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Preface

This volume reviews the recent developments in the use of molecular rare-earth
metal compounds in catalysis. Most of the applications deal with homogenous
catalysis but in some cases, heterogeneous systems are also mentioned. The rare-
earth elements, which are the lanthanides and their close relatives — scandium and
yttrium — have not been in the focus of molecular chemistry for a long time and
therefore have also not been considered as homogenous catalysts. Although the
first organometallic compounds of the lanthanides, which are tris(cyclopentadienyl)
lanthanide complexes, were already prepared in the 1950s, it was only in the late
1970s and early 1980s when a number of research groups began to focus on this
class of compounds. One reason for the development was the availability of single
crystal X-ray diffraction techniques, which made it possible to characterize these
compounds. Moreover, new laboratory techniques to handle highly air and moisture
sensitive compounds were developed at the same time. Concomitant with the acces-
sibility of this new class of compounds, the application in homogenous catalysis was
investigated. One of the first applications in this field was the use of lanthanide met-
allocenes for the catalytic polymerization of ethylene in the early 1980s. In the last
two or three decades, a huge number of inorganic and organometallic compounds of
the rare-earth elements were synthesized and some of them were also used as cat-
alysts. Although early work in homogenous catalysis basically focused only on the
hydrogenation and polymerization of olefins, the scope for catalytic application to-
day is much broader. Thus, a large number of catalytic 6-bond metathesis reactions,
e.g. hydroamination, have been reported in the recent years.

This book contains four chapters in which part of the recent development of the
use of molecular rare-earth metal compounds in catalysis is covered. To keep the
book within the given page limit, not all aspects could be reviewed in detail. For
example, the use of molecular rare-earth metal complexes as Lewis acidic cata-
lysts is not discussed in this book. The first two chapters review different catalytic
conversions, namely the catalytic 6-bond metathesis (Chapter by Reznichenko and
Hultzsch) and the polymerization of 1,3-conjugated dienes (Chapter by Zhang
et al.). Within these chapters, different catalytic systems and applications are dis-
cussed. The final two chapters are more concentrated on recent developments of



Xii Preface

catalysts synthesis; but of course catalytic aspects are also mentioned. Therefore,
these two chapters are focused on homogeneous catalysis using lanthanide amidi-
nates and guanidinates (Chapter by Edelmann) and the synthesis of rare-earth metal
post-metallocene catalysts with chelating amido ligands (Chapter by Li et al.). The
organometallic lanthanide catalysts of the first generation, which are the metal-
locene catalysts of the general composition [(7°-CsMes),LnR] (R = CH(SiMe3),,
N(SiMes3),, H), are mentioned in the first two chapters, but are not covered in a
separate synthetic contribution because a number of excellent reviews on this topic
have been published over the recent years.

In summary, the present volume of Structure and Bonding shows the substan-
tial activity carried out in recent years in the field of synthesis of inorganic and
organometallic rare-earth metal compounds and their use as catalysts for a number
of different transformations. The future holds great promise for the rapid growth of
this field of chemistry and for new spectacular results.

Karlsruhe Peter W. Roesky
June 2010
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Catalytic 6-Bond Metathesis

Alexander L. Reznichenko and Kai C. Hultzsch

Abstract This account summarizes information on recently reported applications
of organo-rare-earth metal complexes in various catalytic transformations of small
molecules. The 6-bond metathesis at d° rare-earth metal centers plays a pivotal role
in carbon—carbon and carbon-heteroatom bond forming processes. Relevant mech-
anistic details are discussed and the focus of the review lies in practical applications
of organo-rare-earth metal complexes.
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Hydroamination - Hydroboration - Hydrogenation - Hydrophosphination
Hydrosilylation - Hydrostannation
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1 Introduction

The activation of H, [1] and C—H bonds [2] by d° early transition metal complexes
has been discovered more than three decades ago. It became clear at this point that
oxidative addition at the metal center, which is common for late transition metals
(1) was not a viable mechanism [3]. More detailed investigations of dihydrogen ac-
tivation by group I [4] and group IV [5] metals as well as rare-earth metal-mediated
C-H activation [6] were supportive of an associative mechanism with a highly or-
ganized transition state (2). The so-called 6-bond metathesis involves interaction of
the activated 6-bond with a vacant orbital at the metal center; therefore, it does not
involve a formal change of an oxidation state. Subsequent experimental and theo-
retical studies are supportive of this mechanism [7-14].

H
H /
LM+ H-E =—= [LnM—'l LM
E E (1)
M---E' [
M-E+HE =) || =<==M-E+E-H
E---H (2)

The reaction in (2) can be seen as a transfer of hydrogen from E’ to E, and the
calculation for the degenerative C—H activation exchange of scandocene shows that
the four-membered transition state remains kite-shaped [7] with all three groups
fully bound to the metal atom (Fig. 1).

As shown in Fig. 2, two different four-membered transition states are possible,
giving rise to two sets of products for the same reagents employed. Recent theoret-
ical calculations illustrate that the energy profile of the reaction is sensitive toward
the nature of the group being actually transferred. The barrier difference between
transfer of H and CH3 (Fig.2a) is remarkable (60 kcal mol_l) [15]; however, the
silicon group transfer is significantly easier than that of hydrogen (a), due to the

CPQSC—CH3 + *CH3'H—> CpgSC—*CHs + CH3'H

Hs -F
2',2/C\:\1.33
CpaSci-#2H
Fig. 1 Methane C-H o
activation via G-bond ﬁ

metathesis
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a H3 /H\\
/C\ Cp,Laz---CHs
CpoLa;-—H H
\H/ 71 kcal/mol
13 keal/mol \
% S
8 kcal/mol
0 keal/mol Cpsla-CHz + H-H 0 keal/mol 0 kcal/mol
Cp,La-H + H-CHg Cp,La-H + H-CH; Cp,La-H + H-CH3
Hg
b Si H
Cp,La:---H Cp,La:---SiH,
H H
5 kcal/mol
2 kcal/mol

0 kcal/mol

Cp,La(H)(n2-H-SiHz)

0 kcal/mol / \0 kcal/mol

Cp,La(H)(n2-H-SiH3) Cp,La(H)(n2-H-SiHz)
-6 kcal/mol

Cp,La(SiHz)(n2-H-H)

Fig. 2 Free energy (a) and relative electronic energies (b) for two possible reaction pathways for
Cp,La-H 4 CHy (a) and rearrangement of Cp,La(H)(H-SiH3) (b) [15,16]

hypervalent character of silicon (b) [16]. In general, activation enthalpies increase
when the hydrogen substituents in SiH4 are successively replaced by alkyl sub-
stituents due to the better overlap and polarizability of the hydrogen 1s orbital as
compared to the already polarized and directional sp> hybrids of CH3 [17].

The protonation of organo-rare-earth metal species through ¢-bond metathesis
plays a key role in many catalytic applications described below. The high reactiv-
ity of rare-earth metals for insertion of unsaturated carbon—carbon multiple bonds
[18], in conjunction with smooth G-bond metathesis, allows to perform catalytic
small molecule synthesis. This route is atom efficient, economic, and opens ac-
cess to nitrogen-, phosphorous-, silicon-, boron-, and other heteroatom-containing
molecules. The most important catalytic applications of organo-rare-earth metals
involving the 6-bond metathesis process will be discussed in this review.

Catalytic applications of organo-rare-earth metal complexes reported prior to
2002 are summarized in two excellent reviews [19, 20] and, therefore, will not be
discussed unless being relevant for understanding of key reaction details. A recent
comprehensive review on theoretical analyses of organo-rare-earth metal-mediated
catalytic reactions is available [17]. Although 6-bond metathesis plays a pivotal
role in many rare-earth metal-catalyzed polymerizations, the discussion of these
processes is beyond the scope of this review and the interested reader may consult
one of the pertaining reviews [21-24].
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2 Catalytic Hydrogenation

Although certain lanthanocenes have demonstrated to be exceptionally reactive in
alkene hydrogenation [25], their widespread application was apparently hampered
by low functional group tolerance and high air and moisture sensitivity. The general
mechanism for a rare-earth metal-catalyzed hydrogenation is shown on Fig. 3.

The key steps of the reaction mechanism are Ln—C bond protonolysis and alkene
insertion with the latter being the product-determining step. Turnover frequencies of
up to 120,000 h~! were observed (3) [25]. Terminal monosubstituted double bonds
generally exhibit higher reactivity and can be reduced selectively even in case of the
highly strained norbornene framework (4) [26]. Enantioselective catalytic hydro-
genations of a limited set of substrates utilizing C;-symmetric ansa-lanthanocenes
(Fig.4) have been reported to proceed with reasonable enantioselectivities (5)
[27]. Hydrogenolysis of a Ln—C bond can be used as a termination step in the
well-documented process of catalytic diene carbocyclization [30-32]. Thus, 1,6-
heptadienes can be cyclized to afford cyclohexane derivatives using an yttrocene
catalyst (6) [31].

[Cp*aLu(u-H)l, 25 °C

AN NF + Hy (1 atm) > NS
TOF 120,000 h™ (3)
1-4 mol%
= + H, (1 atm) —mMM8M8M8M8@Mm > —
= ,1h
72% (4)
_ 0 |I|
+H, (1 atm) 0.1-1 mol% (R 1Sm
rt, <1h
95%, 73% ee 5
Cp*ZLnR’
Cpl _H. C
12l
cp H R'H
R
Cp\

Fig. 3 Organolanthanide-
catalyzed alkene
hydrogenation H
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Fig. 4 C;-symmetric chi- i
ral lanthanocene catalysts ﬁ‘ i
for asymmetric hydrogena- s | % B
tion, hydrosilylation, and / Si Ln—E(SiMeg), i (Me3Si)sE—Ln S'\
hydroamination [27-29] \ﬁ ' ﬁ/
o
s | (R)
/\ PN TN
Ph
(+)-neomenthyl (=)-menthyl  (-)-phenylmenthyl
1-Ln 2-Ln 3-Y
Ln=La,Nd,Sm,Y,Lu E=CH,N

// 5 mol%
w, /O Cp* 2YMe(THF)
> + H,(1atm) ——»
o}
N - 6)

In general, rare-earth metal-catalyzed hydrogenation has drawn significantly less
attention in the last decade; therefore, the interested reader may consult previous
reviews for a more comprehensive coverage [19,20].

3 Catalytic Hydrosilylation

Hydrosilylation, the addition of a Si—H bond across an unsaturated carbon—carbon
linkage, is a facile and atom-economical route to organosilanes, which can be func-
tionalized further, for example, using the Tamao or Fleming oxidation protocol [33].

3.1 Hydrosilylation of Alkenes

The mechanism of catalytic hydrosilylation (Fig.5) is analogous to that of hydro-
genation. Key steps are alkene insertion and 6-bond metathesis; with alkene inser-
tion apparently being the product-determining step [29,34,35].

Notably, in the absence of the alkene the hydride complex may undergo either
degenerative hydrogen scrambling [34] or silylation [36-38], which are compet-
itive processes. Hydrogen exchange is faster; however, silylation is more thermo-
dynamically feasible [16], which opens the route to well-documented rare-earth
metal-catalyzed dehydrogenative silane couplings (Fig. 6) [39]. Since the possibility
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[Ln]—R'
R3SiH
SiR3 H .
R'SIR
AN o L K _sirg :
Markovnikov  anti-Markovnikov [Ln]— R"/\

AH=-11 kcal/mol AH——19 kcal/mol
R3SiH
3 _)_R..
[Ln] or [Ln]

R"

Fig. 5 Catalytic cycle for organo-rare-earth metal-mediated hydrosilylation [29,34,35]

t
Cp H. cp
LA, H|— “Ln-SiX, —> X3Si-SiXy
Coe o ey’ s | He ol
Ln H X
CP 4 X,Si—H ® .
C
Cp\Ln’/H\S'X . P Ln-H
PR3 cp’
Cp/ H + X3Si-H

Fig. 6 Hydrogen scrambling (bottom) and dehydrogenative silane coupling (fop) as competing
processes between a metal hydride and a silane

of silane dehydrocoupling is not ruled out, the hydrosilylation catalyst should be
able to perform both steps, alkene insertion and the desired 6-bond metathesis, fast
enough to suppress the unwanted side reaction.

Pioneering preparative reactions have been performed with lanthanocene cata-
lysts [40—43], with yttrium complexes exhibiting the highest reactivities and selec-
tivities in most cases that allow reactions to be performed at ambient temperatures
(7) [44].

In general, terminal alkenes typically produce linear silanes with high selectivity
(7) and (8), whereas the amount of the branched silane can be increased either by
tying the cyclopentadienyl ligands back through an ansa-linkage that opens the
coordination sphere around the metal center, or by using a larger rare-earth metal
[45,46].

3 mol%

z, P Cp*,YCH(SiMe3), /\/4/\
+ PhSiHs SiH,Ph

CGHﬁv rt, 28 h
94% )
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More substituted double bonds are less reactive, and therefore, regioselective
hydrosilylations of dienes are possible (8) and (9) [45]. Yttrocene catalysts are
less reactive in case of 1,1-disubstituted alkenes; however, the larger samarocene
is better suitable to catalyze this transformation with excellent diastereoselectivity
(10) [47].

3 mol%
Cp*zYCH(SiMe3)2
NN + PhSiH3 > \/\/\/\SiH Ph
CGHB' I't, 48 h 96% 2 (8)
SiH,Ph
3 mol%
Cp*,YCH(SiMe
+ PhSiH; p*2YCH( 32
CgHg, t, 96 h 61%
dr 2:1 ©)]
10 mol% SiHPh
) Cp*2SmCH(SiMe .
iBu + PhSiH; —"2 (SiMes), iBu
CBH12, rt
84 % (10)

More recently, postmetallocene catalyst systems, such as constrained-geometry
complexes 4-6 (Fig.7) [48-51], the polymeric (pentamethylcyclopentadi-
enyl)samarium(Il) alkyl complex 7 (Fig.7) [52], and cyclopentadienyl-free

Me,,
"Sj \ Me,, \
Me(SkN/Y..-u.(THF)n (SI\ /Y""'THF
R/ CH,SiMeg Me /N CH,SiMeg
Bu
4a R=Ph, n=2 5
4b R='Bu, n=1

s CeSMes \_(CsMes)K(THF),
Sm

v u

. R \
Cy— N\ e CH(SiMeg)s
|

u
MesSiHoC™ 3 :S-.,,,
e3SiH.C Me

6

Fig. 7 Cyclopentadienyl-based postmetallocene rare-earth metal-based catalysts for hydrosilyla-
tion [48-52]

7
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SiBuMe,
N THF
~ /

Y—Me
N\
O \ THF
Si'BuMe,
8
(R,R)-10: R = CH(SiMey),
’Bu
Me,SiH,C, /o\S,O Bu Me .
M838|H20/ \ - I\OtBu tBU >
11
P SiMes C \|  (THF), X
Ph~] 7 \ Z .
P— N N(SiHMe,), : THF CH,SiMe3
P 2)2 | CH,SiMes LHSie,
Ph-P~N  N(SiHMey), 14aR = Ph
Ph  SiMe, By 14b R = NMe,
12 Mée 13

Fig. 8 Cyclopentadienyl-free catalysts for hydrosilylation [53-61]

complexes (Fig. 8) [53-63], have been studied in hydrosilylation reactions, some
of which (e.g., 6, 8, 14b) display exceptionally high catalytic activity (Table 1). In
general, the postmetallocene catalysts exhibit the same trends as lanthanocenes for
reactivity and selectivity in hydrosilylation reactions.

The “less constrained” geometry catalyst § displays a higher catalytic activity in
the hydrosilylation of 1-decene than the “more constrained” complexes 4 (Table 1)
[51]. The reason for this seems to stem from a greater stability of an dimeric hy-
dride intermediate derived from 4, while the respective dimeric hydride intermedi-
ate generated from S readily dissociates to form a more reactive monomeric hydride
species. However, complex 4b allows a better regiocontrol than 5 in the hydrosi-
lylation of styrene, as the more open coordination sphere allows more facile 2,1-
insertion of styrene. Note, however, that stoichiometric insertion reactions of styrene
in the metal-hydride bond give exclusively the 2,1-insertion product [48,64] due to
the aryl-directing effect (see below), indicating that the linear product results from
an unobserved 1,2-insertion product.

The readily available homoleptic trisamide complex La{N(SiMes),}3 exhibits
good reactivity at ambient temperature (11) (Table 1) [62], indicating that sophis-
ticated spectator ligands are not strict requirements to achieve good activity and
regioselectivity.
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Table 1 Catalytic hydrosilylation of styrene and o-olefins

) cat. SiH,Ph
RN +PhsiH, ——= R T R SiH.Ph
| ]
[cat.]/ Yield (%)
R Catalyst [s] (%) T¢cC th LI (TOFh~1) References
MCgH;; Cp oSmR® 5 25 1:1 90 [45]
"CgHy;  15-Sm 5 25 1:2 98 [45]
n"C,Hy,  La(NR,)s® 3 25 40 964 98 [62]
"CgHy; 4a 5 25 100:0 4.0) [51]
"CgHy; 4b 5 25 100:0 2.9) [51]
"CgHy; 5 5 25 100:0 (20.0) [51]
"CgHi; 6 2.5 25 0.17 100:0 100 [49]
nCeH;; 7 2 25 72 955 95 (52]
"C4Hy 8 5 25 0.17 928 80 [53]
"C,Hy  (RR-10 2 60 2 381 87 [56]
"CgHy;; 11 2.5 25 2 100:0 100 [59]
"C4Hgy 12 1.5 25 16 99:1 99 [57,58]
"C4Hy 13 2.3 60 4 99:1 91 [60]
"C4Hy 14b 2 23 0.08 >99:1 100 [61]
Ph La(NR’,);" 3 25 5 <1:99 99 [62]
Ph 4a 5 25 37:63  (0.22) (51]
Ph 4b 5 25 12:88 (4.0) [51]
Ph 5 5 25 40:60  (2.5) (51]
Ph 6 2.5 25 0.67 46:54 100 [49]
Ph 7 2 25 10 7:93 100 [52]
Ph 9 5 —-35 20 100:0 85 [54,55]
Ph (RR-10 2 60 2 1:17 95 [56]
Ph 12 1.5 25 30 35:65 99 [57,58]
Ph 13 2.3 50 19 3:.97 75 [60]
Ph 14b 2 23 1.17  33:67 100 [61]
R = CH(SIMB3)2
bNR/z = N(SiMe3)2
3 mol%
La{N(SiMe3),}3 >_<_
H +PhSiH; ——————> )=
CeDs, 25 °C, SiH,Ph
24h 99% (11)

Contrary to aliphatic-substituted alkenes, catalytic hydrosilylation of vinyl arenes
proceeds usually with Markovnikov selectivity to give benzyl silane derivatives.
This reversal of regioselectivity may be explained with the alkene insertion step pro-
ceeding through the sterically more encumbered transition state which is favored
due to attractive metal-arene interactions [29]. Electron-donating substituents in
the aromatic ring increase the turnover frequency as well as regioselectivity, which
is in agreement to this hypothesis [29]. The selectivity of the hydrosilylation in-
creases with increasing metal ionic radius and opening of the coordination sphere.
Ansa-metallocenes, such as 15, are typically the most selective catalysts (12) [29],
whereas constrained-geometry [48,49,51], bis(phosphinimino)methanide [57, 58],
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and guanidinato [61] complexes produce a significant amount of the linear anti-
Markovnikov isomer (Table 1). The imine complex 9 is an exception, as it forms the
linear anti-Markovnikov product exclusively [54,55].

SiH,Ph

0.5 mol% 15-Sm

CeDs, 23 °C, TOF 12 h"!

+ PhSiH; 96% yield,
>99% regioselectivity

s,
’

S Ln—CH(SiMe3),

15-Ln
Ln=Y, Nd, Sm (12)

Few examples of asymmetric hydrosilylations of styrene derivatives with chiral lan-
thanocene catalysts have been reported (13) [29]. The cyclopentadienyl-free chiral
yttrium diamidobiphenyl complex 8 was used for asymmetric hydrosilylation of
norbornene with high enantioselectivity (14) [53].

_ 0.5mo0l% (R)-1-Sm :
+PhSiH, > Y
CeDg, 23°C SiH,Ph

TOF 50 h™
98%, 68% ee (R) (13)
3 mol% 8 SiH,Ph
+PhSiH; ———— >
CeDg, 1t, 48 h
100% yield
90% ee (14)

The yttrium silanolate complex 11 shows good catalytic activity with high anti-
Markovnikov regioselectivity in the hydrosilylation of 1-decene (Table 1) [59].
Cationic silanolate rare-earth metal alkyl species derived from 11 were either in-
active or exhibited significantly diminished activity, possibly as a result of tight
binding of the benzene solvent as well as decomposition of the cationic metal hy-
dride intermediate.

The sterically encumbered guanidinato complex 14b exhibits one of the high-
est catalytic activities among the cyclopentadienyl-free hydrosilylation catalysts
(Table 1) [61]. Weakly coordinating donor groups, for example, thioacetals, in
aliphatic alkenes have only a minor effect on regioselectivity (Scheme 1), while
alkenes containing stronger donors, for example, acetals, may result in an inver-
sion of regioselectivity. The corresponding benzamidinate complex 14a is slightly
less active, but allows better regiocontrol [61]. Electronically as well as sterically
more saturated bis(guanidinate) complexes are significantly less active [63].
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2 mol% cat. R/\/SiH2Ph
CgDs, 23 °C
98-100% conv.

RN + PhSiH; * R7OSiH,Ph

R cat. t,h 11l
S\I/gi 14a 12 964
Qs 14b 4 964

Etoj/a{ 14a 15 793
OEt 14b 0.42 26:74

Scheme 1 Regioselectivity in the hydrosilylation of donor-functionalized alkenes

3.2 Hydrosilylation of Alkynes

Terminal alkynes undergo metallation at the Brgnsted-acidic sp-hybridized terminal
C-H bond with organo-rare-earth metal species rather than hydrosilylation [65,66].
However, internal alkynes undergo hydrosilylation in the presence of an yttrocene
catalyst, although the required reaction conditions are typically harsher than the con-
ditions applied in alkene hydrosilylations (15)—(17) [67]. Unsymmetric alkynes give
mixtures of regioisomers, both being the products of syn-addition of the Si—H moi-
ety to the alkyne, and commonly the less encumbered regioisomer is favored (15)
[67]. Increasing steric bulk of the propargyl substituents results in regiospecific ad-
dition (16). Note that the alkene remains intact as the reaction proceeds exclusively
at the triple bond [68]. The regioselectivity of the transformation may also be driven
by electronic factors even if they compete with steric preferences. Thus, hydrosi-
lylation of an alkynylsilane gives predominantly the sterically disfavored product,
presumably due to the electronic “silyl-directing” effect of the organosilane group
(17) [69]. Aryl groups have been reported to direct the alkyne hydrosilylation in a
similar manner [20,70].

_ 5 mol%
—=—~_ " Cp*,YMe(THF) — + =

—_— R .

CBHB,SOQCr 24 h PhH2SI I H H il SIHQPh
+PhSiH, 1+11 40%

1:117.3:1 (15)
PhH,ST oTBDMS
5 mol%
OTBDMS Co Y Me(THF) Ho . =
— s CgHia, 1, 21 h

+ PhSiH; 93% (16)
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5 mol% H
"CgHy7 SiPr,H  [CP™S,YMel, neup, Ny SiHzPh
, CeHiz, 1t, 5 h AL
+ PhSiH; Si'PryH
84%, 27:1 regioselectivity a7

3.3 Hydrosilylation/Carbocyclization

The ability of organo-rare-earth metal complexes to undergo alkene or alkyne inser-
tion provides the possibility to perform polyene cyclizations, producing metal—alkyl
species which can then undergo ¢-bond metathesis with an appropriate reagent to
produce a cyclic compound. Thus, termination via protonolysis (6) results in cy-
cloalkane derivatives; however, termination via silylation is more desirable as a
functionalized cyclic framework is formed (Fig. 9).

Initial studies on the hydrosilylation/carbocyclization of terminal dienes car-
ried out in the early 1990s have demonstrated that five-membered ring formation
proceeds smoothly in the presence of lutetocene [40], neodymocene [43], and
samarocene [29] catalysts (18).

0.5 mol%

W Cp*,SmCH(SiMe3),
> (] siH,Ph
+ PhSiH, CeDs 2
90% (18)

[Ln]—R"
ReSiH

or Hy,
X R"SiR; or R"H

R’ [Ln]—H

b "B

RsSiH [,_n]

or Hy [Li]/
R4SiH R NS
g

or Hy
[Ln]—H

Fig. 9 Mechanism for hydrosilylation/carbocyclization and hydrogenation/carbocyclization
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Postmetallocene catalysts can also facilitate this transformation [50, 60, 62],
although they are typically less selective and a significant amount of acyclic hy-
drosilylation product may form if the rate of silylation of the initial alkene insertion
product A (Fig. 9) is competitive with the rate of carbocyclization.

Molander and coworkers have studied the scope of diene substrates using the
yttrocene catalyst Cp*, YMe(THF) [71]. As expected, six-membered ring formation
appeared to be more challenging [44], however, it can be facilitated with secondary
organosilanes R, SiH,, which are less prone to side reactions such as formation of
silicon-bridged dimers (19) [71].

By 5 mol%

' Cp*,YMe THF! i
/\/N\/\ + PhMeSiH, P ( (j/\SIHMePh
N

CGH12, rt,2h
|
'Bu  97% (19)

Rare-earth metal catalysts tolerate a variety of aprotic functional groups; for ex-
ample, sterically encumbered mesityl sulfonamides sufficiently shield the oxygen
from the metal center in order to allow hydrosilylation/carbocyclization, albeit at a
reduced rate (20) [72].

% 5 mol% 0.0
Mes\ - . A
$0 L vesiy, —PetuMe(THR) Mes” > N SiHMePh
A~Ne % CgDg, 50 °C, 5d

57% (20)

Diastereoselective cyclizations are possible [73], in particular when the outcome of
the stereochemistry is set by the configuration of a cylic ring junction (Fig. 10).
The stereochemistry-determining insertion step proceeds via the less encumbered
transition state providing a single diastereoisomer.

The reaction is sensitive to steric factors, for example allylic substitution signif-
icantly diminishes the reactivity of a double bond, in particular in six-membered
ring formation processes. Thus, an impressive regioselectivity can be observed
in a cyclization of a triene that features double bonds with different accessibility
21) [73].

| SiHMePh
) 5 mol%
— Cp*,YMe(THF
C,,../ + PhMeSiH, CrpYMe(THF)_
TBDMS CoFtiz 1t 1h
o OTBDMS
86%, dr 1.6:1
t *
Z —vcpr, Cp Yy ¥
—
OTBDMS OTBDMS
favored disfavored

Fig. 10 Diastereospecific decaline formation
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TBDMSQ, 5mol%  TBDMSO,
WINF Cp*,YMe(THF) g
+ PhMeSiH, —————— >
CGH12, I't, 1h B
H:
Nea:
86% SiHMePh (21)

In case of five-membered rings, allylic-substituted double bonds can also undergo
cyclization, which allows the regioselective transformation of an unsymmetric triene
involving two consecutive carbocyclizations followed by a silylation step (22) [73].

Z 5 mol% H SiH.Ph
Cp*,YMe(THF : 2
Z N phiHg iy <I>/
OTBDMS CeHiz, 1, 1h /
OTBDMS
72%, dr 2.1:1 (22)

Hydrosilylation/cyclization of hindered polyenes can be efficiently catalyzed by
sterically open ansa-lanthanocenes, but trimethylsilylcyclopentadienyl derivatives
are particular active and allow cyclization of these challenging substrates at room
temperature (23) [74].

Ph 2.7 mol% Ph _
[CpTMszYMe]z A SIHQPh
7 +PhSH; —— 22 » me
CgHiz, 11,12 h
92% (23)

As mentioned in Sect. 3.2, the carbon—carbon triple bond has a superior reactivity
in hydrosilylation compared to a double bond, presumably due to a faster insertion
step. This creates an opportunity to perform regio- and chemoselective transforma-
tions of enynes [68]. Regioselective transformations of 1,6- and 1,7-enynes proceed
via preferred insertion of the triple bond (24).

5 mol% /<
P24 W Cp*,YMe(THF)
C5H12, rt, 2h

+ PhSiH,
PhH,Si—

88%, dr 35:1 (24)

So far, the only example of an asymmetric hydrosilylation/carbocyclization se-
quence of a,,m-hexadienes and heptadienes utilize the (R)-BINOL-derived yttrocene
catalyst 16 to produce cyclopentanes and cyclohexanes in high yields but only low
to moderate enantioselectivities of up to 50% ee (25) [75].
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/\)\/ + PhSIH3 2 mOI/O 16 b/\Sinph

CgHyo, 1t

95%,
50% ee

(25)

4 Catalytic Hydrostannation

Organostannanes are important intermediates in preparative organic chemistry and
the metal-catalyzed hydrostannation constitutes an attractive atom-economical ap-
proach to their synthesis [76]. However, only a single report on organolanthanide-
catalyzed hydrostannation has surfaced [77]. The anti-Markovnikov hydrostanna-
tion of 1-octene is catalyzed by a sterically unobstructed yttrocene catalyst at ambi-
ent temperature (26). Although the mechanism of this transformation has not been
studied in detail, it apparently resembles that of hydrosilylation. Enhanced reactivity
of the tin—hydrogen bond results in a significant amount of distannane side product
formed via dehydrogenative 6-bond metathetical coupling.

4 mol%

[Cp™BY,YMe]
N NNF + "BusSnH -2, /\/\/\/\Sn”Bu3

CeHe, 1, 0.5 h
66 74% (26)

5 Catalytic Hydroboration

The utility of the well-known hydroboration protocol has been expanded sig-
nificantly with the advent of metal-catalyzed processes [78,79]. A few exam-
ples of organo-rare-earth metal-catalyzed hydroborations have been reported over
the last two decades. In a pioneering study, Marks and coworkers have demon-
strated that simple lanthanocene derivatives such as Cp*;LaCH(SiMes), readily
catalyze the addition of catecholborane to alkenes at room temperature (27). The
proposed mechanism is shown in Fig. 11. High anti-Markovnikov regioselectiv-
ity (>98%) was reported in all cases including reactions of vinyl arenes. Trace
amounts of alkene hydrogenation side product were detected [80]. Elimination of
(catechol)BCH(SiMes3), providing an active metal hydride catalyst precedes the cat-
alytic cycle as evidenced by NMR spectroscopic observations. The last step of the
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Cp*z LaCH(SlMe3)2

O\
BH
o

O\
,BCH(SiMe3),
o}
K Cp*,La—-H
Cp* 2La

Fig. 11 Proposed mechanism for intermolecular hydroboration of alkenes

catalytic cycle is believed to be rate-determining, as the significant higher reactivity
of lanthanum in comparison to yttrium can be attributed to a lower 6-bond meta-
thetical transition state in case of the larger La3* jon [81].

1. 1.7 mol%
Cp*,LaCH(SiMe3),
o benzene, 25 °C, 14 h
y TOF 200 h!
NS+ ©: BH > NN"oH
o 2. H,O,, NaOH 78%
3.3 equiv 27

Subsequent studies have demonstrated that the relatively robust and readily acces-
sible rare-earth trisamide La{N(SiMes3),}3 can also be successfully employed to
catalyze anti-Markovnikov hydroboration of alkenes (28) [82]. The 1,2-addition
product in the hydroboration of vinyl arenes constitutes the opposite 2,1-addition
products commonly favored in vinyl arene hydrosilylations (Sect.3.1), although
both reactions are believed to proceed via analogous mechanisms. This fact may
also be interpreted in terms of uncatalyzed addition of the borane to the alkene be-
ing competitive with the catalyzed process in some cases [82, 83].

1. 3 mol% La{N(SiMe3),}3
O o OH
+ :BH CgDg, 90 °C, 6 d _
O 2. H202, NaOH

2 equiv 98% (28)

A tandem carbocyclization/hydroboration sequence has been disclosed by Molander
[83]. The carbocyclization of o, w-dienes proceeds smoothly in the presence of the
divalent samarocene Cp*,Sm(THF) and the metal-alkyl intermediate is trapped by
a 1,3-diaza-2-boracyclopentane to afford the cyclic hydroboration product (29).
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OH
o Me 1.1.6 mol% Cp*,Sm(THF)

/\)\/ . N, toluene, 80 °C, 18 h «Ph
7 7 [N'BH 2. H,0,, NaOH
Me 64% (29)

It should be noted that Smls-catalyzed hydroboration of alkenes with catecholbo-
rane was reported in 1993 [84]. However, this reaction is unlikely to involve o-bond
metathesis as Sml3 acts only as a Lewis acid.

6 Catalytic Hydroamination

The metal-catalyzed addition of an amine N-H bond across an unsaturated carbon—
carbon linkage — the so-called hydroamination, allows a facile and highly atom-
economical access to industrially relevant nitrogen containing basic and fine chemi-
cals. This process has therefore attracted significant attention in the last two decades
[85—89]. In particular asymmetric hydroamination, which remains a very challeng-
ing area, has flourished tremendously over the last decade [90-96]. Among various
transition and main group metal-based hydroamination catalyst systems, rare-earth
metal complexes remain one of the most active and selective ones [88,97]. Due
to the large amount of data, we will focus on the most relevant achiral and chiral
catalyst systems in this chapter.

6.1 Intramolecular Hydroamination

Rare-earth metal complexes have proven to be very efficient catalysts for
intramolecular hydroamination reactions involving aminoalkenes, aminoalkynes,
aminoallenes, and conjugated aminodienes [88, 97]. They are significantly less
efficient in intermolecular hydroamination reactions and only a limited number of
examples are known [98-102]. The difficulties in intermolecular hydroamination
reactions originate primarily from inefficient competition between strongly binding
amines and weakly binding alkenes for vacant coordination sites at the catalytically
active metal center.

As will be discussed in more detail in the following chapters, the intramolecu-
lar hydroamination reaction of aminoalkenes and other substrates involves two key
steps in the catalytic cycle. Insertion of the unsaturated carbon—carbon linkage into
a rare-earth metal amide bond, followed by protonolysis of the resulting metal alkyl
(respectively, allyl or vinyl) species. The insertion step is generally perceived as
the rate-determining step of the process, although this may not be true for all sub-
strate classes. The hydroamination/cyclization of aminoalkenes differs significantly
from reactions involving aminoalkynes, aminoallenes, and conjugated aminodienes
from a thermodynamic point of view. The alkene insertion step of the Ln—amide
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AH ~ 0 kcal/mol (R = H) AH ~ —13 kcal/mol (R = H)
a AH ~—6 kcal/mol (R = Me) AH ~ =7 kcal/mol (R = Me)
H R _~ NH, H
H [Ln] N \/\(\4;\/ N
[Ln]_N\/\(\/)/\/R _— >
b AH ~ 0 kcal/mol
AN NH
. \/\M/ AH ~ -85 kcal/mol [Ln] N \\(v?;\/ 2 N
nl— z — %j — \@_7
T ( n ( n
¢ AH ~ 0 kcal/mol
. H NH, H
L MM~ —29 kealimol L], N R y N
— - i
\/\M;\J,R W m
T R
d
AH ~ +4 kcal/mol "
H NH
AH ~ —19 keal/mol| [Ln N AN 2 N

H
Ln]—N _t'n
T n
Fig. 12 Thermodynamics of the elementary steps in rare-earth metal-catalyzed hydroamina-

tion/cyclization of aminoalkenes (a), aminoalkynes (b), aminoallenes (c¢), and aminodienes
(d) (n = 1-3) [103-108]

into the carbon—carbon double bond is approximately thermoneutral for terminal
aminoalkenes and it is only slightly exothermic for an internal aminoalkene with a
1,2-disubstituted alkene (Fig. 12a) [103, 104]. The subsequent protonolysis of the
primary rare-earth metal alkyl species is quite exothermic, to a lesser extent also
for the secondary rare-earth metal alkyl species. In marked contrast, insertion of an
alkyne, allene, or 1,3-diene into the Ln—amide bond is very exothermic (Fig. 12b—d)
[105-108]. Protonolysis of the resulting vinyl (in case of alkynes and allenes) or
n3-allyl (in case of conjugated dienes) rare-earth metal species is about thermoneu-
tral (for the vinylic species) to slightly endothermic (for the allylic species) due to
the significant stabilization of these species. Despite these considerable differences,
it has been proposed that in all these cyclization reactions, the insertion step is rate-
determining [109, 110], followed by a rapid protonolysis step. However, recent DFT
analyses of the catalytic cycle of the rare-earth metal-catalyzed hydroamination of
dienes and allenes suggest that protonolysis of the rare-earth metal 13-allyl species
(in hydroamination of dienes), respectively, vinylic species (in hydroamination of
allenes), is the rate-determining step [111-113].
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6.1.1 Cyclization of Aminoalkenes

Pioneering experimental findings by Marks and coworkers [97, 103, 114] followed
by theoretical analysis [109] allowed elucidation of the mechanism of aminoalkene
hydroamination/cyclization (Fig. 13). The reaction is considered to proceed through
a rare-earth metal amido species, which is formed upon protonolysis of a rare-earth
metal amido or alkyl bond. As discussed in the previous section, the first step of
the catalytic cycle involves insertion of the alkene into the rare-earth metal amido
bond with a seven-membered chair-like transition state (for n = 1). The roughly
thermoneutral [103, 109] insertion step is considered to be rate-determining, giving
rise of a zero-order rate dependence on substrate concentration and first-order rate
dependence on catalyst concentration.

The resting state of the catalyst is believed to be an amine adduct of the cat-
alytic active Ln—amide. For lanthanocene catalysts such an amido amine species of
the type Cp*,L.n(NHR) (NH,R) has been spectroscopically and crystallographically
characterized [103]. Amines, coordinating solvents and other external bases may
adversely affect the reactivity of the rare-earth metal center, in particular if the metal
center is readily accessible. Sterically open ansa-lanthanocenes and constrained-
geometry catalysts (CGC) [27, 104, 108] and more recently also sterically readily
accessible nonmetallocene catalysts [101, 115, 116] have displayed product inhi-
bition (leading to apparent first-order kinetics) or substrate inhibition (resulting in
self-acceleration).

On the one hand, coordinative saturation of the metal center through strong amine
binding results in reduced electrophilicity and therefore reduced catalytic activity.

[Ln]—R R = alkyl, aryl, amido
N~ S
n
H
n=1,2,3 [Ln]—N

H-R X
Catalyst Activation Ked \/\Mn/\

H S=HyNR', HNR'R"
[Ln]—N

H
\{Tj \/\(\,)n/\
-
AH ~ 0 kcal/mol
Protonolysis
N
~N

H2N\/\(\/):\

[Ln]\iﬂ)
(%

Fig. 13 Simplified catalytic cycle for aminoalkene hydroamination/cyclization [103,109]
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On the other hand, coordination of the amine significantly lowers the reaction barrier
for the 6-bond metathetical protonation, as shown in computational studies [109].
The rare-earth metal alkyl species formed in the insertion process is therefore prone
to rapid protonolysis with a second amine molecule, regenerating the rare-earth
metal amido species, and releasing the heterocyclic product. Surprisingly, kinetic
studies using N -deuterated aminoalkenes have revealed a large primary kinetic iso-
tope effect with ky/kp in the range of 2.3-5.2 [101, 103], although apparently
no N-H bond breaking is involved in the rate-determining alkene insertion step.
A plausible explanation involves partial proton transfer from a coordinated amine
to the o-carbon in the four-membered insertion step (Fig. 14) [103]. However,
some experimental data, in particular the observation of sequential hydroamina-
tion/carbocyclization sequences (Sect. 6.2) is in conflict with this interpretation, as
the latter requires a finite lifetime of the rare-earth metal alkyl intermediate.

Initial studies focused on lanthanocene-based catalyst systems that proofed to be
efficient in the exo-specific cyclization of terminal aminoalkenes to form five-, six-,
and seven-membered azacycles (Scheme 2). The reactions are predictably faster for
the formation of smaller five-membered rings and in the presence of gem-dialkyl
substituents [117]. An increasing metal ionic radius and a more open coordination
sphere, for example, in ansa-lanthanocenes, are also beneficial for higher cyclization
rates [103]. A further increase in catalytic activity is observed when sterically more
open and more electrophilic CGC 17 (Fig. 15) are applied [118].

