredr-olefins and conjugated dienes. Mono- and 1able 15. Ethylene Polymerization with [Ln(CH,SiMes)(THF).]
as Catalyst Precursors Activated in Situ with

dicationic alkyl complexes were shown to be plausible phNMe,H]“[B(CeFs)d- in the Presence of ABusi®
candidates for the active species. In certain cases, dicationic —

derivatives were especially promising, since their activity c yield (fgcmf%’l M T
and selectivity were significantly higher with respectto their | (A)2 “(g) hibary) (gmoF)  MJM. (°C)
monocationic relatives. Polymerization activity often in- 089 003 1

creases with ionic radius, although in many respects scan-\» 199 o

dium is exceptional due to its much smaller size. Yb 1.01
) Tm 1.02 0.76 183 22030 4.1 136.7
9.1.1. Ethylene and a-Olefins Er 103 0.85 205 13430 5.3 134.7
o . . ye  1.04 091 272 14150 2.9 135.5
Ethylene Polymerization. Scandium and yttrium alkyl Ho 1.04 115 275 44850, 3450 1.7,1.8 1325
complexes containing both neutral and monoanionic ancillary py 1.05 351 842 3650 3.6 126.3
ligands have been reported as precursors for efficient ethyleneTb  1.06 3.74 899 3820 2.9 126.3

polymerization catalysts (Table 14, Scheme 34). The active  a fective ionic radius of LA for CN = 6 (ref 14).5t = 60 min.
¢t = 8 min. 4 Traces.® Bimodal molecular weight distribution.

Scheme 34
n— NN in situ generated [{173-PhC(NAr} (CH,SiMe;)(THF-dg),| *-
[Ln(L)aR2I AT n [B(CeFs)s] ™ (Ar = CeH3i'Pr-2,6 (136)).112 Interestingly, the
[Ln(LX)RI*TA] yttrium precursor appeared to provide the most effective
[Ln(L)aRIZIAT, catalyst for ethylene polymerization, because both larger and
smaller metals showed lower activity under standardized
monocationic species [Ln(kR:]" or [Ln(L,X)R]" are com- conditionst'4
monly generated in situ by the reaction of the parent neutral  Activation of the scandium complex [ScM#&les-TACN)]
complexes with Lewis acid or Brgnsted acid activators. In (TACN = 1,4,7-triazacyclononane) with B{Es;)s or

some cases, further cocatalysts are also used (Table 15). NgPhNMeH][B(C¢Fs)4] ~ gave the cationic scandium species
detailed mechanistic studies have been reported so far, bu{ScMe,(Mes-TACN)(u-Me)B(CsFs)s] (180) and [ScMe-
the role of an alkyl dication [Ln(lh)R(solv)]?" is highly (Mes-TACN)(THF),Jt[B(CsFs)4] ~ (181), which catalyzed the
intriguing 131,133-135 polymerization of ethyleng The tris(trimethylsilylmethyl)
Narrow molecular weight distributions of around 1.1 derivative [Sc(CHSiMes)s(Mes-TACN)] showed a signifi-
suggested a living character for ethylene polymerization with cantly enhanced activity (22240 vs 30 kg mol* h~ bar™?)
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upon activation with B(GFs)s/Al'Buz.*32 Under identical
conditions, [Sc(CHSiMe;)3(Me,-pz)] produced polyethylene
at a slightly higher activity (290 kg mot h™ bar™?), whereas
the 1,4,7-trithiacyclononane derivative [Sc(£3iMes)s-
(TTCN)] (TTCN = 1,4,7-trithiacyclononane) was found to
be less active (110 kg mdl h™! bar1).132.134

The scandium methyl cations that contajf-diketiminato
ligand [(Sd#3-ArNC(‘Bu)CHC(BuU)NAr}Me)(u-Me)]*-
[B(CeFs)sMe]™ (Ar = CgH3Pr-2,6, 118, as well as the
dicationic contact ion triple [Je;3-ArNC('Bu)CHC(Bu)-
NAr}{ (u-Me)B(CsFs)s} 2] (120), were effective in homoge-
neous ethylene polymerization but somewhat lower in
activity when the dichloride [J@;3-ArNC('Bu)CHC(Bu)-
NAr}Cl,] (Ar = CgH3Pr»-2,6) was activated by methyl-
aluminoxane (MAO)Y” The contact ion pair [Sef-
CsMes)Me(BusP=0)(u-Me)B(CsFs)3] (82), generated in situ
in toluene from the parent dialkyl and B{ks)s, catalyzed
ethylene polymerization at 130 kg mélh~* bar1.87

Toluene solutions of the rare-earth metal tris(alkyl)
complexes [Ln(CHSiMe;)3(THF),] efficiently catalyzed
ethylene polymerization upon activation with at least 2 equiv
of [PANMeH] T[B(CeFs)4] ~ in the presence of ABus. 135158
Linear polyethylenes with molecular weighis, = 3500-
45000 g mot! and polydispersitied,,/M, = 2—6 were
produced after short run times (10 min) at 25 under 5
bar of ethylene. The activity correlated well with the effective
ionic radiug* of the rare-earth met&t? No significant activity

Chemical Reviews, 2006, Vol. 106, No. 6 2427

could also be used for the alternating copolymerization of
ethylene with dicyclopentadiene and the terpolymerization
of ethylene, dicyclopentadiene, and styréh&@he in situ
generated cationic scandium alkyl species {3€p)(CH,-
SiMes)(THF) *[B(CeFs)s]~ (Cp' = CsMe(SiMes) (83), Cp

= CsH3(SiMe3)-1,3 87), Cp = CsMes (88)) catalyzed the
alternating copolymerization of ethylene and norborréne.
In these systems, the successive insertion of the cyclic olefin
is sluggish in comparison with a very fast insertion of the
cyclic olefin into a Se-CH,CH,R bond; the latter process
is preferred over successive ethylene insertion.

The half-sandwich complex [$g°%7'-CsMey(CH,CHx-
NMe,)} Cl;] and the amido-functionalized triazacyclononane
derivative [Y @7%7'-N,N'-Me,-TACN-N""-SiMe;N'Bu) (CH,-
SiMes),] catalyze the copolymerization of ethylene with
1-hexene upon activation with MA&:2°

ao-Olefin Polymerization. Bercaw et al. were the first to
show that a-olefin polymerization can be catalyzed by
cationic rare-earth metal alkyl derivatives. They demonstrated
that the activation of the scandium complex [Sciiiées-
TACN)] with B(CeFs)s or [PhNMeH][B(CeFs)s] ~ gives
1-pentene oligomerizatioriM, = 2800 g mot?, M,,//M,
1.3)%

In situ generation of [Sc(C}SiMes)(TTCN)] " [B(CsFs)4]
(187, TTCN = 1,4,7-trithiacyclononane) followed by addi-
tion of 1-hexene led to the slow formation of poly(1-hexene)
(ca. 30% conversion after 15 min), whereas the experi-

was observed for tris(alkyl) complexes of the smaller ment with the mono(alkyl) dication [Sc(GBiMes)-
elements scandium, lutetium, and ytterbium; the highest (TTCN)J2+[B(CeFs)s] > (211) was highly exothermic, rapidly

activity (899 kg mot* h™* bar?) was found for terbium,
the largest metal examined. An alkyl dication [Ln(gH
SiMes)(solv))?*, formed via the bis(alkyl) monocation
[Ln(CHzSiMes),(solv)] ™, is thought to be the active species

forming atactic poly(1-hexene) with 90% conversion after
2.5 min even at-30°C (activity 3660 kg of poly(1-hexene)
mol-1 h—l).134