Although lanthanocene catalysts initially developed for aminoalkene hydroami-
nation are highly sensitive and not readily available, their catalytic activity remains
unsurpassed as of now and only a few postmetallocene rare-earth metal complexes
can reach comparable levels of catalytic efficiency. Besides constrained-geometry
(Fig. 15) [118, 119] and other half-sandwich [102, 120, 121] rare-earth metal
complexes, a large number of cyclopentadienyl-free catalyst systems have been

[Ln] H 5’“ t N "
n]— S+
N AN ox-7 \
EN\R nS o /[(Ln]\:)éf_/g;ﬂn E [Ln]( H
Il?‘ /N"H/ N\R
R }? 5+ R'

Fig. 14 Proposed amine assisted alkene insertion in hydroamination/cyclization (RR'NH = sub-
strate or hydroamination product)

3 mol% H

R R Cp*,LaCH(SiMey), N
/\(\/)>\\/NH2 i S_{J/
n C7Dsg R t) n
R

n| R TrC TOFM!
Scheme 2 Lanthanocene- 1l H 60 140
catalyzed intramolecular 1| Me 25 95
hydroamination of terminal 2| H 60 5
aminoalkenes 31 Me 60 0.3
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Fig. 15 Constrained-
geometry rare-earth metal ﬁ' M ﬁ’
s Me €.,
hydroamination catalysts “si I} _Si \Y
7 N -Ln V! i
[118,119] Me N ~~N(SiMes), Me @\N/ \ CHgSlMe3
tBu/ iPry CH,SiMe;
17-Ln NSL 18
= Me— X, N-ipr
Ln =Y, Nd, Sm, Lu
Me
R' Me
RV—

e
RN.., ¥
RN X

“Me
19a R=R'=Me
19b R=Et,R'=H
19c R=CI,R'=H

Me
(N\ _CHSiMeg
S~ Yu,
N" NTHE N\ “CH,SiMe,
Me \—%@ /< CH,SiMes

22 23

Fig. 16 Selected examples of achiral, nonmetallocene rare-earth metal-based catalysts for hy-
droamination of aminoalkenes [116, 132-134,136]

developed over the last decade, ranging from simple trisamides Ln{N(SiMe3)2}3
[116, 122, 123] or bisamide Sm{N(SiMe3)>}» [124] to more elaborate ligand
frameworks, such as chelating diamides [123, 125-127], diamidoamine [116],
aminotroponiminato [128], bis(phosphinimino)methanide [57, 58, 129-131],
salicylaldiminato [132], B-diketiminato [132, 133], triazacyclononane-amide
[134], benzamidinate [134], tridentate triamine [135], amidate [136], and
tris(oxazolinyl)borato [137] ligands. Some catalyst systems are depicted in Fig. 16
and catalytic results are compiled in Table 2. Additionally, many chiral catalyst sys-
tems for asymmetric hydroamination reactions have been developed (see Sect. 6.1.5)
in order to overcome significant drawbacks of chiral cyclopentadienyl-containing
rare-earth metal complexes.

Catalyst systems obtained in situ from rare-earth metal trisamides Ln{N-
(SiMes3),}3 and various chelating diamines (Fig. 17) have shown good activity
in the cyclization of aminoalkenes (Schemes3 and 4) [123, 125-127]. The more
challenging cyclization of the chiral aminoalkene 26 can be accomplished with
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Table 2 Catalytic hydroamination/cyclization of aminoalkenes

H
R(R cat. N
NN NH, ——>
R‘Y¢
R Catalyst [cat.)/[s] (%) T (°C) t(h) Conv. (%) References
Me Y{N(SiMe3),}3 2.7 24 6 >95 [123]
Me 12 1.3 60 6 Quant. [58]
Me 14a 1 50 0.8 >99 [134]
Me 19a 3 25 3.65 95 [116]
Me 21 5 65 24 >90 [132]
Me 22 0.5 60 1 98 [133]
Me 23/[PhNMe, H][B(CgFs)4] 1 50 12 >99 [134]
Me 24 10 25 2.5 93 [136]
Ph 18 4 RT 0.05 Quant. [119]
Ph 20 10 65 2 >95 [132]
Ph 21 5 25 2 >95 [132]
Ph 24 10 25 <0.25 93 [136]
Fig. 17 Chelating diamines R
used as ligands for non- S ﬁ .
metallocene hydroamination NH HN Pr-P—NH HN—F’\’I_Pr
catalysts —/ ipy 'Pr
R' R'
25aR='Pr,R'=H 25¢
25bR=R'=Et
N N
26 trans-27 cis-27
cat. | conditions trans:cis _yield, %

5 mol% Sc{N(SiMe3),}3| 60°C,1.5h  49:1 >95
+ 5 mol% 25a

3 mol% 19b 25°C, 8 h 23:1 89
La{N(SiMe3)}s | 90°C, 13 h 41 >99

Scheme 3 Diastereoselective cyclization of 26 [116,127]

high trans-diastereoselectivity (up to 49:1) at 60°C [127]. The preferred forma-
tion of trans-27 can be explained with minimal 1,3-diaxial interactions in the
chair-like cyclization transition state [103, 138]. Unfortunately, the structure of
the chelating diamide catalyst system is not known. Structurally characterized
diamidoamine complexes 19 have shown slightly higher reactivity that allows the
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H
$ 5 mol% cat. N
= X NH, ——m>
125 °C \\\‘p/\

>95% conv.

cat. | t,h TOF, h'
15-Sm ~1 216
17-Sm ~55 359

Nd{N(SiMe;),}3 / 25b | 6.5

Scheme 4 Catalytic hydroamination/cyclization of an aminoalkene with an internal double bond
[104,125]

reaction to proceed at 25°C with up to 23:1 trans-selectivity [116]. The formation of
seven-membered rings constitute another significant challenge for postmetallocene
catalysts, but can be accomplished utilizing the bis(amidate) yttrium catalyst 24

(30) [136].
H
Ph Ph 10 mol% 24 N
/\/\)\/NHZ CeDg, 110°C, 19 h PB".‘]

82% (30)

While most rare-earth metal-based catalyst systems are neutral, only a few cationic
catalyst systems have been investigated. For example, the B-diketiminato scandium
complex 21 [132] and the triazacyclononane-amide complex 23 when treated with
[PhNMe,H][B(CgF5)4] [134] display improved catalytic activity over their neu-
tral congener. However, this trend is not general, as the opposite result, higher ac-
tivity for the neutral over the cationic species, was found for the benzamidinate
complex 14a (Fig.8) [134]. Quite generally, it is expected that the Ln—amide
bond is stronger for the more electron deficient species, thus impeding the inser-
tion process of the olefin into the Ln—amide bond. However, the reduced steric
strain around the cationic metal center in case of 21 and 23 (after activation with
[PhNMe, H][B(CsF5)4]) could compensate for this impediment and result in an
overall net rate increase in comparison to the neutral, sterically more congested
analogues.

Cyclization of 1,2- and 1,1-disubstituted alkenes [104, 123, 125, 126, 136, 138—
140] requires elevated temperatures and sterically more open and more reactive
catalysts, such as ansa-lanthanocenes Me,Si(CsMey4),LnCH(SiMes), (15-Ln),
constrained-geometry catalysts Me,Si(CsMey4)(‘BuN)LnN(SiMe3), (17-Ln), or
nonmetallocene complexes with chelating bis(amides) (Schemes4 and 5), while
trisubstituted alkenes remain challenging.
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Scheme 5 Cyclization of a N H

1,1-disubstituted aminopen- 5 3 mol% cat. 5 N S

tene [123,139] - NH2 70 °C 3_7\
cat. | th yield %

[Cp™S,SmMe], | 2 93
Y{N(SiMej),}5 8 94

6.1.2 Cyclization of Aminoalkynes

The rare-earth metal-catalyzed hydroamination/cyclization of internal and terminal
aminoalkynes is a facile process, as shown by experimental [105, 106] and theo-
retical [110] studies. In general, the reaction proceeds via the same mechanism as
aminoalkene hydroamination (Fig. 13) with some notable difference arising from a
different insertive reactivity of the triple bond. The insertion of the C—C triple bond
proceeds much faster than that of a double bond due to the exothermic nature of the
step (Fig. 12). Overall, the cyclization of an aminoalkyne is commonly 1-2 orders
of magnitude faster than that of an analogous terminal aminoalkene. However, the
insertion step is still considered to be the rate-determining step, based on aforemen-
tioned DFT calculations and experimental observations.

Interestingly, the reactivity pattern in rare-earth metal-catalyzed hydroamina-
tion/cyclization reactions of aminoalkynes with respect to ionic radius size and
steric demand of the ancillary ligand follows the opposite trend to that observed
for aminoalkenes, namely decreasing rates of cyclization with increasing ionic ra-
dius of the rare-earth metal and more open coordination sphere around the metal.
This phenomenon can be explained by a negligible sterical sensitivity of a sterically
less encumbered triple bond, as sterically less open complexes and smaller metal
ions provide more efficient reagent approach distances and charge buildup patterns
in the transition state [110].

Selected examples of intramolecular aminoalkyne hydroamination catalyzed by
rare-earth metal complexes (see Figs.8, 16, and 18) are shown in Scheme 6 and
Table 3. Formation of five-, six-, and seven-membered cyclic imines has been
achieved in excellent yields.

P Cp",SMCH(SiMes), N
R n R
CsDs )

n

| R T/°C TOF /!

n

1| H 21 580

1| Me 21 96

1|SiMe; 21 >7600
1| Ph 60 2830
2| Ph 60 328

3| Ph 60  0.11

Scheme 6 Samarocene-catalyzed hydroamination/cyclization of aminoalkynes [105,106]
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Table 3 Catalytic hydroamination/cyclization of aminoalkynes

cat. N
/\/\ NH, — Q/\Ph

Ph

Catalyst [cat.)/[s] (%) T (°C) t (h) Conv. (%) References
12 1 60 1 Quant. (58]

19¢ 3 60 0.25 93 [116]

20 10 25 0.75 >95 [132]

21 10 25 0.75 >90 [132]
Y{N(SiMe3),}3/25¢ 5 60 1.5 9% [141]

28 2 21 100 Quant. [128]

Fig. 18 Aminotroponiminato <
catalyst for hydroamination _|

of aminoalkynes [128] ~ N(SiMes),

Y.
N/ \N(S|Meg)2

28

Catalyst systems derived from Ln{N(SiMe3),}3 and chelating diamines (e.g.,
25a, Fig. 17) are also active in the cyclization of aminoalkynes with quite remark-
able activity and functional group tolerance (31) [141].

5 mol% 25a N

MesSi s )
3 \X/NH 5 mol% Y{N(SiMe3),}s Me3Si/\S/_F
2 > “ry
San CeDe, 25°C, 0.2 h BnO
98% (31)

The rare-earth metal-catalyzed cyclization of aminoalkenes, aminoalkynes and
aminodienes generally produces exclusively the exocyclic hydroamination prod-
ucts. The only exception was found in the cyclization of homopropargylamines
leading to the formation of the endocyclic enamine product via a 5-endo-dig
hydroamination/cyclization (32) [142], most likely due to steric strain in a potential
four-membered ring exocyclic hydroamination product. Interestingly, the 5-endo-
dig cyclization is still preferred even in the presence of an alkene group that would
lead to a 6-exo hydroamination product [142].

3 mol% rPh

H Cp"2YbCH(SiMes),
=~ N FPh >

CgDg, 60°C,1h  \
95% (32)
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6.1.3 Cyclization of Aminodienes

Hydroamination of 1,3-dienes is a facile process due to the transient formation of
an 13-allyl intermediate, which forms E/Z-vinylpyrrolidines and vinylpiperidines
upon protonation, and, under certain conditions, also allyl isomers (Fig. 19 and
Scheme 7). Cyclizations with lanthanocenes lead preferentially to the E alkene in up
t0 98:2 E/Z ratio [107,108]. For the sterically more congested Cp*» YCH(SiMe3)»
the vinylpiperidine becomes the prevailing product at a dramatically reduced re-
action rate. Generally, the reaction rates are higher for aminodienes compared to
the corresponding aminoalkenes, despite increased steric encumbrance of the cy-
clization transition state. High stereo- and regioselectivities apparently result from
kinetically impeded protonolysis of the more substituted carbon atom of the stabi-
lized allyl intermediate (Fig. 19), as shown by calculations. It is, noteworthy, that
according to DFT calculations the protonolysis step might be rate-determining due
to the facile insertion [111]. Hydroamination/cyclization of dienes shows a rate de-
pendence on the Ln3" ionic radius and coordinative unsaturation that is even more
pronounced than in case of aminoalkenes [108].

minor major
AH ~ +7 kcal/mol AH ~ +4 kcal/mol

[Ln]—

H
N
[Ln]
= >AH —19 kcal/mol

/\/\/\/ NH, N
[Ln]
\

7
Fig. 19 Mechanism of aminodiene cyclization [107, 108]

3-11 mol%
t,
NSNS NH, Al \/\L) //\E) \/\I/\)
i >90% conv.
cat. T/°C LI TOF/h!

Cp*,LaCH(SiMey),| 25  84:16:0 40
Cp*,YCH(SiMes),| 60  30:19:51  0.05

2-Sm 23 98:2:.0 74
17-Sm 25 59:41:0 3.1
17-Y 25 87:13.0 ~0.08

Scheme 7 Cyclization of aminoheptadiene [107, 108]
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6.1.4 Cyclization of Aminoallenes

Hydroamination of aminoallenes proceeds faster than cyclization of aminoalkenes
but slower than that of aminoalkynes. Two insertion pathways are feasible, as a
mixture of exo- and endo-products are obtained in case of monosubstituted al-
lenes (33) [143, 144]. Cyclization of 1,3-disubstituted allenes on the other hand
proceeds exclusively via the exo route to generate the allylic amine (34) and
a-substituted aminoallenes cyclize with high diastereoselectivities to give the 2,5-
trans-pyrrolidines exclusively (35). However, in the latter case the E/Z ratio is
lower in comparison to the high selectivities observed for aminodienes. This po-
tential disadvantage becomes irrelevant if the amine is subjected to subsequent hy-
drogenation, providing an alternative synthetic access to 2-alkyl azacycles instead
of a more sluggish cyclization of an aminoalkene with a 1,2-disubstituted double
bond [145].

Me
%\/\)\ Cp*oLaCH( S|Me3 \Q/\
A NH2 CGDG

exo
1:1187:13
endo 95% (33)
0.8 mol% H
o, Cp*YCH(SiMe3), N
SNSNNH, N
CgDg, 23 °C
TOF 31 h E:Z 14:86
93% (34)
0.8 mol% H
Cp*,SmCH(SiMe
2 NH, SPZSMOREIMes, \@-"‘\Jpr
H |l// /\/ﬁ/ C6D61 23°C
npyf TOF 630 h™ >95% conv.
Z:E67:33 (35)

The kinetic analysis demonstrated an unusual dependence of the cyclization rate
on the rare-earth metal ion size, with maximum turnover rates observed for the
medium-sized yttrium and slower rates for the larger lanthanum and smaller
lutetium [144]. Similar to aminoalkynes, catalysts with more open ligand frame-
works are less active. DFT calculations indicate that protonolysis is the rate-
determining step of the process [113], although this notion is contrary to some
experimental observations [143, 144].

6.1.5 Asymmetric Hydroamination
Chiral C;-symmetric lanthanocenes (see Fig.4) have achieved enantioselectivities

of up to 74% (36) in various intramolecular hydroamination reactions [27,146,147].
While complexes 1-3 are better suitable for the formation of five-membered rings,
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the extended wingspan of the octahydrofluorenyl complexes 29 are optimized for
six-membered ring formation (37). Unfortunately, the chiral lanthanocenes undergo
facile epimerization under the conditions of catalytic hydroamination via reversible
protolytic cleavage of the metal cyclopentadienyl bond [27,104,147,148]. Thus, the
enantioselectivity of product formation is limited by the catalyst’s epimeric ratio in
solution and the absolute configuration of the hydroamination product is indepen-
dent of the diastereomeric purity of the precatalyst.

pentane, —30°C vy

H
~om O

100% conv.,
74% ee (S) (36)

(S)-29-Y H
XN NH, — >
25°C, TOF 2.1 h™" n,

95%, 67% ee (S)
(15% ee (R) using (S)-2-Sm)

[\

S Ln—N(SiMe3),

(S)-29-Ln
Ln=Y, Sm, Lu 37)

WY

Many chiral cyclopentadienyl-free catalyst systems designed to overcome this con-
figurational instability have been reported since 2003 [56, 101, 115, 149-170]. Sev-
eral relevant catalyst systems are shown in Fig.20 and a brief survey of catalytic
results is listed in Table 4.

A variety of bisoxazolinato rare-earth metal complexes such as 30 have been
studied with regard to their hydroamination/cyclization catalytic activity [149]. The
precatalysts show similar enantioselectivity and only slightly reduced catalytic ac-
tivity when prepared in situ from [La{N(SiMes)»}3] and the bisoxazoline ligand.
In this ligand accelerated catalyst system the highest rates were observed for a 1:1
metal to ligand ratio.

The ate complexes [Li(THF)4][Ln{(R)-1, 1’-(C1oHgNR)»}»]1 ((R)-31;Ln = Yb,
Y:R = ‘Pr (a), Cy (b), C5Hog (¢)) [153-156, 158, 160] are unusual hydroamination
catalysts as they lack an obvious leaving amido or alkyl group that is replaced dur-
ing the initiation step by the substrate. It is very likely that at least one of the amido
groups is protonated during the catalytic cycle. The best catalytic results were ob-
tained using a small rare-earth metal (Yb) and a large cyclopentyl substituent on the
diamidobinaphthyl ligand, but the moderate catalytic activity required the presence
of activating gem-dialkyl substituents [117] in the aminoalkene substrates.
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L|(THF)4
L
/La Ph N e N
(Me3S|) N(SiMe3), O O
30

(R):-31aR ='Pr
(R):-31bR = Cy
(R)-31c R = C5Hg

S SiArg
O Me,N
Y N(SiM
/r (SiMes), on f

OO

S O\\'
MezN
SiArg
(R)-32aR = SlMe3 (R)-33a Ar = Ph
(R)-32b R = SiMe,Ph (R)-33b Ar = 3,5-Me,CgH5

Fig. 20 Important postmetallocene catalysts for asymmetric aminoalkene hydroamination/
cyclization [101,149, 155,156,158, 161]

Table 4 Asymmetric intramolecular hydroamination of aminopentenes

H
Z ® CeDg .
R
Cat. R, R [cat.)/[s] (%) T (°C) Time Yield (%) % ee References
30 H, H 5 23 ~9d >95 40 [149]
30 Me, Me 5 23 ~1h >95 67 [149]
30 Ph, Ph 5 23 ~7min >95 34 [149]
(R)-31a-Y —(CHy)s— 7 25 20h Quant. 67 [156]
(R)-31b-Yb —(CH,)s— 6 25 18h 94 65 [155]
(R)-31c-Yb —(CH,)s— 6 25 20h 90 87 [158]
(R)-32a Me, Me 5 30 23d 95 89 [161]
(R)-32b Me, Me 5 60 9h 95 87 [161]
(R)-32b H H 5 60 8h 95 81 [161]
(R)-33b-Sc¢  H,H 5 22 17h 93 90 [101]
(R)-33a-Sc Me, Me 2 60 6h 93 73 [101]
(R)-33a-Sc  Ph, Ph 2 25 0.6h 94 95 [101]

Good to high enantioselectivities for a wide range of aminoalkene substrates,
including internal alkenes or secondary amines, were achieved using the in situ
generated aminothiophenolate catalyst system (R)-32 [161]. Variation of the
steric demand of the silyl substituent attached to the thiophenolate moiety allowed
facile fine-tuning of the enantiomeric excess, providing increasing selectivity with
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increasing steric hindrance. While the larger bite angle of the amino(thio)phenolate
ligand is believed to improve enantiofacial differentiation as the chiral ligand
reaches further around the metal center [150], the multidentate nature of the lig-
and also electronically saturates the metal center, effectively diminishing catalytic
performance. Enantiomeric excess of up to 89% can be achieved at 30°C, though
reactions at this temperature require a long period of time to reach completion.

Significantly higher catalytic activities are achievable, when more electron defi-
cient ligand sets are employed. Binaphtholate aryl complexes (R)-33 (Ln = Sc, Y,
Lu) [101, 163] with sterically demanding tris(aryl)silyl substituents in the 3- and 3’-
position show not only superior catalytic activity at room temperature, comparable
in magnitude to lanthanocene catalysts, but also achieve up to 95% ee in hydroami-
nation/cyclization reactions of aminoalkenes, among the highest enantioselectivities
observed so far. The sterically demanding tris(aryl)silyl substituents in the diolate
complexes play a pivotal role not only to achieve high enantioselectivities, but they
are also crucial to prevent undesired complex aggregation [56, 115] and reduce
detrimental amine binding of the substrate and product to the catalytic active metal
centers [101].

The binaphtholate complexes (R)-33 were successfully applied in the effi-
cient kinetic resolution of chiral aminoalkenes (Table 5) [101, 163, 171]. Racemic
aminopentenes can be kinetically resolved with resolution factors f as high as 19.
The resolution factor value depends dramatically on the nature of the substituent R.
Mechanistic studies have revealed that diminished efficiencies in the kinetic resolu-
tion of aminoalkenes with aliphatic substituents is caused by an unfavorable state of
the Curtin~-Hammett pre-equilibrium that favors the mismatching substrate—catalyst
complex, whereas in the significantly more efficient kinetic resolutions of aryl-
substituted aminoalkenes the matching substrate—catalyst complex predominates
the pre-equilibrium [171].

Enantioselective cyclizations of amino-octadiene with chiral lanthanocene cata-
lysts provide a facile access to (+)-coniine with 63% ee after hydrogenolysis of the

Table 5 Catalytic kinetic resolution of chiral aminopentenes [101, 163, 171]

M NH, 2 mol% cat. Q‘ \Q’ /\/\/ NH,
CSDG, 22°C =

R R
trans |
Subst. Cat. t (h) Conv. (%) trans:cis % eeofrecov.I f? References
Me (R)-33b-Y 26 52 13:1 80 16  [101,163]
Cy (R)-33a-Lu 23 47 8:1 51 6.0 [171]
Ph (R)-33a-Lu 15" 52 >50:1 33 19 [101]
4-CIC¢H4 (R)-33b-Y 10° 51 >50:1 80 19 [171]
4-MeOCgH; (R)-33a-Y 8" 50 >50:1 78 19 [101]

4Resolution factor
bAt40°C
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1) 5mol% (S)-29-Sm,
/ / C@De, rt, 7 d _ (R)
2) NN

Cbz-Cl, 2N NaOH, !

HoN CeDg/Et,O (3:2) Cbz
91%
EIZ=97:3
0,

1) Hy, PIC, 63% ee

EfOH, RT ()
— >
N°,

2) HCI, EtOH H "HCI

0°C 94%

(2S)-(+)-Coniine-HCI

Scheme 8 Synthesis of (+)-coniine-HC] via enantioselective aminodiene hydroamination/
cyclization

Cbz-protected vinylpiperidine (Scheme 8) [108]. Cyclization of aminodienes fol-
lowed by hydrogenation constitutes an alternative to the less facile direct hydroam-
ination of a 1,2-disubstituted aminoalkene (see Sect. 6.1.1).

6.1.6 Tandem Hydroamination/Hydrosilylation

As discussed in the previous sections, hydrosilylation and hydroamination reac-
tions can be catalyzed by essentially the same catalysts under very similar reac-
tion conditions due to the similarity in their reaction mechanisms. Hence, both re-
actions can be performed in one synthetic procedure as a one-pot sequence. Al-
though less explored than hydrosilylation of C—C multiple bonds, organolanthanide-
catalyzed hydrosilylation of imines is a facile straightforward process [172, 173].
Imines, in particular cyclic imines, are readily available via organolanthanide-
catalyzed hydroamination of alkynes. Roesky and coworkers have demonstrated that
N -silylated saturated heterocycles can be smoothly obtained (38) and (39) utilizing
the bis(phosphinoamide)methanide complex 12 (Fig. 8) [57,58]. The higher reac-
tivity of aminoalkynes in the hydroamination process makes this method a valuable
alternative to aminoalkene hydroamination.

SiHPh
1.2 mol% 12 N
Ph——=—~_ ~ - > QAPh
NHz 2 phsiH,
CeDg, 60°C,4h  99% (38)
SiH,Ph

1.2 mol% 12 N._Me

CeDs, 11,40 ggo (39)
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6.2 Hydroamination/Carbocyclization

Hydroamination/bicyclization of aminodialkenes, aminodialkynes, and amino-
alkenynes opens a straightforward route to pyrrolizidines and indolizidines in a
tandem C-N and C-C bond forming process. An important prerequisite for the
success of this reaction sequence is a sufficient lifetime of the rare-earth metal
alkyl intermediate formed in the initial insertion process of the alkene/alkyne in the
Ln—amide bond in order to permit the carbocyclization step (Scheme 9) [99, 174].

2 mol% A t
H CpSmCH(SIMes), | oo \'\,

/\/N\/\M/\—> Sm_/

" Cb21C | Cp \@N—]
n
_— m n TOF bt

>95%

Scheme 9 Synthesis of pyrrolizidines (n = 1) and indolizidines (n = 2) via hydroamina-
tion/carbocyclization [99, 174]

The scope of this process has been extended in a more detailed investigation to
the synthesis of quinolizines [175] and the influence of alkyl substituents in various
positions of the aminodialkene substrate on product diastereoselectivity was probed.
Neodymium-based catalysts are particularly efficient for six-membered ring forma-
tion (40). The methodology has found further application in the synthesis of tri- and
tetracyclic alkaloidal skeletons (41) [176].

H 10 mol% H H
o~UN Cp*;NdCH(SiMes), "
_— e
\/\)\ CeDg, 50 °C N
Me Me
90%
>20:1 dr (40)
N 10 mol% N
Cp*,NdCH(SiMe
\ H» CpeNdCH(SMea), \
NN CgDe, 1t, 21 h N Me
Bn Bn
83 %, dr 2.3:1 41)

6.3 Intermolecular Hydroamination

Although intramolecular hydroamination reactions are catalyzed very efficiently
by rare-earth metal catalysts, infermolecular hydroamination reactions are signif-
icantly more challenging and only a limited number of reports, utilizing either
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lanthanocene [98-100], phenylene-bridged binuclear half-sandwich [102], or bi-
naphtholate [101] catalysts, have been documented in the literature. The reaction of
an unactivated alkene requires large excess of the alkene in order to overcome the
competition between strongly binding amines and weakly binding alkenes, even if
the sterically open ansa-lanthanocene Me, Si(CsMey4),NdCH(SiMes3), (15-Nd) is
employed (42) [98].

A+ ~_NH; 20 mol% 15-Nd /\j‘i\/
X+ 2 -

o -1
70 equiv 60 °C, TOF 0.4 h (42)

A sequence of inter- and intramolecular hydroaminations and carbocyclizations of
the aminoalkeneyne 34 substrate allows the facile assembly of the tricyclic poly-
heterocycle 35 with exclusive trans-diastereoselectivity (43) [99].

14 mol% H

) HN/\Q Cp",SmCH(SiMes), Vi N/\b_
CgDg, 60 °C = N7

__f'\' 93%
éme*z

Hydroamination of vinyl arenes is a more facile process, proceeding exclusively
via 2,1 insertion (Fig.21) [100] obviously resulting from an aryl-directing effect as
discussed in Sect. 3.1.

Trivinyl benzene may be utilized in a hydroamination/carbocyclization process
that is initiated by an intramolecular anti-Markovnikov addition of n-propylamine
followed by an intramolecular hydroamination and a highly diastereoselective car-
bocyclization step (44) [100].

(43)

5 mol% H
X4 /\/NH2 Cp*ZLaCH(SIMes)& /©/\/ ~
F/©A CeD100°C, 6d
2 equiv 88%

Cp*oLn--N RHN LnCp2

/ o favored over
o &

2,1-insertion 1,2-insertion

Fig. 21 Anti-Markovnikov hydroamination of vinyl arenes [100]
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5 mol%
Cp*,LaCH(SiMeg)
A NH, - —
CgDg, 90 °C, 24 h N~
H
AN
2 equiv 88% (44)

Another versatile class of unsaturated substrate for intermolecular hydroaminations
are methylenecyclopropanes which utilize the ring strain of the cyclopropane ring
as the driving force for the reaction. Ring opening of the unsymmetrical phenyl-
methylenecyclopropane proceeds with high regioselectivity to generate the linear
product predominantly (Scheme 10) [100].

5 mol%
Cp*,LaCH(SiMe3),
+ ~UNH; >
CgDg, 60 °C, 25 h
Ph TOF 0.22 h'

1,2-insertion

—_—

Scheme 10 Intermolecular hydroamination of phenylmethylenecyclopropane [100]

Intermolecular hydroamination of internal alkynes with nonequivalent sub-
stituents give the corresponding imines in a regioselective fashion (45) using the
ansa-lanthanocene Me;Si(CsMey ), NdCH(SiMe3), (15-Nd) [100].

2 mol% 15-Nd Ph/YN\/\
_—

CeDs, 60 °C Me
TOF 2 h'! 85% (45)

Ph—=—=—Me + .~_NH2

7 Catalytic Hydrophosphination

Significant progress in organolanthanide-catalyzed hydroamination over the last two
decades has sparked the interest in the development of analogous catalytic hydro-
functionalization protocols. Catalytic hydrophosphination of unsaturated carbon—
carbon linkages offers an attractive atom-economic route to phosphines [87, 177].
It should be noted that inter- and intramolecular hydrophosphinations are also
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[Ln]—E(SiMes),

HZP\/\M/\
n
H—E(SiMe3),
H
H

[Ln]—P

RN

P. n
\(<_’nj AH ~ +2 kcal/mol
AH ~—17 keal/mol 1

H

.--R
H2P\/\(\,)n/\ [Ln]\\Mn
[Ln]—\@
(%

Fig. 22 Mechanism of intramolecular hydrophosphination [179, 181]

s m
non
-~ 0

H, N
2

catalyzed by Brgnsted acids, bases, and free radical initiators, and they can proceed
spontaneously in the presence of light. However, the metal-catalyzed hydrophosphi-
nation may allow control of the regio- and stereochemistry of this process.

The mechanism and scope of rare-earth metal-catalyzed intramolecular hy-
drophosphination has been studied in detail by Marks and coworkers [147, 178—
181]. The hydrophosphination of phosphinoalkenes is believed to proceed through a
mechanism analogous to that of hydroamination. The rate-determining alkene inser-
tion into the Ln—P bond is nearly thermoneutral, while the faster protolytic 6-bond
metathesis step is exothermic (Fig.22) [179, 181]. The experimental observation
of a first-order rate dependence on catalyst concentration and zero-order rate de-
pendence on substrate concentration are supportive of this mechanism. A notable
feature is a significant product inhibition observed after the first half-life of the re-
action. This is apparently caused by a competitive binding of a cyclic phosphine to
the metal center that impedes coordination of the phosphinoalkene substrate and,
therefore, diminishes catalytic performance [179].

Interestingly, although phosphines are slightly stronger Brgnsted acids than
amines [182], protonolysis of the precatalyst Ln—N or Ln—C bond with a phosphine
proceeds much slower than in case of hydroamination, which is attributed to the
softer nature of phosphorous versus nitrogen [179] and a weaker Ln—P bond com-
pared to the Ln—N bond [181, 183]. Thus, in contrast to hydroamination, hydrophos-
phination is a protonation-controlled process, as shown by calculations [181].

Another interesting aspect is the metal size effect. In general, increasing ionic
radii correlate with enhanced catalytic activity in hydroamination/cyclization of
aminoalkenes [27, 103, 114]. However, a different trend is observed for phosphi-
noalkenes. Here, the mid-sized yttrium shows the highest reactivity, followed by
lutetium and samarium, while the largest rare-earth metal, lanthanum, is the least
active catalyst system [179].
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3 mol% H H
Cp*,YCH(SiMe3), P P
AP —— e
f 25°C ) )
n n
I I
n| 1t TOF /'
1] 29:54 50.1
2| 899 913

Scheme 11 Catalytic hydrophosphination of phosphinoalkenes [179]

3 mol%
Cp*,SmCH(SiMe3), |

25°C, TOF 499 ' TOF 49.9h™ , (_7/ \Q/ \(_7/
MPHZ | IR 72.17.trace
H H
< A
, Pl P
3 mol% (S)-29-Sm \Q * \Q

toluene, 0°C 82% overall yield, 96% de
<5% cis isomers

Scheme 12 Diastereoselective hydrophosphination/cyclization of chiral phosphinoalkenes
[147,179]

Typical examples illustrating the scope of catalytic hydrophosphinations of phos-
phinoalkenes and phosphinoalkynes are shown in Schemes 11 and 12, and (46) and
(47). Analogous to the corresponding intramolecular hydroamination reactions, the
hydrophosphination generally proceeds as an exo-cyclization to afford five- and
six-membered phosphacycles, but in contrast to hydroamination formation of seven-
membered rings remains a challenge. In general, intramolecular hydrophosphina-
tions are ca. 5-10 times slower than the corresponding hydroaminations [179].
Lanthanocenes [179] and homoleptic rare-earth metal trisalkyls or trisamides (47)
[180] have been used as catalysts. An important feature of the process is that an ad-
ditional P-stereocenter is generated due to slow inversion on phosphorous [184] and
mixtures of diastereomeric products are obtained even in case of achiral phosphi-
noalkenes. The diastereoselectivity was found to be sensitive to both metal and lig-
and framework [179, 180]. Trans-disubstituted phospholanes are formed with high
preference (>20:1) over the cis-isomer and high diastereoselectivity when the chiral
octahydrofluorenyl-based catalyst (5)-29-Sm is employed (Scheme 12) [147].

3 mol% Ph
H Cp*gLaCH(SiMeg)z F')
A Popy T

60 °C, TOF 0.05 h"’ (46)
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Ph 3 mol% ]

A PH, 3)2 Q&\
Ph

22 °C, TOF ~10 h'

(47)

Organolanthanide-catalyzed intermolecular hydrophosphination is a more facile
process than intermolecular hydroamination. The reaction of alkynes, dienes, and
activated alkenes with diphenylphosphine was achieved utilizing the ytterbium
imine complex 9 (Fig. 8) as catalyst [185—188]. Unsymmetric internal alkynes react
regioselectively, presumably due to an aryl-directing effect (48) [186].

1) 5mol% 9 .
THF, t,4h 1\ SMes
Ph SiMe; + PhoPH ——————
) H,0, H  PO)Ph,
100%, £/Z 100:0 (48)

The hydrophosphination of 1,3-butadiene with PH3 catalyzed by Cp,EuH should
proceed predominantly via a 1,4-addition and to a lesser extend through a
1,2-addition pathway based on a computational study [189]. The reaction of
isoprene with diphenylphosphine indeed forms both regioisomers (49) [186]. Iso-
lated double bonds are also reactive, as styrene derivatives are almost as reactive as
alkynes (50); however, simple unactivated alkenes, such as 1-decene, are unreactive
even at elevated temperatures [186].

1)5mol % 9 )\/\ /I\/\
THF, 0°C, 1.5 h
)\/ + PhyPH —>2) ho P(O)Ph, + P(O)Ph,

2

64% 35% (49)
Me 1)5mol % 9
THF, rt, 4 h
- 0
o N+ PhaPH 200 Ph)\/P(O)th
85% (50)

8 Catalytic Hydroalkoxylation

While the highly versatile rare-earth metal-catalyzed hydrogenation, hydroboration,
hydrosilylation, hydroamination, and hydrophosphination has been studied over the
last two decades, the rare-earth metal-mediated activation of the hydroxyl O—H bond
for an analogous hydroalkoxylation process [87, 190] has been reported only re-
cently. Homoleptic trisamides were reported to catalyze the smooth cyclization of
allenyl alcohols [191] and alkynyl alcohols [191, 192] to form the corresponding
unsaturated ethers.

Cyclization of penta-3,4-dien-1-ol (36) affords a mixture of exocyclic prod-
ucts (51). However, cyclization of the isomeric pent-4-yn-1-ol (37) forms methy-
lene tetrahydrofurane exclusively (52) [191]. The reaction can also be applied to
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secondary alcohols and the formation of six-membered rings, though significantly
harsher reaction conditions are required to produce methylene tetrahydropyrane
derivatives (53) [192].

5 mol%
La{N(SiMej3),}3
(o) (0)
o N0 ————— (_7/ + (_7&
CeDe, 60 °C /
-1
36 TOF 0.5 h* 61% 39% 1)
5 mol%

La{N(SiMe3)2}s o

o OF
//\/\ CgDg, 60 °C

-1
37 TOF 4 h 100% (52)
5 mol%
OH La{N(SiMes)s}s O Ph
—_—
CgDg, 120 °C
TOF 0.14 h™ >95% (53)

The reaction is believed to proceed via a mechanism analogous to hydroamina-
tion and hydrophosphination. There is experimental evidence for a rate-determining
insertion step (Fig.23). The high oxophilicity of the lanthanide ion results in a
high barrier for the olefin insertion and therefore, diminished reactivity of alkenyl
alcohols. Rare-earth metal triflates are also capable to catalyze cyclization of alkenyl
alcohols in ionic liquids [193], although the mechanism is unlikely to be similar to
the 6-bond metathesis mechanism discussed above.

[Ln]—N(SiMe3),

O/v\
H— E(SIMe3)2

[l o~

AH, kcal/mol
Alkene +22
Alkyne —13
Allene +6

O
5

t
o]
[Ln]%
allene
HO NN, NS o= [Ln]

alkyne or alkene

Fig. 23 Proposed mechanism for rare-earth metal-catalyzed hydroalkoxylation [191,192]
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9 Catalytic Alkene and Alkyne Coupling

Carbometallation of multiple carbon—carbon bonds is an atom-economical approach
to new organometallic species, which can be subjected to further transformations to
complete a catalytic cycle.

An interesting cyclodimerization of internal alkynes is apparently proceeding via
metallation in the propargylic position, followed by an insertion of a second alkyne
molecule, intramolecular carbometallation and 6-bond metathetical protonolysis
(Fig.24) [65]. The reaction is slow even at elevated temperatures and the inser-
tion is not regioselective in case of unsymmetrical alkynes. More hindered sub-
stituents such as ‘Bu are not tolerated as the reaction stops at the metallation step.
The reaction is more of a fundamental interest, as the cyclization pattern is different
from the most common [2 + 2] route of existing protocols of transition-metal (in
particular cobalt)-catalyzed alkyne cyclodimerization, which are significantly more
versatile and synthetically applicable [194].

The dimerization of terminal alkynes is a straightforward process which is cat-
alyzed by lanthanocenes of scandium [195, 196], yttrium [66, 197], lanthanum

[Ln] CH(SiMe3),

HyC——
R R = Me, Et, "Pr )
CHz(SIMeg)Z
HTX
Ln
)/ | ] X o
H,C——=—=—

[Ln]/ﬁ [Ln] >

10 mol% Et Et
Cp*,LaCH(SiMe3), HTN HTN
le——Et > +
CgDsg, 80 °C

TOF 0.08 K™ Et | Me M€ " Et
1+11 93%

1:112.3:1

Fig. 24 Catalytic dimerization/cyclization of internal alkynes [65]
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Fig. 25 Rare-earth metal /

N Ph
catalysts for alkene and ) )
alkyne dimerizations Me3S|\N2_\\N,SIMe3 /4/ \j
[201-204] Ve.Si \Y/ [ N
’ \// NCH(siMe,) N "CHzPh
)\ 82 ( 7 CH2Ph
SIMeg
38 39-Ln
e, 7»0?' ’%
'Si \
Me™ \N/IEUQ"THF Y,
vl CH,SiMes %\L‘\
2
40 41

[66,198], cerium [66, 198], and samarium [199], as well as a half-sandwich arylox-
ide yttrium complex [200]. The reaction cleanly provides 2,4-disubstituted enynes

(54) [195].
Me
15 mol% Cp* ZScMe
2 Me—= FZ X
CgDg, rt, 30 min A

M
100% (54)

Postmetallocene catalysts such as the bis(benzamidinato)yttrium alkyl 38 (Fig. 25)
[201] have been studied with respect to their activity in these alkyne dimerizations
as well (55). However, the catalytic activity is significantly lower in comparison to
the lanthanocenes, and the catalyst is not applicable to nonhindered alkynes such
as propyne. Larger substituents (e.g., Ph, ‘Bu) as well as elevated temperatures are

required [201].
_ 1.5 mol% 38 /\
2 Bu— > [
CgDg, 80 °C, 100 min N

100% (55)

Neutral and cationic chelating amide complexes [202, 205] exhibit an interesting
selectivity pattern producing exclusively tail-to-tail dimers with excellent Z selec-
tivity of the internal double bond (Scheme 13) [202]. In case of the smaller yttrium
complex, a higher catalytic activity is observed for the cationic species generated
with [PhNMe, H][B(CsFs)4], while for the larger lanthanum the neutral species is
more effective.

The Z-tail-to-tail dimers can also be obtained with high selectivity from aryl-
substituted alkynes using the trisamide Ln{N(SiMes3),}3 (Ln = Y, La, Sm) [206]
or the constrained-geometry catalyst system 40 [203]. The latter system is more
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Me Me —
, /C\ _ 2 mol% 39-Ln O N\ e
— CeDg, 80 °C
(B = [PhNMe,H][B(CgF5)4]) Q

>99% selectivity
Ln activator| t/min_conv./%

% - 20 -
Y B 30 100
la - 2 >99
la B 40 <5

Scheme 13 Z-selective tail-to-tail dimerization of terminal alkynes [202]

interesting, since it provides the same selectivity for alkyl-substituted alkynes (56)
whereas all other catalytic systems tend to give head-to-tail products in this case.

— "Hex
5mol% 40  "Hex
Hex—= > N+ /\
2 THF-d, 100 °C, /_\ X

14h nHex nHex

9
11 95:5 (56)

While rare-earth metals are proven powerful olefin polymerization catalysts
[21-24], there are only limited reports on controlled olefin oligomerizations or
selective olefin dimerizations utilizing these elements [204, 207, 208]. An ansa-
scandocene [207] and the bis(indenyl)yttrium complex 41 (Fig.25) [204] were
reported to produce head-to-tail dimers from monosubstituted aliphatic alkenes
(57). Complex 41 produces predominantly the tail-to tail adduct with styrene. The
codimerization of an aliphatic alkene (including substrates containing various func-
tionalities) with styrene affords trans-tail-to-tail dimers, apparently as a result of
1,2-insertion of the o-olefin followed by 2,1-insertion of styrene directed by the
phenyl group (58).

2 mol% 41 "Bu

2 Ve + 17% trimer
"BUTN c.p,, 80°C, 2h /\/nsu

80% (57

2 mol % 41 t
tBu/S\/\*' P X —— = Ph/\/\/\s’Bu

1.5 equiv CeDe, 80°C, 48 h 64%

+
styrene homodimer (58)
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10 Catalytic C-H Activation

Despite numerous notable advances achieved over the last four decades, selec-
tive C—H activation remains a major challenge. Lanthanide complexes capable
of activating C—H bonds have been studied intensively over the past 30 years
[3,11,12,209-211].

Pioneering work of Watson described the scrambling of '3CH, into soluble rare-
earth metal complexes Cp*»,L.nCH3 (Ln = Lu, Y) (59) [212]. The lutetocene system
was also shown to activate C—H bonds of arenes and alkyl silanes [6,213].

Cp*,Ln—CHjz + '3CH, ——> Cp*,Ln—"3CH; + CH,
Ln=Lu, Y (59)

The C—H activation by a number of related organo-rare-earth and organoactinide
complexes has been studied thoroughly experimentally [195,214] and theoreti-
cally [14,17,211], and a general 6-bond metathesis mechanism has been envisioned
(Fig. 26).

Important experimental observations such as reaction rates that are first order in
both reagents, large negative activation entropies, and a pronounced KIE (ky/kp ~
3-6) are strongly supportive of the mechanism shown in Fig. 26. The analysis of the
transition state shows that the H transfer can be viewed as proton transfer between
two methyl anions (CH3%~ ---H% ... CH3%") and therefore is thought to be better
stabilized by an electrostatic field of early rare-earth metal cations, which indeed
exhibit higher reactivity in most cases [10]. An alternative unimolecular tuck-in
mechanism was proposed through DFT calculations for the alkyl metathesis of cer-
tain lanthanocenes, which can be competitive to the bimolecular process in case of
small metals with a small ionic radius, such as scandium [215-217].

Despite the early breakthrough in the area, productive catalytic reactions
of methane have not been reported until 2003. Tilley and Sadow have treated
Cp*2ScMe with 10equiv diphenylsilane and 150 atm of methane at 80°C [218].
After 1 week, 5 equiv of MePh,SiH were produced, indicating at least four
catalytic turnovers (60). Despite moderate reactivity, this example of methane

Hj
C C H
pTLn_CHs o p\Ln/\C HS . Cp\Ln{C\/\H
Cp + *CH4 Cp HS*C/ Cp *HS \ Cp\ ’(H:ii ;
i H
cp ¢
+ CH, HsC Hy \ Hs
Cp Cp/,,‘ /\H Cp\ /,C\
\\‘Lnf*CH3 - /Ln\ -~ \\»Ln\ /H
Cp Cp *CHs Cp SJH
3

Fig. 26 C-H activation through ¢-bond metathesis
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dehydrosilylation is promising further developments of catalytic C—H activation
reactions via the 6-bond metathesis processes.

10 mol% Cp*,ScMe )
Ph,SiH,+CH, » MePh,SiH+H,

CeHi2,80°C, 7 d
TON =4 (60)

Permethylscandocene catalyzes also the hydromethylation of propene, but again
only three to four turnovers were observed for this nondegenerate methane C—H
activation (61) [219].

10 mol% Cp*,ScMe

X + CH, >
CeH12, 80 °C, overnight
TON =4 (61)

DFT calculations suggest that the fine interplay of both steric and electronic factors
in this transformation account for the unique reactivity of scandium in conjunction
with the bulky pentamethylcyclopentadienyl ligand. The larger lutetium [220] or the
more open ansa-lanthanocene framework [221] results in stronger Lewis acidity
of the complex that preferentially binds the alkene over methane and blocks the
catalytic cycle.

11 Conclusions

The catalytic application of c-bond metathesis processes has seen significant
progress over the last decade with the development of novel postmetallocene cata-
lysts, in particular in the area of catalytic hydroamination. Several new promising
catalytic 6-bond metathesis processes — such as hydrophosphination, hydroalkoxy-
lation, alkane dehydrosilylation, and alkene hydromethylation — have been de-
veloped during this time period. These areas leave room for significant catalyst
improvements as they have not been explored in great detail. Catalytic hydrosi-
lylation and hydroamination are certainly the processes that have advanced the
farthest, although more information on functional group tolerance is necessary in
order to allow the application in the synthesis of more complex target molecules.
As all catalytic processes studied in this review can be initiated by the very same
precatalysts, one can expect that we will see in future studies new synthetically use-
ful single-pot and tandem processes analogous to hydrosilylation/carbocyclization,
hydroamination/carbocyclization, and hydroamination/hydrosilylation.
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Abstract This chapter surveys the publications except patents related to cis-1,4-,
trans-1,4-, 3,4-regio-, and stereoselective polymerizations of 1,3-conjugated dienes
with rare-earth metal-based catalytic systems during the past decade from 1999 to
2009. The concerned catalyst systems are classified into the conventional Ziegler—
Natta catalysts, the modified Ziegler—Natta catalysts, and the single-site cationic
systems composed of lanthanocene and noncyclopentadienyl precursors, respec-
tively. For the conventional Ziegler—Natta catalysts of the most promising indus-
try applicable recipe, the multicomponents based on lanthanide carboxylate or
phosphate or alkoxide precursors, research works concern mainly about optimiz-
ing the catalyst preparation and polymerization techniques. Special emphases are
put on the factors that influence the catalyst homogeneority, catalytic activity and
efficiency, as well as cis-1,4-selectivity. Meanwhile, tailor-made lanthanide ary-
loxide and amide complexes are designed and fully characterized to mimic the
conventional Ziegler—Natta catalysts, anticipated to elucidate the key processes,
alkylation and cationization, for generating the active species. Regarding to the
single-site catalytic systems generally comprising well-defined complexes contain-
ing lanthanide—carbon bonds, investigations cover their versatile catalytic activity
and efficiency, and the distinguished regio- and stereoselectivity for both poly-
merization of dienes and copolymerization of dienes with alkenes. The correla-
tion between the sterics and electronics of ligands and the molecular structures of
the complexes and their catalytic performances are highlighted. The isolation of
the probable active species in these polymerization processes from the stoichiomet-
ric reactions of the precursors with activators will be presented.
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Abbreviations

Ar Aryl

BD Butadiene

BR Polybutadiene rubber

Bu Butyl

CN Coordination number

cot Cyclooctatetraene

Cp Cyclopentadienyl

d Day(s)

DIBAC Diisobutylaluminum chloride
DIBAH Diisobutylaluminum hydride
DMAC Dimethylaluminum chloride

DME Dimethoxyethane

DMPE  1,2-Bis(dimethylphosphino)ethane
DMSO  Dimethyl sulfoxide

EASC  Ethylaluminum sesquichloride

equiv Equivalent(s)

Et Ethyl

Flu Fluorenyl

FTIR Fourier transform infrared spectroscopy
h Hour(s)

Hex Hexyl

HIBAO Hexaisobutylaluminoxane

‘Bu Isobutyl

Ind Indenyl

1P Isoprene

Pr Isopropyl

IR Polyisoprene rubber

L Liter(s)

Ln Rare-earth metal (i.e., Sc, Y, La—Lu)

MAO Methylaluminoxane

Methyl
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Mes Mesityl

min Minute(s)

MMA = Methyl methacrylate

MMAO Modified methylaluminoxane

ND Neodecanoate

NDH Neodecanoic acid

NdP Neodymium bis(2-ethylhexyl)phosphate
NdV Neodymium versatate

NHC N -heterocyclic carbene

NMR Nuclear magnetic resonance

NR Natural rubber

Oct Octyl

Ph Phenyl

Phen 1,10-Phenanthroline

Pr Propyl

Py Pyridine

RT Room temperature

SBR Styrene—butadiene rubbers
SEC Size exclusion chromatography
TBP Tributylphosphate

"Bu Tertbutyl

TEA Triethylaluminum
THF Tetrahydrofuran

TIBA Triisobutylaluminum
TMA Trimethylaluminum
TNHA  Tri(n-hexyl)aluminum
TNOA  Tri(n-octyl)aluminum
TON Turnover number

VT Variable temperature

1 Introduction

One of the everlasting topics in macromolecule chemistry is to prepare polymers
with designated properties through precisely controlling the microstructures of poly-
mer chains. Thus, polymerizations of 1,3-conjugated dienes have been one of the
most important processes via which the simple C4—C5 monomers transfer into poly-
meric materials possessing cis-1,4, trans-1,4, iso-3,4 (or 1,2), syndio-3,4 (or 1,2),
and atactic-3,4 (or 1,2) regularities and versatile properties and wide applications.
For instance, the cis-1,4-regulated polybutadiene (BR) is high-performance rubber
that can blend with other elastomers to make tyres, whilst polyisoprene (IR) when
its cis-1,4-regularity is over 98% meanwhile has high molecular weight can be ap-
plied as an alternative to natural rubber (NR). The trans-1,4-regulated polydienes
are usually employed as an important component of tires-sides and tread rubbers



52 Z.Zhang et al.

as well as shape-memory elastomers, the crystallinity of which is governed by
trans-1,4-content. The 3,4-(or 1,2-) polydienes have attracted an increasing atten-
tion for they can be used to prepare high-value-added rubbers or long-life “green”
tires such as those with wet-skid resistance and low-rolling resistance. 3,4-(or 1,2-)
Polybutadienes could be amorphous, semicrystalline and crystalline depending on
both the 3,4-(or 1,2-) regiospecificity and the iso- or syndiotactic stereoregularity.

Although the 1,3-conjugated dienes could be polymerized via radical and anionic
mechanisms, it was the discovery of the Ziegler—Natta catalysts at the middle of
1950s that started the era of coordination polymerizations, which exhibited over-
whelming advantages on governing the regio- and stereoregularity to afford poly-
mers with designed properties. Shortly after this event, patents on the use of Ziegler—
Natta catalysts for the specific polymerizations of 1,3-conjugated dienes were filed,
and Co- and Ti-based catalysts were employed to the large-scale industrial appli-
cation. The Ziegler—Natta type catalyst systems based on lanthanide (Ln) elements
came to the researchers’ eyesight in 1964 when the Chinese scientists Shen et al.
[1] discovered the binary lanthanide trichlorides combined with aluminum alkyls
to initiate the highly cis-1,4-selective polymerization of butadiene albeit with low
activity. Meanwhile, patents concerning the lanthanide binary catalyst systems and
the succedent lanthanide ternary catalyst systems were submitted by Union Car-
bide Corporation and Goodyear, respectively [2-5]. Since 1980s, research on lan-
thanide catalysis toward polymerization of dienes had experienced a renaissance
and become booming, as their superior performance than the Co-, Ti-, and Ni-
based systems with respect to the activity and selectivity, less-gel formation as
well as providing polymers with outstanding properties [6, 7]. For instance, cis-
1,4-polymerization of butadiene with a Ziegler—Natta neodymium system affords
polybutadiene, showing excellent abrasion and cracking resistance, raw polymer
strength, and high tensile strength of the vulcanizates. Moreover, the residue of
the catalysts does not arouse the aging performances except the cerium complexes
owing to the stable trivalent oxidation state of lanthanide ions. Therefore, lan-
thanide m3-allyls, the homogeneous Ziegler—Natta catalyst systems composed of
lanthanide carboxylates, phosphates, or alkoxides and coactivators aluminum alkyls
or aluminum alkyl chlorides, have been extensively investigated for their behaviors
toward the cis-1,4-polymerization of dienes. Some research works relating butadi-
ene polymerization were reviewed by Shen, Kuran, and Obsrecht [6-9], respec-
tively. Meanwhile investigation of the mechanism of Ziegler—Natta catalysts and
the molecular structure of the active species were carried out, emphases have been
drawn on the interaction between the cocatalysts with the tailor-made and fully char-
acterized lanthanide precursors, part of which was summarized by Anwander [10].
Recently, the single-site cationic catalysts based on lanthanocene, half-sandwich
lanthanocene, and lanthanide precursors bearing noncyclopentadienyl (non-Cp) lig-
ands, respectively, have gathered an upsurge in research interests [11-13]. These
well-defined precursors have exhibited distinguished high cis-1,4-selectivity, well
control on molecular weight and molecular weight distribution of the resultant poly-
mers, which are strongly influenced by the sterics and electronics and framework of
the ligands attached to the central metal ions. This will be discussed in detail in this
contribution.
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Regarding trans-1,4-selective polymerization of dienes, catalysts showing both
high activity and frans-1,4-selectivity are rather limited, among which the widely
explored systems are based on Ti, V, and Fe metals [14-19], those based on rare-
earth metals [20,21] emerged only recently, which will be highlighted. Similarly,
the 3,4-selective polymerization of isoprene (the corresponding 1,2-polymerization
of butadiene with lanthanide-based catalysts has been an unexplored area) has also
received less attention. The efficient catalyst systems are scarce and restricted to
the smaller transition metal-based complexes, and in few cases the 3,4-selectivity is
over 90% [22-27]. The landmark constrain-geometry-configuration half-sandwich
lanthanocenes, and the C2 symmetric non-Cp-ligated rare-earth metal complexes
exhibiting high 3,4-selectivity or even stereoselectivity for the polymerization of
isoprene, were just reported, which will be particularized. The copolymerization
of dienes with alkenes efc monomers, providing new structural materials or high-
added-value rubbers, has been reported less and usually suffers from the low-
ered activity and decreased molecular weight as well as broadened molecular
weight distribution because of different polymerization mechanisms. Moreover,
the amount of alkenes or dienes inserted into the copolymer chain remains low
which is generally concomitant with the formation of homopolymers. Some re-
cent breakthroughs in this research area will be presented at the last part of this
chapter.

2 cis-1,4-Polymerization of 1,3-Conjugated Dienes

cis-1,4-Selective polymerization of diene is a very important process in the chemical
industry to afford products among the most significant and widely used rubbers.
It has been believed that a slight increase in the cis-1,4-regularity of the product
leads to a great improvement in elastic properties [28-30]. A direct consequence of
high cis-1,4-contents is strain-induced crystallization of raw rubbers as well as of
the respective vulcanizates. As strain-induced crystallization beneficially influences
the tack of raw rubbers as well as tensile strength and resistance of vulcanizates to
abrasion and fatigue; therefore, the high cis-1,4-content makes Nd-BR particularly
useful for tire applications [8].

2.1 Ziegler-Natta Rare-Earth Metal Precursors

2.1.1 Conventional Ziegler-Natta Rare-Earth Metal Precursors

The Ziegler—Natta rare-earth metal catalysts, mainly the binary systems LnCl3—AlR3
and the ternary systems LnL3;—AlR3-HAIR; (or R, AlX) (Ln = lanthanide includ-
ing yttrium and scandium, L = carboxylate, phosphate, alkyl(aryl) oxide, allyl,
X =halogen), have been the most simple to be prepared, economic, thermal
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stable, and less sensitive to moisture and oxygen compared to those of metal-
locene catalysts. Meanwhile, they provide high cis-1,4-selectivity (~97%) and
exhibit high activity at very low catalytic concentration. Therefore, Ziegler—Natta
rare-earth metal catalysts have the most promising potentials for industry applica-
tion. However, there still have problems, for instance, the cis-1,4-selectivity drops
obviously when the polymerization is performed at a higher temperature such as
within 60-80°C, which will reduce the tensile strength of the polymers especially
polyisoprene. The other is the less controlled molecular weight and broad molecular
weight distribution of the resultant polymers owing to the multisite nature of these
systems and their inferior solubility in the industry-used medium cyclohexane or
hexane. Moreover, the structures of the catalytic precursors and the active species
need to be characterized, and the mechanisms are still not completely understood
[6-10]. Therefore, many efforts have been paid to modify the Ziegler—Natta cata-
lysts to settle these problems. To enhance the activity of the binary catalyst systems
[31-35], the addition of electron donor ligands such as alcohols, tetrahydrofuran,
pyridine, dimethyl sulfoxide, phosphates, and amines to the system have been
widely employed which usually does not result in any decrease in stereospeci-
ficity [36—40]. Zhang reported that addition of long-chain alcohol could generate
soluble binary system NdCl3-3EHOH (2-ethylhexanol) in hexane, which in com-
bination with AlEt; exhibited higher activity for isoprene polymerization as com-
pared with the typical ternary catalysts NdCls /3 PrOH (isopropanol)/TEA(AIEt3)
and NdV(neodymium versatate)/DEAC(AIEt,Cl)/DIBA(AI(' Bu),H). Moreover,
the molecular weight of the resultant polyisoprene can be controlled by varying
the Al-to-Nd ratio and polymerization temperature and time, showing some de-
gree of living mode, and its microstructure featuring high cis-1,4-stereospecificity
(ca. 96%) [41]. Jain described the new neodymium chloride tripentanolate catalysts
of the general formula NdCls x 3L(L = 1-pentanol, 2-pentanol, and 3-pentanol)
prepared by an alcohol interchange reaction between neodymium chloride and the
alcohols. The systems were evaluated for the polymerization of butadiene in cy-
clohexane using TEA as cocatalyst, among which the combination of NdCl3 and
2-pentanol has higher catalytic activity followed by 1-pentanol and 3-pentanol. The
conversions were increased with increases in catalyst and cocatalyst concentrations
and temperature, and decrease in intrinsic viscosity value. The microstructure was
found to have a predominantly cis-1,4-structure (99%), which was marginally in-
fluenced by variation in cocatalyst concentration and temperature [42]. Boisson
employed a soluble arene complex Nd(1n°-CsHsMe)(AICly)3, prepared by mixing
NdCl3 and AICl; in toluene to react in situ with the Lewis-acid MCl,.-masked silica
(MCl, = BCls, AlCl3, TiCly, ZrCly, SnCly, SbCls, HfCly) (Scheme 1). They found
that the resultant supported system based on BCls-modified silica was the most
active for butadiene polymerization with an activity of 1,188 gpolym./(gcata. ) al-
lowing to polymerize butadiene at a very low neodymium concentration of around
10 ppm, and meanwhile the cis-1,4 insertion was superior by 99%. This supported
catalyst also yielded high molecular weight polyisoprene with a high cis-1,4-
content of 96.1% (Table 1) [43]. Masuda [44] synthesized directly neodymium
isopropoxide Nd(O'Pr)3 which activated by MAO alone exhibited high efficiency
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~ -~
Si—OH + MGl ——= .Si=0--MCl, +n HCI

- -

modified silica

MCI, = BCl,, TiCl,, ZrCl,, SnCl,, SbCl,, HfCI,

TEA complex
modified silica + Nd(nG-CGHSMe)(AICI4)3—> > M/AI/Nd

Scheme 1 Synthesis of silica-supported catalysts

Table 1 Polymerization of butadiene with various heterogeneous catalysts [43]
Run Complex (mg)  Time (min) Yield (g) TOF (h=1) m,, (dLg™ 1) cis-1,4 (%)

12 Al/Nd1 (85) 60 1.1 13 3.12 >99
2b Al/Nd2 (85) 30 6.5 153 2.28 >99
3 Ti/Al/Nd (83) 15 11.1 535 2.20 >99
4 Zr/Al/Nd (71) 60 0.8 11 2.25 >99
5 B/AI/Nd (35) 15 10.4 1,188 2.15 >99
6° B/AI/Nd (30) 60 2.8 93 4.0 96.1
7 Sn/Al/Nd (77) 15 9.5 493 5.22 >99
8 Sb/AI/Nd (32) 30 4.0 250 4.39 >99
9 Hf/AI/Nd (108) 20 4.3 119 4.0 >99

*AI/NdI: silica/AlCl3 /NdCl3

PAI/Nd2: (Al/Nd1)/AlEt;

“Polymerization of isoprene: solvent: cyclohexane (120mL), isoprene (15mL), DIBAH
B mmolL ~1), 60°C

for isoprene polymerization in heptane even at low [Al]/[Nd] ratios (ca. 30) to
give polyisoprene that possessed moderate to high cis-1,4-stereoregularity (ca.
90%), high molecular weight (M, = 10°), and relatively narrow molecular weight
distributions (My /M, = 1.9-2.8) without a halogen source although it is gener-
ally essential for high activity and high cis-1,4-specificity of AlRs-activated Nd
catalysts [45-48]. However, the same catalyst with MMAO resulted in relatively
low polymer yield and low molecular weight in toluene and cyclized polyiso-
prene in dichloromethane, which might be ascribed to the cationic active species
derived from MMAO. Addition of chlorine sources (DEAC, ‘BuCl, Me3SiCl)
improved the cis-1,4-stereoregularity of polymer up to 95% even at a high temper-
ature 60°C albeit sacrificing polymer yield [49]. When dimethylphenylammonium
tetrakis(pentafluorophenyl)borate [HNMe, Ph|[B(CsFs)4]) and TIBA were applied
as cocatalysts, the optimal catalyst composition was [Nd]/[borate]/[Al] = 1/1/30,
which gave polyisoprene (>97% yield) with high molecular weight (M, ~ 2 x 10°)
and relatively narrow molecular weight distribution (M, /M, ~ 2.0) albeit a re-
duced cis-1,4-tacticity (~90%). If [Al]/[Nd] ratio was over 50 or [borate]/[Nd] ratio
was not the exact 1, the resultant polymer had low cis-1,4-content or showed bi-
modal peaks in GPC accompanied by low yield, owing to the formation of multiple
active species [50]. Boisson investigated the behavior of a new ternary system based
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on an amide compound, Nd{N(SiMes3),}/TIBA/DEAC in the polymerization
of butadiene [51], which was at least as efficient as the classical ternary sys-
tems [52, 53], and remained highly active at very low neodymium concentrations
(1.35 x 10%g/ (molyg - h)). Unlike neodymium alkoxides, the Nd{N(SiMe3)»}; was
well dispersed in solution and did not form clusters. As commonly reported for
lanthanide salts with oxygenated ligands, the catalyst activity depended on the
Al-to-Nd ratio. The highest conversion was observed for a ratio between 2 and
2.5; unfortunately, the GPC curves showed a bimodal distribution, indicating the
existence of at least two different active centers as shown in Fig. 1. When the ratio
increased from 2 to 5, the lowest molecular weight peak (active center b) became
predominant accompanied by the low cis-1,4-stereoregularity. Therefore, the active
center which gave the highest molecular weight polymer (active center a) was also
probably the most stereospecific.

In the meantime, many research works focused on optimizing the composition
of the conventional homogeneous ternary Ziegler—Natta catalyst as well as the
polymerization conditions. Coutinho et al. investigated a system composed of NdV,
tert-butyl chloride, and diisobutylaluminum hydride (DIBAH) for butadiene poly-
merization. They found that increase of the monomer concentration shifted the ac-
tivity curves to lower polymerization temperatures, meaning that the same activity
obtained at higher polymerization temperatures, when higher monomer concentra-
tions were used, can be attained at lower temperatures. This was in consistent with
the performance of catalyst systems based on lanthanides with which the reaction
rate presented a first-order dependence on the monomer concentration [54]. In con-
trast, the polymer microstructure was slightly influenced by the monomer concentra-
tion in the range of reaction temperature studied; however, a tendency of increasing
the cis-1,4-unit content with the decrease of monomer concentration was indeed ob-
served. This behavior may be attributed to a lower reaction medium viscosity, which
provided higher monomer molecules mobility, thus favoring their complexation to
the catalyst sites in appropriate configuration [55]. Obsrecht et al. [56] reported that
solvents such as n-hexane, fert-butylbenzene (TBB), and toluene exerted distinct in-
fluence on the polymerization of butadiene by using NdV/DIBAH/EASC (ethylalu-
minum sesquichloride). From the polymerization kinetics that polymerization rates
decreased in the order: n-hexane > TBB > toluene there was evidence of competi-
tive coordination between aromatic solvents and butadiene to activate Nd-sites sup-
ported by Porri’s view [57]. In addition, the conversion-time plot for the polymer-
ization in toluene deviated from the first-order dependency, indicating the presence
of the irreversible transfer of benzyl-H-atoms from toluene to active allyl-anionic
polymer chains. The evolution of molecular weight distributions with monomer
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conversion suggested two active catalyst species present in all three solvents. One
of these two species was highly reactive (“hot”) and short-lived. This species gen-
erated polybutadiene with high molecular weight. The second species had a low
reactivity and lived the entire course of the polymerization. In n-hexane, the “hot”
short-lived species was present only at the start of the polymerization, whereas in
TBB and toluene, the “hot” short-lived species became evident at monomer con-
version 10% and was constantly (re)generated. However, their finding — that cis-
1,4-contents determined at final monomer conversion, 94.0% (n-hexane), 96.0%
(toluene), and 98.0% (TBB) were higher in aromatic solvents than in n-hexane —
was in contradiction with most other available studies in this field. Coutinho [58]
also found that the aliphatic solvents, hexane, cyclohexane, and their mixtures be-
haved differently toward the NdV/DIBAH/? BuCl-catalyzed butadiene polymeriza-
tion. Cyclohexane had a solubility parameter (§) higher than that of hexane and near
of polybutadiene. As a consequence with the increase of cyclohexane proportion in
the reaction medium, cis-1,4-content of the produced polybutadiene increased from
98.2 t0 99.1%; however, the molecular weight (M, from 1.9 x 10° to 0.44 x 10°) re-
duced owing to its higher solvating power, that is, providing more active sites. This
supposition was supported by the progressive increase on the molecular weight dis-
tribution (from 3.3 to 5.0) as the cyclohexane content increases in the polymerization
solvent (Table 2).

Addition of electron donor compounds to binary systems significantly increased
the solubility and the consequent higher activity, whereas, addition of which to
ternary systems provoked a decrease in cis-1,4-units and an increase in trans-1, 4-
units [59,60]. This could be explained by Scheme 2 The trans-1,4-units are formed
via route a; or a; — a’ — a”; meanwhile, the cis-1,4-units are formed via route
b — b’ — b”. Therefore, when electron donors such as amines or ethers (TMEDA
or THF) are added to the catalyst system, they are able to occupy a coordination site,
forcing the new incoming monomer molecule to coordinate with only one double
bond, resulting in trans-1,4-repeating units via route ap [61].

For multicomponent catalyst systems, the activation degree of the precursor,
namely the aging time, influenced the catalytic performances obviously. The
catalyst activity increased for a long ageing time, but the stereoselectivity of
active catalyst sites seemed not to be affected by aging conditions. Moreover,
increase of aging temperature led to a significant drop on polymerization reac-
tion rate [62]. The alkylaluminum played a significant role on governing the

Table 2 Influence of solvent nature on the microstructure of polybutadiene produced by
NdV/DIBAH/!BuCl [58]

Composition

(% vIv) PB microstructure (%) M, M, Activity
Hexane Cyclohexane cis-1,4 trans-14  12-vinyl  (x10°) (x10°) PDI (gPB)
100 0 98.2 1.3 0.5 1.10 3.68 33 30

80 20 98.3 1.2 0.5 1.02 4.11 40 29

50 50 98.4 1.1 0.5 0.84 3.73 44 30

20 80 98.9 0.5 0.6 0.57 2.89 51 30

0 100 99.1 0.4 0.5 0.44 223 51 29
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Scheme 2 Regularity of polybutadiene influenced by the coordination mode of butadiene to the
metal center

Table 3 Influence of alkylaluminum compounds on the microstructure and molecular
weight of polybutadiene afforded by NdV //BuCl [63]

Microstructure (%)
Run Al cocat. trans-1,4 1,2-vinyl cis-1,4 M, (X 105) PDI

1 DIBAH 0.86 0.39 98.74 4.30 3.54
2 TIBA 1.13 0.65 98.22 7.34 2.82
3 TNHA 1.67 0.68 97.65 8.97 2.55
4 TNOA 1.61 0.79 97.60 10.52 2.54

catalytic performances. Coutinho reported when the long-chain aluminum com-
pounds such as tri(Z -butyl)aluminum (TIBA), tri(n-hexyl)aluminum (TNHA), and
tri(n-octyl)aluminum (TNOA) were employed, the isolated polybutadiene had the
highest molecular weight; however, those with the highest contents of cis-1,4-units
and the lowest molecular weight were produced when DIBAH was employed. The
order observed for catalyst activity obtained with the different types of aluminum
compounds was: TNOA > TNHA > TIBA > DIBAH (Table 3) [63]. This might
be because the organoaluminum compound changed the kinetic heterogeneity
of active sites as reported by Monakov [64]. The heterogeneity of the investi-
gated catalytic systems was shown in the existence of four types of active centers.
They were formed at the beginning of the polymerization process and produced
macromolecules with lengths that were definite for each type of active center. The
nature of the organoaluminum compound greatly influenced the kinetic activity
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of the polymerization centers. Thus, the difference in the distributions of kinetic
activity and the behavior of active centers of the catalytic system with TEA and
the similarity of the behavior of the systems with TIBA, TNHA, and TNOA can
be explained by inclination toward association of TEA because of its short carbon
chain [63,64]. Besides as a cocatalyst to activate the lanthanide precursors, the role
of aluminum compounds can act as a chain transfer agent to adjust the molecular
weight, which was soundly investigated by Obsrecht with NdV/DIBAH/EASC.
At low monomer conversions, the molecular weight distribution was distinctly bi-
modal at the initial process; with the increase of monomer conversion the position
of the high molecular weight peak remained constant, while the position of the
low molecular weight peak shifted toward lower retention times (high molecular
weight). For the highest monomer conversion (=82.5%), the two peaks more or
less overlapped resulting in apparently unimodal albeit broad distribution. The sys-
tem in fact proceeded in a living mode as the molecular weight increased linearly
with conversion. However, in contrast to the classical living polymerization, each
Nd center generated more than one polymer chain, and the numbers ranged from
2.3 to 15.4 with increasing the [DIBAH]/[Nd] ratio (Table4). This indicated that
aluminum was involved in the generation of polymer chains via chain transfer from
Nd onto Al during the course of the polymerization. As Al species attached to
isobutyl groups or hydrogen were inert toward the polymerization of butadiene, the
chain transfer should be reversible and the polymer chains attached to Al would
be back-transferred to Nd and reactivated. Thus, Al with attached polymer chains
can be treated as a dormant species. As the molecular weight distributions did
not broaden with monomer conversion, it had to be concluded that the reversible
transfer of polymer chains between Nd and Al was fast in relation to the speed of
polymerization (Scheme 3) [65].

Table 4 Number (pexp,) of chains generated by one Nd species
of NdV/DIBAH/EASC system at different 7ppan/#ing ratios [65]

nD[BAH/nNd 10 20 30 50
ﬁn,lheo,a 9,250 9,250 9,250 9,250
DPy exp.® 4,020 1,970 1,100 600
Pexp. 23 4.7 8.4 15.4
4For x = 1 (100% conversion) and 1 chain per Nd (p = 1)

bFor x = 1 (100% conversion)

ka

L R AI/—<
{ H—Nd:L} * { "o/ \_<}

o )

L

Scheme 3 Interchange of alkyl between Nd and Al
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TIBA was used to compare with DIBAH. Within a broad range of Al-to-Nd
ratios for both aluminum compounds, the features of a living polymerization with
a reversible exchange of the living polybutadienyl chains between neodymium
(Nd) and aluminum were observed differentiating at the equilibrium position for
TIBA and DIBAH. For instance at the same molar loadings, DIBAH resulted in
polybutadiene with molecular weights which were one eighth of those obtained
in the presence of TIBA. This was explained by a more facile substitution of a
hydride moiety from DIBAH than an isobutyl group from either DIBAH or TIBA
by a living polybutadienyl chain, indicating that DIBAH was eight times more ef-
fective in molecular weight control than TIBA [66]. The molecular weight control
could be also achieved by addition of diethyl zinc (ZnEt,) to the ternary catalyst
system of NdV/DIBAH/EASC, which had a negligible impact on polymerization
rates. In addition to the reduction of molecular weight, ZnEt, also reduced the
polydispersity (PDI) but unfortunately led to a decrease of the cis-1,4-content
[67]. Fixing the cocatalysts to DIBAH and EASC, the catalyst system based on
NdV (CI-to-Nd ratio of 2 and H-to-Nd ratio of 30) was found highest polymer-
ization activity for the polymerization of butadiene, whilst that comprising NdA
catalyst system was less active as compared with NdV and NdP (neodymium
bis(2-ethylhexyl)phosphate) systems [68]. When SiCly was used as a chloride
source to replace EASC, at the optimum concentration ratio of NdV/SiCls/
DIBAH = 1:1:25, cis-1,4-contents were consistently high (about 97%) for all poly-
merizations [69]. The effects of the concentrations of cocatalysts and water and
versatic acid were reported by Quirk. Using in situ catalyst activation, the optimum
concentration ratios of NdV/EASC/DIBAH = 1:1:25 at a catalyst concentration
of 0.11 mmol Nd/100g BD was established and used to determine the influence
of water and excess versatic acid on polymerization performance. It was found
that unless [H,O]/[Nd] = 0.11, higher and lower amounts of water as well as
excess versatic acid above [versatic acid]/[Nd] = 0.22 resulted in lower conver-
sions, broader molecular weight distributions, and higher molecular weights. In
contrast, the cis-1,4-contents of the polybutadiene were consistently high (ca. 98%)
and independent of the water content and excess acid level [70]. The role of the
carboxylic acid in the Ziegler—Natta catalyst systems was elucidated by Kwag,
when they studied the system Nd(neodecanoate);(ND)/DEAC/TIBA that was ultra-
highly cis-1,4-selective for the polymerization of butadiene but very low active
with unknown reason. By means of MALDI-TOF mass spectroscopic analysis,
they found that ND was a mixture of various oligomeric and hydrated compounds
(Scheme4). The hydrated oligomeric structure would considerably lower the
catalytic activity. To prove this, they designed a ND - NDH (neodecanoic acid)
catalyst which was prepared through a ligand-exchange method and identified as
monomeric structure, satisfying eight-coordination nature and did not contain water,
bases, and salts (Scheme 5). In the polymerization of 1,3-butadiene, NDH showed a
very high activity of 2.5 x 10 g/(molxg h) and produced polybutadiene with over
98% cis-1,4-content without gel [71]. The microstructure of polybutadiene was
controlled by chain transfer with ND - NDH, catalyst composition, and phosphine
compounds. With increase in Nd concentration, increase in branch and decrease
in cold flow were observed (Table 5). Addition of phosphine additives helped to
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Scheme 5 The mechanism of catalyst activation and chain propagation of NDH

Table 5 Polymerization of 1,3-butadiene by Nd(neodecanoate)3 (neodecanoic acid)/DEAC/TIBA
and the analysis of microstructure and cold flow [72]

ML CJF°®
Nd conc. (144, (mg M,

Run Cat. ratio® (x 1074 mol) Conv.” (%) cis (%) 100°C) min~!) (X 104) PDI
1 1/95/212.5 0.4 90 98.7 452 55 59.2 2.55
2 1/30/13/2.5 0.6 91 98.5 44.0 3.6 57.1 2.65
3 1/12/8/2.5 1.0 93 97.5 44.3 1.8 54.8 2.88
4 1/12/10/2.5 1.1 97 97.5 47.6 1.9 59.5 2.97
5 1/15/512.5 1.3 100 96.8 41.0 1.3 61.7 3.32
6 1/95/2/2.5 0.4 55 94.5 65.6 2.1 95.6 4.25
“Cat. Ratio = Nd/TIBA/DIBAL/DIAE

b2h

°C/F = cold flow
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enhance the cis-1,4-selectivity, for instance, when tris(para-fluorophenyl) phos-
phine was used polybutadiene with over 99% cis-1,4-content was produced, which
was in contrast to the previous reports that the addition of the electron donor de-
creased the cis-selectivity of the system owing to the monomeric nature of the active
species. More significantly, they established the correlation between the properties
and the microstructure of polybutadiene [72]. The linear high cis-1,4-regulated and
narrow molecular weight-distribution polybutadiene showed excellent tensile and
dynamic properties such as low heat build-up and high abrasion resistance but poor
processability in view of high compound viscosity and hardness. Whilst the slightly
branched, low cis-1,4-regulated polybutadiene with broad molecular weight distri-
bution generated with increase in Nd concentration, exhibited improved processabil-
ity for better mixing and milling with filler and other polymers in terms of low com-
pound viscosity, and good tensile and dynamic properties such as hardness because
of increased miscibility with carbon black [73-76]. The polybutadiene prepared by
Ni-based catalyst showed a very low cold flow because of a broad MWD, indicating
the good processability, however, low tensile and dynamic properties, especially
high heat build-up (34.3°C) and abrasion (17.0 mg) owing to branching [75,77].
An important kind of Ziegler—Natta catalyst precursors reported by Taube
were the allyl neodymium chloride complexes such as Nd(C3zHs),Cl-1.5THF
and Nd(C3Hs),CI-2THF, which could be activated by adding MAO or HIBAO to
produce cis-1,4-polybutadiene. At the ratio of AI/Nd =30, a turnover frequency
(TOF) of about 1.08 x 10°g/(molyg h) and cis-selectivity of 95-97% in moderate
yields were achieved under standard conditions (Table 6). Molecular weight deter-
minations indicated a low polydispersity (My /M, = 1-1.5), the formation of only
one polymer chain per neodymium and the linear increase of the polymerization
degree with the conversion, as observed for living polymerization. From the proven
dependence of the polymerization rate (first order in neodymium, second order in
butadiene concentration), it followed that two butadiene molecules might take part
in the insertion reaction in the transition state of the allyl neodymium complex;
the formation of an n3—butenyl-bis(n4—butadiene)neodymium(III) complex of the
composition [Nd(m3-RC3H4)(n*-C4Hg)2(X — {AIOR},)2] (X~ = CI™ or C3H3)
was assumed to be the true active species for the chain propagation (Scheme 6)
[78]. When 2 equiv. AlMe,Cl (DMAC) were used to replace MAO, the resultant
combination was highly active for the polymerization of butadiene with an activity
doubled compared with MAO, 1.9 x 10°g/(molygq - h) and narrower than 1.3 poly-
dispersity albeit low cis-1,4-selectivity (of 90%). A chloro complex at the Nd(III)
center as a consequence of allyl anion transfer to AI(III) (Scheme 7) was proposed
to be the active species, in which the coordination of two butadiene monomers was
requisite by the coordination number of 8 of Nd(III) [79]. However, employing AIR3
to activate the solvated Nd(C3Hs),Cl-1, 4-dioxane and Nd(C3H5)Cl,-2(THF) or
solvent-free Nd(C3H4R)3(R = (C4Hg),C3Hs), respectively, low activity and cis-
1,4-selectivity were obtained, which might be attributed to the formation of probable
chloride-bridged dimeric structure of the mono- or dichloride allyl precursors or the
formation of the chloride cluster of resultant active species for the triallyl precursors.
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2.1.2 Modified Ziegler—Natta Rare-Earth Metal Precursors