The in situ generated scandium cations [Sc{8iMes),(Pr-

in these reactions, since the polymerization required at 'eaSttrisox)]+[B(C6F5)4]* (186) and [Sc(CHSIMes)(Pr-trisox)p*-

a 2-fold excess of [PhNMel]*[B(CsFs)4] . The isolated
monocation [Y(CHSIiMes)(THF),] TJAI(CH ,SiMes)4] ~ (189),
while not active by itself, can be activated by addition of
another equivalent of [PhNME]T[B(CsFs)s]~ to exhibit
ethylene polymerization with an activity similar to that ob-
tained with the mixture [Y(CkBiMes)s(THF),)/[PhNMeH] -
[B(CéFs)a] /[AI(CH2SiMes)3].

Synthesis of Copolymers Incorporating EthyleneThe
scandium half-sandwich bis(alkyl) complex [§&CsMe;s-
SiMes)(CH,SiMes),(THF)] can be converted into the cationic
species [Sef®-CsMe,SiMes)(CH,SiMes)(THF )] T[B(CeFs)4]
(83) upon treatment with [RC]T[B(CsFs)4] ~ (Scheme 3552

Scheme 35

Megsij: :E
[ [PhsCI'[B(CeFs)al

A 'CH,SiMes

CstiMeg
th [B(CqFs)al
SN
(THF), CH,SiMe;

THF

Ln = Sc (83), Y (84), Gd (85), Lu (86)

When generated in situ in toluene at room temperai@@e,
catalyzed the copolymerization of styrene with ethylene to

[B(CsFs)4] 2 (210, 'Pr-trisox= 1,1,1-tr{ 2-[4-(S)-isopropyl-
oxazolyl]} ethane) were used for 1-hexene polymerization
catalysist®® The activity of 36 200 kg moflt h™* at 21°C
observed for the dication was greater by 3 orders of
magnitude than that of the monocation. Unlike the atactic
polymers obtained with the TTCN complexé$the poly-
(1-hexenes) produced by this chiral dicationic scandium
species at-30 °C were highly isotacticrfimmm> 90%)
and exhibited narrow monomodal molecular weight distribu-
tion (Mw = 750 000,M,,/M,, = 1.18).

9.1.2. Styrene

The heterobimetallic complex [Swi-CsMes)(u-Me,)-
AlMe;] catalyzed styrene polymerization with low activity
(16% conversion after 24 h at 3C, M, = 7900,M,/M, =
1.54) upon activation with [R]T[B(CsFs)4]~ in the pres-
ence of AlBus.”® The same system was also used for the
block and random copolymerization of butadiene and styrene
with cis-1,4-polybutadiene microstructure. The active species
in this system was proposed to be an alkyl-bridged Sm{lIl)
Al(Ill) heterometallic cationt?

When generated in situ, the mono(cyclopentadienyl)
derivatives  [Lng®-CsMeySiMes)(CH,SiMes)(THF),] *-
[B(CsFs)s]~ (LN = Sc 83), Y (84), Gd @85), Lu (86)) were
active for the syndiospecific polymerization of styréf@he
scandium complex showed the highest activity (130"

give a polymer with syndiotactic styrene sequences connecteckg mol* h™t, My/M, = 1.29-1.55).

by repeated ethylene units. Copolymers with narrow molec-

ular weight distributionsNl,/M,, = 1.14-1.26) and a styrene

The scandium complex [Sc(GHiMes)s(TTCN)], when
activated by 2 equiv of [PJIC]"[B(CeFs)4], is very active

content up to 87 mol % were isolated. The same catalyst toward styrene polymerization (100% conversion after 1 min,
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1.36 x 10* kg mol' h™'). The dicationic complex
[Sc(CH.SIMes)(TTCN)J**[B(CeFs)a] 2 (211) was proposed
to be the active specié¥

9.1.3. 1,3-Dienes

Some Ziegler-type catalysts, consisting of a transition
metal or neodymium carboxylate, a Lewis acid, or an
alkylating reagent, efficiently catalyze 1,3-butadiene polym-
erization with highcis-1,4-selectivity (Scheme 365%161The

Scheme 36
[LARm(L)al® ™ [B(CoF 5] (3-my

Zeimentz et al.

Alternatively,  [Sm>-CsMes),Me(THF)],  [Ln(#®-
CsMes)(u-Me)AlMe;], (Ln = Gd, Sm, Pr), or [Smf-
CsMes)o(THF),] were used as catalyst precursors to yield
cis-1,4-polybutadiene upon activation with either MMAO
or [PhC]T[B(CeFs)4] /AI'Bus.”>737> Furthermore, [Gdf>-
CsMefPry(u-Me),AlMe;], catalyzed thecis-1,4-specific
polymerization of isoprene and allowed for butadiene
isoprene copolymerizatiofi* The active species in these
systems is probably an alkyl-bridged Ln(HAI(III) het-
erometallic catiori?

The in situ generated cationic yttrium methyl complexes
[YMez(solv)]T[B(CeFs)a]~ (200 and [YMe(solv))?*-
[B(CeFs)a] 2 (215 are also active in 1,3-diene polymeriza-
tion.13* The monocationic compoun@00 yielded 100%
polybutadiene after 14 h with 90%is selectivity in the
presence of ABus, whereas the dicationic compoud5
afforded 97%cis selectivity under the same conditions. An
insertion mechanism was proposed by comparison of the

complicated composition of these multicomponent catalysts molecular weightsNl, = 50 x 10° g mol* for 200, 100 x
has so far hampered a comprehensive elucidation of the1® g mol for 215) and the assumption that depending on
polymerization mechanism, although recent work has shownthe experimental conditions the active species is either a

that rare-earth metal alkyl species are involved in this
catalysis (Scheme 37§ There is also considerable evidence

Scheme 37

alkylating agent LR’

R' = alkyl or Al(alkyl)4

Ln(O,CR
(02CR) (aluminum alkyl)

Lewis acid l

[LnRSJ*[A] or [LnRTZ*[A] 2

for the involvement of cationic rare-earth metal species in
this catalysis, as detailed beldf#. 164 Rare-earth organo-

dication with one growing chain or a monocation with two.
Isoprene was also polymerized BP0 and 215 Here, the
presence of ABu; increased theis selectivity; the polymers
obtained again showed different microstructures depending
on the cationic catalyst system used.

The in situ generated complexes [(yPi*,u-CsMesSiMe-
PCy)»(u-CH,SiMes)] "[B(CeFs)3R]™ (Cy = cyclohexyl, R=
CeFs, Ln =Y (76), Lu (77); R = CH,SiMe;, Ln =Y (78))
showed unprecedented isospecific 3,4-polymerization of
isoprene with extremely high stereo- and regioselectivity
(3,4-selectivity 100%mmmm> 99%)84 This new, crystal-
line polymer has a melting temperature at 262 A cationic

metallic catalyst precursors for 1,3-diene polymerization are dinuclear complex with a bridging alkyl group was proposed

collated in Table 16.

The reaction of the neodymium tris(allyl) complex [INé&(
C3Hs)s(THF),] with [NMesH]*[B(CsFs)4] ~ in the absence of
any aluminum alkyls to give the initiator [Ngif-C3Hs),-
(THF)4]T[B(CsFs)s]~ (150) indicates that cationic allyl
derivatives play an important role in the activation step of
homogeneous 1,3-diene polymerizati&hMoreover, the
formation of a dicationic mono(allyl) lanthanoid complex
as the active species responsible for the hi&1,4-
selectivity was proposed in this contét.

The activation of the cationic bis(pentamethylcyclo-
pentadienyl) complexes [Lpf-CsMes)a(u-CeFs)2B(CoFs)2] 2
(Ln = Pr (57), Nd (68), Gd (9), Ce €0), Sm 61)) with
Al'Bus afforded highlycis-1,4-selective initiators for 1,3-

butadiene polymerization, further supporting the involvement

of a cationic active specig§/7165167

to be the active species.

9.1.4. Isobutylene

The yttrocenium cations [Y-CsMe;SiMes) (u-Me)(u-
C5F5)B(C6F5)2] (53) and [Y(?]S-C5MG4S”V|63)2]+[B(C6F5)4]_
(56) are initiators for the carbocationic polymerization of
isobutylene€’* The vyields of polymer and their molecular

weights were rather higher than those obtained with

the comparable group 4 metal system [jPiCsHs)Mes]/
B(CgFs)s.168

9.2. Catalysis of Organic Transformations

In a manner similar to homogeneous olefin polymerization
catalysis, the activity of rare-earth metal catalyzed organic

Table 16. 1,3-Butadiene Polymerization with Cationic Organolanthanoid Precursors

T t yield selectivity Mn
precursor activator  (°C) (min) (%) cistrang1,2  (x 10°g mol™) Mw/Mn ref
[Nd(73-C3Hs)2(THF)4] "[B(CeFs)4] ~ (150 Al'Bus 20 60 59 57:41:2 a a 162
[Nd(775-C3Hs)s(dioxane)] B(GFs)s 20 20 43 97:1:2 a a 162
[Nd(773-C3Hs)2(dioxane)] "[B(CeFs)s] ~ (152 50 35 40 92:7:1 254 1.6 116
[Pr(n°-CsMes)(u-CoFs)2B(CeFs)2] 2 (57) Al'Bug 50 300 95 90:7:3 80 17 76
[Nd(T]S-C5Me5)2(,L{-C5F5)zB(CeF5)2]2 (58) AliBU3 50 25 96 91:6:3 130 1.4 76
[SM(75-CsMes)2(u-CsFs)2B(CsFs)2]2 (61) Al'Bus 50 5 80 96%cis® 130 17 77
[Gd(ﬂS-C5M85)2(,L{-C5F5)28(C6F5)2]2 (59) AliBU3 50 3 100 98:1:1 250 1.7 76
[YMe(THF),]*[B(CsFs)s] ~ (200) Al'Bus 20 840 100 90:8:2 50 2.6 131
[YMe(THF),J?"[B(CeFs)4] 2 (215) AliBus 20 840 100 97:2:1 100 2.1 131
[YMe(THF),]?"[B(CsFs)a] 2 (215 Al'Bus 20 30 18 95:3:2 61 17 131

aNot available P Details of the microstructure not available.
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transformations may be enhanced by the use of cationic Scheme 39

derivatives. The number of examples remains limited so far. | -
N
9.2.1. Intramolecular Hydroamination N(\<_\| ],\
The contact ion pair [ScMey-ArNC(‘Bu)CHC(BU)NATr} - N/L N CH.SiMe
(u-Me)B(CsFs)3] (119 catalyzed the intramolecular hydro- t 2
amination/cyclization ofr,w-aminoalkenes to give pyrroli- Bu _
dine and piperidine products (Scheme 38)The neutral [B(CoFs)d]
102 —
Scheme 38 2 Ph——== Vi Ph
K PH
R1 Ry ,11
NN 119 /i_?”” selectivity (99% cis content; TOF > 100 h1).10 An
Ry, Ry = H, Me, Ph Ry alkynyl cation [Ld 77%:57%N,N'-Me,-TACN-N"-(CH,).N'Bu} -
Ro (C=CPh)]"[B(CgFs)4] ~, which may be a dimer, was proposed
H to be the active species. An insoluble oily compound was
Ph Ph 119 N obtained upon reaction df02 with 1 equiv of phenylacet-
S~ AANH, 129 Ph ylene or upon treating the dinuclear dialkynyl complex
Py [La{7%n'-N,N'-Me,-TACN-N"-(CH,),NBu} (C=CPh)-C=

CPh)} with [PhNMeH] " [BPhy]~. A similar catalysis was
Ph S 119 Ph N previously reported using the neutral rare-earth metal com-
\/\/N"'z plexes with a linked amido-cyclopentadienyl ligand such as
[Lu(775:17%-CsMesSiMe,NPh) (CHSIMes)(THF),].170 A di-

By _Ar gy A nuclear bis¢-alkynyl) active species was suggested in this
KI\:\I\ Me EN\ Nb(ph case.
B a5 B 18 N b , .
an A S 9.2.3. Hetero-Diels—Alder Reactions
Me‘x\ Me\\\ The cationic bis(pentamethylcyclopentadienyl) rare-earth
B(CoFs)s B(CeFs)3 metal derivatives [Cef-CsMes)(THF),] *[BPhy]~ (23), [Ln(#®-
19 Ar=CgH3'Pr26 129 CsMes)(u-PhyBPh] (Ln = Sm (36), La (37), Ce (398)),

and [Cef5-CsMes)(u-CeFs)nB(CsFs)s—n] (47) catalyzed the
dimethyl complex [SEr*-ArNC(‘Bu)CHC(Bu)NAr} Me;] hetero-Diels-Alder reaction between Danishefsky’s diene
(Ar = CeH4'Pr-2,6) is less efficient by several orders of and substituted benzaldehydes (Scheméeé%The isolated
magnitude. Since the stoichiometric reaction of the cationic
scandium complex with arx,w-aminoalkene gives the  Scheme 40

cationic pyrrolidinato complex [§¢3-ArNC('Bu)CHC(Bu)- OMe

1 talyst, tol Z "0
NAr} (NCH,CPhCH,CHMe)][B(CeFs)sMe]~ (129) as char < + ArCHO % J/\A/k
acterized by NMR spectroscopy, the catalytically active TMSO sreemeERR 0 Al

species appears to be an amido cation. Ar = pMeOCgH, p-MeCeHy Ph, p-FCoHs p-OoNCeHs 2-pyricyl