The conventional Ziegler—Natta catalyst recipe contains both binary and ternary
systems comprising 10-30-fold excess of aluminum trialkyl reagents except the
single-component divalent lanthanide iodides [80], even though stoichiometric
TIBA is sufficient with the fully defined carboxylate precursors [81]. And in
all cases, chloride is included, which is generally believed to be crucial to the
success of the polymerization [§1-91]. Therefore, although heterobimetallic com-
plexes with alkylated rare-earth metal centers have been proposed to promote
1,3-diene polymerization via an allyl insertion mechanism, details of the poly-
merization mechanism and the structure of the catalytically active center(s) are
still elusive [92]; hence, improvement and optimization of the catalytic system
have been achieved only empirically [93-95]. The interaction of the “cationizing”
chloride-donating reagent with alkylated rare-earth metal centers is not well under-
stood [96-98]. To mimic these conventional Ziegler—Natta catalytic precursors, the
research works have been directed to the tailor-made and well-defined rare-earth
metal carboxylates as models for diene polymerization catalysts. Evans designed the
neodymium and lanthanum carboxylates {Nd[O,CC(CH3),CH,CH3]3}, (1) and
{LaJO,CC(CH3),CH;CH3]3}, (2) combined with DEAC and DIBAH to initiate
the high cis-1,4-isoprene polymerization with high activity. Although the attempt to
isolate the active intermediate of the process by crystallization of the reaction prod-
uct of 1 with DEAC was unsuccessful by giving base-adduct LnCl3, the probable
active species were recognized to contain minimally the lanthanide and aluminum
as well as halide and ethyl ligands in a formula Lny AlCl5(Ety(O,CR) [81-91].
When the cyclopentadienyl ligand was introduced into the carboxyl complexes,
some reaction intermediates had been successfully isolated. For instance, by treat-
ment of [(CsMes)>Sm(0,CCsHs)]» (3) with R,AICI(R = Me, Et, ‘Bu) a dichloro
complex (CsMes)Sm-(u-Cl), AIR;, (4) was successfully obtained where carboxy-
late ligands were replaced indeed by chloride in the reaction (Scheme 8). A divalent
precursor (CsMes),Sm(THF), (5) reacted with DEAC, TMA, and TEA, respec-
tively, afforded 4, and the corresponding aluminates [(CsMes),Sm(AlMeq)]2(6)
and (CsMes),Sm(THF)-(u-n2-Et)AlEt; (7). The mixed chloride/alkyl-bridged
complexes (CsMes),Ln-(u-Cl)(u-R)AIR, (9), the mimic intermediates, could be
prepared by treatment of (CsMes), Y (U-Cl) YCI(CsMes), (8) with aluminum com-
pounds [96]. Complexes 9 were usually monomeric but adopted dimeric structure
when TMA was used (Scheme 9). These studies proved at least that the well-defined
coordination environment provided by two Cp ligands; R, AlCI reagents reacted
with a lanthanide carboxylate ligand to deliver chloride indeed. The product was not
a simple chloride carboxylate exchange product, however, a mixed metal complex
containing aluminum bridged by two chloride ligands, [(C5Mes)-Ln(u-Cl)2 AR ]
(10). The isolation and identification of the mimic intermediates and the probable
active species in the polymerization of dienes by Ziegler—Natta catalysts systems
were realized by Anwander, who utilized the substituted homoleptic rare-earth metal
carboxylate complexes {Ln(O,CC¢H,R3-2,4,6)3}, (11) (R = Me, Pr,/Bu,Ln=Y,
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10

La, Nd, Gd, Lu) and {Ln(O,CCgH3R»-2,6)3(THF)}, (12) (R =Ph, Mes, Ln =Y,
La) without a Cp ligand to react with stoichiometric amount of AIR3 (R = Me,
Et). The resultant hexane-soluble complexes 13-15 featuring a m2-coordinating
tetraalkylaluminate ligand and a novel ancillary AlMe,-bridged bis(carboxylate)
ligand, were coordinated by mono- or di-tetraalkylaluminate ligands depending on
the steric demand of the benzoate moieties and aluminum alkyls (Scheme 10).
Upon activation with 1-2equiv. DEAC, the resultant Ziegler—Natta catalyst
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Scheme 10 Syntheses of heterobimetallic complexes

systems efficiently polymerized isoprene (cis-1,4>99%, Table7), the perfor-
mance of which depended significantly on the metal center (Nd > Gd > La) and
the degree of alkylation (“Ln(AlMes),”>“Lin(AlMey4)”). Equimolar reaction
of [MeyAl(02CCgH,' Pr3-2,4,6),],Ln[(1-Me), AlMe,] (14) with R,AICI (R =
Me, Et) quantitatively produced [Me, Al(O,CCgH,' Pr3-2.,4,6)], and the proposing
initiating species “Me,L.nCl.” When the lanthanide aryloxide complexes Ln(OR)3
were employed, the degree of preactivation by TMA influenced the initiating ca-
pability distinctly. The heterobimetallic bis-TMA adducts Ln(OAr'Pr)3(TMA),
and tris-TMA adducts Ln(OCH; ‘Bu)3(TMA); (Ln = La,Nd) under the acti-
vation of DEAC (Cl-to-Ln ratio of 2) produced the same highly reactive and
stereoselective (cis-1,4 >99%) initiators [Me,LnCl], whereas the mono-TMA
adducts Ln(OAr'Bu)3(TMA) were catalytically inert. The alkoxide-based tris-
TMA adducts gave narrower molecular weight distributions than the aryloxide-
based bis-TMA adduct complexes (My/M, = 1.74-2.37 vs. 2.03—4.26) [102].
Homoleptic Ln(AlMe4)s (16) was spotted as a crucial reaction intermediate
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Table 7 Polymerization of isoprene with different lanthanide precatalyst®
Yield cis-1,4 M, My,
Run Precatalyst (%) (%) (x10%) (x10%) PDI References

1 LaCl3(th,/3LiNR,/3Ar! COOH/6TMA 70  98.1 180 816 452 [99]
2 NdCls(thf),/3LiNRy/3Ar! COOH/6TMA  >99 98.6 271 621 229 [99]
3 CeCl3(thf),/3LiNR,/3Ar! COOH/6TMA >99 >98 149 532 3.59 [99]
4 PrCls(thf),/3LiNR2/3Ar! COOH/6TMA >99 >98 158 650 411 [99]
5 LaCls(thf),/3LiNRy/3Ar! COOH/6TEA  >99 96.6 91 454 498 [99]
6  NdCl3(thf),/3LiNR,/3Ar! COOH/6TEA  >99 956 92 266 2.88 [99]
7 LaCl3(thf)n/3LiNR,/3Ar2COOH/6TMA  >99 >99 175 564 323 [99]
8  NdCl3(thf)y/3LiNR,/3Ar2COOH/6TMA >99 >99 250 705 2.82 [99]
9 YCl3(thf),/3LiNR,/8TMA 97 759 101 400 3.95 [100]
10 LaCls(thf),/3LiNR,/8TMA 99 >99 184 600 3.26  [100]
11 NdCls(thf),/3LiNR2/STMA >99 >99 117 326 2.78 [100]
12 SmCls(thf),/3LiNR,/STMA 7 >99 ND ND ND [100]
13 GdCls(thf),/3LiNR»/8TMA >99 >99 146 377 2.58 [100]
14 CeCls(thf),/3LiNR,/8TMA >99 >98 152 469 3.08 [100]
15  PrCls(thf),/3LiNR;/STMA >99 >98 320 735 230 [100]
17 NdCls(thf),/3LiNR,/8TMA//BuzOSiOH >99 >99 116 233 2.00 [101]
18  CeCls(thf),/3LiNRo/STMA/Bu3OSiOH  >99 >98 535 807 1.51 [80]
19  PrCls(thf),/3LiNRo/STMA//BusOSiOH  >99 >98 446 762 171 [101]
21 LaCls(thf)n/3LiNR,/3ArPOH/2TMA 54 >99 390 870 223 [102]
22 NdCl(thf),/3LiNR,/3Ar* OH/2TMA >99 >99 223 453 2.03 [102]
23 LaCl3(thf),/3LiINR,/3NpOH/3TMA >99 >99 517 954 1.85 [102]
24 NdCl;(thf),/3LiNR,/3NpOH/3TMA >99 >99 384 670 1.74 [102]
ND not determined, Ar'=2,4,6-'Pr;(CgH>), Ar2=2,4,6-' Bus(CgHs), Ar*=2,6-"Pr,(CcH3),
Np neopentyl

“Polymerization procedure: 0.02umol precatalyst, 8 mL hexane, 0.04 umol DEAC (2 equiv.),
20 mmol isoprene; 24 h, 40°C

and was used for the high-yield synthesis of the various alkylated carboxylate
complexes according to a novel “tetraalkylaluminate” route. Upon activation
with 1-3equiv. of DEAC, complexes 16 initiated the polymerization of iso-
prene in quite an efficient manner to yield highly stereospecific cis-1,4 > 99%
polymers within 24h [99-101]. The aforementioned Ln/Al heterobimetallic com-
plexes such as [LnA13Me8(OzCC6H2iPr3-2,4,6)4], [Ln(OR)3(AlMe3),] (R =
neopentyl, 2,6-'Bu,CgHs, 2,6—iPr2C6H3), and [Ln(AlMey4)3] can be considered
as the alkylated intermediates which, upon further activation with DEAC (or
immobilized with MCM-48 [103]), gave similar highly efficient initiators for
isoprene polymerization. The actual initiating active species were proposed to be
[Me,LnCl], and [MeLnCl,],, which were generated by sequential alkylation—
chlorination scenario. This was confirmed by their recent result utilizing lanthanide
trichlorides as the starting reagent, which were treated with LiN(SiHMe, )5 to yield
a mixture of homoleptic Ln{N(SiHMe,)»}(thf),] and a monoamido derivatives
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Scheme 11 Formation of chloro-bridged lanthanide amide complexes

[Ln{N(SiHMe, ), }Cl,(thf),] (20) and a dimeric species [{Ln{N(SiHMe,) }, (u-CI)
(thf)},] (21) (Scheme 11). Further addition of excess TMA to the above mixture
gave [LngAlzMe Cly], (a +b = 1,a > b;c +d = 3, ¢ > d; determined by
elemental analysis and magic-angle-spinning NMR technique) of single component
catalyst (Ln = Nd) that provided an over 99% cis-1,4-selectivity with moderate to
high activity (24 h, 40°C, >99% yield) [103]. The intrinsic Nd effect was observed
in all these systems.

2.2 The Cationic Catalytic System

As the homogeneous catalyst system can provide more controlled polymerization
especially the molecular weight of the resulting polydiene products, and the precur-
sor of these systems are usually well defined that facilitate the investigation of the
polymerization intermediate as well as the mechanism, thus the single-site homoge-
neous catalysts have attracted increasing attention. In these systems the organobo-
rates are usually used to activate the precursors to give the cationic active species.

2.2.1 Lanthanocene Precursors

For the (modified) Ziegler—Natta systems although the structures of the precat-
alysts are still elusive, it is commonly accepted that the active center involves
the formation of the Ln-alkyl or Ln—H species and cationization via Al-to-Ln
chloride transfer. Therefore, well-defined Ln—C bond-containing complexes have
attracted an increasing attention, among which the lanthanocene derivatives occupy
notable positions. Coming to the first are samarocene divalent or trivalent com-
plexes such as (CsMes),Sm(THF), (5) or (CsMes),LnR(R = H or alkyl) which



70 Z.Zhang et al.

are known to be efficient catalysts or precatalysts for polymerization of ethylene
and methyl methacrylate in a living way to give monodispersed high molecular
weight polymers in good yields [104-109]. However, they are almost inert for
polymerization of dienes due to easy formation of stable 13-allyl intermediates
that seem to be somewhat of a thermodynamic sink [105]. Strikingly, Kaita dis-
covered that in combination with a cocatalyst such as MMAO, these complexes
could efficiently initiate the polymerization of butadiene with an over 98% cis-
1,4-regularity and high molecular weight and narrow molecular weight distribution
(PDI =1.69). TIBA/[Ph3C][B(CsF5)4] can also be used as cocatalysts in stead of
MMAQO. The resultant three-component catalyst system could initiate smooth poly-
merization of butadiene in a “living” mode to a large extent to provide polybuta-
diene with high cis-1,4-content (94.2-95.0%) and narrow molecular weight dis-
tribution (PDI = 1.31-1.39). When the polymerization was carried out at low tem-
perature (—20°C), a dramatic increase in the cis-1,4-content of polybutadiene had
been obtained (>99.5%) [105-109]. The pronounced enhancements both in ac-
tivity and in cis-1,4-selectivity were brought in by introducing bulky substituents
on the Cp ligand or reducing the ionic radius of the central metal ions. For in-
stance, complexes (CsMe4R),Sm(THF), (22-26, Fig. 2) under the activation with
MMAO showed catalytic activity for the polymerization of butadiene depend-
ing on the R group; when it was ‘Pr, the highest activity was obtained [110].
(CsMes),Ln[(u-Me)AlMe, (L-Me)],Ln(CsMes), (27, Scheme 12), in situ gener-
ated from the reaction of (CsMes),LnTHF, with 8 equiv. TMA, when treated with
[Ph3C][B(CsF5)4]/TIBA, showed catalytic activity in a trend of Gd > Nd >>> Pr and

R
/@ 22: R =Me, X =2, (C,Me,),Sm(THF),
\ 23: R = Et, X = 2, (C,Me,Et),Sm(THF),
Sm‘<0<j> 24: R = Pr, X = 1, (C,;Me,Pr),Sm(THF)
\</\<>/ X 25:R="Bu, X = 1, (C;Me,"Bu),Sm(THF)
26: R = TMS, X = 1, (C,Me,TMS),Sm(THF)
R TMS : trimethylsilyl

Fig. 2 Divalent samarocene complexes

’% x 2[PhC][BCF)] %
R /L ﬁ/ 2 /Ln [B(CqFs)d]
27: Ln = Pr (a), Nd (b), Gd (c), Ce (d), Lu (e), Tb (f), 28:Ln = Pr (a), Nd (b), Gd (¢), Ce (d),

Dy (g), Ho (h), Tm (i), Yb (j)

Scheme 12 Activation of complex 27 with organoborate
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the regularity of the resulting polymer following the similar trend Gd(97.5%) > Nd
(91.3%) > Pr (90.2%) (cis-1,4-selectivity at 50°C), which were inverse of the size of
metal ion. The activity of the Gd complex/TIBA system was so high that the poly-
merization could be performed fluently at low temperature —78°C to give perfect
cis-1,4-stereospecific (>99.9%) polybutadiene with sharp molecular weight distri-
bution (My,/ M, = 1.45) under reasonable yields [111].

In contrast, the system based on Ce precursor 27d with almost similar cocata-
lysts, TIBA/[Ph3C][B(C¢F5)4], yielded polybutadiene with a low cis-1,4-content
(38.8%, Table 8). Switching to TMA/[Ph3C][B(C¢F5)4], surprisingly, highly frans-
1,4-polybutadiene was obtained (93.8%, Table 9), suggesting that the type of the
cocatalysts have also dramatic influence on the catalytic performances. Moreover,

Table 8 Polymerization of 1,3-butadiene with 27 and 6 in the presence of TIBA and
[PhsC][B(CoFs)4]* [112]

Microstructure (%)

Run Cat. Yield (%) 1,4-cis 1,4-trans 1,2- M, (X 103) Myl M,
1 27a 28 55.3 439 0.8 22.8 1.27
2 27b 63 65.9 32.5 1.6 40.1 1.24
3 27¢ ~100 97.3 2.0 0.7 82.5 1.32
4 27d 15 38.8 59.8 1.4 12.8 1.24
5 27e 54 87.7 2.5 9.8 95.8 1.66
6 27f ~100 96.2 3.0 0.8 96.4 1.39
7 27g ~100 95.3 2.9 1.8 94.6 1.53
8 27h ~100 96.6 1.6 1.8 108.9 1.32
9 27i ~100 87.5 4.7 7.8 98.7 1.58
10 27j 0

11 27¢ ~100 >99.9 113.7 1.70
12° 6 ~100 86.0 13.2 0.8 59.8 1.36

aConditions: toluene: 20mL, 25°C; 15 min; butadiene = 1 x 10™2mol; Ln = 5 x 10~ mol;
[TIBA]o/[Ln]y = 5; [Ph3C][B(CgFs)4]}0/[Ln]y = 1
b—40°C,5h

Table 9 Polymerization 1,3-butadiene with 27 and 6 in the presence of AlMe; and
[Ph3C][B(CeFs)a]*

Microstructure (%)

Run Cat. Yield (%) 1,4-cis 1,4-trans 1,2- M, (x10%) Myl M,
1 27a 72 9.6 89.6 0.8 56.0 1.25
2 27b 87 13.8 85.2 1.0 65.0 1.25
3 27¢ 76 59.7 38.8 1.5 111.5 1.59
4 27d 35 4.9 93.8 1.3 38.0 1.41
5 27e 24 40.9 50.0 9.1 43.4 1.82
6 27f 43 72.4 26.6 1.4 91.2 1.84
7 27g 69 56.0 41.1 2.9 144.2 1.88
8 27h 48 64.8 32.5 2.7 72.0 1.60
9 27i 4 47.8 46.8 54 29.5 1.60
10 27j 0

11° 6 80 33.2 65.2 1.6 71.6 1.46

aConditions: toluene: 20 mL, 25°C, 30 min; butadiene = 1 x 10™2mol; Ln = 5 x 10~ mol;
[TMA]y/[Ln]y = 3; {[Ph3C][B(CsFs)4]}o/[Ln]y = 1
b24h
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when the Al/Ln ratio was 3-5, the alkylaluminum worked as an activator; the poly-
merization systems showed somewhat living-like nature to afford polybutadiene
with the M, proportional to monomer consumption whilst the molecular weight
distribution stayed constant. In the presence of excess amount of alkylaluminum,
it worked as a chain transfer agent to adjust the molecular weight of polybutadi-
ene conveniently [112, 113]. These lanthanocene catalyst systems showed lower
activity for isoprene polymerization as compared with butadiene (Table 10). The
monomer reactivity ratios by applying the Fineman—Ross method, rpytadiene = 4.7
and risoprene = 0.02, indicated that isoprene is two orders of magnitude less reac-
tive than butadiene and also low specific regularity (cis-1,4-content of butadiene
unit 98.4-96.9%, 1,4-content of isoprene unit 54.2-51.5%) [114]. As shown above
in striking contrast to the intrinsic “Nd effect” of the conventional Ziegler—Natta
catalysts, the catalytic performances of these cationic lanthanocene-based systems
were governed significantly by the concerted effects of the specific environment
around the reaction centers, the types of lanthanide ions and cocatalysts.

Tardif reported recently that the cationic half-sandwich lanthanide amido com-
plexes [(Ind)Ln{N(SiMe3),}][B(CsFs)4] (29, Fig. 3) were also highly efficient and
cis-1,4-selective for butadiene polymerization [115]. Meanwhile, Visseaux demon-
strated that the half-sandwich scandium borohydride complex Cp*Sc(BHy4), (THF)
(30, Fig. 3) combined with [Ph3C][B(CsFs)4] and TIBA led to the very active and
highly stereoselective isoprene polymerization (>90% cis-1,4, Table 11) as well
as styrene (>99.9% syndio, Table 12). Improvement of the control of the poly-
merization was performed at lower temperature at —10°C that the cis-1,4-ratio
increased up to 97.2% followed by the decrease of PDI down to 1.7 [116]. This

Table 10 Polymerization isoprene with 27¢/[Ph;C][B(CsFs),]/TIBA® [114]

Temp [TIBAJ]y/ Yield Microstructure (%) M, M,
Run (°C) [Gd]y Time (%) LA-cis Ladtrans 34 (x10°)  (x10°) My/M, T ,(°C)
1 RT 2h 97 32.6 18.8 48.6 3709 179.1 2.07 —31.7
2 —20 6days 22 449 30 52.2 114.6  114.6 10.01 —25.9
3 RT 10 1h ~10 50.8 12.7 36.5 112.7 653 1.73 —51.2
4 0 20 5h 93 98.7 0.0 1.3 902.0 4615 1.95 —67.5
5 —20 50 10h 88 >99.99 1,494.5 6750 221 —68.4

4Conditions: in toluene; isoprene: 0.03 mol; 27¢: 2 X 107> mol

= <=

Gd—N(SiM /
R (SiMey), wiTHF
% /SC\
H,B BH,
29: R = H (a), Me (b), Ph (c) 30

Fig. 3 Structures of lanthanide complexes 29 and 30
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Table 11 cis-1,4-Polymerization of isoprene (IP) using 30/ [Ph3C][B(CsFs)4]/TIBA [116]

Temp Time Yield Activity M, cis-1,4

Run [IP]/[Sc] [Bl/[Sc] TIBA (°C) (min) (%) (kg(molh)™') (x10°) PDI (%)

1 1,000 1 10 20 9 39 177 36.7 4.1 90.7
2 1,000 2 10 20 7 76 443 926 27 942
3 1,000 2 20 0 25 55 90 96.4 24 970
4 1,000 2 20 —10 35 41 48 399 1.7 972
5 3,000 2 10 20 1 38 4,651 166.7 22 963
6 3,000 2 20 20 15 41 334 1153 2.6 964
7 1,000 1 10 20 10 44 179 36.4 39 902
8 410 1 10 20 1,440 92 1.1 - - 946

Table 12 Syndiospecific polymerization of styrene (ST) using 30/[Ph;C][B(CsFs)4)/TIBA? [116]

Activity M, sPS T;

Run  [ST)/[Sc] Time Yield (%) (kg (mol 1) (x 10 PDI (%) °0)
1 100 1 min 32 200 24.3 3.68 >99.9 269
2b 200 17h 80 1.0 6.0 3.64 >99.9 265
3 500 3h30min 21 3.1 8.5 2.68 >99.9 270
4¢ 500 18h 25 0.7 - - >99.9 268
54 200 2h30min 62 5.1 86.6 3.83  95° 267
6° 400 1h30min 88 24.4 3.0 3.29 Atactic -

AConditions: T = 50°C, [TIBA]/[Sc]/[Ph3C][B(CsF5)4] = 10/1/1, toluene/monomer = 1

T =20°C

‘Toluene/monomer = 5

4Synthesized in situ

¢In the absence of TIBA

TCorresponds to 95% pure sPS along with an atactic fraction as evidenced by the high melting
point

distinguished performances might be attributed to the introduction of the bulky Cp*
ligand, because the analogous Sc(BH4)3(THF);.5/[Ph3C][B(CeFs)4]/(10TIBA)
in toluene afforded polyisoprene quantitatively in 10min at 20°C albeit with
less controlled microstructure (mixture of cis-1,4-, trans-1,4-, and 3,4-units),
whereas its neodymium analogue, the in situ-generated ternary catalytic system
Nd(BH4)3(THF)3/[HNMe,Ph][B(CsFs)4]/TIBA, exhibited better performances
with a 92% cis-1,4-selectivity together with good control of M, and PDI [117,118].

2.2.2 Noncyclopentadienyl Lanthanide Precursors

Non-Cp ligands [119-127] those containing heteroatom compounds have been
extensively explored as spectator ligands by virtue of their strong metal-heteroatom
bonds and exceptional and tunable steric and electronic features required for
compensating coordinative unsaturation of metal centers and for catalytic activ-
ity toward polymerization. The elegant non-Cp-ligated cationic yttrium aluminate
species applied in the polymerization of 1,3-dienes was reported by Okuda. Both
the yttrium aluminates (31a) and their lithium ate complexes (31b) upon activation
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Scheme 13 Synthesis of the mono- and dicationic yttrium methyl complexes 33 and 34 from
yttrium aluminate 31 or hexamethyl yttrium 32

with [PhNHMe,|[B(CeFs)4] catalyzed the polymerization of 1,3-dienes albeit
at low activity and gave crosslinked product. The in situ-generated monocation
[YMe;(solv)x]* (32a) produced polybutadiene in only 90% cis-1,4-tacticity and
had a significantly lower polymerization activity (no polybutadiene was obtained
after 30 min) than the dications (18-26% conversion). Under the presence of TIBA,
the activity increased and cis-1,4-enriched polybutadienes were produced. Remark-
ably, the in situ-generated dication [YMe(thf),]*>* (32b) gave cis-1,4-polybutadiene
in up to 97% tacticity at 100% conversion after 14h. In addition the molecular
weight of the resultant polybutadiene by dicationic species was as high as that ob-
tained with the monocation, indicating either a dication with one growing chain or
a monocation with two growing chains (Scheme 13, Table 13) [128]. Very recently,
the same group successfully isolated the yttrium bisally monocationic and yttrium
monoallyl dicationic complexes (33b, 34), which could initiate polymerization of
butadiene with about 90% cis-1,4-selectivity [129].

Cui successfully isolated the non-Cp pyrrolyl aldiminate-ligated rare-earth metal
bis(alkyl)s (35, Fig.4), which combined with aluminum #ris(alkyl)s and borate,
initiated the polymerization of isoprene with cis-1,4-enriched regularity [130]. In-
creasing the ligand steric bulkiness, the indolyl-stabilized counterpart (36, Fig. 4)
provided higher cis-1,4-selectivity and polyisoprene with more controllable molec-
ular weight and narrow molecular weight distribution. The concerted influence of
the environmental hindrance around central metals arising from the bulky sub-
stituents (‘Pr vs. Me) of the ligands as well as the sterically demanding aluminum
tris(alkyl)s, and the Lewis-acidic rare-earth metal ion, endowed the scandium com-
bination 36d/[Ph3C][B(C¢Fs)4]/TIBA the highest activity and the regioselectivity
(M, = 2.65 x 10°, My, /M, = 1.07, cis-1,4 =98.2%, —60°C) [131].
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Table 13 1,3-Diene polymerization by 31 activated by [PhNHMe,][B(CgFs)4]* [128]

Run B:Y Time (min)  Conversion (%)  Selectivity® M; (X 10°) My /M,
1,3-Butadiene polymerization

14 1 30 <5

2¢ 1 240 73 186 4.4
3 1 TIBA 840 100 90:8:2 50 2.6
4 2 30 26 95:3:2 140 2.0
5¢ 2 240 93 312 2.6
6 2 TIBA 30 18 95:3:2 61 1.7
7 2 TIBA 840 100 97:2:1 100 2.1
Isoprene polymerization

8 1 10 56 60:26:14 117 1.6
9 1 TIBA 10 86 89:0:11 315 2.1
10 2 10 65 67:13:20 260 1.5
11 2 TIBA 10 78 90:0:10 133 2.9

2Conditions: 31: 5umol, 25°C. 1,3-Butadiene polymerization: Viyadicne = 7.5mL (14 wt% in
toluene); Vior = 30 mL. Isoprene polymerization: Vigoprene = 1 mL; Vi = 30 mL

bRatio cis:trans: 1,2 for 1,3-butadiene; ratio cis: trans: 3,4 for isoprene

‘Determined by GPC

4Not determined

“Microstructure not determined because of crosslinking; molecular weight determined for the sol-
uble fraction

Fig. 4 Pyrrolyl- and
indenyl-stabilized dialkyl r@ N
lanthanide complexes N N
\ /O
Ln
p R

N
> |_(THF),
Ln—" \\ R N ¥S|Me
R < SiMe, = SiMe,
SiMe3
35a:Ln=Lu,R=Me,n=2 36a: Ln=Lu R = Me
35b:Ln=Sc, R=Me,n=1 36b: Ln = Sc, R = Me
35c:Ln=Lu,R="Pr,n=2 36¢: Ln=Lu, R="Pr
35d: Ln=Sc, R="Pr,n=1 36d: Ln=Sc, R=Pr

The fascinating homogeneous catalysts based on rare-earth metal bis(alkyl) com-
plexes (37) bearing bis(phosphinophenyl)amido (PNP) ancillary ligand were re-
ported by Hou. The cationic alkyl species were generated in situ by treatment of
37 with equimolar [PhMe,;NH]|[B(CgF5)4] in C¢D5sCl (Scheme 14), among which
the yttrium complex 37b showed extremely high cis-1,4-selectivity (99%) and ex-
cellent livingness (My,/ M, = 1.05-1.13) for the polymerization of isoprene and
butadiene without addition of an aluminum additive (Table 14). The similar cat-
alytic activity was observed for the Sc and Lu analogues, albeit with slightly lower
cis-1,4-selectivity (96.5-97.1%). The excellent cis-selectivity was slightly influ-
enced by increasing polymerization temperature up to 80°C, indicating that the
active species were thermal stable. In addition a cationic alkyl lutetium complex
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38a: Ln = Sc
38b:Ln=Y
38c:Ln=Lu

Scheme 14 Synthesis of neutral and cationic rare-earth metal alkyl complexes bearing a bis(2-
diphenylphosphinophenyl)amido (PNP P)ligand

Table 14 Living cis-1,4-polymerization of isoprene (IP) initiated by 37 and borate (or borane)?

[132]

Temp Time Yield M,° Microstructure®  7,¢  Eff.
Run Cat. (°C)  (min) (%)  (x10%) Mw/M," Tis-IA- 34- (°C) (%)
1 37 RT 60 0
2 37a/Af RT 60 100 1.6 1.10 96.5 35 —66 26
3 37b/Af RT 60 100 2.3 1.10 99.3 0.7 —69 18
4 37c/Af RT 60 100 1.9 1.09 97.1 29 —67 22
5 37b/Bf RT 60 79 32 1.11 99.3 07 —=69 10
6 37b/Ct RT 60 0
7 37b/A% RT 10 40 0.5 1.05 99.3 0.7 —69 33
8 37b/As RT 15 90 1.0 1.05 99.3 0.7 —69 37
9 37b/A% RT 20 100 1.2 1.07 99.3 0.7 —69 34
10 37b/AsP  RT 40 150 1.8 1.08 99.3 0.7 —69 34
11 37b/AsP  RT 60 200 2.3 1.08 99.3 0.7 —69 36
12 37b/A% 0 180 100 1.3 1.06 99.6 04 —69 31
13 37b/Al 50 10 920 0.7 1.05 98.7 1.3 —68 53
14 37b/Al 50 20 188 1.4 1.05 98.7 1.3 —68 55
15 37b/Al 80 2 66 0.6 1.05 98.5 1.5 —68 45
16 37b/Al 80 5 100 0.8 1.05 98.5 1.5 —68 51

2Conditions: C¢HsCl (10 mL); Ln (25 pmol); [IP]o/[Ln]y = 600; [Ln]o/[activator]y = 1:1 (acti-
vator = [PhMe; NH][B(CsFs)4] (A), [Ph3C][B(CsFs)4] (B), B(CsFs)s (C))
"Determined by GPC

°Determined by 'H and '*C NMR spectroscopy

4Measured by DSC

Catalyst efficiency

fIn runs 2-6, IP was added to 37b/activator

¢In runs 7-12, A was added to complex/IP

" Another equivalent of TP was added

'In runs 13-16, 37b and IP in C¢HsCl (3 mL) was added to A
J[1P1o/[37b]y = 1,200
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38c was successfully isolated and characterized, which represented in some de-
gree a structural model for the true active species and for the mechanistic un-
derstanding of the polymerization process [132]. When PNP ligand was replaced
by N,N’-bis(2,6-diisopropylphenyl)benzamidine (NCNYPPH), the corresponding
mono(amidinate) bis(aminobenzyl) complex 39 behaved quite differently. In the
presence of 1 equiv. [Ph3C][B(CgFs)4], it converted isoprene quantitatively into
polyisoprene with high 3,4-regioselectivity (91%) and some degree of isotacticity
(mm = 50%). When the polymerization was carried out at low temperature (—10°C),
an even higher regio- and stereoselectivity was achieved and almost perfect isotactic
3,4-polyisoprene was obtained (3,4-selectivity up to 99.5%, mmmm up to 99%). The
addition of TIBA or TEA had little effect on the polymerization; however, addi-
tion of 3 equiv. TMA, the resultant system changed the regio- and stereoselectivity
of the polymerization dramatically from 3,4-isospecific to cis-1,4-selective that in-
creased to as high as 98% at 5equiv. TMA at —10°C or below. They explained
that the steric hindrance and C, symmetry of the (NCN®PP)Y unit made isoprene
coordinate to the Y center preferably in a 3,4-n? fashion, leading to the forma-
tion of isotactic 3,4-polyisoprene (Scheme 15); when 5 equiv. TMA was added,
the resultant heterotrinuclear Y/Al complex 40 preferred the coordination of iso-
prene in a U-cis-1,4-n* fashion by replacement of an TMA unit. The 1,4-addition
of a methyl group to the coordinated isoprene gave a |-m-anti-allyl species and
its equilibrium isomer [-G-allyl species, leading to cis-1,4-polyisoprene eventually
(Scheme 16) [133].

To date, the characteristic of the mentioned systems are based on lanthanide
alkyl complexes, and showed intrinsic Nd or Sm or Gd or Y effects. The Ti, Co,
Ni, and Nd metal chlorides, on the other hand, the first innovated to initiate the

/ si coordination
[Ph,CI[B(CF),] >—/

R N N
@</v\ (O N A ——
%/ >k ©_<r(\| /Y\R
39 (R = 0-CH,C,H,;NMe,) 292 3i9b

wi% ; si coordination

S - i /(_\E%
N
W W _>; isotactic 3,4-PI
39c

Scheme 15 Possible mechanism for 1,4-selective polymerization of isoprene with 39
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Eu (e), Tb (f), Dy (@), Ho (h),
Yb (i), Lu (j), R = Et.

Scheme 17 Synthesis of pincer-type lanthanide dichloride

polymerization of butadiene in the early 1960s, are highly active to give polymers
with 98% cis-1,4-selectivity but heterogeneous, leading to gel formation [134,135].
The addition of an electron donor to lanthanide trichlorides improves the catalytic
activity and selectivity slightly, whereas the system is still heterogeneous [37].
Modifying the lanthanide chloride species with Cp or ansa-Cp and Flu moieties
generated an inert system for the polymerization of butadiene, although which
was active for copolymerization with ethylene, affording trans-1,4-butenyl units
[136]. Cui’s group successfully introduced the aryldiimino NCN-pincer ligand into
rare-earth metal chloride compounds via covalent bond to afford complexes 41
and 42 (Scheme 17) [137]. These complexes in combination with aluminum alkyls
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Table 15 Polymerization of butadiene induced by (NCN)LnCl,THF,/TIBA/[Ph;C]
[B(CeFs)4]* [137]

[BD]/ Temp Time Yield Mg M,/ Microstructure (%)°
Run Complex [Ln] (°C)  (min) (%) (X 104) ME cis-1,4-  trans-1,4- 1,2-
1 4la 500 25 60 80  3.96 1.47 98.5 1.3 0.2
2 41b 500 25 60 100 8.60 2.23 99.7 0.3 -
3 41c 500 25 60 68  2.63 1.31 95.3 4.2 0.5
4 42a 500 25 60 87 7.01 1.59 99.3 0.5 0.2
5 42b 500 25 15 100 18.00 2.08 99.5 0.4 0.1
6 42¢ 500 25 10 100 32.21 2.18 99.7 0.3 -
7 42d 500 25 120 0
8 42e 500 25 120 0
9 42f 500 25 10 100 21.00 2.43 99.7 0.3 -
10 42g 500 25 10 100  26.00 2.24 99.4 0.6 -
11 42h 500 25 15 100 14.22 2.44 99.4 0.6 -
12 42i 500 25 120 0
13 42j 500 25 60 90 9.75 2.48 99.3 0.6 0.1
14 41b 1,000 25 60 100 18.63 2.31 99.3 0.7
154 41b 2,000 25 60 93 39.50 2.40 99.4 0.6 -
16° 41b 4,000 25 180 90 79.20 2.13 99.7 0.3 -
17t 41b 5,000 25 180 85 133.00 1.79 99.9 0.1 -
18¢  41b 500 25 60 43 31.88 2.11 66.5 31.7 1.8
19" 41b 500 25 60 65 17.40 1.68 51.5 47.5 1.0
20 42c 500 O 30 85 33.10 1.89 100
21 42¢ 500 40 5 100 21.35 2.03 99.3 0.7 -
22 42¢ 500 60 5 100 11.70 1.87 97.6 2.1 0.3
23 42c 500 80 5 80 10.23 1.95 96.9 3.0 0.5

3C¢H5Cl (5 mL), complex (20 wmol), [Ln]y/[TIBA]o/[B]o = 1:20:1 (B = [Ph3C][B(CsFs)4]
"Determined by GPC

Determined by '*C NMR spectrum

4CeH5Cl (15 mL)

eC6H5C1 (20 mL)

fCgHsCl (30 mL)

¢[Y]o/[TMA]o/[B]o = 1:20:1

"[Y]o/[TEA]o/[B]o = 1:20:1

and organoborate generated a new type of homogeneous Ziegler—Natta catalyst
systems that displayed high activities and distinguished cis-1,4-selectivities for
the polymerizations of butadiene and isoprene (Table 15). These excellent catalytic
performances did not show obvious metal-type dependence except the inert Yb, Sm,
and Eu counterparts but were influenced significantly by the spatial sterics of the
auxiliary ligand and the sterically demanding alkylaluminum. The cis-selectivity of
this system was found to be influenced by the ortho-substituents of the N -aryl ring
of the ligands, reaching as high as 99.7% for 41b bearing o-ethyl, which dropped
slightly for 41a bearing o-methyl (98.5%) and even more in the case of 41c¢ with
the bulky o-isopropyl (95.3%). This might be ascribed to the different steric envi-
ronment of the center metal that was pinched by the two ortho-substituted N -aryl
rings. The dihedral angle formed by the aryl rings was 118.56(13)° in 41a, 109.9°
in 41b, and 133.28(15)° in 41c¢, respectively. The smaller the dihedral angle is, the
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Scheme 18 Probable mechanism for diene polymerization

bulkier the metal center is, the higher cis-1,4-selectivity is. Remarkably, the high
cis-1,4-selectivity remained at elevated polymerization temperatures up to 80°C.
These results were in striking contrast to the conventional Ziegler—Natta systems
in the specific selective polymerization of dienes. The identification of the active
species was depicted in Scheme 18. The pincer yttrium dichloride (41b) was first
treated with TIBA in C¢DsCl. The alkylation did not take place at room temper-
ature within 12 h, suggesting that the Ln—Cl bond in 41b was strengthened by the
chelating NCN-pincer donor as compared to LnCls. Instead, an intermediate A
[NCN]LnCl,(TIBA),, the TIBA adduct of 41b, was generated. It was reasonable
that A could not induce the polymerization of butadiene at room temperature.
When activated with [Ph3C][B(Cg¢F5)4], A was swiftly transformed into the ion
pair B. B was still inert to the polymerization. When adding one more equiva-
lent of TIBA to B, a heteroleptic alkyl/chloride-bridged bimetallic intermediate C,
[NCN]Ln[(u-Cl)(u-"Bu)(Al-(‘Bu),)][B(CeFs)4], was given. Under the presence of
excess TIBA, C initiated the polymerization of butadiene (isoprene) immediately
[137]. This result strongly suggested that the intermediate or active species gener-
ated by different catalyst systems might be different even though they showed the
same high cis-1,4-selectivity toward the diene polymerizations. Onward Gambarotta
[138] reported the 2,6-diiminopyridine ligand-stabilized rare-earth metal dichlo-
ride lithium ate complexes 2,6-[2,6—(iPr)2C6H3]N=C(CH3)2(C5H3N)Nd(THF)
(U-Cl)2[Li(THF),]-0.5(hexane) (43a), and its analogues 43b—d (Fig. 5). Addition of
a solution of 43a in cyclohexane to a cyclohexane solution of butadiene containing
excess MMAO at 50°C started a polymerization affording polybutadiene with 95—
97% cis-1,4-configuration in good yield (about 70%). Such high stereoselectivity
in addition to the high catalyst activity, the high molecular weight, the relatively
narrow polydispersity, and other desirable rheological properties placed this catalyst
above other transition metal-based catalysts [139-142] and NdCl3(THF), [5], but
below the remarkably performing Cp*,Sm(THF), [105] and the aryldiimino
NCN-pincer-ligated rare-earth metal dichlorides (2,6-(2,6-C¢H3R,N=CH),—
CeH3)LnCl,(THF), [137]. The mixed alkyl/chloride complex 43d showed similar
catalytic performances to 43a, suggesting that partial alkylation occurred during
the treatment of 43a with MMAO. Meanwhile, the complex 43¢ was also a potent
polymerization catalyst when activated by alkylaluminum derivatives. Although
the activity was somewhat lower than 43a, the molecular weight of the polymer
produced by 43¢ was higher (Table 16).
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Table 16 Polymerization of butadiene catalyzed by 43 and MMAO [138]

Time Activity (kg Yield cis-1,4 trans-1,4 My, M, M, M,/
Run Complex (min) (mmolh)™!) (%) (%) (%) 1,2-(%) (x10%) (x10%) (x10%) M,
1 43d 15 074 773 97.0 2.5 0.5 659 263 1220 25
2 43d 15 0.12(5 67.5 95.0 45 0.5 380 164 715 231
3 43d 15 0.034(5) 84.8 96.1 45 3.4 385 164 727 234
4 43a 10 071 78.6 97.0 23 0.7 725 262 1440 28
5 43¢ 15 0.40 172 959 3.3 0.8 91.0 155 2200 49
6 43b 30 0.048 750 61.8 364 1.8 96 4.4 235 2.18

|
0o Bu N
Bu Cl

Bu \‘Li N 1.THF; 2Licl ,\4 A N/_P/\
\NII_LI/A'/OO + LnC|3 . ___N\/Ln Ln/\N \ P

| 2. A, toluene \/ N LY

Bu’—|—N— =P N Bu O. BuN
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44:Ln =Y (a), La (b), Nd (c), Sm (d)

Scheme 19 Synthesis of complexes 44

Recently Roesky et al. [143] demonstrated the synthesis of dimeric lan-
thanide chloro complexes featuring bis(amido)cyclodiphosph(Ill)azane (44)
through salt metathesis methodology (Scheme 19). In the presence of MMAO, the
neodymium complex 44¢ displayed considerably high activity (TOF ~ 17,000 h™1)
for polymerization of butadiene with 94% cis-1,4-selectivity. The number-average
molecular weight of the afforded polybutadiene reached to 287,000 gmol™! and
the molecular weight distribution was narrow (PDI = 2.1). When the cocatalyst
MMAO was replaced by organoborate [R,(Ph)NH][B(CeF5)4](R = octadecyl)
and AlMes3, the resultant ternary catalyst system exhibited nearly six times higher
activity whilst the molecular weight and molecular weight distribution remained
almost unchanged.
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3 trans-1,4-Polymerization of 1,3-Conjugated Dienes

trans-1,4-Polydienes [144, 145], and particularly trans-1,4-polyisoprene produced
naturally as gutta-percha rubber, appear well suited for the elaboration of high-
performance tires [146], and have found application in the fabrication of golf ball
and insulating materials. Moreover, frans-polymerization may also allow incorpo-
ration of a-olefin into a polydiene chain, affording high-value-added copolymers
[147-149]. Therefore, trans-1,4-selective polymerization of dienes has attracted an
increasing attention. In the investigation of active centers (ACs) with NdCl5 based
catalyst system for butadiene polymerization by Monakov, six kinds of ACs were
proposed to relate the microstructures of polybutadiene (Fig. 6). The first five in-
volved a m-allyl binding of the terminal unit of the growing polymer chain, which
was deemed to be responsible for the cis-regulated polybutadiene, whilst only the
last one characterized as a ¢-alkyl structure led to frans-regulated polybutadiene
[150]. Thus, the reports on the production of trans-1,4-polymers by rare-earth metal
complexes remain less owing to few suitable active centers compared with the
cis-1,4-polymerization.

Visseaux reported that neodymium borohydrido complexes were very efficient
catalysts toward isoprene polymerization. Upon activation with alkylaluminum
or MAO, these borohydrido complexes yielded polydienes rich in cis-1,4-units,
whereas trans-1,4-polydienes with very high stereoregularity were produced in the
presence of dialkyl magnesium activator [150—156]. Although the mechanism was
still unclear and no obvious regularity could be drawn, the selectivity was depen-
dent on the metal center [154]. For instance, Nd(BH4)3THF3 (45a) displayed high
activity and selectivity while Sm and Y congeners (45b, 45¢) were totally inac-
tive (Table 17). Unlike trialkylaluminum additives which can remarkably change the
regioselectivity, varying dialkyl magnesium exhibited no evident effect on the trans-
1,4-selectivity. Higher activity was realized at elevated temperature albeit sacrific-
ing the selectivity and molecular weight distribution. The used solvent also affected
the activity and selectivity. Noncoordinating solvents such as toluene or aliphatic
hydrocarbon had no influence on the selectivity, but low activity was observed in

R
N O N e R R
Nd N CI~/ Nd N\, O -
C/Iol| \CI/{Al}\ o'y Na4 i B YA YK
{ Nd} { NWCI N~d/C|
Al Al {Al}
4 /| /|
I 1 11
R, Cl_ Nd] o . R, _Cl_ Nd| o Ru. _
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VI v VI

Fig. 6 The probable six kinds of active centers
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Table 17 Polymerization of isoprene with borohydride complexes and magnesium activator

[1P)/ Temp Time Yield trans- M,°
Run Precatalyst® [Ln] Solvent °C) () (%) 1,4% (%) (x10%) PDI° References
1 45a/1 MgBuEt 1,000 Toluene 50 3 92 96.4 432 1.37 [154]
2 45a/1 Mg(Hex), 1,000 Toluene 50 3 80 96.2 42.2 1.75 [154]
3 45a/1 MgBu, 1,000 Toluene 50 3 85 94.5 46.5 1.59 [154]
4  45a/1 Mg(CH,TMS), 1,000 Toluene 50 1 50 86.1 82.7 1.61 [154]
5  45a/1 Mg(C3Hs), 1,000 Toluene 50 1 80 96.3 35.1 1.34 [154]
6  45b/1 MgBuEt 1,000 Toluene 50 24 0 [154]
7  45¢/1 MgBuEt 1,000 Toluene 50 24 0 [154]
8  45a/0.5 MgBuEt 1,000 Toluene 50 2 67 93.0 61.5 1.40 [154]
9  45a/l MgBuEt 1,000 Toluene 50 2 87 95.5 52.1 1.35 [154]
10 45a/2 MgBuEt 1,000 Toluene 50 2 66 93.9 27.8 1.55 [154]
11 45a/3 MgBuEt 1,000 Toluene 50 24 0 [154]
12 45a/3 MgBuEt 1,000 Toluene 50 48 30 60.7 15.0 2.05 [154]
13 45a/3 MgBuEt 1,000 Toluene 90 24 58 64.8 8.6 3.20 [154]
14 45a/5 MgBuEt 1,000 Toluene 50 24 0 [154]
15 45a/1 MgBuEt 1,000 Toluene 50 2 87 95.5 NG 1.35 [154]
16 45a/l1 MgBuEt 1,000 Cyclohexene 50 2 52 95.2 NG 1.48 [154]
17 45a/1 MgBuEt 1,000 Pentane 50 2 54 95.8 NG 1.52 [154]
18 45a/l1 MgBuEt 1,000 Toluene/ THF 50 2 33 96.5 NG 1.60 [154]
19¢ 45a/1 MgBuEt 1,000 THF 50 24 0 [154]
20 45a/l MgBuEt 1,000 CH,Cl, 50 6 18 87.8 NG 2.18 [154]
21 45a/1 MgBuEt 1,000 Toluene 50 3 66 96.4 NG 1.82 [154]
22° 45a/l1 MgBuEt 1,000 Toluene 50 24 94 94.2 NG 1.82 [154]
23¢ 45a/1 MgBuEt 1,000 Toluene 20 3 31 97.7 21.5 1.35 [154]
24  45a/1 MgBuEt 1,000 Toluene 50 3 92 95.5 63.6 1.37 [154]
25 45a/l MgBuEt 1,000 Toluene 70 3 92 93.7 63.3 1.82 [154]
26 45a/1 MgBuEt 1,000 Toluene 80 3 93 93.2 59.0 2.22 [154]
27 46/1 MgBu, 600 Toluene 50 22 60 98.4 154 2.01 [153]
284 47/0.9 MgBu, 120 Toluene 50 275 >99 985 9.5 1.15 [153]
29 47/52 MgBu, 120 Toluene 50 20 60 57.7 ND ND [153]
30 48/1.2 MgBu, 160 Toluene 50 NG NG 98.2 9.7 1.22 [153]
31 48/1 MgBuEt 1,000 Toluene 50 2 80 97.4 52.3 1.18 [153]
32 49/1 MgBuEt 1,000 Toluene 50 2 84 98.2 58.2 1.16 [155]
33 50/1 MgBuEt 1,000 Toluene 50 2 41 95.2 31.6 1.57 [155]
34 51/1 MgBuEt 1,000 Toluene 50 2 59 96.2 35.5 1.32 [155]

NG not given, ND not determined
“Precatalyst: 10 umol solvent: 1 mL
"Determined by 'H NMR
‘Determined by GPC

4[thf)/Ln] = 3

¢Toluene: 3 mL

the latter, probably due to the poor solubility of the thus formed polymer. In con-
trast, the coordinating THF or CH,Cl, were deleterious, owing to their competitive
coordination to active sites with dienes. The trans-selectivity could be improved
by means of enhancing the steric hindrance at the metal center. Thus, the bulky
half-metallocene derivatives 4651 provided more than 98% trans-1,4-polyisoprene
[152,153] (Fig.7, Table 17) as compared with the combination of the homoleptic
Nd(BH4)3(THF)3 and MgBu, (96%) [156]. Obviously, trans-stereospecific char-
acter of these catalysts was tentatively attributed to the concerted effects arising
from both Nd and Mg ions, evidenced by the formation of Nd(u-BH4)Mg bridging
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active species according to 'H NMR analysis (Scheme 20) [154,155]. Therefore, in-
troducing a long-chain n-butyl ethyl magnesium, a living trans-1,4-polymerization
of isoprene could be achieved [156,157]. The surplus amount of dialkyl magnesium,
however, resulted in a lowered frans-selectivity with the increase of 3,4-units in the
afforded polymer. Surprisingly, when BuLi was used instead of MgR,, the combina-
tion with (CsHPr4)Ln(BH4), (THF)(Ln = Sm, Nd), or (CsHPr4)U(BH4)3 enabled
not only the trans-1,4 (95%) polymerization of isoprene to give high molecular
weight product (M, = 590,000, IP = 1.5, 5h, 50°C) but also syndioselective (75%)
polymerization of styrene (16 h, 50°C, yield 90%, M, = 530,000, IP =1.6) [158].

Half-sandwich lanthanide aluminate (52) with the activation of organoborate
or borane displaying good to excellent activities for the trans-1,4-polymerization
of isoprene was reported by Anwander [159]. They found that neutral borane
B(CgF5)3 exhibited superior performance as compared with organoborate, and
the larger the rare-earth metal was, the higher the selectivity was. Thus, poly-
isoprene with very high trans-1,4-content (99.5%) and very narrow molecular
weight distributions (My, /M, = 1.18) could be obtained from a combination of
Cp*La(AlMe4), and [Ph3C][B(C¢Fs)3] (53b), suggesting a living catalyst system
(Table 18). Remarkably, a cationic and well-characterized complex 53d isolated
from the reaction between Cp*La(AlMey)» and B(CgFs)3 (Scheme 21) could serve
as a single-component catalyst to produce the trans-polymer with almost the same
properties, which also provided the structure model of the true active center in this
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Table 18 Polymerization of isoprene catalyzed by heterobimetallic complexes
and borate (or borane)

85

Run Precat. Cocat. M, (x10%) M,/M, trans-1,4/cis-1,4 References
1 52a A 2 8.95 20.6/60.5 [159]
2 52a B 6 1.59 28.7/43.5 [159]
3 52a C 9 1.78 93.6/1.9 [159]
4 52¢ A 3 2.87 69.7/14.0 [159]
5 52¢ B 4 1.16 79.9/6.9 [159]
6 52¢ C 13 1.35 92.4/3.8 [159]
7 52b A 7 1.28 87.0/3.5 [159]
8 52b B 6 1.22 79.5/3.4 [159]
9 52b C 24 1.18 99.5/- [159]
10 53d - 23 1.19 99.0/0.2 [159]
11 54a A 19 2.18 9.0/60.0 [160]
12 54a B 12 1.77 4.0/63.0 [160]
13 54a C 27 1.74 40.0/52.0 [160]
14 54b A 6 1.28 80.3/14.5 [160]
15 54b B 6 1.22 79.4/15.3 [160]
16 54b C 33 1.52 89.3/— [160]
17 55a A 1 24.41 26.4/38.1 [160]
18 55a B 3 1.74 34.6/38.3 [160]
19 55a C 5 1.73 80.8/3.4 [160]
20 55b A 9 1.45 81.4/3.4 [160]
21 55b B 6 1.20 87.7/10.5 [160]
22 55b C 20 1.26 95.6/2.2 [160]
23 56a A 8 1.67 21.2/45.5 [160]
24 56a B 9 1.25 19.0/53.0 [160]
25 56a C 5 1.50 56.0/31.0 [160]
26 56b A 8 1.41 60.0/20.0 [160]
27 56b B 8 1.22 50.0/30.0 [160]
28 56b C 11 1.41 90.0/6.0 [160]
A: [Ph3C][B(CsFs)4], B: [PhNMe, H][B(CsFs)4], C: B(CsFs)3
[PhsCIIB(CeF)a] \@*
Me/Lnt\
/! “[B(CeFs)al
\*@/ [PhNMe,HI[B(CsFs)a] Me'ef“ Me
Me—L"—e Ln=Y (53a), La (53b), Nd (53c)
VTR
Me—Al—Me ME~p|_q F4
Me Mé @Fs @\
B(CeFs)3 @‘ @ ~Me
52 Fs M |
Me/La" Me\Al\Me ‘\‘ //Me
Me\Al,Me‘ Mi\Al/Me"

0

3d

Scheme 21 Activation of Ln/Al complex with different organoborate or borane
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Scheme 22 Isolation of ion pair complex from 55 and organoborate

polymerization process. The regioselectivity could be improved with the complexes
(54-56, Fig. 8) bearing the ancillary ligands that stabilized the cationic species gen-
erated in situ from reaction of catalyst precursor and borane as was disclosed by
online NMR technique, although there seemed no correlation between the degree
of steric shielding of the ancillary ligand with the catalytic activity and the selectiv-
ity [160].

Meanwhile, Okuda investigated the catalytic behavior for the polymerization
of butadiene with the same half-sandwich rare-earth metal tetramethylalumi-
nate complexes [Ln(1°-CsMe4SiMes){(u-Me),(AlMe,)}»] (55, Ln=Y, La, Nd,
Sm, Gd, Lu) [161]. Upon activation with [NEtzH]"[B(CgFs)4]”, the resultant
cationic species enabled the polymerization of butadiene in the presence of TIBA to
give trans-1,4-polybutadiene with narrow polydispersities (M, /M, = 1.05-1.09).
Different from Anwander’s result where heterobimetallic species was isolated,
mononuclear ion pair was obtained from the reaction with borate (Scheme22).
Unfortunately, no catalytic data of 57 were given by the authors.

Nd(n3-C3Hs); and its derivatives were also evaluated as catalysts toward
the polymerization of butadiene by Taube [162, 163]. Polymers with trans-
1,4-unit around 85% were formed by using Nd(n3-C3Hs)3 in toluene at 50°C.
Detailed study revealed that the M), of the polymer increased linearly with the
conversion and the polydispersity remained narrow. For the solvated precursor
Nd(m3-C3Hs)3(C4HgO,), higher trans-1,4-selectivity of 94% was achieved.
Interestingly, the trams-1,4-selectivity can be switched to cis-1,4 by addition
of trialkylaluminum or MAO. Introducing a Cp ligand, the resultant half-
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/\ N 58b W up to 91%
LnCI,(THF) L /" TEA or TIBA " t14-trans
3 n Cl Cl
+

N SRS
A\
2 (allyl)MgCl (THF Mgt /Mg(THF) 58/MAO up t0 98.5%
— M 1,4-cis

58: Ln = Nd (a), Y (b), La (¢)

Scheme 23 Polymerization of isoprene initiated by 58 with alkylaluminum activator

Table 19 Polymerization of conjugated dienes by lanthanide precatalyst and different activator

Temp 1,4-cis/

Run Catalyst Monomer (°C) M, (x10%) My /M, 14-trans(%) References
1 58a/MAO Isoprene 20 78 1.38 96.0/2.3 [164]
2 58b/MAO Isoprene 20 33 6.5 75.2/22.8 [164]
3 58b/TEA Isoprene 20 12 8.6 8.3/90.7 [164]
4 58b/TIBA Isoprene 20 12 6.7 8.8/90.0 [164]
5 59a/MAO Butadiene 25 NG NG 0/>99 [165]
6 59a/Mg(Bu),/B(C¢Fs); Butadiene 25 NG NG 20/80 [165]
7 59b/MAO Butadiene 25 NG NG 76/17 [165]
8 59a/Mg(Bu),/B(C¢Fs); Butadiene 25 NG NG 30/70 [165]
9 59¢/MAO Butadiene 25 NG NG 65/35 [165]
10 59¢/Mg(Bu),/B(CgFs); Butadiene 25 NG NG 0/>99 [165]
NG not given

sandwich allyl complex Cp*Nd(n3-C3Hs)2(0.7C4HgO,), unfortunately, was
inactive for the polymerization of butadiene, which in conjunction with MAO
became extremely active albeit without selectivity. It was interesting to find
that the central metal ion played a significant role in determining the selectivity
of the system. Carpentier reported that the bimetallic neodymium-magnesium
Nd(allyl),C1(MgCl, ), (THF)4 (58a, Scheme 23) combined with TEA or TIBA was
highly active and cis-1,4-selective for the polymerization of isoprene (average TOFs
up to ca. 5 x 10* mol (mol h) ™! at 20°C). Whereas the yttrium analogue 58b/MAO
displaying lower activity enabled the formation of either cis-1,4-enriched (75%) or
trans-1,4-enriched (91%) polyisoprenes, simply replacing the MAO activator by
TEA or TIBA, respectively (Table 19) [164].

The strong dependence of the catalytic performances on the lanthanide metal
ions and the trialkylaluminum compounds were also found in the systems based on
lanthanocenes reported by Kaita et al. Lanthanocene complexes 27 in the presence
of trialkylaluminum and [Ph3C][B(CsF5)4] could initiate the living polymeriza-
tion of butadiene [112]. The most active gadolinium system gave perfectly cis-
1,4-regulated polybutadiene at —40°C, whilst the analogous cerium complex and
TMA and [Ph3C][B(CsFs)4] displayed high trans-1,4-selectivity (93.8%) toward
the polymerization of butadiene in a quasiliving mode (Table 9).

The linked half-sandwich ligand brought about obvious improvement in trans-
1,4-selectivity for the attached active metal center as reported by Napoli [165]. The
yttrium complex 59a (Fig.9) in conjunction with MAO produced polybutadiene
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with >99% cis-1,4-regularity, whereas the samarium (59b) and neodymium
(59c¢) analogues were cis-1,4-selective enriched. Replacing MAO by MgBu, and
B(C¢Fs)3, in contrast, 59¢ exhibited an as high as trans-1,4>99% selectivity,
whereas trans-1,4-selectivity of 59a system reduced to 80% (Table 19). This proved
further that the active species in the trans-polymerization of dienes were probably
bimetallic.

Up to date, all these complexes showing high trans-1,4-selectivity for the
polymerization of dienes are rare-earth metal complexes bearing a Cp ligand
by virtue of their steric hindrance. Cui’s group recently reported the first rare-
earth metal bis(alkyl) complexes featuring a non-Cp N,N’-bidentate auxiliary
ligand (L'73)Ln(CH,SiMe3),(THF), (60-62, Scheme24), which, in combina-
tion with AIR3 and borate, showed medium activity and good trans-1,4-selectivity
for the polymerization of butadiene. The resultant polymer had moderate molec-
ular weight (M, =10,000-18,000) with narrow molecular weight distribution
(My,/ M, < 1.6) and trans-1,4-regularity varying from 49.2% up to 91.3%. The
catalyst performances were strongly dependent on the ortho-substituent of the
N -aryl ring, the type of aluminum alkyls and the lanthanide metal used. Higher

Fig. 9 Linked half-
metallocene complexes
of lanthanide

R R?

o on "
Ph | Ph
N Px

=N R2 N
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R3 N/Y SiMe
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S SiMe,
] THFn
© o1 ep s 60a:Ln=Sc,n=1,R'=R*=R’=Me
HL:R =R =R"=Me 60b: Ln=Lu,n=1,R"= R2 R® = Me
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Scheme 24 Synthesis of dialkyl lanthanide complexes bearing anilido-phosphoimino ligand
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trans-1,4-selectivity could be reached with bulky substituents or by employing
smaller metal. Furthermore, the introduction of a pendant moiety capable of coor-
dinating to the metal center benefited the trans-1,4-regularity [166, 167].

4 3,4-Polymerization of Isoprene

As compared with the explosive number of reports on 1,4-polymerization of di-
enes, 3,4-selective polymerization of isoprene has remained less explored, although
3,4-regulated polyisoprene is an important component of high-performance rubbers
such as those with wet-skid resistance or low-rolling resistance tread [168, 169].
Early researches revealed that diene monomers insert into active lanthanide cen-
ter to generate Ln-n3-allyl transition state (Scheme2). As a consequence of the
strong lanthanide allyl bond and higher ionic charge on the lanthanide, the neg-
ative charges shifted to C1 atom from C3 atom. Thus, the nucleophilicity of the
C3 atom was lessened, suppressing the formation of 3,4-unit by the nucleophilic
attack of the diene via C3 atom. Therefore the 3,4-polymerization of isoprene is
more impossible. The first efficient 3,4-selective systems were the patented organo-
lithium and ferric acetylacetate [170—172] and the transition metal complexes such
as AlEt3-Ti(OR)4 [22], (dmpe),CrCl,—-MAO [23], and ferric complexes chelated
by nitrogen ligands [22-25]. Medium to high 3,4-regularity or strain-crystalline
polyisoprene could be obtained by lowering the polymerization temperature. The
catalyst systems based on rare-earth metals were achieved only recently by Hou’s
group using a dimeric yttrium monoalkyl complex 63a (Fig. 10) bearing bulky
linked half-sandwich ligand and a cocatalyst [Ph3C][B(CgF5)4]. The polymeriza-
tion of isoprene proceeded rapidly to yield 3,4-polyisoprene (99%) with isotactic-
rich stereotacticity (mm = 80%, mmmm = 30%) and a relatively narrow molecu-
lar weight distribution (M, / M, = 1.8, Table 20). When polymerization was carried
out at —20°C, a polyisoprene with almost perfect isotactic 3,4-microstructure (3,4-
selectivity 100%, mmmm > 99%) was obtained. The active species were unstable,
easily decomposed, or changed to other species; thus, bimodal molecular weight

s. Ln/CH SiMe, jé}
f NN j /

L~
Me,SiH,C™~ Me,SiH,C™ \ T
CH,SiMe,
63: Ln = Y (a), Lu (b) 64:Ln= Y (a), Sc (b)

Fig. 10 Structures of half-metallocenes of lanthanide alkyl complexes
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Table 20 Polymerization of isoprene under various conditions lanthanide alkyl complexes® [173]
Microstructure (%)

Run Cat.  Temp (°C) Time (h) Yield (%) M, (x10°) PDI° 3,4~ mm mmmm T /T, 9

1 63a 25 2 0

2 A 25 2 80 0.3 7.9 <5°¢ ND

3 B 25 2 0

4 C 25 2 0

5  63a+A 25 2 92 1.0 1.8 99 80 30 42/-
6 63a+A —10 16 41 43;0.3 1.6; 1.4 100 96 80 28/148
7  63a+A —20 48 50 32,03 1.7;1.4 100 100 >99 30/154
8  63a+A 25 2 100 1.2 1.3 99 80 30 41/-

9 63a+A -—10 16 60 3.7 1.6 100 96 80 31/138
10 63a+A —20 48 87 5.0 1.6 100 100 >99 33/162
11' 63a+A 25 2 65 0.8 1.6 9 25 38/-
12 63a+B 25 2 85 1.4 1.3 99 40 ND

13 63a+C 25 2 63 1.1 1.4 99 38 ND
14 63a+A 25 2 17 1.3 1.6 89 ND

15 64at+A 25 2 100 0.9 1.06 668 ND

ND not determined

aConditions: C¢HsCl, 10 mL; neutral complex, 2.5 X 107> mol; [isoprene]y/[complex]y = 600,
[complex]o/[activator]g = 1:1, A = [Ph3C][B(C¢Fs)4], B = [PhMe,NH][B(CsFs)4), C =
B(C¢Fs)3. In runs 5-7, isoprene was added to 63a and A. In runs 8-15, an activator was added to
neutral complex and isoprene

"Determined by GPC against polystyrene standard

°Determined by 'H and '3C NMR

4Determined by DSC

“The trans-1,4-unit is a major component

"n toluene

21,4-unit: 34%

distribution was observed. To avoid this isoprene should be added to the reaction
mixture prior to the activator to stabilize the formed active species. By means of
DFT calculation, the mechanism was supposed as shown in Scheme 25. It seemed
that the steric environment enforced isoprene to adopt n?-coordination to the active
metal center; meanwhile, the agostic interaction of the silymethyl or vinyl chain-end
groups with metal ion contributed to the isotacticity. For comparison, the unlinked
half-sandwich yttrium dialkyl complex 64a was employed for the isoprene poly-
merization to give 66% 3,4-selectivity. This confirmed further that a more steric
environment around the metal center benefited 3,4-selectivity [173].

Cui’s group successfully synthesized indenyl- and fluorenyl-modified
N -heterocyclic carbene, a new kind of linked half-sandwich ligand, attached rare-
earth metal bis(alkyl) complexes (65, 66) (Fig. 11). In the presence of TIBA and
[Ph3C][B(CsFs)4], complexes 65b—65d exhibited high activity, medium syndio
but remarkably high 3,4-regioselectivity. More strikingly, this system realized
for the first time the livingness mode for the 3,4-polymerization of isoprene.
Moreover, such distinguished catalytic performances could be maintained under
various monomer-to-initiator ratios (500-5,000) and broad range of polymerization
temperatures (25-80°C) (Table 21). The resultant polymers are crystalline, having
syndiotactic enriched (racemic enchainment triad rr = 50%, pentad rrrr = 30%)
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Fig. 11 Fluorenyl- and indenyl-functionalized carbene lanthanide dialkyl complexes

3,4-regulated (99%) microstructure and high glass transition temperatures
(40-49°C). In contrast, complex 65a was almost inert, probably resulting from
the overcrowded environment induced by a smaller radius of scandium. For the less
sterically hindered carbene—indenyl complexes 66a—66d, low activity or selectivity
was observed. This is in agreement with the assumption that tuning the spatial
hindrance at the metal centers effectively changes the regioselectivity [174,175].
Sequentially, the same group developed a variety of rare-earth metal bis(alkyl)
complexes featuring NPN ligands (Scheme 26). Under the assistance of borate
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Table 21 Polymerization of isoprene by using rare-earth metal precursors 65a—d and 66a—d and
[Ph3C] [B(CgFs)4] and TIBA® [174]

Temp Time Yield 3,4- T, Eff.
Run Cat. [IPJ/[Ln] (°C) (h) (%) (%) M, (x10Y My/M, (°C) (%)
1 65a 500 25 6 Trace ND  ND ND ND ND
2 65b 500 25 4 100 982 472 1.06 41 722
3 65¢ 500 25 3 100 983 3.94 1.07 43 86.4
4 65d 500 25 6 100 99.0 4.08 1.05 45 83.5
5 65d 1,000 25 12 100 98.6 8.61 1.11 45 79.1
6 65d 2,000 25 24 100 966 16.7 1.12 48 81.6
7 65d 3,000 25 36 100 967 25.1 1.22 48 81.4
8 65d 4,000 25 48 100 965 329 1.27 48 82.8
9 65d 5,000 25 72 93 952 394 1.29 47 80.4
10 65d 500 40 5 100 974 3.90 1.22 49 87.3
11 65d 500 50 4 100 973 3.73 1.27 48 91.3
12 65d 500 60 3 100 954 3.85 1.19 47 88.5
13 65d 500 70 3 100 954 4.02 1.19 46 84.7
14 65d 500 80 2 100 945 391 1.22 46 87.1
15  65d° 500 25 12 100 98.1 3.86 1.38 40 88.2
16  65d° 500 25 2 100 982 4.26 1.10 45 80.0
17 66a 500 25 6 Trace ND  ND ND ND ND
18  66b 500 25 6 50 894 203 1.36 23 83.9
19  66¢ 500 25 6 93 76.1  3.81 1.40 3 83.1
20  66d 500 25 6 15 91.0 ND ND ND ND

ND not determined

aConditions: toluene (3.0 mL); Ln (10 umol); [Ph3C][B(CgFs)4] (10 umol); TIBA (100 umol)
YHexane as solvent

°Chlorobenzene as solvent

and trialkylaluminum, these complexes displayed extremely high activity and
3,4-selectivity for the polymerization of isoprene [176, 177] which represented
the first non-Cp-ligated rare-earth metal-based catalyst system possessing such
distinguished performances. Systematic study revealed that the complexes bearing
alkyl substituents in the aryl rings of the ligands exhibited higher activity than
those bearing electron-withdrawing substituents, irrespective of the central metal
type (Table 22). Meanwhile, the sterics and electronics of the ligands played sig-
nificant roles in governing the 3,4-selectivity of the complexes. With the increase
of bulkiness of the ortho-substituents of the aryl rings of the ligands as well as
reducing the size of the metal ion, the resultant complexes provided an increasing
3,4-selectivity, as the steric shielding around metal center led to isoprene m2-
coordination. The complexes bearing electron-donating ligands showed higher 3,4-
selectivity, as the space-filled and electronegative metal center facilitated isoprene
n2-coordination. In contrast, an electrophilic metal center attached by ligands with
electron-withdrawing groups favored isoprene N*-coordination, resulting in mod-
erate 3,4-regulated or even cis-1,4-enriched polyisoprene. These results elucidated
for the first time the correlation of molecular structures of complexes and catalytic
behaviors in 3,4-selective isoprene polymerization.

Similarly, yttrium dialkyl complexes 39, 39a, and 40 bearing amidinate ligand,
a geometry analogue of NPN-imidophosphine amido ligand, in combination with
[Ph3C][B(CesFs5)4], established cationic species for the polymerization of isoprene,
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Scheme 26 Synthesis of NPN-ligated lanthanide dialkyl complexes

giving isotactic 3,4-polyisoprene (Scheme 15) [133]. Meanwhile, Kempe reported
2-amidopyridine-ligated scandium dialkyl complexes 77a-d (Fig. 12) where the
ligand could be formally viewed as a variation of amidinate and coordinated to
scandium in a N, N’-n?-mode. These complexes were activated with organoborate
or borane to show more than 95% 3,4-selectivity at room temperature. Further inves-
tigation of the monomer-to-initiator ratio with 77a/[C¢HsNH(CH3)2][B(CsFs)4]
disclosed that the number of polymer chain was proportional to that of the metal pre-
catalyst, suggesting a controlled polymerization. In contrast to the previous reports
the addition of aluminum alkyl additives was detrimental to the polymerization, re-
sulting in a decreased 3,4-selectivity or broadening of the molecular weight distribu-
tion. Although organoscandium cations could be isolated by treatment of 77a-77c¢
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Table 22 Polymerization of isoprene catalyzed by NPN-ligated lanthanide dialkyl
complexes® [177]

Temp Time Yield Microstructures (%) Eff.

Run Cat. (°C) (min) (%) 3,4 cis-1,4 trans-1,4 M, (x10Y My /M, (%)

1 67 20 15 100 81.6 17.5 0.9 5.44 1.8 1.25
2 68 20 15 100  82.0 17.3 0.7 6.92 1.7 0.98
3 69 20 15 100 95.1 4.2 0.7 7.53 1.7 0.90
4 70 20 15 100 96.6 3.0 0.4 6.50 1.8 1.05
5 71 20 15 100 95.1 4.3 0.6 6.57 2.0 1.04
6 72 20 15 100 96.8 3.0 0.2 6.07 1.9 1.12
7 73a 20 15 100 978 2.0 0.2 7.43 1.9 0.92
8 73b 20 15 100 923 6.9 0.8 8.74 1.2 0.78
9 73c¢ 20 15 100 98.1 1.8 0.1 6.48 1.2 1.05
10 73d 20 15 100 93.8 59 0.3 10.97 1.3 0.62
11 73c¢ 40 10 100 91.6 8.2 0.2 5.03 1.4 1.35
12 73c 0 30 89 985 14 0.1 11.49 1.4 0.59
13 73¢ —20 360 81 994 0.6 0 14.90 1.5 0.46
14 74 20 15 100 844 15.1 0.5 6.45 1.9 1.05
15 75a 20 60 100 85.0 14.6 0.4 4.28 1.8 1.59
16 75b 20 15 100 85.5 14.0 0.5 14.60 1.8 0.47
17 75¢ 20 360 80 33.3 65.9 0.8 15.90 1.9 0.43
18 76 20 15 100 77.5 21.6 0.9 3.94 1.6 1.73

aConditions: toluene 5mL, complex 10 umol, [Ph;C][B(CsFs)4] 10 umol, TIBA 100 umol,
[IP]o:[Ln]y = 1,000

77a:R'=R2=R3=Pr,R* = H, R = CH,SiMe,, n=1

77b: R' = R? = Pr, R% = R* = Me, R = CH,SiMe,, n =1
77¢:R' =Me, R?=H, R®= Pr, R* = H, R = CH,SiMe;, n = 1
77d: R'=R2=R%=/Pr,R*=H,R = CH2Ph, n=1

77e:R' = R2=R3 = /Pr, R* = H, R = N(SiHMe,),, n = 0

Fig. 12 Amidopyridine scandium dialkyl and diamide complexes

with borate, their inability to initiate polymerization of isoprene suggested a differ-
ent pathway from that proposed by Hou [178]. Interestingly, the scandium diamide
analogue 77e produced cis-1,4-polyisoprenes (selectivity = 96%) in the presence of
borate and trialkylaluminum, which might be attributed to the ligand transfer from
scandium to aluminum [179].
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5 Copolymerization of Conjugated Dienes with Alkenes

The copolymerization of dienes with alkenes provides a methodology to prepare
high-performance rubbers, however, it usually encounters problems of low activity
owing to different mechanisms. Recently, some breakthroughs have been achieved
by virtue of the fast development of organolanthanide chemistry. Boisson et al. re-
ported the copolymerization of ethylene with butadiene using a series of neody-
mocene catalysts (Fig. 13), the performances of which were significantly influenced
by the ligand framework, the anionic counterion as well as the activator. The lan-
thanocene chloride complexes 78-80 initiated the copolymerization of ethylene with
butadiene in the presence of BuLi/DIBAH to afford random copolymer containing
a small ratio of butadiene [178]. The silylene-bridged bis-Flu neodymium chloride
and borohydride complexes 81-89 were able to catalyze the copolymerization of
ethylene with butadiene but behaved quite differently (Table 23) [149, 180-182],
among which 81 could produce a copolymer with high incorporation of butadiene
units up to 62 mol% with the increase of butadiene feed ratio. However, in contrast,
the yttrium and samarium counterparts 82 and 83 displayed an inferior activity by
giving a copolymer with lower butadiene content (13.6%) [149]. An interesting cat-
alytic performance was found for the ansa-Flu neodymium complex 84 (or 87) in
the presence of alkylating reagents to afford polymer with trans-1,2-cyclohexane
rings in the backbone of macromolecular chains. This system could randomly

SiMe,

/
1
R
N, &
N
Q»
_ 1

) H 07@
~Li— 4
s \Nd/B | B\Nd si{ > \Nd/B\L'/ o \
- N - \ N - ~—p— 'YOEt >Si Nd—Cl
~Li—B Ha
‘g 4 Li i @ " ,B OEt b
& ‘ _!_HF“ @ B S‘Q u 2 é
87 88 89

Fig. 13 Structures of lanthanide metallocene catalysts 78-89
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incorporate 30 mol% of a-olefin into two trans-1,4-butadiene units [180, 181, 183].
When an ate complex 88 bearing the steric ‘Bu substituents was employed, both
cis-1,2-cyclohexane and trans-1,4-cyclohexane rings were formed along the macro-
molecular chains in addition to trans-1,2-cyclohexane units [181]. Remarkably, al-
ternating copolymerization of ethylene with butadiene was realized by 89 combined
with butyloctylmagnesium in a higher activity than that of homopolymerization
of each monomer [137]. A possible mechanism of 2,1-insertion was proposed as
Scheme 27.

Bochmann [184] developed a heterogeneous catalyst system of silica-supported
neodymium amides (Scheme 28) that in conjunction of TIBA displayed activity for
the copolymerization of ethylene and butadiene to give copolymer with relatively
broad molecular weight distribution and frans-1,4-regulated butadiene sequences.

Barbier-Baudry [147, 148, 185-188] studied in detail the ansa-samarocene allyl
and chloride complexes 91-93 (Fig. 14) as the single-component catalysts for the
copolymerization of a series of ¢t-olefins with conjugated dienes. The resultant
copolymers contained about 6% linear o.-olefins. Each olefin unit randomly inserted
between two trans-1,4-isoprenes. It was worth noting that the afforded copolymers
with different precatalysts were characterized with almost the same properties, de-
noting the same catalytic active species formed during polymerization [147, 186].
In addition, these catalysts were able to copolymerize isoprene with €-caprolactone
to form diblock copolymers [186, 187] and triblock copolymer poly[isoprene-co-

b
P
y =
INd]
a /
o)
P
2,1-insertion [Nd] P P
7 N\ ' NG < >
[Nd] —p 1,2-cyclohexane 1,4-cyclohexane

Scheme 27 Possible mechanism for the formation of 1,2- or 1,4-cyclohexane unit

III(SiMe3)2 1Iz
OH  OH Ln[N(SiM L L
o oo Lo LINCME)s oo A, oo
A s|| /S '\ Ln=Y,La,Nd, ~ON /o\s|,| | N /O\Si/o\sll/o\sli/o\sr'
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90

Scheme 28 Silica-supported lanthanide compound
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Table 24 Isoprene/o., w-diene co-(ter-) polymerization catalyzed by 92/Li(allyl)(1,4-dioxane)

[148]
Toluene Sm [M]y/ Time Yield Comonomer M,¢ T,°

Run® Monomers  (mL) (umol) [Sm]® (h) (%) content (%) (x10%) PDIY (°C)
1 1/1/0 6.9 720 20 73 82 50 1.3 —60
2 1/0.5/0 7.4 900 20 98 45 f f f

3 0.5/1/0 6.9 480 40 99 54 38 1.6 —58
4 110 4 14 720 27 80 4 f f f

5 0.5/0.5/0.5 6.5 520 17 28 4.6 63" 39.5 1.5 —62
6 1/1/0 6.9 720 19 93 i f f —45
7 0.9/0.9/0 1.8 3.8 650 20 97t i f f f

8 0.5/0.5/0 1 5.5 450 63 64 6.5 50 1.8 —69
9 0.5/0.5/0 2 46 360 17 79 43 f f f

10  0.5/1/0 2 47 300 21 24 10 f f f

11 0.25/0.5/0.25 1.1 450 16 58 ! f f f

12 0.5/0.4/0.1 11.1 450 5 g7i i f f f

13 0.5/0.1/0.4 11.1 450 17 82 41 4.48h 414 2.0 —66

“Isoprene/hexa-1,5-diene (runs 1-5), isoprene/octa-1,7-diene/hex-1-ene (runs 6-13), volumes
in mL

"nitial concentration of isoprene

¢On the basis of 'H NMR integration

4Determined by SEC

¢Determined by DSC

"Not given

gHexa-1,5-diene

"Hex-1-ene

i Crosslinked: does not take octa-1,7-diene into account
JOcta-1,7-diene

(hexene)]-b-poly(e-caprolactone) with narrow molecular weight distribution [187].
Moreover, the copolymerization of isoprene with o, ®-dienes was achieved albeit
with low incorporation of nonconjugated dienes (ca. 4—10%) (Table 24) [148, 187].
For instance the copolymerization of isoprene with 1,5-hexadiene resulted in the for-
mation of five-membered ring in the polymer backbone, whilst with 1,7-octadiene
afforded vinyl pendent copolymers, indicating that only one double bond was in-
volved in the reaction with isoprene (Fig. 15).

Copolymerization of styrene and conjugated dienes is another attractive sub-
ject which provides the most commonly used styrene—butadiene rubbers (SBRs).
Boisson reported that by using neodymium amide Nd{N(SiMes),}3 and TIBA and
DEAC, SBRs with 10-15mol% of styrene were produced [189], although drops
in both activity and molecular weight were observed as compared with those of
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a
poly-1,4-trans(isoprene-co-methylenecyclopentane) ~ poly-1,4-trans(isoprene-co-octadiene)

/

Fig. 15 Structures of copolymers of isoprene/hexa-1,5-diene (a) and isoprene/octa-1,7-diene (b)

homopolymerizations. '3C NMR analysis disclosed that the microstructure of the
butadiene units adopted cis-1,4-configuration domain, whereas 95% butadiene units
inserted after the styrene unit was trans-1,4-regulated. The addition of organob-
orate to the system showed similar results. By employing conventional Ziegler—
Natta catalyst system Nd(naph)3/TIBA/DIBAC Shen et al. successfully synthesized
SBRs with varying content of styrene, in which the inserted butadiene was highly
cis-1,4-tactic (93%); however, this stereoregularity dropped with the increase of
the styrene content [190-192]. By using the same catalyst, Wu et al. conducted
the polymerization of styrene in CHCl3 at 70°C followed by adding butadiene at
low temperature to obtain diblock SBRs with high molecular weight albeit with
wide molecular weight distribution, in which the butadiene block was highly cis-
1,4-regulated (~97%), almost independent of the content of styrene units [193].