Recently, the catalytic activity of the in situ generated catalyst: [Ce(7P-CsMes),(THF),'[BPhaI (23),
cationic complexes [¥7%7*-N,N'-R-TACN-N"-(CH,),NBU} - [Ln(7°-CsMes)o(1-Ph),BPh,] (Ln = Sm (36), La (37), Ce (38))
(CH,SiMe3)(THF-dg)n] T[B(CeFs)4] = (TACN = 1,4,7-triaza- or [Ce(77°-CsMes)2(k-CoF 5)nB(CeF 5)a.n] (47)

cyclononane, R= Me, n = 0 (93); R = 'Pr,n = 1 (94)), . i ,

[Y ({ MesN(CH,)2} 2N(CH,).NBU)(CH,SiMes)(THF-dg),] *- yield of the dihydropyranone depended on the anion (IBPh
[B(CeFs)al~ (108), and [LA{>-PhC(NAr} (CHSiMe;)(THF-  (38) 93%; [B(GFs)4] ™ (47) 15%), whereas the choice of the
de)d *[B(CeFs)al~ (Ar = CeHaPr-2,6, Ln=Y (136); Ln = rare-earth metal (La3({7) or Ce @8)) did not unamblguously
Sc (143) in the intramolecular hydroamination/cyclization ~&ffect the performance of the catalyst. Interestingly, the THF
of 2,2-dimethyl-4-pentenylamine was compared with that of adduct [Cef>-CsMes)x(THF)] '[BPhy]~ (23) gave similar
the parent neutral bis(alkyl) compound®.Whereas the  results to the unsolvated derivati@8.

cationic complexe®93, 94, and 108 with triamine-amide . .

ligands are more active than the neutral species, the amidinat-3- Reduction of Dinitrogen

complexes 136 and 143 show a much lower activity The first example of a lanthanum dinitrogen complex was

compared to the respective neutral complexes, thus showingoptained when the contact ion pair [z&CsMes)a(u-Ph)-
a strong dependency on the nature of the monoanionicgphy (37) was reacted under dinitrogen with potassium

ancillary ligand. graphite in THF to produce red-orange crystals{afg(s;5-

L CsMes)o(THF)} 2(u-1%n?-No)].1™t The N—N separation of

9.2.2. Alkyne Dimerization 1.233(5) A in [La(™CoMes)o(THF)} (u-n2n%-N5)] was

The lanthanum alkyl cation [{ay%:7*-N,N'-Me,-TACN- consistent with the reduction of dinitrogen to¥]%". The
N"'-(CH,).N'Bu} (CH,SiMes3)] [B(CeFs)4] ~ (102, generated  high yield for this reaction was mainly ascribed to the

in situ from the neutral bis(alkyl) complex [£a37-N,N'- formation of the insoluble byproduct KBRhwhich (un-

Me,-TACN-N"-(CH,),N'Bu} (CH,SiMe3);] and [PhNMeH]*- like alternative byproducts such as KN(Sijefor the

[B(CeFs)4]~ in bromobenzene, efficiently catalyzed the [Ln{N(SiMes),}3]/KCg/No-systems) did not interact with
dimerization of phenylacetylene to give the linear head-to- either the starting material or the dinitrogen reduction product
headcis-enyne (Scheme 39) with high regio- and stereo- that may be formed initially.
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9.4. Synthesis of Unsolvated Neutral Complexes

9.4.1. Tris(pentamethylcyclopentadienyl) Complexes
[Ln(n C5M€4R)3]

The reaction of [Lng>CsMes)x(u-PhpBPh] with K(CsMes)
in the absence of THF allowed for a general synthesis of
[Ln(%°-CsMes)s] complexes that applies for all rare-earth
metals®” In an analogous manner, the reaction of f%(
CsMeyH)(u-PhyBPhy] (46) with 1 equiv of K(GMesH)
yielded [Lu(;>-CsMe4H)3].6” The absence of THF is crucial,
since [SM5-CsMes)(THF),] "[BPhy]~ (22) reacted with
K(CsMes) to give the neutral alkoxide [Sm{-CsMes)z-
{O(CH,)4CsMes} (THF)] formed by the ring opening of
THF 56172173 0r [Ln(;°-CsMes) (u-PhpBPhy] (Ln = Ce (38),
Pr 39)), silylated glassware was required to prevent the
formation of the oxides{[Ln(#°-CsMes)2} 2(u-0)].68 [Ln(s°-
CsMes)s) (Ln = Ce, Pr) react with AgBPhvia “sterically
induced reduction” to giv88 and 39, half an equivalent of
(CsMes),, and Ag. These tris(pentamethylcyclopentadienyl)
complexes also react with [N§Et] T[BPhy] ~ via protonolysis
to yield 38 and 39, CsMesH, and NEt.

9.4.2. Unsolvated Metallocenium Complexes
K Ln(7°-CsMes)z} nR]

The unsolvated species [L#CsMes)(u-PhyBPhy] re-
acted with alkyl potassium or lithium reagents to give
unsolvated alkyl bis(pentamethylcyclopentadienyl) com-
plexes of the rare-earth metals (Scheme ®4Ijhis route

oo . =
0T

M = Li, Na, K;
lLiCHZ‘Bu

R= C5Me5 Me
; \

NG ﬁf

allows for the synthesis of methyl, benzyl, trimethylsilyl-
methyl, and phenyl derivatives. Alternatively, benzyl, tri-
methylsilylmethyl, and phenyl derivatives could be prepared
from highly reactive [Smf>-CsMes),Me]; by C—H bond

Scheme 41

e
S

activation of toluene, tetramethylsilane, or benzene. The

synthesis of these unsolvated complexes has not bee
reported by more conventional synthetic routes.
Reaction of [Smg>-CsMes)a(u-PhyBPhy] (36) with
LICH,Bu in methylcyclohexane afforded the trimethylene-
methane compleX Ln(17°-CsMes)z} o u-7%1°-C(CHy)s} ] in-
stead of the expected neopentyl complex [BrGsMes),-
(CHz'Bu)]x (Scheme 41§7 This rare example of lanthanoid-
based 5-methyl elimination most likely proceeds from
sequential reactions involving-methyl elimination and
isobutene formation from [Smg-CsMes),(CH,'Bu)]x fol-
lowed by subsequent-€H activation of the isobutene to give

Zeimentz et al.

10. Conclusion

As a consequence of interest in homogeneous olefin
polymerization catalysis based on group 4 metal catalysts,
cationic organometallic complexes of the rare-earth metals
have attracted increasing attention since the 1990s. With the
realization that Lewis basic solvents and weakly coordinating
anions lead to the formation of isolable alkyl cations, the
development of the chemistry of cationic complexes was
triggered, fueled by the expectation that cationic species
would be generally more electrophilic and thus more active
homogeneous catalysts.

Various classes of neutral and monoanionic ligands have
been employed to stabilize these cations. The large size of
the rare-earth metals has necessitated in most cases imagina-
tive use of not only highly Lewis basic solvents such as THF
but also macrocycles to allow these complexes to be isolated.
Recent work has demonstrated that the counteranion itself
sometimes provides sufficient stabilization by weak coor-
dination to the metal center in the absence of Lewis bases.
The evolution of other appropriate ligands to saturate the
large coordination sphere of the rare-earth metals and to
stabilize cationic organolanthanoid complexes remains a key
issue in this developing field of chemistry.

The majority of cationic rare-earth organometallic com-
plexes have been synthesized by the reaction of neutral
hydrocarbyl complexes with Brgnsted or Lewis acids in
appropriate solvents. The reactivity of cationic organo-
lanthanoid complexes in catalytic and stoichiometric reac-
tions has often led to improved activity with respect to their
neutral analogues and in some cases allowed the development
of completely new synthetic pathways.