It is noteworthy that when magnesium alkyls were used as activators, the resul-
tant systems provided SBRs possessing usually trans-1,4-butadiene units. Mortreux
and Carpentier reported catalyst system Nd(O-2, 6-'Bu,-4-Me-CgH,)3 (THF)/Mg
(n-Hex), that gave SBRs containing 8—13 mol% styrene. Each sytrene unit was in-
serted into trans-1,4-polybutadiene blocks [194]. Visseaux et al. [195] investigated
the combination of Nd(BH4)3;THF3/BuMgEt that could effectively incorporate
styrene into polyisoprene. Introducing Cp* ligand to neodymium borohydride led to
a higher uptake of styrene (30%) and a narrower molecular weight distribution. The
polyisoprene backbone was highly trans-1,4-regulated up to 98% and the styrene
units randomly inserted into two frans-1,4-isoprene blocks (Table 25).

Carpentier et al. used a marvelous single-component catalyst the ansa-
neodymocene allyl complex (CpCMe,Flu)Nd(C3Hs5)(THF) (94) to achieve the
copolymerization of isoprene and styrene [196]. The resultant copolymers had
high molecular weight and narrow molecular weight distributions in which the
polystyrene units were syndiotactic separated by discrete isoprene unit (Table 26).
Strikingly, this system enabled the copolymerization of styrene/ethylene/isoprene to
afford terpolymers with different 7}, and T, values varying with the initial monomer
feed ratios (Table 27).

Hou and Wakatsuki [197] reported a cationic ternary system composed
of samarocene aluminate Cp*,Sm(u-Me),AlMe, (95) and TIBA and [Ph;C]
[B(CgF5)4], showing living mode for the copolymerization of butadiene and styrene
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Table 25 Copolymerization of styrene and isoprene by borohydrido lanthanide complex and
MgBuEt* [195]

Stin
Stin poly-  trans-  cis- M, T,
Run Catalyst feed mer 1,4-PI  14-PI 34-PI (x 103) PDI (°C)
1 Nd(BH,);THF; 0o - 96 2 2 72 20 —66
2 Nd(BH,);THF; 20 5 98 <0.5 2 65 1.6 —61
3 Nd(BH,);THF; 50 15 97 1 2 43 1.8 =54
4 La(BH4);THF; 50 11 94 4 2 15 1.5 —63
5 Nd(BH,);THF; 80 27 98 2 <05 23 1.8 —40
6 Nd(BH,);THF; 100 - - - - 10 1.6 ND
8 Cp*Nd(BH,),THF, 20 5 97 0 3 66 1.6 —66
9 Cp*Nd(BH,),THF, 50 16 98 0 2 47 1.4 =51
10 Cp*Nd(BH4),THF, 80 32 96 <0.5 4 27 1.4 =30
11 Cp*Nd(BH,),THF, 100 - - - - 8 1.5 ND

‘2 h reaction at 50°C in 0.5 mL of toluene; molar ratio monomer/N d/Mg: 2,000/1/1

Table 26 Copolymerization of styrene—isoprene complex 94" [196]

[St)/ Temp Time Yield Activity St M, T Tg Té
Entry [Nd] [St] [IP] (°C) (min) (%) (kg(molh)™!) content (x10°) PDI (°C) (°C) (°C)
1 600 87 - 60 5 2.3 1,710 100 54 173 264 - ND
2 600 0 10 60 35 2.0 122 0 27 .09 49 - ND
3 600 4.7 4.0 60 6 2.4 550 70 55 154 - - 63
4 600 6.0 3.0 60 15 3.8 165 85 91 125 - 62 67
5 600 7.9 09 60 10 9.6 380 94 63 1.62 218 77 ND
6 600 83 0.5 60 4 9.2 957 97+2 12 325 228 77 84
7 600 83 0.5 80 35 838 1,025 97+£2 20 295 227 83 91
8 1,700 83 0.5 60 7 1.8 309 97+2 73 1.33 245 - 112

2General conditions: 0.05-0.15 mmol Ln; total volume 10 mL; reactions were conducted in neat
monomers

"Melting and glass transition temperatures determined by DSC

“Glass transition determined by DMA

(Fig. 16). Thus, block copolymers were produced with highly cis-1,4-regulated
butadiene fragments (99%) and up to 33.2% styrene content. Meanwhile, the
random copolymers with various styrene contents (4.6—33.2mol%), highly cis-1,
4-selective polybutadiene sequences (95.1-80.3%), and high molecular weights
(M, = 1.01 x 10°-2.34 x 10*, PDI = 1.42) were obtained when the polymerization
was performed at 50°C. Noteworthy was that the molecular weight distribution
became wider and the cis-1,4-regularity declined with the increase of styrene
content (Table 28). These results were in consistent with Boisson’s results that a
butadiene inserted after a styrene unit adopted trans-1,4-configuration.

The cationic system based on half-sandwich scandium borohydrides Cp*
Sc(BH4)2 THF/[Ph3C][B(C¢F5)4]/TIBA was found by Visseaux et al. to be ac-
tive toward the copolymerization of isoprene and styrene, although low styrene
incorporation and drop of cis-1,4-microstructure of isoprene units were observed
as compared with the homopolyisoprene obtained using the same system (94% vs.
97%) [116]. The cationic system based on the half-sandwich scandium alkyl com-
plex (CsMe4SiMes)Sc(CH,SiMes)»(THF) (96, Fig. 16) and [Ph3C][B(CgFs)4]
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/Z?\C /Me /M R SiMe,
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Fig. 16 Structures of half-sandwich lanthanide aluminate and bis(alkyl) complexes 95 and 96

Table 28 Random copolymerization of butadiene and styrene initiated by 95/TIBA/[Ph;C]
[B(CoFs)4l* [197]

Styrene Styrene
infeed Time Yield Microstructure (%) content M,
Run (mol%) (h) (%) cis-1,4  trans-1,4 1,2- (mol%)  (x10%) PDI
1 40 0.5 21 94.6 44 1.0 4.6 101 1.41
2 50 1 22 95.1 3.9 1.0 7.2 78.6 1.59
3 60 6 20 91.7 7.2 1.1 11.4 73.9 1.69
4 70 12 23 874 117 0.9 19.1 38.7 1.75
5 80 50 21 80.3 187 1.0 33.2 23.4 2.23
*Polymerization conditions: in toluene; T, = 50°C; [butadiene]y + [styrene]l, =
6.0M (3.0 x 10 2mol); [95]p = 0.006M (3.0 x 10~>mol); [TIBA]y/[catly = 3;

{[Ph3C][B(CsFs)41}0/[95]0 = 1

reported by Hou et al. has demonstrated distinguished catalytic activity and selec-
tivity for the copolymerization of isoprene and styrene [198]. The system behaved
in a living fashion to give diblock and triblock copolymers of AB and ABA, respec-
tively, in which the styrene fragments were perfectly syndiotactic whilst the isoprene
blocks were random. Moreover, the random copolymerization could also be real-
ized without detectable formation of homopolyisoprene or atactic polystyrene in
the process; meanwhile, the amount of inserted styrene can be adjusted by varying
the initial feed ratio. More recently, Hou et al. investigated in detail the catalytic
performances of the cationic system based on the half-sandwich scandium alkyl
complexes 97-102 analogous to 96 but bearing different substituents (Fig.17)
[199]. By varying the substituents on the Cp ring, the catalytic activity for the
polymerization of styrene and isoprene could be adjusted; the highest active sys-
tem belonged to complex 100. These variations of the ligands also influenced the
selectivity; therefore, copolymers with polyisoprene sequences containing cis-1,
4-contents varying from 85 to 92% were obtained. More remarkably, almost perfect
alternating copolymerization of ethylene with isoprene was achieved.
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Fig. 17 Structures of half-sandwich scandium alkyl complexes 97 to 102

6 Conclusions and Perspective

There is no doubt that the rapid development of rare-earth metal coordination cata-
lysts has significantly advanced the syntheses of polydienes and the copolymers with
precisely controlled microstructures that in turn determine their unique properties
and versatile applications. The homogeneous single-site catalyst systems based on
well-defined rare-earth metal complexes offer a decisive enhancement on catalytic
activity and cis-1,4-, trans-1,4-, and 3,4-regioselectivity, and 3,4-stereoselectivity,
which can be achieved by tuning the sterics and electronics of the ancillary ligands
and the geometry of the ligand frameworks, as well as the types of cocatalysts
such as aluminum or magnesium efc metal compounds or addition of organob-
orate cationization agents. In addition, successful isolation of some probable re-
action intermediates facilitates further investigation of mechanism and guides the
design of new catalysts. Meanwhile, modifying the conventional Ziegler—Natta cat-
alyst systems focusing on increase of their catalytic activity, efficiency, and specific
selectivity, control of the molecular weight and molecular weight distribution and
identification of the active species, has gained obvious improvements by optimiz-
ing the catalyst recipe and polymerization conditions, and by employing the mimic
tailor-made Ziegler—Natta catalyst systems.

Despite these encouraging progresses in this area, there still have many problems
to be solved. The single-site lanthanide catalysts containing metal carbon bond are
generally complicated in preparation, high cost, extremely sensitive to moisture
and oxygen, and therefore less thermally stable, which hinder large-scale produc-
tion. The cationic systems are usually heterogeneous in the industry-used aliphatic
alkane medium owing to the addition of borates. The selectivity is not satisfactory
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at room temperature or higher for most of present systems. The catalyst systems of
highly active and selective for trans-1,4- and 3,4-polymerization of dienes still re-
main scarce, and those initiate copolymerization of dienes with alkene still need fur-
ther investigation. Moreover, the successful copolymerization of dienes and alkenes
goes along with an increase of 1,2- and trans-1,4-configuration. Sometimes, even
1,2-cyclohexane units are formed. For various applications, copolymers with a high
cis-content are of high interest. It is not clear neither from experimental nor from
theoretical point of view whether copolymers with a cis-1,4-content are feasible and
how the respective catalysts have to be modified in order to meet this requirement.
More importantly, the mechanism of polymerization is not clear at present and the
correlation between structure of catalyst and stereoregularity as well as activity has
not been established yet, which impede the search of potent catalysts for diene poly-
merization and their copolymerization with olefins or polar monomers.
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Abstract For decades, the organometallic chemistry of the rare earth elements
was largely dominated by the cyclopentadienyl ligand and its ring-substituted
derivatives. A hot topic in current organolanthanide chemistry is the search for
alternative ligand sets which are able to satisfy the coordination requirements of
the large lanthanide cations. Among the most successful approaches in this field is
the use of amidinate ligands of the general type [RC(NR')»]~ (R =H, alkyl, aryl;
R’ = alkyl, cycloalkyl, aryl, SiMe3) which can be regarded as steric cyclopen-
tadienyl equivalents. Closely related are the guanidinate anions of the general
type [R;NC(NR),]~ (R = alkyl, SiMes3; R’ = alkyl, cycloalkyl, aryl, SiMe3). Two
amidinate or guanidinate ligands can coordinate to a lanthanide ion to form a
metallocene-like coordination environment which allows the isolation and char-
acterization of stable though very reactive amide, alkyl, and hydride species.
Mono- and trisubstituted lanthanide amidinate and guanidinate complexes are also
readily available. Various rare earth amidinates and guanidinates have turned out
to be very efficient homogeneous catalysts, for example, for ring-opening poly-
merization reactions. This article covers the success story of lanthanide amidinates
and guanidinates and their transition from mere laboratory curiosities to efficient
homogeneous catalysts.
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Ccp 1n°-(Trimethylsilyl)cyclopentadienyl

Cp* 1°-Pentamethylcyclopentadienyl

Cy Cyclohexyl

Dipp 2,6-Di(isopropyl)phenyl, C6H3Pri2—2,6
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1 Introduction

The very beginning of organolanthanide chemistry dates back to the year
1954, when Birmingham and Wilkinson reported the synthesis of the first
tris(cyclopentadienyl) lanthanide complexes, Cp;Ln [1]. However, a major draw-
back encountered in this young field of organometallic chemistry was the intrinsic
instability of certain classes of organolanthanide complexes combined with their
often extreme sensitivity towards traces of air and moisture. Thus, until about 30
years ago organometallic compounds of the rare earth metals remained a curios-
ity. This situation changed slowly in the late 1970s and the early 1980s when
more sophisticated preparative and analytical techniques became more generally
available [2]. Especially the use of dry-boxes and access to single crystal X-ray
diffraction techniques made it possible to safely handle and characterize these com-
pounds and to understand the structural features of these fascinating complexes. The
area developed even faster in the late 1980s, largely stimulated by the discovery of
the high potential of these compounds as reagents in organic synthesis and as very
active homogeneous catalysts [3].

It should be emphasized at this point that the organometallic chemistry of the
lanthanide (and actinide) elements differs significantly in several ways from that of
the d -transition metals [4, 5]. Generally accepted principles of organo-d-transition
metal chemistry do not apply to organolanthanide compounds, including the well-
known “18-electron rule,” o-donor/m-acceptor metal ligand bonding, the formation
of stable carbonyls and olefin, alkyne, carbene or carbyne complexes, as well as
the formation of stable M=0O, M=N, or M=N multiple bonds. In fact, even direct
metal-metal bonds, a common phenomenon observed in d -transition metal chem-
istry, are virtually nonexistent in organo- f-element chemistry. This is due to several
intrinsic properties of the lanthanide ions imparting unique electronic and steric
features to rare earth organometallics. The rare earth metals (=Ln) generally com-
prise the lanthanides La—Lu as well as the Group 3 metals scandium and yttrium.
The 14 elements of the lanthanide series represent the largest subgroup in the Pe-
riodic Table. All lanthanide metals are highly electropositive, comparable to the
alkali and alkaline earth metals, so that metal-to-ligand bonding can be considered
as predominantly ionic. Therefore, the spectroscopic and magnetic properties of lan-
thanide coordination compounds are largely uninfluenced by the ligands. According
to the hard and soft acids and bases (=HSAB) concept, lanthanide ions are consid-
ered as hard acids. This hard acid character combined with the largely ionic bond-
ing is the origin of the pronounced oxophilicity of the lanthanide ions which can
be quantified in terms of the dissociation energy of LnO. This oxophilic nature of
the metal centers strongly influences the reactivity of lanthanide compounds and
leads to a preference of hard oxygen- or nitrogen-based ligands while coordination
of softer ligands containing, for example, phosphorus or sulfur donor atoms is gen-
erally disfavored. In all cases, Ln>* is the most stable oxidation state, especially in
aqueous solution. The most easily accessible exceptions from the uniform Ln(III)
oxidation state are tetravalent cerium as well as the reduced Ln?% state for samar-
ium, europium, and ytterbium. When crossing the series from La to Lu, a steady
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decrease in the Ln>* ionic radii is observed. This phenomenon is well known as the
lanthanide contraction which is basically caused by shielding of the 4 f electrons by
the 5s2 and 5p6 orbitals [4,5]. The lanthanide contraction causes the lanthanide ions
to have similar, but not identical, properties and is the main reason why separation
of the lanthanides can be achieved.

Lanthanide amidinates and guanidinates comprise a relatively young class of rare
earth metal complexes containing N -chelating ligands. Such compounds are known
for about 20 years. When first reported around 1990, no practical uses were en-
visaged for lanthanide amidinates. Since then, amidinates (and the closely related
guanidinates) of the rare earth elements have turned out to be highly promising with
respect to applications in homogeneous catalysis, especially polymerization reac-
tions. This review tries to cover the whole success story of lanthanide amidinates
and guanidinates and their transition from mere laboratory curiosities to efficient
homogeneous catalysts. References in this article are restricted mainly to publi-
cations illustrating the historic development of the field as well as review articles
and the most recent original papers. A recently published review article entitled
“Advances in the Coordination Chemistry of Amidinate and Guanidinate Ligands”
provides rapid access to all original literature covered in this article up to 2008 [6].
The subject was also recently covered in a Chemical Society Reviews tutorial review
entitled “Lanthanide amidinates and guanidinates: from laboratory curiosities to ef-
ficient homogeneous catalysts and precursors for rare-earth oxide thin films” [7].

2 Amidinate Anions: Highly Versatile
Cyclopentadienyl-Alternatives

Following the early discovery of the tris(cyclopentadienyl) complexes of the lan-
thanide elements by Wilkinson and Birmingham [1], most of the organolanthanide
compounds studied were sandwich-type complexes containing unsubstituted or
ring-substituted cyclopentadienyl ligands [3]. Their relatively high stability against
moisture and (to a lesser extent) air motivated numerous research groups to develop
the area of lanthanocene chemistry during the last 3 decades. A main drawback
encountered with using unsubstituted Cp was certainly the difficulty in obtaining
anything else than Cp;Ln, the chemistry of which is rather limited. With the in-
troduction of pentamethylcyclopentadienyl (=Cp*) ligands into organolanthanide
chemistry more versatile compounds of the Cp*,LnX type became more easily
available and this opening of the coordination sphere led to the development of
a much more diverse derivative chemistry. Subsequently, it was demonstrated that
various lanthanocene complexes exhibit highly efficient catalytic activity for olefin
transformations including hydrogenation, polymerization, hydroboration, hydrosi-
lylation, hydroamination, and hydrophosphination [8, 9]. However, in this chem-
istry, the steric saturation of the coordination sphere around the large f-element ions
is much more important than the number of valence electrons. Thus, current re-
search in this area is increasingly focussed on the development of alternative ligand
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sets. Amidinate and guanidinate anions play a central role in this area of research.
An early account of lanthanide amidinate chemistry can be found in a 1995 review
article entitled “Cyclopentadienyl-free Organolanthanide Chemistry” [10-13].

Amidinate anions of the general formula [RC(NR’),]~ (Scheme 1) are nitrogen
analogs of the carboxylate anions. They have been widely employed as spectator
ligands in main group and transition metal coordination chemistry, with the latter
encompassing both early and late transition metals as well as the lanthanides and ac-
tinides. As illustrated in Scheme 1, all three substituents at the heteroallylic N-C-N
unit can be varied in order to meet a large range of steric (and, to a lesser degree,
electronic) requirements.

In addition to the substituents listed in Scheme 1, chiral groups may be intro-
duced, and unsymmetrically substituted amidinate anions are also possible. The
amidinate anions may also contain additional functional groups, or two such anions
can be linked with or without a suitable spacer unit. Yet another variety comprises
the amidinate unit being part of an organic ring system [6, 7].

Historically, the amidinate story begins with the discovery of N,N,N’-tris
(trimethylsilyl)benzamidine, PhC(=NSiMe3)[N(SiMes3),], by Sanger et al. [14].
The compound was prepared by the reaction of benzonitrile with LiN(SiMes),
followed by treatment with chlorotrimethylsilane (Scheme 2).

The method was later improved by Oakley et al. [15]. In their 1987 paper these
authors also reported a series of p-substituted derivatives. In the following years
these N -silylated ligands were extensively employed in main group as well as tran-
sition metal chemistry, and the first review article covering the field was published
by Dehnicke in 1990 [16]. Since 1994, an incredible variety of differently substi-
tuted amidinate ligands has been developed and employed in the coordination of
various elements throughout the Periodic Table [17-19]. The main advantages of
these ligands are twofold. Amidinate anions are generally readily accessible using



114 FE.T. Edelmann

commercially available or easily prepared starting materials. Furthermore, their
steric and electronic properties can be readily modified in a wide range through
variation of the substituents on the carbon and nitrogen atoms. These properties
combined make the amidinate anions clearly almost as versatile as the ubiquitous
cyclopentadienyl ligands.

Metal amidinato complexes are principally accessible through several synthetic
routes. The most prevalent of them include:

(a) Insertion of carbodiimides, R-N=C=N-R, into an existing metal-carbon bond;

(b) Deprotonation of an amidine using a metal alky];

(c) Salt metathesis reactions between a metal halide substrate and an alkali metal
amidinate (with the latter normally being generated by one of the routes (a) or
(b)); and

(d) Reaction of metal halides with N,N,N’-tris(trimethylsilyl)amidines.

It should be noted here that not all these synthetic routes are equally well applicable
to the rare earth elements. Route (b) is severely restricted by the paucity of simple
lanthanide alkyls, while route (d) is unsuitable in the lanthanide case as lanthanide
trihalides are generally unreactive towards N,N,N’-tris(trimethylsilyl)amidines.
Deprotonation of amidines by metal amides should also be possible synthetic path-
way since the delocalized structure of the resulting anion will increase the acidity.
However, this route has apparently not yet been tried.

Closely related to the amidinate anions are the guanidinate ligands (Scheme 3)
which differ only in that they contain a tertiary amino group at the central carbon
atom of the NCN unit. The beginning of their coordination chemistry dates back
to the year 1970, when Lappert et al. reported the first transition metal guanidinate
complexes [20]. Like the amidinates, these anions too make attractive ligands be-
cause of the similar steric and electronic tunability through systematic variations
of the substituents at the carbon and nitrogen atoms. The general synthetic methods
for preparing metal amidinato complexes can in part be applied to the corresponding
guanidinates and include the following:

(1) Insertion of carbodiimides into an existing metal-nitrogen bond;

(2) Deprotonation of a guanidine using a metal alkyl; and

(3) Salt metathesis reactions between a metal halide substrate and an alkali metal
guanidinate (with the latter normally being generated by one of the routes (a)
or (b)).

Z—3

PRE
N
|
R'
R = alkyl, trimethylsilyl
Scheme 3 R' = H, alkyl, cycloalkyl, aryl, trimethylsilyl
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Here too the same restrictions apply for the preparation of lanthanide guanidinates.
This means that especially route (b) is not generally applicable due to the very lim-
ited access to simple lanthanide alkyls.

The general coordination modes of amidinate and guanidinate (R =NR}) lig-
ands are shown in Scheme 4. Both ligands display a rich coordination chemistry in
which both chelating and bridging coordination modes can be achieved. By far,
the most common coordination mode is the chelating type A. In contrast, there
are only rare examples of monodentate metal coordination (B). This type of bond-
ing can be the result of severe steric crowding in certain amidinate or guanidinate
ligands containing very bulky substituents. Also very common in transition metal
chemistry is the bridging coordination mode C. The bridging coordination mode
is often found in dinuclear transition metal complexes with short metal-metal dis-
tances, that is, multiple bonding between the metal atoms. The majority of these
complexes belong to the class of “paddlewheel”-type compounds with the gen-
eral formula M;(amidinate)s or Mjs(guanidinate)4. The fascinating chemistry of
these complexes has been extensively investigated mainly by Cotton and Murillo et
al. [6,7]. However, this coordination mode, which is so characteristic for various
d-transition metals, is completely unknown in lanthanide chemistry. The synthesis
of dinuclear complexes comprising any type of direct Ln—Ln bonding (either single
or multiple bonding) remains one of the big challenges in organolanthanide chem-
istry today. Even well-defined complexes containing an unsupported Ln-M bond
(M = d-transition metal) are extremely rare [21].

The factors governing the formation of either chelating or bridging coordina-
tion modes in amidinate and guanidinate complexes have been analyzed in detail.
Perhaps the greatest advantage of these ligands besides their easy availability is
the possibility of tuning their steric requirements in a wide range by variation of
the substituents at carbon and nitrogen. To some extent, the electronic properties
can also be influenced by introduction of suitable substituents such as SiMes or
2,4,6-C6¢H,(CF3)3 [18]. Amidinate and guanidinate ligands have small N-M-N
bite angles which are typically in the range of 63—65°. Tuning of the steric demand
of the ligand by varying the substituents at nitrogen can also influence the coordi-
nation geometry of the metal center in bis(amidinato) complexes. Steric hindrance
imparted by substituents on the nitrogen atoms has its main effects mainly within the
heteroallylic N-M-N plane. Terphenyl substituents on the amidinate carbon atom
have been successfully employed to effect steric shielding above and below the N—
M-N plane, although this shielding is fairly remote from the metal center. Another
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approach to provide steric protection of the N-M-N coordination plane is the use of
ortho-disubstituted aryl substituents on the nitrogen atoms. Especially useful in this
respect is the 2,6-diisopropylphenyl group. Also, a very important point to be noted
is that in N,N’-bis(trimethylsilyl)benzamidinates and related ligands the orientation
of the phenyl ring on the central carbon atom with respect to the N—C—N unit is
normally nearly perpendicular. This conformation accounts for the fact that such
amidinate anions are not “flat” ligands such as the isoelectronic carboxylate anions,
but also extend above and below the N-C-N plane. It was first pointed out by us
that these ligands can be regarded as “steric cyclopentadienyl equivalents” [22].
The concept of “steric cyclopentadienyl equivalents” was developed by Wolczanski
et al. in connection with a series of tri-#-butylmethoxide (“tritox’”) complexes [23].
The sterically demanding tri-z-butylmethoxide ligand forms a steric cone about a
metal, similar to bis(trimethylsilyl)amide or cyclopentadienyl. With 125° the cone
angle of tritox approaches that of cyclopentadienyl (136°). Amidinate and guanid-
inate ligands, too, are monoanionic ligands, and their steric demand is tunable in
a wide range similar to the transition from unsubstituted cyclopentadienyl to very
bulky ring-substituted cyclopentadienyl ligands.

3 Synthesis and Characterization of Lanthanide Amidinates
and Guanidinates

3.1 Lanthanide(Il) Amidinates and Guanidinates

In (organo)lanthanide chemistry, the divalent oxidation state is most readily accessi-
ble under normal conditions for samarium, europium, and ytterbium. Compounds of
these elements in the +2 oxidation state are stronger reducing agents and undergo
a large variety of interesting redox reactions [3]. Just as in cyclopentadienyl-
lanthanide chemistry, stable divalent species were of particular interest in amidinate
and guanidinate interest due to their anticipated high reactivity. In fact, soluble and
very reactive ytterbium(II) benzamidinates containing [RC¢H4C(NSiMes )]~ lig-
ands were reported as early as 1990 [18]. As shown in Scheme 5, these compounds
were readily prepared by treating freshly prepared Ybl, in tetrahydrofuran (THF)
solution with two equivalents of sodium N, N’-bis(trimethylsilyl)amidinates and iso-
lated as dark red, highly air-sensitive materials. X-ray diffraction studies revealed
the trans-coordination with two chelating amidinate ligands. A notable structural
feature, characteristic also for many other complexes containing these ligands, is
the large dihedral angle (77.3° for R=H) between the phenyl rings and the amidi-
nate N—C—N units which precludes any conjugation between the two w-systems and
is responsible for the cone-like overall shape of the amidinate ligands [18].

As expected, the ytterbium(II) benzamidinates shown in Scheme 5 were found to
be strong reducing agents and to undergo various redox reactions, for example, with
alkyl halides and dichalcogenides REER (E = S, Se, Te). For example, the S-S
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bond in tetramethylthiuramdisulfide, [Me,NC(S)S],, is readily cleaved to form an
ytterbium(IIl) dithiocarbamate complex (Scheme 6) [18].

Facile cleavage of E-E bonds (E = Se, Te) was also observed (Scheme 7) giv-
ing rise to stable ytterbium(III) amidinate complexes comprising Yb—Se and Yb-Te
bonds [18].

While ytterbium(II) benzamidinate complexes have been known for many years,
the synthesis of the first divalent samarium bis(amidinate) required the use of a
sterically hindered amidinate ligand, [HC(NDipp),]~ (Dipp = C¢H3Pr'5—2,6). The
dark green samarium(Il) bis(amidinate) Sm(DippForm),(THF), (DippForm =
[HC(NDipp)2]~) can be prepared by three different synthetic routes (Scheme 8).
The trivalent diiodo samarate complex [Na(THF)s][SmI,(DippForm),(THF),]
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was isolated in small quantities as a colorless byproduct. Dissolution of this
compound in hexane led to ligand redistribution to give Sm(DippForm); with con-
comitant precipitation of Nal and Sml;(THF)3 5. The monofluoro-bis(amidinate)
SmF(DippForm), (THF) could also be isolated from Sm(DippForm),(THF), via
treatment with Hg(CgF5)». These results clearly show that carefully selected amid-
inate ligands are capable of stabilizing even the most strongly reducing “classical”
lanthanide(II) ion, that is, divalent samarium. Future investigations will show if
similar complexes can also be synthesized with “nonclassical” divalent lanthanide
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Fig. 1 Molecular structure of Sm(Giso), (Giso = Cy,NC(NAr)»; Ar = CeH3Pr,-2, 6) [24]

ions such as Tm?*, Nd?* or Dy?™. Apparently, analogous europium(IT) amidinates

too have not yet been reported, although they should be readily accessible through
standard metathetical routes [0, 7].

In 2007, the first homoleptic lanthanide(Il) guanidinate complexes, Ln(Giso),
(Ln = Sm, Eu, Yb; Giso = Cy,NC(NAr),; Ar = C6H3Priz—2,6), were reported
and shown to have differing coordination geometries (including unprecedented ex-
amples of planar 4-coordination) [24]. In particular, X-ray studies revealed planar
four-coordinate coordination geometries for Sm and Eu derivatives (Fig. 1), while
the ytterbium(II) species is distorted tetrahedral. In the case of Yb, two iodo-bridged
dimeric lanthanide(II) guanidinate complexes were also isolated from the reaction
mixtures (Fig. 2) [24].

The reaction of equimolar amounts of Na[(Me3Si)oNC(NCy),] (which
was prepared in situ from NaN(SiMes), and N,N’-dicyclohexylcarbodiimide),
and Ybl,(THF), gave the closely related ytterbium(Il) guanidinate complex
[{(Me3Si),NC(NCy)»} Yb(u-I)(THF),2], with bridging iodo ligands [6, 7, 24].
However, a bis(guanidinato)ytterbium(Il) complex stabilized by N,N,N'.N’-
tetramethylethylenediamine (=TMEDA) was found to be accessible by two
different synthetic routes illustrated in Scheme 9. Entry to [(Me3Si)oNC
(NCy)2]2 Yb(TMEDA) was provided by either reduction of [(Me3Si)2NC(NCy)2]»
Yb(u-Cl);Li(TMEDA) with Na/K alloy or by direct reaction of Ybl, with
the [(Me3Si),NC(NCy),]~ anion. In the first case, the solvated complex
[(Me3Si)oNC(NCy)z]2 Yb(TMEDA) was generated directly due to the presence
of TMEDA in the starting material. Both preparations were found to proceed in
excellent yields. The diamagnetic nature of divalent Yb allowed definitive charac-
terization of these materials by NMR spectroscopy [25].



120 FE.T. Edelmann

Fig. 2 Molecular structure of [(Giso)Yb(THF)(u-1)]> (Giso = Cy,NC(NAr); Ar =
CegH3Pr's-2,6) [24]
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Scheme 9

3.2 Lanthanide(IIl) Amidinates and Guanidinates

3.2.1 Homoleptic Lanthanide(III) Tris(Amidinates) and Tris(Guanidinates)

Homoleptic lanthanide(III) tris(amidinates) and -guanidinates are among the longest
known lanthanide complexes containing these chelating ligands. The first lanthanide
amidinate complexes ever reported in the literature were homoleptic tris(amidinates)
of the type [RCcH4C(NSiMe3),]3Ln (Scheme 10) which can be regarded as the
amidinate analogs of the homoleptic lanthanide tris(cyclopentadienyl) complexes
Cp;Ln [6,7,22].

A large number of such complexes was synthesized and fully characterized in
the course of the early studies. However, at that time these compounds were mere
laboratory curiosities without any apparent practical use. It also turned out that
the derivative chemistry of these complexes was rather limited, resembling that of
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the parent Cp;Ln complexes. It took many years until the promising catalytic activ-
ities of these compounds were discovered (cf., Sect. 4) [6,7, 18].

In a similar manner, treatment of anhydrous rare earth chlorides with three
equivalents of lithium 1,3-di-ferr-butylacetamidinate (prepared in situ from di-
tert-butylcarbodiimide, Bu'-N=C=N-Bu', and methyllithium) afforded Ln[MeC
(NBu'),]3 (Ln = Y, La, Ce, Nd, Eu, Er, Lu) in 57-72% isolated yields [6,7,26].
X-ray crystal structures of these complexes demonstrated monomeric formula-
tions with distorted octahedral geometry around the lanthanide(IIl) ions (Fig. 3,
Ln = La). The new complexes are thermally stable at >300°C, and sublime with-
out decomposition between 180-220°C/0.05Torr. Other series of homoleptic
lanthanide tris(amidinates) include the N -cyclohexyl-substituted derivatives
[RC(NCy)2]5sLn(THF), (R = Me, Ln = Nd, Gd, Yb, n = 0;R = Ph, Ln = Nd,
Y, Yb, n = 2). A sterically hindered homoleptic samarium(IIl) tris(amidinate),
Sm[HC(NC6H3Pr12—2,6)2] 3, was obtained by oxidation of the corresponding Sm(II)
precursor (cf., Scheme 8) [6, 7].

In this area, the carbodiimide insertion route is usually not applicable, be-
cause simple, well-defined lanthanide tris(alkyls) and tris(dialkylamides) are not
readily available [3-5]. A notable exception is the formation of homoleptic lan-
thanide guanidinates from anionic lanthanide amido complexes and carbodiimides
(Scheme 11) [6,7,27,28]. In the structurally characterized ytterbium derivative
[Pho,NC(NCy),]3Yb-2PhCH3 (yellow crystals, 78% yield) the coordination geome-
try around the lanthanide ion can be best described as a distorted trigonal prism [27].
The same molecular geometry was found for the neodymium and samarium deriva-
tives [Ph,NC(NCy)2]3Ln-2PhCH;3 (Ln = Nd, Sm) [28].
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Fig. 3 Molecular structure of [MeC(NBu')>]3La
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The major synthetic route leading to homoleptic lanthanide tris(amidinates) and
-guanidinates, however, is the metathetical reaction between anhydrous lanthanide
trichlorides and preformed lithium amidinates or guanidinates, respectively, in a
molar ratio of 1:3 (Scheme 12) [6,7].

Using this synthetic route, eight novel homoleptic tris(guanidinato) lanthanide
complexes [RZNC(NPF)2]3Ln [Ln = Y, Gd, Dy; R = Me, Et, Pr'] have recently
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been prepared according to Scheme 13 and characterized by NMR, CHN analysis
and IR spectroscopy. Single crystal X-ray structure analyses revealed that all these
compounds are monomers with the rare earth metal center coordinated to the three
chelating guanidinate ligands in a distorted trigonal prismatic geometry [29].

The structurally characterized homoleptic lanthanide tris(guanidinate) complex
[(CH,)sNC(NPr'),]3Yb was synthesized analogously by the metathesis reaction of
the preformed lithium guanidinate with anhydrous YbCls in a 3:1 molar ratio in
THF [30]. A series of new lanthanide tris(guanidinate) complexes including the first
THF-solvated tris(guanidinate) lanthanum complexes were synthesized according to
Scheme 14 and fully characterized [31].

The six-coordinate tris(benzamidinates) [PhC(NSiMes),]3Ln also form 1:1
adducts with donor ligands such as THF, MeCN, or PhCN. In the case of ben-
zonitrile, it was possible to isolate and structurally characterize two of these
seven-coordinated nitrile-adducts. They are most readily isolated when the original
preparation is directly carried out in the presence of one equivalent of benzonitrile
(Scheme 15). The facile adduct formation with small donor molecules is yet another
analogy between the tris(amidinates) and the tris(cyclopentadienyl) complexes,
for which similar adducts with, for example, THF, nitriles or isonitriles are well
established [6,7,17].

In recent years, homoleptic lanthanide(IIl) tris(amidinates) and -guanidinates
have been demonstrated to exhibit extremely high activity for the ROP of polar
monomers such as e-caprolactone (CL) and trimethylene carbonate (TMC) (cf.,
Sect. 4.2) [6,7].

3.2.2 Lanthanide(III) Bis(Amidinates) and Bis(Guanidinates):
Metallocene Analogs

Bulky heteroallylic ligands such as the benzamidinate anions [RC¢H4C(NSiMes )|~
soon became well established as useful alternatives to the cyclopentadienyl ligands.
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Shortly after the successful synthesis and characterization of various lanthanide(III)
tris(amidinate) derivatives the first disubstituted lanthanide(III) amidinate species
were reported. Such compounds appeared to be interesting synthetic targets due
to their metallocene-like coordination environment which was expected to allow
the isolation and characterization of stable though reactive amide, alkyl, and hy-
dride species. In this respect, the bulky amidinate and guanidinate ligands resemble
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even more the substituted cyclopentadienyl ligands such as Cp*. One of the first
representatives of this class of compounds was a sky-blue neodymium complex
containing the very bulky nonafluoromesityl-substituted benzamidinate ligand
[2,4,6-(CF3)3CsHoC(NSiMes)2]~ (Scheme 16) [18].

Retention of LiCl led to formation of an “ate”-complex which is an amid-
inate analog of the well-known neodymium metallocene complex Cp*,Nd(u-Cl),
Li(THF), [3]. While in the case of the large Nd>™ ion the use of a sterically bulky
amidinate ligand was required, it soon turned out that bis(benzamidinate) lanthanide
chlorides could be accessed in a more straightforward manner using scandium and
yttrium as smaller central ions [6,7, 18]. Teuben et al. were able to show that the
selective formation of lanthanide bis(amidinates) could be achieved by adjusting the
steric requirements of the ligands to the ionic radius of the lanthanide. Metatheti-
cal reactions between ScCl3(THF)3 or YCl3(THF)3 5 with two equivalents of the
silyl-substituted amidinate ligands afforded the corresponding bis(amidinato) com-
plexes [RCeH4C(NSiMe3)2].LnCI(THF). A similar approach using yttrium triflate
as starting material was used to prepare the first bis(amidinato) lanthanide triflate
complexes (Scheme 17) [6,7, 18].
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Following the successful isolation of these chloro and triflate precursors, a major
synthetic goal was the preparation of reactive alkyl, amide, and hydride species based
upon the lanthanide bis(amidinate) moiety. This would further prove the close anal-
ogy between lanthanide bis(amidinates) and Cp*,Ln-type lanthanide metallocenes.
For example, the yttrium(III) benzamidinates [RC¢H4C(NSiMe3),], YCH(SiMe3),
are analogs of the metallocene alkyls Cp*» YCH(SiMe3),. Indeed, it proved possi-
ble to employ the same synthetic routes which were well established in lanthanide
metallocene chemistry to prepare the corresponding amidinate complexes. For ex-
ample, alkyl derivatives were found to be easily accessible by alkylation of the cor-
responding chloride or triflate precursors (Scheme 18). Following their successful
syntheses, it was demonstrated that these compounds exhibit comparable catalytic
activities, for example, in olefin polymerizations as their metallocene counterparts
(cf., Sect.4.1) [6,7,11,18].

Other o-alkyl yttrium complexes of this type include [PhC(NSiMes3)2]> YCH,Ph
(THF) and [PhC(NSiMe3),]o Y (u-Me),Li(TMEDA). The p-methoxy-substituted
derivative [MeOCgH4C(NSiMes),]> YCH(SiMes), was characterized by an
X-ray structure determination confirming that the bis[N,N’-bis(trimethylsilyl)-
benzamidinate] ligand system sterically resembles more the bulky bis(pentamethyl-
cyclopentadienyl) than the bis(cyclopentadienyl) ligand set. The reactivity of the
benzamidinate-stabilized yttrium complexes towards various reagents including
hydrogen, ethylene, terminal alkynes, nitriles, and pyridine derivatives was inves-
tigated in detail. Hydrogenolysis of the yttrium alkyls in benzene under 4 bar
of H, afforded the dimeric hydride [{RCcH4C(NSiMes),},Y(u-H)]2. Both
[PhC(NSiMe3),],YCH,Ph(THF) and [{RC¢H4C(NSiMes),},Y(u-H)]2 were
modestly active in ethylene polymerization but did not react with propylene and
1-hexene. The alkyls and the hydride were found to react with «-picoline to give an
a-picolyl derivative via C—H activation of a methyl group (Scheme 19) [6,7, 18].

Closely related benzamidinate chemistry has also been investigated with scan-
dium. Due to its small ionic radius, Sc3t forms disubstituted benzamidinate
complexes which give rise to interesting derivative chemistry. The main starting
material is [PhC(NSiMes3);]>ScCI(THF) which is available from the reaction of
Na[PhC(NSiMe3),]| with ScCl3(THF)3; in THF. The preparation of alkyl and aryl
derivatives is illustrated in Scheme 20 (Mes = mesityl) [6,7,11, 18].