As found for the organometallic chemistry of the electro-
positive s-block metals and group 13 elemédtsthe
development of cationic complexes of the rare-earth metals
has clearly added a new dimension to the chemistry of the
group 3 and f-block elements. Further analogy to the
extensively studied cationic organotransition metal complexes
may help accelerate the bridging of the gap between s-, f-,
and d-block chemistry in the near future.

11. Glossary

Bu butyl

Bu isobutyl

"Bu n-butyl

SBu secondary butyl

Bu tertiary butyl

CE crown ether
ring centroid
coordination number

rtp cyclopentadienyl

Cy cyclohexyl

DME 1,2-dimethoxyethane

EA elemental analysis

equiv equivalent(s)

Et ethyl

Et,O diethyl ether

HMPA hexamethylphosphoramide

IR infrared (spectroscopy)

J coupling constant
rare-earth metal (Sc, Y, La; Cé.u)
metal

a 2-methallyl complex, which can be metalated again to \ac
generate the final trimethylenemethane ligand. This mech- pao0
anism was supported by deuterium labeling studies, which me
also suggest an additionaH® activation pathway. Mey-pz

deprotonated aza-18-crown-6
methylaluminoxane

methyl
tris(3,5-dimethylpyrazolyl)methane
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Mes-TACN 1,4,7-trimethyl-1,4,7-triazacyclononane

MMA methyl methacrylate

MMAO modified methylaluminoxane containing isobutyl-
aluminoxane

M number-average molecular weight

My weight-average molecular weight

MeCN acetonitrile

mp melting point

NMR nuclear magnetic resonance

0 ortho

Ph phenyl

PMAO-IP polymethylaluminoxane

Pr isopropyl!

iPr-trisox 1,1,1-t§ 2-[4-(S)-isopropyloxazolyl} ethane

r effective ionic radius

R alkyl group

solv solvent

TACN 1,4,7-triazacyclononane

tetraglyme tetraethyleneglycoldimethyl ether

THF tetrahydrofuran

THT tetrahydrothiophene

TIBAO triisobutylaluminoxane

Tm melting temperature

TOF turnover frequency

TTCN 1,4,7-trithiacyclononane

12. Acknowledgements

Chemical Reviews, 2006, Vol. 106, No. 6 2431

(28) Krossing, I.; Raabe, Angew. Chen004 116 2116;Angew. Chem.,
Int. Ed. 2004 43, 2066.

(29) Chen, E. Y.-X.; Marks, T. hem. Re. 200Q 100, 1391.

(30) Macchioni, A.Chem. Re. 2005 105 2039.

(31) As could be shown recently for chromium alkyl complexes, formation
of a cationic compound does not guarantee catalytic activity towards
ethylene; see ref 32.

(32) MacAdams, L. A.; Buffone, G. P.; Incarvito, C. D.; Rheingold, A.
L.; Theopold, K. H.J. Am. Chem. SoQ005 127, 1082.

(33) Brown, T. L.Acc. Chem. Red968 1, 23.

(34) (a) Setzer, W. N.; Schleyer, P. v. Rdv. Organomet. Chenl985
24, 353. (b) Weiss, EAngew. Cheml993 105 1565;Angew. Chem.,
Int. Ed. Engl.1993 32, 1501.

(35) (a) Cannon, K. C.; Krow, G. R. IHandbook of Grignard Reagents
Silverman, G. S., Rakita, P. E., Eds.; Marcel Dekker: New York,
1996; p 271. (b) Garst, J. F.; Soriaga, M@dord. Chem. Re 2004
248 623.

(36) (a) Markies, P. R.; Akkerman, O. S.; Bickelhaupt, F.; Smeets, W. J.
J.; Spek, A. LAdv. Organomet. Chenl991 32, 147. (b) Hanusa,
T. P.Chem. Re. 1993 93, 1023.

(37) Edelmann, F. TNew J. Chem1995 19, 535.

(38) Mashima, K.; Fukumoto, H.; Nakayama, Y.; Tani, K.; Nakamura,
A. Polyhedron1998 17, 1065.

(39) Cendrowski-Guillaume, S. M.; Nierlich, M.; Lance, M.; Ephritikhine,
M. Organometallics1998 17, 786.

(40) Cendrowski-Guillaume, S. M.; Le Gland, G.; Nierlich, M.;
Ephritikhine, M. Organometallic200Q 19, 5654.

(41) Cendrowski-Guillaume, S. M.; Le Gland, G.; Lance, M.; Nierlich,
M.; Ephritikhine, M.C. R. Chim.2002 5, 73.

(42) Cendrowski-Guillaume, S. M.; Le Gland, G.; Nierlich, M.;
Ephritikhine, M. Eur. J. Inorg. Chem2003 1388.

(43) Cendrowski-Guillaume, S. M.; Nierlich, M.; Ephritikhine, Mur.

J. Inorg. Chem2001, 1495.

We thank the Deutsche Forschungsgemeinschaft and the (44) Kaupp, M.; Charkin, O. P.; Schleyer, P. v.Grganometallics1992

Fonds der Chemischen Industrie for their continuing financial
support.

13. References

(1) Schaverien, C. Adv. Organomet. Chenil994 36, 283.

(2) Edelmann, F. T. IfComprehengie Organometallic Chemistry ;ll
Abel, E. W., Stone, F. G. A, Wilkinson, G., Lappert, M. F., Eds.;
Pergamon: Oxford, New York, Tokyo, 1995; Vol. 4, p 11.

(3) Schumann, H.; Meese-Marktscheffel, J. A.; EsserChem. Re.
1995 95, 865.

(4) Edelmann, F. T.; Freckmann, D. M. M.; SchumannGtiem. Re.
2002 102, 1851.

(5) Piers, W. E.; Emslie, D. J. HCoord. Chem. Re 2002 233-234,
131.

(6) Hou, Z.; Wakatsuki, Y. IrScience of Synthesisnamoto, T., Noyori,
R., Eds.; Thieme: Stuttgart, Germany, 2002; Vol. 2, p 849.

(7) Mountford, P.; Ward, B. DChem. Commur2003 1797.

(8) Okuda, JDalton Trans.2003 2367.

(9) Hou, Z.Bull. Chem. Soc. Jpr2003 76, 2253.

(10) Jordan, R. FAdv. Organomet. Chen991 32, 325.

(11) Arndt, S.; Okuda, JAdv. Synth. Catal2005 347, 339.

(12) Hou, Z.; Wakatsuki, YCoord. Chem. Re 2002 231, 1.

(13) Gromada, J.; Carpentier, J.-F.; Mortreux(®ord. Chem. Re 2004
248 397.

(14) Shannon, R. DActa Crystallogr., Sect. A976 32, 751.

(15) The ligands X and L correspond to a monoanionic, one-electron
ligand and a neutral, two-electron ligand, respectively, as defined
by the systematizing scheme introduced by Green, see ref 16.

(16) Green, M. L. HJ. Organomet. Cherml995 500, 127.

(17) Tolbert, M. A.; Beauchamp, J. 0. Am. Chem. So&984 106 8117.

(18) Huang, Y.; Wise, M. B.; Jacobson, D. B.; Freiser, B.CBgano-
metallics1987, 6, 346.

(19) Schilling, J. B.; Beauchamp, J. . Am. Chem. S0d.988 110, 15.

(20) Mar@lo, J.; Pires de Matos, Al. Organomet. ChenR002 647,
216.

(21) Bochkarev, M. NChem. Re. 2002 102 2089.

(22) Shinohara, HRep. Prog. Phys200Q 63, 843.

(23) Aspinall, H. CChemistry of the f-Block Elemen€ordon and Breach
Science Publishers: Amsterdam, 2001.

(24) Cotton, S. IlComprehense Coordination Chemistry jMcCleverty,
J. A., Meyer, T. J., Eds.; Pergamon: Oxford, U.K., 2004; Vol. 3, p
93.

(25) Sobota, P.; Utko, J.; Szafert, lBorg. Chem.1994 33, 5203.

(26) Li, J.-S.; Neuniller, B.; Dehnicke, K.Z. Anorg. Allg. Chem2002
628, 45.

(27) Strauss, S. HChem. Re. 1993 93, 927.

11, 2765.

(45) Crease, A. E.; Legzdins, P.Chem. Soc., Dalton Tran¥973 1501.

(46) Tilley, T. D.; Andersen, R. AJ. Chem. Soc., Chem. Comm@881,
985.

(47) Tilley, T. D.; Andersen, R. AJ. Am. Chem. S0d.982 104 1772.

(48) Collman, J. PAcc. Chem. Red975 8, 342.

(49) Chin, H. B.; Bau, RJ. Am. Chem. S0d.976 98, 2434.

(50) Teller, R. G.; Finke, R. G.; Collman, J. P.; Chin, H. B.; BauJR.
Am. Chem. Sod 977 99, 1104.

(51) Boncella, J. M.; Andersen, R. Anorg. Chem.1984 23, 432.

(52) Evans, W. J.; Bloom, |.; Grate, J. W.; Hughes, L. A.; Hunter, W. E.;
Atwood, J. L.Inorg. Chem.1985 24, 4620.

(53) Hazin, P. N.; Huffman, J. C.; Bruno, J. W. Chem. Soc., Chem.
Commun.198§ 1473.

(54) Deng, D.; Zheng, X.; Qian, C.; Sun, J.; Dormond, A.; Baudry, D.;
Visseaux, M.J. Chem. Soc., Dalton Tran$994 1665.

(55) Hazin, P. N.; Bruno, J. W.; Schulte, G. &rganometallics199Q 9,
416.

(56) Evans, W. J.; Ulibarri, T. A.; Chamberlain, L. R.; Ziller, J. W.;
Alvarez, D.Organometallics199Q 9, 2124.

(57) Evans, W. J.; Davis, B. LlChem. Re. 2002 102 2119.

(58) Heeres, H. J.; Meetsma, A.; Teuben, JJHOrganomet. Cheni991
414, 351.

(59) Schumann, H.; Winterfeld, J.; Keitsch, M. R.; Herrmann, K.;
Demtschuk, JZ. Anorg. Allg. Chem1996 622 1457.

(60) Yuan, F.; Shen, Q.; Sun, J. Organomet. Chenl997 538 241.

(61) Yuan, F.; Shen, Q.; Sun, Synth. React. Inorg. Met.-Org. Chem.
1999 29, 23.

(62) Evans, W. J.; Kociok-Kian, G.; Ziller, J. W.Angew. Chem1992
104, 1114;Angew. Chem., Int. Ed. Endl992 31, 1081.

(63) Evans, W. J.; Seibel, C. A.; Ziller, J. W. Am. Chem. S0d.998
120, 6745.

(64) Evans, W. J.; Davis, B. L.; Ziller, J. thorg. Chem2001, 40, 6341.

(65) Evans, W. J.; Perotti, J. M.; Ziller, J. W. Am. Chem. SoQ005
127, 3894.

(66) Evans, W. J.; Perotti, J. M.; Kozimor, S. A.; Champagne, T. M.;
Davis, B. L.; Nyce, G. W.; Fujimoto, C. H.; Clark, R. D.; Johnston,
M. A.; Ziller, J. W. Organometallic2005 24, 3916.

(67) Evans, W. J., Lee, D. S., Johnston, M. A., Ziller, J. @fgano-
metallics2005 24, 6393.

(68) Evans, W. J.; Perotti, J. M.; Ziller, J. W. Am. Chem. So005
127, 1068.

(69) Molander, G. A.; Rzasa, R. M. Org. Chem200Q 65, 1215.

(70) Evans, W. J.; Perotti, J. M.; Brady, J. C.; Ziller, J. WAm. Chem.
Soc.2003 125 5204.

(71) Song, X.; Thornton-Pett, M.; Bochmann, @rganometallicsL998
17, 1004.

(72) Kaita, S.; Hou, Z.; Wakatsuki, YWlacromoleculed999 32, 9078.

(73) Kaita, S.; Hou, Z.; Wakatsuki, YWlacromolecule001, 34, 1539.



2432 Chemical Reviews, 2006, Vol. 106, No. 6

(74) Evans, W. J.; Chamberlain, L. R.; Ulibarri, T. A.; Ziller, J. \0/.
Am. Chem. Sod988 110, 6423.

(75) Kaita, S.; Takeguchi, Y.; Hou, Z.; Nishiura, M.; Doi, Y.; Wakatsuki,
Y. Macromolecule003 36, 7923.

(76) (a) Kaita, S.; Hou, Z.; Nishiura, M.; Doi, Y.; Kurazumi, J.; Horiuchi,
A. C.; Wakatsuki, Y Macromol. Rapid Commui2003 24, 179. (b)
For an extension of this series of cationic bis(pentamethylcyclo-
pentadienyl) complexes [Lp¢-CsMes),(u-CeFs)2B(CsFs)2]2 0n other
metals (Th, Dy, Ho, Tm, Yb, Lu), see ref 76c. (c) Kaita, S.;
Yamanaka, M.; Horiuchi, A. C.; Wakatsuki, YMacromolecules
2006 39, 1359.

(77) Kaita, S.; Hou, Z.; Wakatsuki, Y. U.S. Patent US0119889, 2002.

(78) Bouwkamp, M. W.; Budzelaar, P. H. M.; Gercama, J.; Del Hierro
Morales, I.; de Wolf, J.; Meetsma, A.; Troyanov, S. |.; Teuben, J.
H.; Hessen, BJ. Am. Chem. So@005 127, 14310.

(79) Bouwkamp, M. W. Doctoral Thesis, University of Groningen,
Groningen, The Netherlands, 2004.

(80) Evans, W. J.; Drummond, D. K.; Grate, J. W.; Zhang, H.; Atwood,
J. L.J. Am. Chem. S0d.987, 109, 3928.

(81) Arndt, S.; Okuda, IChem. Re. 2002 102 1953.

(82) Christopher, J. N.; Squire, K. R.; Canich, J. A. M.; Shaffer, T. D.
(Exxon Chemical Patents Inc., USA). PCT Int. Appl. WO2000018808,
2000.

(83) Arndt, S.; Spaniol, T. P.; Okuda, Organometallic2003 22, 775.

(84) Zhang, L.; Luo, Y.; Hou, ZJ. Am. Chem. So005 127, 14562.