In the case of the methyllithium reaction the product is a THF solvate while
with bulky hydrocarbyls unsolvated complexes were obtained. The compound
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[PhC(NSiMes3)2]2ScCH,SiMes readily reacts with Hy to form the dimeric hydride
[{PhC(NSiMe3)2},Sc(u-H)]» [6,7,11,18].

Metathetical routes using bulky lithium guanidinates as starting materials have
also been employed to synthesize bis(guanidinato) lanthanide halides (e.g., with
lutetium, Scheme 21) as well as reactive alkyls and hydrides [6,7, 11].

New yttrium and lutetium bis(guanidinate) alkoxides [(Me3Si),NC(NPr'),],LnX
(X = O'Pr, O'Bu; Ln =Y, Lu) have been synthesized by metathesis reactions of
the corresponding bis(guanidinate) chloro-ate-complexes [(Me3Si),NC(NPr'),],
Ln(u-Cl),Li(THF), (Ln=Y, Lu) with equimolar amounts of potassium tert-
butoxide or sodium iso-propoxide, respectively, in THF at room temperature
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(Scheme22). For the preparation of the neodymium- and samarium-containing
analogs [(Me3Si),NC(NPr'),],LnX (X = O'Pr, O'Bu; Ln = Nd, Sm), the dimeric
bis(guanidinate) chloro complexes [{(Me3Si),NC(NPr'),},Ln(u-Cl)], (Ln = Nd,
Sm) were treated with a twofold molar excess of MX (M = K, X = OBu'; M = Na,
X = OPr') under similar conditions (Scheme 22). The products were obtained after
workup in high yields as oxygen- and moisture-sensitive solids which are highly
soluble in common organic solvents [32].

Surprisingly, it was found that the bis(guanidinate) fert-butoxide and isopropox-
ide complexes feature remarkably different stabilities. It was found that the ferz-
butoxides are stable in both the solid state and hexane or benzene, since no changes
were observed in their 'H NMR and IR spectra when stored for a long time (over
several months) at room temperature. However, the isopropoxides were rather
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unstable and slowly decomposed. For example, prolonged storage (2 months) at
room temperature of a concentrated hexane solution of the yttrium derivative af-
forded crystals of the unexpected complex [{(Me3Si)aNC(NPr'), }, Y{u-N(Pr'))C=
N}]2. Apparently, this species resulted from cleavage of two C-N bonds of the
guanidinate ligand (Scheme 23). Another type of fragmentation of guanidinate lig-
ands, which includes a 1,3-shift of the Me3Si group and C-N bond cleavage and
which resulted in the formation of the mixed ligand guanidinate amido calcium
complex [{(Me3Si),NC(NCy),},Ca{u-(Me3Si)(Cy)N}],, has been previously
reported [32].

Treatment of [(Me3Si),NC(NPr');],Ln(u-Cl),Li(THF), with methyllithium
in the presence of TMEDA afforded the methyl-bridged “ate” complexes
[(Me3Si),NC(NPr'),]Ln(u-Me),Li(THF), (Ln=Nd, Yb) which have analogs
in Cp;Ln chemistry. With Ln = Y, Nd, and Sm, the unsolvated, chloro-bridged
dimers [{(Me3Si)2NC(NPr'),},Ln(u-Cl)], were also synthesized. Amidation
of these complexes with two equivalents of LiNPr', gave the amido species
[(Me3Si),NC(NPr'),],LnNPr';. The alkyl lanthanide derivatives [(Me3Si)s
NC(NPr'),],Ln(CH,SiMe3) (Ln = Y, Nd, Sm, Gd, Yb) were synthesized via
a metathesis reaction of the chloro precursors with LiCH,SiMes in toluene. Either
the “ate”-complexes or the chloro-bridged dimers can be employed as starting
materials for these reactions (Scheme 24) [6,7,33,34].

Treatment of the alkyls with an equimolar amount of PhSiH3 in hexane led to
formation of the first known dimeric lanthanide hydrides in a bis(guanidinato) co-
ordination environment (Scheme 25) [6, 7,33, 34]. These represent a new family of
Lewis base free hydrido complexes of the rare earth elements. Single-crystal X-ray
and solution NMR studies revealed that these complexes are dimeric in both the
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solid state and in [D¢]benzene. The dimeric hydrido complexes can adopt eclipsed
(Nd, Sm, Gd) or staggered (Y, Yb, Lu) conformations depending on the metalatom
size [33,34].

In a similar manner, addition of N(SiMe3), anion equivalents to CyYN=C=NCy
provided entry to a series of N-substituted guanidinate complexes of Sm(III)
and Yb(III) with the general formula [(Me3Si),NC(NCy),]oLn(u-Cl),Li(S),
(Scheme 26, Ln=Sm, Yb; Cy=cyclohexyl; S=Et,0, 1/2 TMEDA). Sub-
stitution of the chloro ligands in these complexes using LiCH(SiMes), or
LiN(SiMe3), yielded solvent-free, monomeric alkyl and amido compounds, re-
spectively (Scheme 26). Definitive evidence for the molecular structures of these
products was provided through single-crystal X-ray analysis, and in particular, the
results for [(Me3Si)oNC(NCy),],SmCH(SiMe3), and [(Me3Si)oNC(NCy)z], —
YbN(SiMes), were presented. These results provided the first reported example of
an organolanthanide complex supported by guanidinate ligands [25].

Mutual ligand arrangement in binuclear lanthanide guanidinate complexes of
types [(guanidinate),Ln(u-Cl)]2, [(guanidinate),Ln(u-H)]2, and (guanidinate),
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Ln(u-Cl),Li(THF), was quantitatively analyzed based on the ligand solid state
angle approach. In complexes of the larger early lanthanides Nd, Sm, and Gd, the
guanidinate ligands can shield up to 87% of the metal, and the bidentate ligands on
opposite metal centers are in an eclipsed arrangement. In complexes of lanthanides
with smaller ionic radii such as Y, Yb, and Lu, the guanidinate ligands shield over
88.3% of the metal surface, and their staggered conformation is observed. The same
ligand sets, that is, the guanidinate anions [(Me3Si)oNC(NR),]~ with R = Pr!
and Cy, were utilized to synthesize novel guanidinate borohydride derivatives
of lanthanides. For example, the heterobimetallic Ln bis(guanidinate) complexes
[(Me3Si),NC(NPr'),]Ln(u-BHy4),Li(THF), (Ln = Sm, Nd) were obtained ac-
cording to Scheme 27 by reactions of Ln(BH4)3(THF), with two equivalents of the
corresponding lithium guanidinate [6,7,35-37].
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Subsequent treatment of the bimetallic samarium “ate” complex [(Me3Si),
NC(NPr'),]Sm(u-BHy),Li(THF),, in which Sm and Li are linked by two bridg-
ing borohydride ligands, with 1,2-dimethoxyethane (DME) afforded the ionic
complex [Li(DME)3][{(Me3Si),NC(NPr'),},Sm(BHy4)>] (Scheme 28). A closely
related series of new lanthanide borohydride complexes supported by cyclohexyl-
substituted guanidinate ligands [(Me3Si)oNC(NCy),],Ln(¢-BHy),Li(THF),
(Ln = Nd, Sm, Yb) was synthesized by the reaction of related tris(borohydrides)
Ln(BH4)3(THF), with a twofold molar excess of Li[(Me3Si)2NC(NCy),] in
toluene at 65°C. The complexes were isolated after recrystallization from hex-
ane in 66, 64, and 68% yield, respectively. X-ray diffraction studies revealed that
all compounds are heterodimetallic complexes that have two borohydride ligands
pu-bridging the lanthanide and lithium atoms [37]. The heterobimetallic “ate”-
complexes [(Me3Si)aNC(NCy),]Ln(u-BHy4),Li(THF), (Ln = Nd, Sm, Yb) were
found to catalyze methyl methacrylate and lactide polymerization (cf., Sect.4.2.1)
[6,7,35-37].

Bulky formamidinate ligands were also successfully employed to prepare
lanthanide bis(amidinates). Reaction of La metal with Hg(CgF5), and bulky
N,N’-bis(2,6-diisopropylphenyl)formamidine (HDippForm) in THF (Scheme 29)
afforded (DippForm),LaF(THF) with a rare terminal La-F bond. A novel func-
tionalized formamidine, resulting from ring-opening of THF, was formed as a
by-product in this reaction. More recently, these studies have been extended to
other lanthanide elements such as Ce, Nd, Sm, Ho, Er, and Yb in order to gain a
better understanding of the steric modulation of coordination number and reactivity
in the synthesis of lanthanide(IIT) formamidinates [6,7].

3.2.3 Lanthanide(III) Mono(Amidinates) and Mono(Guanidinates)

Historically, the last group of lanthanide(IlI) amidinates and -guanidinates to be
synthesized were mono-substituted derivatives. As in cyclopentadienyl-lanthanide
chemistry, saturating the coordination sphere of the large lanthanide ions using
just one chelating or cyclic ligand proves the most difficult task and often requires
careful ligand design. For example, a novel amidinate ligand incorporating a bulky
terphenyl group was used to prepare low-coordinate yttrium mono(amidinate) com-
plexes (Scheme 30) [6,7].
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Especially notable among the most recent developments in lanthanide amidinate
chemistry is the successful synthesis of stable mono(amidinate) yttrium dialkyls.
The synthetic strategy involved the use of the sterically hindered amidinate
ligand [Bu'C(NPr'),]~. The first complex was prepared by a sequential reac-
tion of YCl3(THF)3s with Li[Bu'C(NPr'),] (one equivalent) and two equiv-
alents of LiCH(SiMes), followed by pentane extraction. Large crystals of
[Bu'C(NPr'),] Y[CH(SiMes)]»(u-Cl)Li(THF)3 were isolated in 83% yield and
structurally characterized by X-ray methods. Coordination of LiCl to the Y center
results in a five-coordinated molecule. Such a retention of alkali metal halides
which are formed during the course of reactions is a characteristic phenomenon in
organolanthanide chemistry leading to the formation of so-called “ate”-complexes
[6,7]. In a systematic study it was demonstrated that, using a specially designed
bulky benzamidinate ligand, it is possible to prepare mono(amidinato) dialkyl com-
plexes over the full size range of the Group 3 and lanthanide metals, that is, from
Sc to La (Fig. 4). The synthetic routes leading to the neutral and cationic bis(alkyls)
are summarized in Scheme 31 [6,7].

Mono(guanidinato) complexes of lanthanum and yttrium were synthesized as
illustrated in Scheme 32 [6,7].
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Fig. 4 Molecular structures of [PhC(NAr),]Ln(CH,SiMe3)(THF), cations (Ln = Sc, n = 2;
Ln=Gd,n=3,Ln=1La,n=4)

The La compounds were made starting from La[N(SiMe3),]3 and dicyclohexyl-
carbodiimide, CyN=C=NCy. Both mono(guanidinate) derivatives are monomeric in
the solid state with a four-coordinate La center. In the case of yttrium, it was recently
reported that even the less bulky guanidinate ligand [(Me3Si)sNC(NPr'),]~ stabi-
lizes mono(guanidinato) complexes. Closely related mono(guanidinato) lanthanide
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borohydride complexes of the type [(Me3Si)oNC(NCy),]Ln(BHy4),(THF), (Ln =
Nd, Sm, Gd, Er, Yb) were prepared by reactions of the corresponding borohy-
drides Ln(BHy4)3(THF)3 with the sodium guanidinate Na[(Me3Si)>NC(NCy),].
Scheme 33 illustrates the synthetic route leading to the Gd derivative which was
crystallized as an adduct with 1,2-dimethoxyethane (DME) [6,7,38].

Bis(phenolate) ligands are present in the lanthanide guanidinate complexes
shown in Scheme34, which were prepared by insertion of N,N'-
diisopropylcarbodiimide into the Ln—N bonds of appropriate neutral lanthanide
amide precursors [6,7].

Brightly colored mono(benzamidinato) cyclooctatetraenyl lanthanide(III) com-
plexes were prepared by treatment of either [(CsHg)Ln(u-Cl)(THF);], or
[(CgHg)LH(/L-O:;SCF:;)(THF)2]2 with Na[RC6H4C(NSiMe3)2] (R=H, OMe,
CF3) (Schemes 35 and 36). According to X-ray structural analyses of
[PhC(NSiMe3),]Tm(CgHg)(THF) and [MeOCgH4C(NSiMes),]Lu(CgHg)(THF)
these compounds are monomeric in the solid state [6,7, 11].

Insertion of carbodiimides into the Ln—C o-bond of organolanthanide com-
plexes was also reported to provide a straightforward access to organolan-
thanide amidinates and guanidinates. The complexes Cp,Ln[Bu"C(NBu"),]
(Ln=Y, Gd, Er) were prepared this way from Cp,LnBu" and N,N’-di-
tert-butylcarbodiimide. The analogous insertion of carbodiimides into Ln—-N
bonds has been shown to be an effective way of making lanthanide guanidinate
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complexes. For example, insertion of N,N’-dicyclohexylcarbodiimide into one of
the Y-N bonds of Y[N(SiMes),]s afforded the monoguanidinate diamide deriva-
tive [(Me3Si)2NC(NCy),]Y[N(SiMes),],. Complexes of the type Cp,Ln[Pr;
NC(NPri)z] (Ln =Y, Gd, Dy, Yb) have been prepared analogously [6,7,39,40].
Scheme 37 illustrates the reaction sequence leading to such metallocene derivatives.
[39,40].
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The related reaction of CpYCl, (THF)3 with LiNPr', and subsequently with two
equivalents of N,N’-diisopropylcarbodiimide (Pr'N=C=NPr') in THF gave the
organoyttrium guanidinates [Pr'yNC(NPr'),]3Y and Cp,Y[Pr';NC(NPr'),], which
may be rationalized by the rearrangement reaction of the di-insertion product
CpY[Pr',NC(NPr'),],. Treatment of P'N=C=NPr' with dimeric lanthanocene pri-
mary amides [Cp,LnNHR], (R = Bu', Ln = Yb, Er, Dy, Y; R = Ph, Ln = Yb)
gave the unexpected products Cp, Yb[RNC(NHPr')NPr'] (R = Bu', Ln = Yb, Er,
Dy, Y; R = Ph, Ln = Yb), indicating that a novel isomerization reaction involving
a 1,3-hydrogen shift had taken place along with the insertion of carbodiimide into
the Ln—-N o-bond (Scheme 38), which provides an efficient synthesis of organolan-
thanide complexes with asymmetrical guanidinate ligands [40].

In the course of a closely related study, a series of new functionalized amido
complexes of ytterbium, [Cp,YbNHR], (R = 8-quinolyl (Qu), 2-pyridyl (Py),
2-aminophenyl, 3-amino-2-pyridyl, and Cp, Yb[NHCsH4 (CH,NH»-2)], have been
synthesized by metathesis of Cp, YbCI and the corresponding amido lithium salts.
Their reactivity toward carbodiimides has been investigated, in which multiple N-H
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activation behavior for metal-bound neutral NH, and anionic nitrogen-containing
fragments, a property that is expressed without dissociation from the lanthanide cen-
ter, was observed. These results provided an alternative mechanistic insight for the
metal-mediated mono- and diguanylation of primary amines and elucidate factors
that affect the chemo- and regioselectivities of the addition and protonation steps.
Reaction of the 8-quinolyl derivative with two equivalents of RN=C=NR[R = cy-
clohexyl (Cy), isopropyl (Pr')] led to the formal insertion of carbodiimide into the
N-H bond of the Yb-bonded amido group to yield Cp, Yb[n!:n>-RNC(NHR)NQu],
(R = Cy, Pr'). Interestingly, treatment of the 2-pyridyl derivative with RN=C=NR
afforded the unexpected products (Cp, Yb)[u—n?:n?~PyNC(NR),](THF)(R = Cy,
Pr'), representing the first example of dianionic guanidinate lanthanide com-
plexes. The reaction of the 2-aminophenyl complex with two equivalents of
RN=C=NR in THF at room temperature led to the isolation of the single N-H
addition products Cp, Yb[n':n>~RNC(NHR)NCsH4NH,-2](R = Cy, Pr') in fairly
good yields, while treatment of the same precursor with four equivalents of
RN=C=NR under the same conditions gave the double N-H addition products
Cp, Yb[n':n®>~RNC(NHR)NC¢H4{NC(NHR),-2}] (Scheme39; R = Cy, Pr)),
via the intraligand proton transfer from chelating NH, to the guanidinate group
of Cp,Yb[n':n?-RNC(NHR)NCgH4NH,-2] to give new amido intermediates,
followed by a second RN=C=NR insertion into the N-H bond of the resulting
amido groups. The complexes Cp, Yb[n':n?~RNC(NHR)NCsH4{NC(NHR),—-2}]
can also be obtained by reaction of Cp, Yb[n!:7?~-RNC(NHR)NCsH;NH,-2] with
one equivalent of RN=C=NR [41].

The double-addition product Cp,Yb[n!:n>~CyNC(NHCy)NCsH3;N{NC
(NHCy)>-3}] could be obtained as red crystals from the 1:4 reaction ac-
cording to Scheme4(0 between [Cp,YbNHR], (R = 3-amino-2-pyridyl) and
CyN=C=NCy in 63% yield. Interestingly, this compound can be converted into
(Cp, Yb)2[n?:n~(CyN),CNCsH3N{NC(NHCy),—3}] under reflux in THF and
with liberation of a neutral diguanidine, CsH3N(NC(NHCy),)-2,3 (Scheme 40).
A preference of the proton transfer to the second carbodiimide insertion into the
N-H bond in the formation of Cp,Yb[n!:n?~RNC(NHR)NCsH4{NC(NHR),-2}]
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and Cp,Yb[n!:n>~CyNC(NHCy)NCsH3N{NC(NHCy),-3}] has been confirmed
by the fact that treatment of weaker acidic Cp, Yb[NHC¢H4(CH,NH,-2)] with an
excess of carbodiimides in THF/toluene, even with prolonged heating, provided
only the monoaddition products Cp,Yb[n?:n!-RNC(NHR)NCgH4(CH,NH,-2)]
R =Cy, Pri) (Scheme41) [41].

3.2.4 Lanthanide(IIT) Complexes Containing Functionalized
Amidinate Ligands

Pendant-Arm Type Amidinate Ligands

In order to further explore the amidinate/cyclopentadienyl analogy, various amino-
functionalized amidinate ligands have been synthesized with the aim of mimicking
the well-known pendant-arm half-metallocene catalysts. For example, benzamid-
inate ligands incorporating a pendant amine functional group were prepared as
shown in Scheme42. Instead of using Me3SiCl/NEts in the first step, the start-
ing amine can also be converted into the monosilylated derivative by successive
reaction with Bu"Li followed by treatment with MesSiCl [6, 7]. Exactly the same
synthetic pathway was followed to prepare the corresponding ligand containing a
pendant 3-dimethylaminopropyl functionality [42].

Reactions of Li[Me3SiNC(Ph)N(CH;)3NMe,] (=LiL) with LnCl3 in appropri-
ate stoichiometry led to the dinuclear [(L),Ln(u-Cl)], (Ln = La, Ce) complexes.
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The potentially tridentate ligands [Me3SiNC(Ph)N(CH;),NMe,]|~ (Scheme43,
n = 2: A, n = 3: B) have also been employed in the synthesis of yttrium alkyl and
benzyl complexes [6,7,42].

While the dialkyl complexes [Me3SiNC(Ph)N(CH,),NMe,]|Y[CH(SiMe3)2]>
could be isolated salt-free, attempts to prepare analogous benzyl or trimethylsi-
lylmethyl complexes with ligand A yielded the ate-complexes Li[Me3SiNC(Ph)
N(CH;)>,NMe;]YR, (R=CH,Ph, CH,SiMe3) in which the Li ion is encapsulated
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by two amidinate and two amine nitrogens. The increased spacer length between
the amidinate and amine functionalities in ligand B prevented encapsulation
of the Li ion, but still produced a bis(amidinate) yttrium benzyl complex,
[Me3SiNC(Ph)N(CH2)3NMe,]> YCH,Ph. In this compound only one of the two
NMe, functionalities is coordinated to the metal center [6,7].

Bis(Amidinate) Ligands

Yet another interesting variation of the amidinate theme is the design and use of
bis(amidinate) ligands. This can, for example, involve the reductive dimerization of
carbodiimides to give oxalamidinate ligands of the type [C2N4R4]?™. In the case
of lanthanides, the reductive coupling of carbodiimides was achieved with the use
of samarium(II) bis(trimethylsilyl)amides. The reaction of Sm[N(SiMe3), ], (THF),
with carbodiimides RN=C=NR (R=Cy, C6H3Pri2—2,6) led to formation of dinu-
clear Sm(IIT) complexes. For R=Cy (Scheme 44), the product has an oxalamidinate
[C2N4Cy,4)*~ ligand resulting from coupling of two CyN=C=NCy moieties at the
central C atoms. The same product was obtained when the Sm(II) “ate” complex
Na[Sm{N(SiMes)» };] was used as divalent Sm precursor [6,7].

The dilithium salt of a linked bis(amidinate) dianionic ligand, Li>[Me3SiNC(Ph)
N(CH,)3NC(Ph)NSiMes3] (=Li,L) was prepared by reaction of dilithiated N,N’-
bis(trimethylsilyl)-1,3-diaminopropane with benzonitrile (Scheme 45) [6,7].

Reaction of the dilithium salt of the linked bis(amidinate) dianionic ligand
[Me3SlNC(Ph)N(CHz)3NC(Ph)NSlMe3]2_ (:leL) with YCl3 (THF)3,5 gave
[Me3SiNC(Ph)N(CH;)3NC(Ph)NSiMe3|YCI(THF),, which, by reaction with
LiCH(SiMes),, was converted to an alkyl complex (Scheme 46). A structure de-
termination of this compound (Fig.5) showed that linking together the amidinate
functionalities opens up the coordination sphere to allow for the bonding of an
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Fig. 5 Molecular structure
of [Me3SiNC(Ph)N(CH,)3NC(Ph)
NSiMe3]Y[CH(SiMe3 ), (THF)

additional molecule of THF not present in the unbridged bis(amidinate) analog
[PhC(NSlM€3)2]2Y[CH(SIMC3)2] [6,7].

Analogous reaction of Liy[Me3SiNC(Ph)N(CH;)3NC(Ph)NSiMes] (=Li,L)
with YbCl; afforded the linked bis(amidinato) ytterbium chloride LYb(u-Cl),
YbL(THF). The chloro-bridges in this compound are easily cleaved upon treatment
with THF. Further reaction of the resulting monomeric chloro complex with NaCp
in DME gave LYbCp(DME) in high yield (Scheme 47, Cp = °-cyclopentadienyl)
[6,7,43].

In an extension of this work, the steric effect of an amide group on the syn-
thesis, molecular structures, and reactivity of ytterbium amides supported by the
linked bis(amidinate) ligand was investigated. Reactions of the chloro precursor
with sodium arylamides afforded the corresponding monometallic amide complexes
in which the linked bis(amidinate) is coordinated to the ytterbium center as a
chelating ligand (Scheme48). In contrast, the reaction with NaN(SiMes), gave a



Homogeneous Catalysis Using Lanthanide Amidinates and Guanidinates 145

‘SiMe3 Me3Si‘
Ph N Ph
)
T\ “““ cl /\(

/
hexaV SiMe, SiMeg

N N
YbCly +Ph—(Li Li>-Ph hexane| |THF
N N

Me,Si SiMe, % > PhYN N\(Ph
Ph
Ph N THFN CpNa NF \Yb/TN
Va N

Ny e
N\/Yb/ N Me,Si \DME SiMe,
MeSSi/ Cl"  THF SiMeg

(1) 1 NaNHAK/THF K\|
(1) 1 NaNHAGTHF

(2) DME N\ N
Ph—< <~ D>—Ph
(N/Yb\N>\
Me;Si” ArHN DME SiMe;

Ph{(N>Yb<N>>—Ph Ar=
Ph

i ~o
Me,Si”  ¢J THE SiMe,

Scheme 47

Ph
) SiMe
Measl\NAN/\/\NAN/ 3
A / /
(Me,Si),N— Yb Yo—N(SiMey),
(1) 1 NaN(SiMe),/ THF N/ N N/ N
. \/\/ I~
(2) Et,O/hexane MeySi \\f \Y SiMe,
Ph Ph

Scheme 48

bimetallic amide complex in which two linked bis(amidinates) act as bridging an-
cillary ligands connecting two YbN(SiMes3), fragments in one molecule [6,7,43].

3.3 Lanthanide(IV) Amidinates

Most recently, it was discovered in our laboratory that benzamidinate ligands
are also capable of stabilizing novel cerium(IV) species. Thus, they belong to
the limited number of organic ligands which allow the stabilization of lanthanide
complexes in all possible oxidation states (42, 43, and +4). In analogy to the
reaction shown in Scheme 10, treatment of anhydrous cerium(IIl) trichloride with
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three equivalents of the lithium amidinate precursor Li[ p-MeOC¢H4C(NSiNes3),]
first afforded the bright yellow p-anisonitrile adduct of the homoleptic cerium(III)
amidinate (Scheme49). Oxidation to the corresponding cerium(IV) amidinate
[p — MeOCgH4C(NSiMes),]3CeCl was readily achieved using the reagent
phenyliodine(IIl) dichloride. The advantage of this method is that iodobenzene
is formed as the only by-product. This way the almost black cerium(IV) species
could be isolated by simple crystallization directly from the concentrated reaction
mixture. A single-crystal X-ray analyses clearly established the presence of the first
amidinate complex of tetravalent cerium (Fig. 6) [6,7].

4 Lanthanide Amidinates and Guanidinates
in Homogeneous Catalysis

At the time when the first lanthanide amidinate were reported in the early 1990s,
these compounds appeared to be just laboratory curiosities for which nobody could
envisage any practical uses. This situation changed completely when in 2002 it was
discovered that homoleptic lanthanide tris(amidinate) complexes show extremely
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Fig. 6 Molecular structure of [ p-MeOCgH4C(NSiMe3)2]3CeCl [6,7]

high activity for the ROP of CL at room temperature [44]. This was the first time
that promising catalytic activity was found for lanthanide amidinates and it stimu-
lated further work in the field. Certain aspects of catalytic applications of lanthanide
amidinate complexes have already been summarized in review articles [6,7,13,45].

4.1 Olefin Polymerization Reactions Catalyzed by Lanthanide
Amidinates and Guanidinates

The use of amidinato catalyst systems for the polymerization of olefins has first been
reported in a patent application by us in cooperation with BASF company [6,7,46].
Since then various other patents dealing with the use of amidinato metal complexes
as catalysts for olefin polymerizations have appeared. However, the main focus of
these studies was on the use of group 4 metal amidinates as these have been found
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to exhibit very promising activities as homogeneous polymerization catalysts. This
area has recently been compiled in an excellent review article by Eisen et al. [47].

It took several more years until lanthanide amidinates and guanidinates
successfully entered catalysis research and proved to be effective catalysts
especially for polymerization reactions. The majority of the work published thus
far involves the polymerization of polar monomers such as CL, D,L-lactide or
methylmethacrylate (MMA) (cf., Sect.4.2), but promising results have also been
achieved with simple olefins. For example, the dimeric bis(guanidinato) lutetium
hydride complex [{(Me3Si)2NC(NPr'),},Lu(u-H)], was found to catalyze the
polymerization of ethylene, propylene, and styrene [33]. Moderate activity in
ethylene polymerization was observed with the mono(guanidinato) yttrium dialkyl
[(Me3Si),NC(NPr'),] Y (CH,SiMes ), (THF), [6, 7]. More recently the catalytic
activity of the [{(Me3Si)2NC(NPr'),},Ln(u-H)], complexes shown in Scheme 25
in the polymerization of ethylene, propylene, and styrene has been investigated
in a systematic manner. The ethylene polymerization activity of the samarium
hydrido complex, 1,268 gmmol~! atm™'h™! was the highest among the tested
compounds. By the end of 1 day the complex was still active without loss of the
reaction rate. In the case of the yttrium derivative the polymerization process was
less rapid (442 gmmol ' atm™'h™') and the catalyst did not demonstrate loss
of the reaction rate during 3 days. Unexpectedly, the neodymium complex had
very low activity as a catalyst for the polymerization of ethylene, and after 1h
the reaction stopped. Complexes of gadolinium, ytterbium, and lutetium showed
modest catalytic activities (281, 77, and 76 gmmol ! atm™! h™!, respectively).
A stoichiometric reaction of the yttrium derivative with ethylene in [Dg]benzene at
room temperature under 'H NMR spectroscopic control did not afford an insertion
product [(Me3Si),NC(NPr'),],Y(CH,CH3), but resulted in rapid polyethylene
formation [34].

Most of the lanthanide complexes that readily polymerize ethylene are in-
active in propylene polymerization [48]. Thus, the complexes [{(Me3Si)oNC
(NPr'),},Ln(uu-H)]2 (Scheme 25) were also tested in catalysis of propylene and
styrene polymerization. The yttrium derivative had low activity in propylene
polymerization. Over a period of 2h the monomer absorption reached 58 mol
per mole of catalyst, whereupon the catalytic activity was lost. Complexes
with Ln=La, Sm, Dd, and Yb were even less active and became inactive
after 15-20min. In styrene polymerization, only derivatives of smallest lan-
thanide metals showed catalytic activity. The Lu complex initiated polymeriza-
tion of styrene (20°C, neat styrene, 5% of Lu complex), and 90% conversion
was reached in 6 days. The polystyrene obtained had a high molecular weight
(M, = 811,000 gmol_l, M, = 1250,000 gmol_l), a narrow molecular-weight
distribution (My,/M, = 1.54), and a melting temperature of 255-260°C. In the
case of Ln = YDb (20°C, neat styrene, 1 mol% of Yb complex, total conver-
sion in 3 days) the obtained polymer had a higher molecular-weight distribu-
tion My, /M, = 2.6 (M, = 90,000gmol_1, M, = 237,700gmol_1; melting
temperature 289-293°C). The !>C NMR spectra of both polystyrenes indicated
their high syndiotacticity [34].
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The mono(amidinato) lanthanide alkyls shown in Scheme 31 allowed a compar-
ison of the catalytic performance of cationic group 3 metal and lanthanide alkyls
in catalytic ethylene polymerization over the full ion size range of these metals.
Ethylene polymerization experiments were performed using the metal dialkyl pre-
cursors in combination with the Brgnsted activator [Ph,NMe, H][B(CgF5)4] and ex-
cess isobutyl alumoxane (TIBAO) scavenger. It was found that the catalytic activity
of the intermediate cationic alkyl species varies by over 2 orders of magnitude with
the size of the metal ion. Thus, the availability of such a large series of homologous
precatalysts allows a unique tunability of the catalytic activity [49,50].

4.2 Polymerization of Polar Monomers Catalyzed by Lanthanide
Amidinates and Guanidinates

The strength of lanthanide amidinate and guanidinate complexes in catalysis cer-
tainly lies in the field of polymerization reactions of polar monomers. These include
acrylic monomers such as MMA and acrylonitrile (AN), but ROP of cyclic esters
(B-butyrolactone, CL, lactide, TMC) are also effectively catalyzed by lanthanide
amidinates and guanidinates. ROP of cyclic esters promoted by metal initiators have
been proven to be the most efficient manner for preparing polyesters with controlled
molecular weight and microstructure and narrow molecular-weight distribution. The
resulting aliphatic polyesters currently attract growing interest as a promising alter-
native to synthetic petrochemical-based polymers, since the starting materials for
their synthesis can be derived from annually renewable resources. The mechanical
and physical properties of polyesters, together with their biodegradable and bio-
compatible nature, make them perspective thermoplastics with broad commercial
applications (e.g., single-use packaging materials, medical sutures, and drug deliv-
ery systems) [51-54].

4.2.1 Methylmethacrylate, Acrylonitrile

Thus far, the catalytic polymerization of acrylic monomers such as MMA or
AN has mainly been achieved with the use of certain lanthanide mono- and
bis(guanidinate) complexes, especially the borohydride derivatives. For exam-
ple, the mono(guanidinate) lanthanide bis(borohydrides) [(Me3Si)>2NC(NCy),]
Ln(BH4)2(THF), (Ln = Er, Yb) (cf., Scheme 33) were found to display moderate to
high catalytic activity for the polymerization of MMA [38]. Both catalysts afforded
poly(methylmethacrylate) (PMMA) under mild conditions, with the Er complex be-
ing more active than the Yb complex. It is noteworthy that homoleptic guanidinate
complexes are completely inert to this polymerization. This demonstrates that the
presence of BH4 groups in the catalyst is crucial for the polymerization. The effect
of temperature on polymerization was found to be great. As the temperature in-
creased, the polymerization activity decreased and the molecular weight of PMMA
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decreased too. The lower catalytic activity and molecular weight at higher reaction
temperatures is due to more facile catalyst deactivation processes at higher tempera-
tures (e.g., backbiting), which is normally found in MMA-polymerization catalyzed
by organolanthanide complexes [55, 56]. The reactive lanthanide bis(guanidinate)
borohydride derivatives [(Me3Si),NC(NPr'),],Ln(u-BHg),Li(THF), (Scheme 27,
Ln = Nd, Sm) were also reported to be efficient catalysts for the polymerization
of MMA [35,36]. The catalytic activity of the Nd and Sm complexes in polymer-
ization of MMA was studied at room temperature both in a block and in toluene
solution. After the addition of the solid complexes (0.2 mol%) to MMA, vigorous
exothermic polymerization started. After 10-15 min, the reaction mixture solidi-
fied. However, the degree of conversion was at most 50% even after 48 h. Hence, all
catalytic experiments were carried out in toluene solution (Cyma = 4.61 mol L1,
Cot = 92 x 1073 molL7Y, Cpi:Cyma = 1:500). In the reaction with the Sm
complex, a degree of conversion of 77% was achieved within 3 h. The resulting
polymer had an average molecular weight M,, = 199,900, M,, = 20,100, and a
rather high polydispersity index (M, /M, = 9.95). NMR experiments showed that
a heterotactic polymer was formed, with syndiotactic triads slightly predominating.
In the presence of the Nd complex, polymerization under analogous conditions
proceeded slightly more slowly, and the degree of conversion was 52% after 3 h.
The resulting polymer was characterized by a substantially lower molecular weight
and a narrower molecular-weight distribution (M,, = 21,400, M, = 8,500,
My /M, = 2.52). The polymer could also be characterized as heterotactic but
with a predominance of isotactic triads. Based on the initial region of the kinetic
curve of polymerization measured by the dilatometric method (up to the degree of
conversion of 20%), the Sm complex exhibited higher activity as compared to the
Nd analog [35,36].

The methyl bridged “ate” complexes [(Me3Si),NC(NPr'),],Ln(u-Me),Li
(THF), (Ln=Nd, Yb) (cf., Sect.3.2.2) were also found to exhibit good catalytic
activity for the polymerization of methyl methacrylate [57]. Triad microstructural
analysis of the polymers was carried out using 'H NMR spectra in CDClz. The
catalytic activity increased with increasing polymerization temperature. For exam-
ple, only a 10% yield was obtained at —78°C, while at 40°C a yield of 82% could
be realized. Moreover, this polymerization system gave syndio-rich polymers, and
the syndiotacticity decreased with increasing polymerization temperature [57]. The
guanidinate lanthanide borohydrides [PhoNC(NCy),]Ln(BH4)2> (Ln=Er, Yb),
[(Me3Si)2NC(NCy)z]Ln(BH4)2 (Ln = Er, Yb) and [(Me3Si)2NC(NCy)2].LnBHy4
(Ln=Er, Yb) have been synthesized and their catalytic performance in the
polymerization of MMA studied. It was discovered that the greater the elec-
tron donating ability of the guanidinate ligand is, the higher the activity of the
corresponding complex becomes. Moreover, it was found that the complexes
[PhoNC(NCy)2]Ln(BH4)2 (Ln = Er, Yb) catalyze the polymerization of AN. Till,
this is the first example of AN-polymerization catalyzed by guanidinate lanthanide
borohydrides [58].
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4.2.2 ROP of Cyclic Esters

As mentioned above, the strength of lanthanide amidinate and guanidinate catalysts
lies in the polymerization of polar monomers. ROP of cyclic esters catalyzed by
lanthanide amidinates and guanidinates provides an efficient access to polyesters
with controlled molecular weight and microstructure as well as narrow molecular-
weight distribution. The resulting aliphatic polyesters are attractive biodegradable
and biocompatible thermoplastics which are of great current interest, for example,
as single-use packaging materials, for use as medical sutures and for drug delivery
systems [51-54]. Monomers, which are effectively polymerized in the presence of
lanthanide amidinates and/or guanidinates include CL, 8-butyrolactone, D,L-lactide,
L-lactide, and TMC.

Most of the work in this area has been done with CL as monomer. Metal amid-
inates and guanidinates, for which high activity in the polymerization of polar
monomers such as CL, lactide, and MMA have been reported, include the homolep-
tic lanthanide amidinates Ln[RC(NCy),]3(THF), (R = Me, Ln = Nd, Gd, Yb,
n =0;R =Ph,Ln =Y, Nd, Yb, n = 2) [35,36] and the bis(guanidinato) lan-
thanide amides [(Me3Si),NC(NPr'),],LnN(Pr'), (Ln = Y, Nd). The neodymium
compound [MeC(NCy),]3Nd was studied by Ephritikhine et al. [59] and compared
to the catalytic activity of its uranium(III) counterpart, [MeC(NCy),]3U. The Nd
complex showed extremely high activity in the ROP of CL. In the presence of
0.5% mol-equivalents of [MeC(NCy),]3Nd in toluene, polymerization of CL was
achieved in less than 2 min, giving a viscous gel of poly(e-caprolactone). It was
found that the uranium(IIl) complex was much less efficient because of its rapid
oxidation into U(IV) species [59].

Promising results with respect to the ROP of CL have also been reported for ho-
moleptic lanthanide(II) tris(guanidinates) and lanthanide bis(guanidinate) deriva-
tives [6,57,60]. A series of homoleptic lanthanide guanidinates (Scheme 50) was
reported to exhibit extremely high activity for the ROP of CL [60].
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All these guanidinato lanthanide complexes as an initiator showed extremely
high activity in the ROP of CL. For example, the polymerization gave 100% con-
version in the case of a monomer/initiator ratio of [M]/[I] = 2,000 at 35°C
for Smin. The conversion still reaches as high as 80%, even when the amount
of [M]/[I] increased to 4,000 under the conditions used. The resulting polymers
had high molecular weights and relatively broad molecular-weight distributions
(My /M, = 1.87-2.51). The different substituents at the guanidinato ligands were
found to have great effect on the catalytic activity. The mechanism of the polymer-
ization was also presented (Scheme 51). In the initial step of the polymerization, CL
coordinates to the central metal, then a nucleophilic attack by one of the guanidinio-
nitrogen atoms at the carbonyl-carbon atom of the lactone takes place, followed by
acyl bond cleavage and the formation of an alkoxide complex. The cyclic polymer is
then formed through intramolecular attack of the Ln—O bond to the N-bonded acyl
carbon atom, and the catalyst is regenerated [60].

The methyl bridged “ate” complexes [(Me3Si),NC(NPr'),],Ln(u-Me),Li
(THF), (Ln = Nd, Yb) also exhibit extremely high activity for the ROP of CL
to give high molecular-weight polymers [6,7,57]. The identity of the central metal
atom had a large effect on the catalytic activity. For example, using the Nd complex
as a catalyst gave yields as high as 100% in 15min over [M]/[/] molar ratios
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of 500:1 to 1,000:1 at 20°C, while under the same conditions the Yb derivative
gave yields of only 27.2-61.2%. The order of reactivity Nd > Yb is in agree-
ment with that found for metallocene-based organolanthanide catalysts [61]. The
polymerization systems produced high molecular-weight polymers (M, > 10%).
The molecular mass distributions were broader than those obtained with the ho-
moleptic (phosphoraniminato)lanthanide complexes [62], especially when long
reaction times were used. This may be due to a transesterification reaction [57].
Extremely high activity for the polymerization of CL was also achieved with
the bis(guanidinato)lanthanide amido derivatives [(Me3Si)sNC(NPr'),],LnNPr',
(Ln = Y, Nd) (cf., Sect.3.2.2) [63]. The polymerization was completed under
mild conditions in toluene solution within minutes. Even if the catalyst amount
decreased to 0.04 mol% ([CL]/[I] = 2,500 : 1), the polymerization still gave yields
as high as 80% in the case of the Nd complex as initiator. A significant effect of the
central metals on the catalytic activity was observed. The activity order Nd > Y
under the used polymerization conditions is in good agreement with the increasing
tendency in ionic radii (Nd > Y), which is similar to that found in lanthanocene
complex systems [61]. It was proposed that the presence of an Ln—NPrizo-bond
in [(Me3Si),NC(NPr'),],LnNPr'; is crucial for the ROP of CL. Further spectro-
scopic characterization of the oligomer of caprolactone, prepared by the reaction of
[(Me3Si)2NC(NPr'),], YNPr, with CL in a 1:10 molar ratio, showed the presence
of a terminal diisopropylamido group. Thus, it was proposed that at the initial stage
of the polymerization a nucleophilic attack by the amido nitrogen atom at the lac-
tone carbonyl-carbon atom takes place, followed by acyl-oxygen bond cleavage and
the formation of a lanthanide alkoxide. The polymerization mechanism is illustrated
in Scheme 52 [63].