(85) Schaverien, C. Drganometallics1992 11, 3476.

(86) (a) Hultzsch, K. C.; Spaniol, T. P.; Okuda,Ahgew. Chem1999
111, 163;Angew. Chem., Int. EA.999 38, 227. (b) Hultzsch, K. C.
Doctoral Thesis, Johannes Gutenberg-University, Mainz, Germany,
1999.

(87) Henderson, L. D.; Maclnnis, G. D.; Piers, W. E.; ParvezQdn. J.
Chem.2004 82, 162.

(88) Horton, A. D.; de With, J.; van der Linden, A. J.; van de Weg, H.
Organometallics1996 15, 2672.

(89) Luo, Y.; Baldamus, J.; Hou, 4. Am. Chem. So2004 126, 13910.

(90) Li, X. F.; Baldamus, J.; Hou, ZAngew. Chem2005 117, 984;
Angew. Chem., Int. EQR005 44, 962.

(91) Li, X.; Hou, Z. Macromolecule005 38, 6767.

(92) Cui, C.; Shafir, A.; Schmidt, J. A. R.; Oliver, A. G.; Arnold,Dalton
Trans.2005 1387.

(93) Voth, P. Doctoral Thesis, RWTH Aachen University, Aachen,
Germany, 2004.

(94) Lee, L.; Berg, D. J.; Einstein, F. W.; Batchelor, ROJganometallics
1997 16, 1819.

(95) Chaudhuri, P.; Wieghardt, Krog. Inorg. Chem1987, 35, 329.

(96) Hajela, S.; Schaefer, W. P.; Bercaw, JJEOrganomet. Cheni997,
532 45.

(97) Tredget, C. S.; Lawrence, S. C.; Ward, B. D.; Howe, R. G.; Cowley,
A. R.; Mountford, P.Organometallics2005 24, 3136.

(98) Bambirra, S.; van Leusen, D.; Meetsma, A.; Hessen, B.; Teuben, J.

H. Chem. Commur2001, 637.
(99) Hessen, B.; Bambirra, S. D. A. (Exxonmobil Chemical Patents Inc.,
USA). PCT Int. Appl. WO2002032909, 2002.
(100) Tazelaar, C. G. J.; Bambirra, S.; van Leusen, D.; Meetsma, A
Hessen, B.; Teuben, J. @rganometallics2004 23, 936.

(101) Bambirra, S.; Boot, S. J.; van Leusen, D.; Meetsma, A.; Hessen, B.

Organometallics2004 23, 1891.

(102) Bourget-Merle, L.; Lappert, M. F.; Severn, J. Ghem. Re. 2002
102 3031.

(103) Lee, L. W. M.; Piers, W. E.; Elsegood, M. R. J.; Clegg, W.; Parvez,
M. Organometallics1999 18, 2947.

(104) Scollard, J. D.; McConville, D. Hl. Am. Chem. Sod996 118
10008.

(105) Hayes, P. G.; Piers, W. E.; Parvez, MAm. Chem. So2003 125
5622.

(106) Hayes, P. G.; Piers, W. E.; Parvez, Grganometallics2005 24,
1173.

(107) Hayes, P. G.; Piers, W. E.; McDonald, RAm. Chem. So2002
124, 2132.

(108) Lauterwasser, F.; Hayes, P. G.;'8aS.; Piers, W. E.; Schafer, L.
L. Organometallics2004 23, 2234.

(109) Hitchcock, P. B.; Lappert, M. F.; Protchenko, A.Ghem. Commun.
2005 951.

(110) Hayes, P. G.; Welch, G. C.; Emslie, D. J. H.; Noack, C. L.; Piers,
W. E.; Parvez, MOrganometallic2003 22, 1577.

(111) Cameron, T. M.; Gordon, J. C.; Michalczyk, R.; Scott, BChem.
Commun2003 2282.

(112) l1zod, K.; Liddle, S. T.; Clegg, WChem. Commur2004 1748.

(113) Bambirra, S.; van Leusen, D.; Meetsma, A.; Hessen, B.; Teuben, J.

H. Chem. Commur2003 522.
(114) Bambirra, S.; Bouwkamp, M. W.; Meetsma, A.; HessenJ).BAm.
Chem. Soc2004 126, 9182.

Zeimentz et al.

(115) Hessen, B.; Bambirra, S. D. A. (Exxonmobil Chemical Patents Inc.,
USA). PCT Int. Appl. WO2004000894, 2003.

(116) Taube, R. IMetalorganic Catalysts for Synthesis and Polymerisa-
tion; Kaminsky, W., Ed.; Springer: Berlin, New York, 1999; p 531.

(117) Taube, R.; Maiwald, S.; Sieler, J. Organomet. Chen2001, 621,
327.

(118) Elvidge, B. R.; Arndt, S.; Spaniol, T. P.; Okuda,Dhlton Trans.
2006 890.

(119) Hitchcock, P. B.; Lappert, M. F.; Smith, R. G.; Bartlett, R. A.; Power,
P. P.J. Chem. Soc., Chem. Commu9888 1007.

(120) Schaverien, C. J.; Orpen, A. Gorg. Chem.1991, 30, 4968.

(121) Booij, M.; Kiers, N. H.; Heeres, H. J.; Teuben, J.JOrganomet.
Chem.1989 364, 79.

(122) Guttenberger, C.; Amberger, H. D.Organomet. Chen1997 545—
546, 601.

(123) Lappert, M. F.; Pearce, R. Chem. Soc., Chem. Commu®73
126.

(124) Atwood, J. L.; Hunter, W. E.; Rogers, R. D.; Holton, J.; McMeeking,
J.; Pearce, R.; Lappert, M. B. Chem. Soc., Chem. Comma878
140.

(125) Schumann, H.; Mler, J.J. Organomet. Chen1978 146, C5.

(126) Schumann, H.; Mler, J.J. Organomet. Chen1979 169, C1.

(127) Rogers, R. D.; Bauer, C. B. I6omprehensie Supramolecular
Chemistry 1st ed.; Gokel, G. W., Ed.; Pergamon: Oxford, New York,
Tokyo, 1996; Vol. 1, p 315.

(128) Arndt, S.; Zeimentz, P. M.; Spaniol, T. P.; Okuda, J.; Honda, M.;
Tatsumi, K.Dalton Trans.2003 3622.

(129) Elvidge, B. R.; Arndt, S.; Zeimentz, P. M.; Spaniol, T. P.; Okuda, J.
Inorg. Chem 2005 44, 6777.

(130) Arndt, S.; Spaniol, T. P.; Okuda, Ghem. Commur2002 896.

(131) Arndt, S.; Beckerle, K.; Zeimentz, P. M.; Spaniol, T. P.; Okuda, J.
Angew. Chem2005 117, 7640; Angew. Chem., Int. EQR005 44,
7473.

(132) Lawrence, S. C.; Ward, B. D.; Dubberley, S. R.; Kozak, C. M;
Mountford, P.Chem. Commur2003 2880.

(133) Ward, B. D.; Bellemin-Laponnaz, S.; Gade, L. Ahgew. Chem.
2005 117, 1696;Angew. Chem., Int. EQ005 44, 1668.

(134) Tredget, C. S.; Bonnet, F.; Cowley, A. R.; Mountford, Them.
Commun2005 3301.

(135) Arndt, S.; Spaniol, T. P.; Okuda,Angew. Chem2003 115, 5229;
Angew. Chem., Int. EQR003 42, 5075.

(136) Higher coordination numbers (7 and 8) were reported for cationic
alkyl complexes of lutetium; see ref 130.

(137) The tendency of B(Fs)s to form isolable Lewis base adducts
[B(CeFs)sL] (L = THF, NEt, PMes, OH,) has been documented,
see refs 138 and 139.

(138) Doerrer, L. H.; Green, M. L. HI. Chem. Soc., Dalton Tran£999
4325.

(139) Doerrer, L. H.; Graham, A. J.; Haussinger, D.; Green, M. LJH.
Chem. Soc., Dalton Tran200Q 813.

(140) (a) Brookhart, M.; Green, M. L. H.; Wong, L.-Prog. Inorg. Chem.
1988 36, 1. (b) Brookhart, M.; Green, M. L. Hl. Organomet. Chem.
1983 250, 395.

(141) Scherer, W.; McGrady, G. 8ngew. Chen2004 116, 1816;Angew.
Chem., Int. Ed2004 43, 1783.

(142) Reduced coupling constadfis are reported to be characteristic of
o-agostic interactions, for exampléJcy = 84.2 Hz for [Y(y°-
CsMes){ CH(SiMes)2} ] where an agostic interaction was postulated;
see ref 143.

(143) den Haan, K. H.; de Boer, J. L.; Teuben, J. H.; Spek, A. L.; Kojic
Prodic B.; Hays, G. R.; Huis, ROrganometallics1986 5, 1726.

(144) Guein, F.; Stewart, J. C.; Beddie, C.; Stephan, D.@¥ganometallics
200Q 19, 2994.

(145) Chen, E. Y.-X.; Kruper, W. J.; Roof, G.; Wilson, D. R. Am. Chem.
Soc.2001, 123 745.

(146) Evans, W. J.; Anwander, R.; Ziller, J. \@rganometallics1995
14, 1107.

(147) Schumann, H.; Mler, J.; Bruncks, N.; Lauke, H.; Pickardt, J.;
Schwarz, H.; Eckart, KOrganometallics1984 3, 69.

(148) Schumann, H.; Mler, J. Angew. Chem1978 90, 307; Angew.
Chem., Int. Ed. Engl1978 17, 276.

(149) Schumann, H.; Pickardt, J.; Bruncks, Ahgew. Chem1981, 93,
127; Angew. Chem., Int. Ed. Engl981, 20, 120.

(150) Schumann, H.; Lauke, H.; Hahn, E.; Pickardf,. Drganomet. Chem.
1984 263 29.

(151) Wyc = 53 Hz for an yttrium carbene complex, commonly-3(38
Hz; see ref 152.

(152) Arnold, P. L.; Mungur, S. A,; Blake, A. J.; Wilson, &ngew. Chem.
2003 115, 6163;Angew. Chem., Int. EQ2003 42, 5981.

(153) Arndt, S.; Elvidge, B. R.; Zeimentz, P. M.; Spaniol, T. P.; Okuda, J.
Organometallics2006 25, 793.

(154) Gun’ko, Y. K.; Hitchcock, P. B.; Lappert, M. Ehem. Commun.
1998 1843.



Cationic Organometallic Complexes of Sc, Y, and Ln Chemical Reviews, 2006, Vol. 106, No. 6 2433

(155) Nakamura, H.; Nakayama, Y.; Yasuda, H.; Maruo, T.; Kanehisa, N.; (167) Fischbach, A.; Perdih, F.; Herdtweck, E.; AnwanderCRgano-

Kai, Y. Organometallic200Q 19, 5392. metallics2006 25, 1626.

(156) Deacon, G. B.; Forsyth, C. MChem—Eur. J. 2004 10, 1798. (168) Barsan, F.; Baird, M. d. Chem. Soc., Chem. Comm@895 1065.

(157) Forsyth, C. M.; Deacon, G. Brganometallics200Q 19, 1205. (169) Bambirra, S.; Tsurugi, H.; van Leusen, D.; Hessemton Trans.

(158) Okuda, J.; Arndt, S.; Matsui, S. (Mitsui Chemicals Inc., JP) Japanese 2006 1157.

Patent JP2003180576, 2003. (170) Nishiura, M.; Hou, Z.; Wakatsuki, Y.; Yamaki, T.; Miyamoto, J..

(159) Ethylene polymerization activity of the cationic benzamidinato Am. Chem. So003 125, 1184.
derivativesl43—-147was found to vary by over 2 orders of magnitude  (171) Evans, W. J.; Lee, D. S.; Lie, C.; Ziller, J. \Wngew. Chem2004
with the size of the metal ion; see ref 114. 116, 5633;Angew. Chem., Int. ER004 43, 5517.

(160) Porri, A.; Giarusso, A. I€omprehensie Polymer Scien¢&astmond, (172) The synthesis of [Lif-CsMes)s] complexes by the reaction of Lngl
G. C., Ledwith, A., Russo, S., Sigwalt, B., Eds.; Pergamon Press: with 3 equiv of a GMes salt was also hampered by the ring opening
Oxford, U.K., 1989; Vol. 4, Part Il, p 53. of THF, which led to the formation of [Lm-CsMes)2{ O(CH,)4Cs-

(161) Taube, R.; Sylvester, G. Applied Homogeneous CatalystSornils, Mes} (THF)] (Ln = La, Nd, Tm, Lu); see ref 173.

B., Herrmann, W. A, Eds.; VCH: Weinheim, Germany, 1996; Vol.  (173) Schumann, H.; Glanz, M.; Hemling, H.: @iz, F. H. J. Organomet.
1, p 280. ) Chem.1993 462, 155.

(162) Windisch, H.; Sylvester, G.; Taube, R.; Maiwald, S. (Bayer AG, DE) (174) Piers, W. E.; Bourke, S. C.; Conroy, K. Bngew. Chem2005
German Patent DE19720171A1, 1997. ) ) 117, 5142;Angew. Chem., Int. EQ005 44, 5016.

(163) Kaita, S.; Koga, N.; Hou, Z.; Doi, Y.; Wakatsuki, ®rganometallics (175) Two dinuclear lanthanoid(ll) dications, {Hu(u-C=CPh)-
2003 22, 3077. o . (diglymey} ]2t [P.CaBug] 2 and [ Yb(u-C=CPh)(diglyme)-

(164) Kaita, S.; Doi, Y.; Kaneko, K.; Horiuchi, A. C.; Wakatsuki, Y. (THF)2} 2]2*[CsPhy] 2, were reported after the submission of this
Macromolecule2004 37, 5860. ] review: Forsyth, C. M.; Deacon, G. B.; Field, L. D.; Jones, C.; Junk,

(165) For carboxylatealkyl exchange at neodymium, see refs 166 and P. C.; Kay, D. L.; Masters, A. F.; Richards, A. Ehem. Commun.
167. 2006 1003.

(166) Fischbach, A.; Perdih, F.; Sirsch, P.; Scherer, W.; Anwander, R.
Organometallics2002 21, 4569. CR050574S