The bis(guanidinate) alkoxide complexes [(Me3Si),NC(NPr'),],LnX (X = O'Pr,
O'Bu; Ln = Y, Nd, Sm, Lu) depicted in Scheme 22 are active catalysts/initiators
for the ROP of B-butyrolactone (Scheme 53) under mild conditions to afford syn-
diotactic poly(hydroxy-3-butyrate) through a chain-end control mechanism [32].

In quest of new single-site catalysts for polymerizations of cyclic esters, a se-
ries of mononuclear yttrium(III) complexes were synthesized which are depicted in
Scheme 54 [6,7].
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Coordination numbers ranging from 5 to 7 were observed, and they appeared
to be controlled by the steric bulk of the supporting amidinate and coligands.
Complexes 2-5 and 7 were found to be active catalysts for the polymerization
of D,L-lactide (e.g., with 2 and added benzyl alcohol, 1,000 equivalents of D,L-
lactide were polymerized at room temperature in less than 1 h). The neutral com-
plexes 2, 5, and 7 were more effective than the anionic complexes 3 and 4. Poly-
merization of D,L-lactide to polylactide (Scheme 55) was also achieved using the
mono(guanidinate) lanthanum complex [(Me3Si)2NC(NCy),]La[N(SiMes)2]». Al-
though a high molecular-weight polymer was obtained, polydispersities were broad
and no control over the stereochemistry of the polymer was observed [6, 7].
The bis(guanidinate) alkoxide complexes [(Me3Si)aNC(NPr'),],LnX (X = OPr,
OBu'; Ln = Y, Nd, Sm, Lu) shown in Scheme 22 were reported to be active cat-
alysts/initiators for the ROP of rac-lactide under mild conditions. Most of these
polymerizations proceeded with a significant degree of control. Bis(guanidinate)
alkoxides appear to be well suited for achieving immortal polymerization of lac-
tide, through the introduction of large amounts of isopropanol as a chain-transfer
agent [32].

Recently, the guanidinate lanthanide borohydrides [(Me3Si)2NC(NCy)z]Ln
(BH4)2(THF)2 (Ln = Nd, Sm, Er, Yb) and [(Me3Si)2NC(NCy)2].Ln(BH4),Li
(THF), (Ln = Nd, Sm, Yb) were also reported to be promising monoinitia-
tors for the ROP of racemic lactide as well as methyl methacrylate polymer-
ization [6, 7, 37, 59]. These compounds, especially the neodymium derivative
[(Me3Si)2NC(NCy)2]2Nd(u-BHy ), Li(THF),, were found to act as monoinitiators
for the ROP of racemic lactide to afford atactic polymers with a good degree of
control, that is, controlled molecular weights and relatively narrow polydispersities
(1.09 < My, /M,, < 1.77), provided moderate substrate-to-initiator ratios are used
[37]. Recently, ytterbium amide complexes stabilized by linked bis(amidinate) lig-
ands (cf., Scheme 48) were reported to be efficient initiators for the polymerization
of L-lactide. The catalytic performance was found to be highly dependent on the
amido groups and molecular structures [6,7].

The ROP of TMC using the homoleptic lanthanide amidinate complexes
[RC(NCy),]sLn (R = Me, Ph; Ln = La, Nd, Sm, Yb) as single-component
initiators was investigated in detail. It was found that the substituents on the amid-
inate ligands and the metal centers had a great effect on the catalytic activities of
these complexes, that is, Me > Ph, and La > Nd > Sm > Yb. Thus, the lan-
thanum acetamidinate [MeC(NCy),]sLa showed the highest catalytic activity [64].
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The ROP of TMC was also achieved using homoleptic lanthanide guanidinate
complexes [Ph’,NC(NCy),]sLn. Here too, the metal centers and the substituents
on the guanidinate ligands showed a marked effect on the catalytic activities with
[PhoNC(NCy)»2]3Yb being the most active catalyst in this case. Therefore, the
activity order under the studied polymerization conditions was Yb > Sm > Nd,
which in this particular case is opposite to the order of the ionic radii [28,65]. The
copolymerization of TMC with CL initiated by [Ph,NC(NCy),]3Yb was also tested
[65]. The other members of this series of homoleptic lanthanide(Ill) guanidinates
also exhibited extremely high activity for the ROP of CL giving polymers with high
molecular weights. In this case, too, the different substituents at the guanidinate
ligands have a great effect on the catalytic activity [6,7,65].

Although polymerization catalysis using lanthanide amidinates and guanidinates
is still in its infancy, the present results clearly show the great potential this class
of rare earth complexes offers. Catalytic activities can be tuned in a wide range by
using various group 3 and lanthanide metals and different substituents at the ligand
backbone. A major advantage of the amidinates and guanidinates over the estab-
lished lanthanide metallocene catalysts is their significantly improved air-stability
especially in the case of the tris(amidinates).

4.3 Miscellaneous Reactions Catalyzed by Lanthanide Amidinates
and Guanidinates

Anionic bridged bis(amidinate) lithium lanthanide complexes have been found to be
efficient catalysts for the amidation of aldehydes with amines under mild conditions
(Scheme 56). The activity was found to follow the order of yttrium < neodymium <
europium ~ ytterbium. The catalysts are available for the formation of benzamides
derived from pyrrolidine, piperidine, and morpholine with good to excellent yields.
In comparison with the corresponding neutral complexes, the anionic complexes
showed higher activity and a wider range of scope for the amines. A cooperation of
the lanthanide and lithium metals in this process was proposed to contribute to the
high activity of these catalysts [66,67].

0 Rl R - 2
/U\ + \./  2mol % [Li(DME)][YbL,] /U\N R
H
THF, 25°C, 3 h |R1

N N
L= Ph<(  )—Ph
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Scheme 56
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The amidation of aldehydes with amines has also recently been achieved with
the use of the lanthanide tris(guanidinate) complexes shown in Scheme 14 [31].
These complexes were found to be efficient catalysts for amidation of aldehydes
with amines under mild conditions with a wide scope of substrates including pyrro-
lidine, piperidine, and morpholine. In the course of this study, one of the interme-
diates for this process, the lanthanum amido complex [{(Pr'N)CNHPr'(NC¢H,4Cl —
p)},La(u-NHPh)],-3C7Hg, was isolated [66]. Most recently, reactions of triguanid-
inate lanthanide complexes [(Pr'N)(NCgH4Cl- p)C(NHPr')]3Ln (Ln = Nd, Y) with
three equivalents of Bu"Li according to Scheme 57 gave [Li(THF)(DME)]s[Ln[u-
n?:n! (PriN),C(NCgH4Cl-p)} 5], which represent the first structurally characterized
complexes of lanthanide and lithium metals with dianionic guanidinate ligands. The
Nd complex was found to be an effective catalyst for amidation of aldehydes with
amines under mild conditions with a wide scope of substrates [67].

An interesting organolanthanide-catalyzed reaction which has been studied in
recent years is the addition of terminal alkynes to carbodiimides leading to the novel
class of N,N’-disubstituted propiolamidines. It was found that half-sandwich rare
earth metal complexes bearing silylene-linked cyclopentadienyl-amido ligands can
act as excellent catalysts in this addition reaction. As illustrated in Scheme 58, a rare
earth amidinate species has been confirmed to be a true catalytic species [68].

This organolanthanide-catalyzed reaction provides the first example of efficient
preparation of well-defined propiolamidines, a new family of amidines which are
difficult to access by other means and may show unique reactivity. A wide range
of terminal alkynes could be used for this catalytic cross-coupling reaction which
was not affected by either electron-withdrawing or -donating substituents or their
positions at the phenyl ring of the aromatic alkyne [68].

More recently, it was demonstrated that this organolanthanide-catalyzed reac-
tion is more general in nature and can be extended to other lanthanide precata-
lysts as well as the addition of N—H bonds to carbodiimides [69, 70]. For exam-
ple, the ring-bridged metallocenes (EBI)LnN(SiMes3), (Ln = Y, Sm, Yb; EBI =
ethylene-bis(n°-indenyl)) were found to exhibit versatile catalytic activities with
high efficiency toward the addition of the N-H bonds of amines and the C-H
bonds of terminal alkynes to carbodiimides, thereby providing access to various
substituted guanidines and propiolamidines. Here again, lanthanide guanidinate and
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amidinate species are the key intermediates in the proposed catalytic cycle [69].
Various divalent lanthanide complexes such as Ln[N(SiMe3)2]>(THF)3; (Ln = Sm,
Eu, Yb) or (MeC5H4)>Sm(THF), were also found to be highly active precatalysts
for the addition of N-H and C-H bonds to carbodiimides (Scheme 59) [70, 71].
It was also demonstrated that the cyclopentadienyl-free trivalent lanthanide amides
[(Me3Si),;N]3Ln(u-CDHLi(THF)3 (Ln = La, Sm, Eu, Y, Yb) and Ln[N(SiMe3)2]3
(Ln =Y, YD) are highly efficient catalysts for the guanylation of both aromatic and
secondary amines with a high activity under mild conditions. It was found that these
catalysts are compatible with a wide range of solvents and substrates. In all cases
lanthanide amidinates and guanidinates were proposed to be catalytically active in-
termediates [71].
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Scheme 60 illustrates the proposed catalytic cycles for a samarium(II) silylamide
precursor. The first step in both reactions is supposed to be the formation of a
bimetallic samarium bis(amidinate) species originating from the reductive coupling
of carbodiimide promoted by the Ln(II) complex. The active species is proposed to
be a samarium guanidinate and a lanthanide amidinate [70].

The catalytic activity of bulky amidinato bis(alkyl) complexes of scandium and
yttrium (cf., Sect.3.2.3) in the intramolecular hydroamination/cyclization of 2,2-
dimethyl-4-pentenylamine has also been investigated and compared to the activity
of the corresponding cationic mono(alkyl) derivatives. Cyclotrimerization of aryl
isocyanates leads to perhydro-1,3,5-triazine-2,4,6-triones (isocyanurates). Another
good catalyst for the cyclotrimerization of phenyl isocyanate was found in the
organoyttrium amidinate complex Cp,Y[Bu"C(NBu"),] [6, 7]. Reaction of the
benzylimido—lutetium complex [Cp’Lu(u3-NCH,Ph)]; (Cp’ = n°-CsMe4SiMe)
with four equivalents of benzonitrile at room temperature in toluene gave the benz-
amidinate dianion complex shown in Scheme 61 in 73% yield after recrystallization
from THF [6,7,72] X-ray analysis showed that the product has a dimeric struc-
ture in which the two Lu atoms are bridged by the ketimido nitrogen atom (Lu-N
2.149(4), 2.326(4) A), and the amido nitrogen atom is bonded terminally to one
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Lu atom (Lu-N 2.352(4) A). The formation of the dianion complex apparently
proceeds by nucleophilic addition of the imido unit to the C=N group of benzoni-
trile, which demonstrates that a lanthanide—imido bond, even in a bridging form,
is very reactive. This is in contrast with what was observed previously for bonds
between transition metals and bridging imido ligands, which are usually robust
and unreactive. Moreover, the resultant product represented the first metal com-
plex of an amidinate dianion, in contrast to the well-known complexes of various
metals with amidinate monoanions [RNC(R")NR]™ as ligands [6, 7]. The dianion
complex and related complexes derived from imido lanthanide species react with
excess of benzonitrile under selective formation of the cyclotrimerization product
2,4,6-triphenyl-1,3,5-triazine [72]

These initial results indicate that lanthanide amidinates and guanidinates may ex-
hibit interesting catalytic activities in reactions other than polymerizations. Clearly,
more work in this direction would be highly desirable.

5 Conclusions

This review describes the success story of lanthanide amidinates and guanidinates.
First reported 2 decades ago, these compounds have undergone a transition from
mere laboratory curiosities to efficient and promising polymerization catalysts in re-
cent years. Thus, this article provides a good example for purely academic research
eventually turning out to become the basis for unexpected practical uses. Initial re-
sults clearly show that certain lanthanide amidinates and guanidinates show very
high catalytic activity in polymerization reactions of olefins and polar monomers.
Besides these exciting applications, the synthetic and structural chemistry of lan-
thanide amidinates is surprisingly diverse and far from being fully exploited. Amid-
inate and guanidinate ligands rival the ubiquitous cyclopentadienyl ligands in their
accessibility and versatility. Important aspects of lanthanide cyclopentadienyl chem-
istry can now be realized using the amidinate and guanidinate anions as ‘“‘steric
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cyclopentadienyl equivalents”. Mono-, di-, and trisubstitution products as well as
complexes containing pendant-arm amidinates and bis(amidinate) ligands are avail-
able. All three possible oxidation states (42, 43, and +4) of the lanthanide ions can
be stabilized with the use of amidinate ligands. Future preparative work will show if,
for example, novel divalent lanthanide amidinate and guanidinate complexes (Nd**,
Eu?T, Dy?*, Tm?™") can be prepared and fully characterized. Further investigation
of the recently discovered cerium(IV) benzamidinates is also clearly warranted. It
would certainly be of interest to study if these compounds can be employed as ox-
idation catalysts. Another point worthy of a more thorough investigation would be
if and when there is any marked difference in catalytic activities between analogous
cyclopentadienyl and amidinate/-guanidinate chemistry. It would be interesting to
see if there are examples of compounds belonging to the same class of compounds
(e.g., LoLnX) where the reactivity is different or polymerization is better with one
class or other. This could be a good subject for more systematic future studies. In
any case it needs no prophet to foresee that the most significant future development
in this area lies in the practical exploration of lanthanide amidinates and guanid-
inates in catalysis but also in materials science and, perhaps, as novel reagents in
organic synthesis.
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organolanthanide chemistry

Abstract This review deals with the synthesis and the catalytic application of
noncyclopentadienyl complexes of the rare-earth elements. The main topics of the
review are amido metal complexes with chelating bidentate ligands, which show
the most similarities to cyclopentadienyl ligands. Benzamidinates and guanidinates
will be reviewed in a separate contribution within this book. Beside the synthesis of
the complexes, the broad potential of these compounds in homogeneous catalysis is
demonstrated. Most of the reviewed catalytic transformations are either C—C mul-
tiple bond transformation such as the hydroamination and hydrosilylation or poly-
merization reaction of polar and nonpolar monomers. In this area, butadiene and
isoprene, ethylene, as well as lactides and lactones were mostly used as monomers.
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Abbreviations

Ar Aryl

ATI Aminotroponiminate

Bu Butyl

CHO Cyclohexene oxide

cod Cyclooctadiene

cot Cyclooctatetraene

Cp Cyclopentadienyl, n°-CsHs
Cp* n 5.C sMes

dep Deprotonated

DME Dimethoxyethane

equiv Equivalent(s)

Et Ethyl

h Hour(s)

iBu iso-Butyl

iPr iso-Propyl

Ln Rare-earth metal

Me Methyl

min Minute(s)

MMA Methyl methacrylate
MMAO  Modified methylalumoxane
NMR Nuclear magnetic resonance
nPr n-Propyl

Ph Phenyl

PMMA  Poly(methyl methacrylate)
Py Pyridine

ROP Ring-opening polymerization
solv Solvent

SSIP Solvent-separated ion pair
tBu tert-butyl

THF Tetrahydrofuran

TMEDA Tetramethylethylenediamine

1 Introduction

The use of organometallic compounds of the lanthanides in homogeneous catalysis
started in the early 1980s, when Watson and coworkers reported on lanthanide meta-
llocene catalysts for the polymerization of ethylene. These early contributions were
already reviewed [1]. Based on the pioneering work of Watson and coworkers, a
number of research groups reported on the use of bis(pentamethylcyclopentadienyl)
complexes of the general composition [(1>-CsMes),LnR] (R = CH(SiMe3),,
N(SiMes3),, H) and their derivatives as catalysts for a number of C—C multiple bond
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transformations. The key step in these reactions is the insertion of an Ln—X bond
(Ln = Sc, Y, La-Lu; X = H, B, C, N, Si) into a C—C multiple bond [2]. Usually,
alkenes and alkynes are thus transformed in hydration [3,4], hydroboration [5, 6],
hydroamination [7,8], and hydrosilylation reactions [9—12]. In all these transforma-
tions, the cyclopentadienyl ligand acts as a spectator ligand, which means that it is
not directly involved in the catalytic step. The preparation and the application of lan-
thanide metallocenes had been reviewed extensively in the previous years [13—15].

Recently, there has been a tremendous development in the noncyclopentadienyl
chemistry [16, 17], which sometimes is referred to as “postmetallocene” chemistry
[18-20]. The aim of this research is the development of more active and selective
catalysts, which in comparison to metallocenes may also lead to a new product spec-
trum. The basic concept of the postmetallocene chemistry is the formal substitution
of the cyclopentadienyl ligands by other anionic ligand systems, which then act as
spectator ligands. The general role of the spectator ligand is to control the coordi-
nation number and the coordination geometry of the metal and to enable a steric
protection of the active site to influence the selectivity [21]. Most efforts in this area
were made by the use of anionic nitrogen-based ligand systems. The foundations for
the amido metal chemistry of lanthanides were made in the 1970s by Bradley and
coworkers [22-24]. First approaches in the new area of postmetallocene chemistry
were made by Edelmann and coworkers [2,25,26], who used benzamidinate ligands
in lanthanide chemistry. Benzamidinates are considered to be sterically equivalent
to cyclopentadienyl ligands. In the recent years, the number of contribution to the
amido metal chemistry of the lanthanides increased dramatically. Whereas early re-
views of this topic could give a comprehensive overview in this area [27,28], the
huge number of publications which are available today forced us to limit the scope
of the present review. Therefore, benzamidinates and guanidinates will be reviewed
in a separate contribution within this book. We also limited the review to bidentate
ligands, which show the most similarities to cyclopentadienyl ligands. The focus of
this review lies on the synthesis of catalytic active postmetallocene complexes of
the lanthanides. Other amido metal complexes that have not been used for catalytic
transformations are not within the scope of this review.

2 Rare-Earth Metal Complexes of NV, N -Bidentate Ligands

2.1 Monoanionic Ligands

2.1.1 Aminopyridinato Ligands

Aminopyridinato ligands are an important group of asymmetric N, N -bidentate lig-
ands and derived from deprotonation of 2-aminopyridines. The flexibility of binding
modes of aminopyridinato ligands can be explained by two resonance forms: the
amidopyridine and the aminopyridinato. The anionic function is localized at either
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the amido nitrogen atom (amidopyridine) or the pyridine nitrogen atom (aminopy-
ridinate) (Scheme 1). The two resonance forms are indicated by metal and nitrogen
bond distances. Coordination chemistry of rare-earth metals with aminopyridinato
ligands has been extensively studied by Kempe and coworkers [29-32]. In general,
the lanthanide aminopyridinato complexes were found to have longer bond distances
between metal and pyridine nitrogen atoms [33].

In 1998, Kempe and coworkers [34] reported the first aminopyridinato rare-earth
metal complexes. 4-Methyl-2-[(trimethylsilyl)amino]pyridine (HL1) was utilized in
this complex. The reaction of lithiated .1 and YCl3 in ether and pyridine led to the
“ate” complex [Y(L1)4(LiPy)] (Py = pyridine) (1). The complex 1 catalytically
mediated a ligand transfer reaction to form [Pd(L1);] and [Y(L1)3(py)] (2) from
[Pd(cod)Cl,] (cod = cyclooctadiene). The L1 ligand transfer from yttrium to pal-
ladium and the regeneration of 1 are significant in the efficient synthesis of the very
strained amido palladium complexes (Scheme 2). Lithiated L1 underwent a salt
metathesis reaction with ScCls, at low temperature in THF, to yield the homoleptic
complex [Sc(L1)3] (3) (Scheme 2). 3 is the first reported scandium aminopyridinato
complex [35].
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L1 is a relatively small aminopyridinato ligand, resulting in a low steric demand
at the metal center and leading to the formation of “ate” complexes. In 2003,
Junk and coworkers characterized the first none “ate” heteroleptic lanthanide
complexes containing an amidopyridinato ligand with a methyl substituent at
the 6-position of pyridine ring, 6-methyl-2-[(trimethylsilyl)amino]pyridine (HL2)
[36,37]. The polymeric sodium amidopyridine species [Na(L2)(THF)¢ 5], reacted
with NdCl3 and [TbCp*,(u-Cl),Li(OEtz)2] (Cp* =CsMes) to afford dimeric
[Nd(L2),(THF)(u-Cl)]» (4) and monomeric [TbCp*,(L2)] (5). 5 is the first ter-
bium Cp* compound structurally characterized. Similarly to [Sc(L1)3] (3), the
reaction of LnCls and lithiated L2 led to the homoleptic tris-amido complexes
[Ln(L2)3] (Ln = Gd (6), Er (7)) (Scheme 3).

In 2004, Kempe and coworkers designed bulkier aminopyridinato ligands
by introducing alkylphenyl substituents at the amido N atom as well as the
6-position of the pyridine ring. Steric demanding aminopyridine ligands were
efficiently synthesized by Grignard coupling and palladium-catalyzed aryl
amination methods [38]. The reaction of [Y(CH,SiMes)3;(THF),] with (2,
6-diisopropylphenyl)-[6-(2,4,6-triisopropylphenyl)pyridin-2-ylJamine (HL3), (2,4,6
-trimethylphenyl)[6-(2,4,6-triisopropylphenyl)pyridin-2-ylJamine (HL4), and (2,6-
diisopropylphenyl)-[6-(2,6-dimethylphenyl)pyridin-2-ylJamine (HLS) led to the
monoaminopyridinate yttrium complexes, [Y(CH,SiMes),(L3)] (8), [Y(CH,
SiMes)»(L4)] (9), and [Y(CH,SiMes),(L5)] (10), correspondingly. The cationic
yttrium complexes, [Y(CH,SiMes)(THF)3(L3)][BPhs] (11), [Y(CH,SiMes)
(THF)3(L4)1[BPh4] (12), and [Y(CH2SiMes)(THF)3(L5)][BPh4] (13) were ob-
tained by abstraction of one alkyl using the anilinium borate [C¢HsNH(CH3),]
[BPhy4] (Scheme 4). These cationic complexes 11, 12, and 13 exhibited high cat-
alytic activity in the polymerization of ethylene in the presence of aluminum alkyl
compounds. Reversible polyethylene chain transfer between the organoyttrium
cations and the aluminum compounds was observed. Al-terminated polyethylene
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with high molecular weight and narrow molecular weight distribution was reported.
The bulkier aminopyridinate ligand complex 11 provided a better catalytic activity
and was about twice more active than 12. The coordination study by Kempe and
coworkers revealed that the less bulky ligand LS had the tendency to form bis-
aminopyridinato complexes (Scheme 6) [39]. Such complexes do not initiate the
polyethylene chain growth [40].

HL3 and HL4 were also reacted with [Ln{N(SiHMe,),}3(THF)»] via amine
elimination to form the corresponding mono(aminopyridinato) complexes (Ln = Y
(14 and 15), La (16 and 17)). Complexes 14-17 are not active for the polymeriza-
tion of ethylene in the presence of alkylaluminium compounds. The reactions of the
mono(aminopyridinato) complexes with aluminum compounds AlEt; or AIHiBu,
showed a fast aminopyridinato ligand transfer to the aluminum atom. The prod-
ucts of the transfer reaction are aminopyridinato-stabilized dialkylaluminium com-
pounds. The catalytic activity was believed to be prohibited by the ligand transfer
reaction (Scheme 5) [41].

Deprotonation of HLS with KH led to polymeric KLS. The reaction of
LnCl3z with 2 equiv of KLS in THF afforded the bis-aminopyridinato com-
plexes [Ln(L5),CI(THF)] (Ln = Y (18), Nd (19)). Alkylation of the yttrium
complex 18 with 1 equiv of LiCH,SiMes; gave the alkylyttrium complex
[Y(L5),(CH,SiMe3)(THF)] (20). In addition, the five-coordinated silylamide
[Nd(L5),{N(SiMes)»}] (21) was obtained by the reaction of 19 with 1 equiv of
K{N(SiMes3)2} [39]. The attempt of forming a novel aminopyridinato rare-earth
metal hydrido complex by treating 20 with PhSiH3 unexpectedly led to the product
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of intramolecular sp3-hybridized C—H bond activation, [Y (L5)(L5-H)(THF)] (22).
22 was also produced slowly after keeping the complex at room temperature for
2 weeks without PhSiH3 (Scheme 6). Yttrium hydride was believed to be generated
by the reaction of the alkyl with PhSiH3, and reacted rapidly with a methyl group
on the phenyl ring to form 22 [42].

KL3 and KL5 underwent clean salt metathesis with NdCl; in THF to
form a dinuclear mono(aminopyridinato) complex, [Nd(L3)Cl,(THF),]> (23)
(Scheme 7) and a mononuclear bis-aminopyridinato complex, [Nd(L5),CI(THF)]
(19) (Scheme 6), respectively. The steric effect of bulky ligand L3 favors the
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formation of mono(aminopyridinato) complex 23. Ethylene polymerization activity
of the neutral complexes 23 and 19 was studied and compared with those of the
cationic complexes 11 and 12. Based on the same ligand on the metal center, with
the same condition, 23 was ~20 times less active than 11, and 19 was ~10 times
less active than 12 [40]. The effects of the metal ion and oxidation state of rare-
earth metal aminopyridinate complexes on g-caprolactone polymerization were
studied by Kempe and Guillaume [43]. Heteroleptic amido complexes of divalent
lanthanides could be stabilized by deprotonated L3. Reacting KL3 with divalent
Lnl,(THF)3 in THF led to the dinuclear complexes [Ln(L3)I(THF),], (Ln = Yb
(24), Sm (25)) [39]. The seven-coordinated complex [La(L3)Br,(THF)3] (26) was
prepared by the reaction of KLL3 and LaBr3 in THF [44]. The reaction of KL3 and
LuCl; afforded the monoaminopyridinate complex [Lu(L3)Cl,(THF),] (27). Re-
crystallization of 27 formed dinuclear [Lu(L3)Cl,(THF)2]> (28) (Scheme 7) [43].

In the presence of NaBH4, 24, 26, and 27 were efficient initiators for
the ring-opening polymerization (ROP) of e-caprolactone to produce o,m-
dihydroxytelechelic polymers in high yield with high molar mass and moder-
ate molar mass distributions (Scheme 8). NMR evidence indicated that Ln—-BH4
complex was the active site of coordination insertion of e-caprolactone subsequently
polymerized by an Ln—-O active species [43].

The aminopyridinato ligand complexes remain of great interest and challenge to
synthetic chemists to introduce new substituents (including chiral groups) on pyri-
dine or (and) amido nitrogen and to provide new opportunities for catalytic studies.
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2.1.2 Pyrrolyl Ligands

Similarly to aminopyridinato ligands, pyrrolyl ligands (also known as iminopyrrole
ligands) belong to asymmetric N,N-bidentate ligands. One of the differences be-
tween these two ligand systems is the size of chelating ring in the metal complexes:
the pyrrolyl ligand forms a five-membered ring, while the aminopyridinato ligand
forms a four-membered ring. Bidentate pyrrolyl ligands can be conveniently pre-
pared by the condensation reaction of 2-formylpyrrole with amines. The electronic
and steric properties of the pyrrolyl ligands can be easily tuned by altering the R
group on the pyrrole ring and R’ group on the imine (Scheme 9). A variety of metal
complexes bearing pyrrolyl ligands have been synthesized and explored as active
polymerization catalysts [45].

The first rare-earth metal complexes containing pyrrolyl ligands were reported
by Mashima and coworkers [46] in 2001. The reaction of [Y{N(SiMes),}3] with
2 equiv of the pyrrolyl ligand HL6 bearing N-aryl substituent (R" = Ar =
CeH3iPr;-2, 6) led to a mixture of bis-pyrrolyl complex [Y (L.6),{N(SiMe3),}] (29)
and tris-pyrrolyl complex [Y(L.6)3] (30). Only the homoleptic complex 30 was ob-
tained by treating [Y{N(SiMes3)2}3] with 3 equiv of HL6 (Scheme 10) [40].

In 2003, Arnold and coworkers developed a series of bis-pyrrolyl Sm and Y com-
plexes by using the steric more demanding pyrrolyl ligand L7. Compared with L6,
L7 has a tBu group at 5-position of the pyrrole ring. [Sm(L7),CI(THF)] (31) was
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prepared by the reaction of KL'7 with SmCl3 in THF. The corresponding Sm alkyl
complexes [Sm(L7),(THF)(R)] (R = CH,SiMejs (32), Me (33)) were prepared by
the treatment of 31 with LiR in toluene. The yttrium complex [Y (L7)2(CH2SiMe3)]
(34) was prepared by using the same method without the isolation of the yttrium
chloro complex [Y (L7),CI(THF)] (Scheme 11) [47].

The alkyl complexes 32-34 were investigated as catalysts for the polymeriza-
tion of methyl methacrylate (Scheme 12). The samarium complex 32 exhibited high
catalytic activity and excellent stereoselectivity in the polymerization at ambient
temperature. The bulk polymerization catalyzed by 32 produced significantly high
molecular weight isotactic PMMA (M,, = 1.41 x 108, My, /M, = 1.31). The triad
contents in PMMA were determined by 'H NMR. The mm triad content in the
range of 91.3-97.8% was obtained at a wide temperature range (—40 to 65°C). The
yttrium complex 34 showed high catalytic activity and relatively low stereoselectiv-
ity, while 33 was inactive. The 'HNMR study of 33 showed that the dissociation
rate of coordinated THF was too slow to allow the formation of an active enolate
species with methyl methacrylate (MMA). In addition, the methyl group in 33 may
directly attack the MMA carbonyl to deactivate the initiator [47].

Recently, Cui and coworkers prepared many other rare-earth metal complexes
containing L6 (Scheme 13) and an analogous ligand L8 bearing N -aryl substituent
(R" = Ar = C¢H3Me;-2, 6) (Scheme 13). The catalytic activity of the complexes
in the polymerization of lactides or isoprene was investigated [48,49]. In the re-
action of [Y(CH,SiMes3)3(THF),] with 1 equiv of HL6, the pyrrolyl ligand was
deprotonated by —CH,SiMe3 and its C=N was reduced to C-N by intramolecu-
lar alkylation, generating a THF-coordinated bimetallic yttrium complex 35 that
was bridged by two dianionic pyrrolylaldiminate ligands, in which the pyrrolyl ring
acted as a heterocyclopentadienyl ligand. The reaction of [Ln(CH;SiMe3)3(THF),]
(Ln = Sc, Y, and Lu) with 2 equiv of HL6 led to the monomeric bis-pyrrolyl
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complexes [Ln(L6),(CH,SiMes)] (Ln = Sc (36), Y (37), Lu (38)), respectively.
The reaction of [Ln(CH,SiMes)3(THF),] (Ln = Sc, Lu) with even 1 equiv of
HL6 selectively formed bis-pyrrolyl complexes 36 and 38. Amination of 37 with
2,6-diisopropylaniline gave the corresponding yttrium amido complex 39. The pre-
viously reported [46] tris-pyrrolyl yttrium complex 30 could also be prepared
by reacting HL6 with [Y(CH,SiMe3)3(THF)2] in 3:1 molar ratio (Scheme 13)
[48,49]. 35, 37, 39, and 30 were investigated for the polymerization of D,L-lactide
(Scheme 14). Atactic polylactides with high molecular weight and narrow molecu-
lar weight distribution were obtained in the polymerization catalyzed by 35, 37, and
39. Compared with the dinuclear complex 35, 37 and 39 were real “single-site” cat-
alysts and exhibited higher catalytic activity and more controllable polymerization.
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30 is not an active catalyst for the polymerization of lactide. This fact might be due
to the less active chelating Y-N initiator in 30 than Y-C initiator in 35, 37, and
39 [48].

Monopyrrolyl ligand complexes [Ln(L8)(CH,SiMes3),(THF),] (Ln = Sc,
n = 1(40); Ln = Lu, n = 2 (41)) were prepared by the reaction of [Ln(CH,
SiMes)3(THF),] (Ln = Sc, Lu) with 1 equiv of HLS, respectively (Scheme 15)
[49].

Pyrrolyl-like ligand 2,2-dimethyl-aminomethylpyrrole HL9 was used by Cui
and coworkers to synthesize aminomethylpyrrole ligand complexes [Ln(u-L9)
(CH,SiMe3);]2 (Ln = Sc (42), Y (43), Lu (44)). 42-44 were prepared by reacting
[Ln(CH,SiMe3)3(THF);,] (Ln = Sc, Y, Lu) with 1 equiv of HL9, respectively, and
showed a similar structure to 35 (Scheme 16).

In the presence of AlEt; and [Ph3C][B(CgFs)4], 40, 41, and 43 showed catalytic
activity for isoprene polymerization (Scheme 17). The resulting polyisoprene had a
predominant cis- or trans-configuration. The Sc metal center of 40 with the smaller
ionic radius and five coordination ligands around is electronically more positive than
the Lu metal center in 41. As a result, 40 is more accessible to the insertion of the
nonpolar monomer isoprene and is a more active catalyst than 41 and 43 [49].

2.1.3 Indolide-Imine Ligands

Similarly to aminopyridinato and pyrrolyl ligands, indolide-imine ligands are asym-
metric N, N -bidentate ligands. They form a six-membered chelating ring around the
metal center. In 2008, Cui and coworkers [50] initiated the investigation of rare-earth
metal complexes containing indolide-imine ligands.



Rare-Earth Metal Postmetallocene Catalysts with Chelating Amido Ligands 177

e N
U
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Two indolide-imine ligands L10 and L11 were introduced into a series
of scandium and lutetium complexes. The reaction of HL10 or HL11 with
[Ln(CH,SiMe3)3(THF);] (Ln = Sc, Lu) led to monoligand bis-alkyl complexes
[Ln(L)(CH,SiMe3),(THF)] (L = L10, Ln = Sc (45) and Lu (46); L = L11,Ln =
Sc (47) and Lu (48)) or bis-ligand mono-alkyl complex [Lu(L11),(CH,SiMes3)]
(49). Lutetium amidinate complexes [Lu(L.10){i Pr,NC(CH,SiMe3)NiPr,},] (50)
and [Lu(L11),{i Pr,NC(CH,SiMe3)NiPr, }] (51) were prepared by the reaction of
N,N’-diisopropylcarbodiimide with 46 and 49, respectively (Scheme 18).

All the complexes in Scheme 18 were investigated as catalysts for isoprene poly-
merization (Scheme 17). 45-48 or 51 together with aluminum alkyl and borate
as cocatalysts generated a homogeneous single-site catalytic system, showed high
cis-1,4-selectivity, and produced high molecular weight polyisoprene with narrow
molecular weight distribution. Scandium complexes 45 and 47 exhibited higher ac-
tivity than lutetium complexes 46 and 48. This fact proved that the Lewis-acidic
scandium metal center was in favor of the insertion of monomer. By the fact that the
lower activity of the amidinate complexes 50 and 51 compared with the alkyl com-
plexes 45-48, Ln-1>-NCN was less accessible than Ln—C to the monomer insertion.
The cis-1,4-selectivity of this catalytic system was highly affected by the steric ef-
fect from the ortho-substituent of N -aryl ring on the ligand. The bulkier substituent
generated the greater steric effect around the metal center and led to the high cis-1,
4-selectivity. Additionally, the choice of aluminum alkyl and borate, and polymer-
ization temperatures have large influence on both the catalytic activity and the re-
gioselectivity [50].

2.1.4 Anilido-Phosphinimine Ligands
Anilido-phosphinimines are another group of asymmetric monoanionic bidentate

ligands, similar to anilido-imine ligands deriving from aniline-imines I (Scheme 19)
[51]. Anilido-phosphinimines are obtained by deprotonation of the corresponding
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aniline-phosphinimines II and form six-membered metallacycles III upon coordi-
nation of the nitrogen atoms on a metal center (Scheme 19). Only a few examples
of anilido-phosphinimine rare-earth metal complexes have been reported in the lit-
erature. Anilido-phosphinimine ligands were used by Piers and coworkers [52] for
stabilizing organoyttrium cations.

Investigation of the catalytic activity of anilido-phosphinimine rare-earth metal
complexes was exclusively reported by Cui and coworkers. Various anilido-
phosphinimine rare-earth metal complexes were synthesized by deprotonation
of aniline-phosphinimines II-A with [Ln(CH;SiMe3)3(THF),] [53]. Interestingly,
the deprotonation of II-A was followed by intramolecular C—H activation of the
phenyl group on the phosphine moiety to generate dianionic ligands which coor-
dinated to the metal center in a C,N,N-tridentate mode. The resulting complexes
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showed high activity in the ROP of D,L-lactide (Scheme 14) [53]. There was no
such C-H activation observed by using aniline-phosphinimines II-B (Scheme 20).
Deprotonation of II-B with [Ln(CH,SiMe3)3(THF),] led to monoanionic ligands
which coordinated to the metal center in a N,N-bidentate mode [54].

By using type II-B aniline-phosphinimines (Scheme 20), various bisalkyl rare-
earth metal complexes were synthesized. All complexes 52-58 were obtained
by the reaction of the corresponding aniline-phosphinimines HL12-HL15 with
[Ln(CH,SiMes)3(THF),] (Ln = Sc, Y, Lu) in toluene via alkyl elimination
(Scheme 21) [54].

The catalytic activity of complexes 52-58 in the presence of various cocatalysts
composed of aluminum alkyls and borates or boranes was investigated for the poly-
merization of butadiene (Scheme 17) [54]. The catalytic activity was strongly influ-
enced by the type of aluminum alkyls, in the sequence AlEt; > AliBus > AlMes;.
The trans-1,4-selectivity was strongly affected by the bulkiness of aluminum alkyls,
in the sequence AliBus (91%) > AlEt; (89%) > AlMes (82%). Both the cat-
alytic activity and the trans-1,4-selectivity were only slightly affected by the type
of borates and boranes. Investigation of the metal center effect with scandium,
lutetium, and yttrium complexes 54, 55, and 56 showed the catalytic activity in
the sequence of Y > Sc > Lu and the trans-1,4-selectivity in the sequence of
Sc > Lu > Y. The catalytic activity was strongly influenced by the bulkiness of
the ortho-substituents on the N-aryl ring of the ligand. With increasing the bulk-
iness, the catalytic activity decreased. The same behavior was observed for the
trans-1,4-selectivity. 52 bearing ortho-methyl substituents and 54 bearing ortho-
ethyl substituents exhibited a trans-1,4-selectivity of 91%. With the higher bulkiness
of the ortho-substituents in 57 bearing iso-propyl groups, the trans-1,4-selectivity
decreased (81%). The influence of the thiophenyl group of the ligands was investi-
gated by comparison of the activity of 58 bearing a phenyl substituent, with the scan-
dium analogous 52, 54, and 57 bearing the thiophenyl moiety. 58 showed the highest
activity and a trans-1,4-selectivity (84%) similar to that of 57 (81%), but lower than
that of 52 (91%) and 54 (91%). In summary, all complexes 52-58 showed moderate
activity and predominant frans-1,4-selectivity for the polymerization of butadiene.
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2.1.5 B-Diketiminato Ligands

The B-diketiminato derivatives have been widely used in inorganic and organometal-
lic chemistry due to their strong metal-ligand bonds and simple synthetic modifica-
tions to fine-tune steric and electronic effects by altering substituents on the ligand.
In many cases, B-diketiminato are a group of symmetric N, N -bidentate ligands. Nu-
merous B-diketiminate metal complexes were found to be effective catalysts for the
polymerization reactions and organic transformations [55].

Most commonly, B-diketimines are prepared by the condensation reaction of a
primary amine with either a B-diketone or a 1,1,3,3-tetraethoxypropane. Two cate-
gories A and B of B-diketiminato ligands distinguished by their electronic and steric
properties are shown in Scheme 22. Category A ligands restrain N -substituent R!
and R? as SiMe3 group and are varied by altering aryl or alkyl groups as R and R*
substituent. Alternatively, category B ligands are varied by varying aryl groups as
R! and R? substituent and alkyl groups as R* and R* substituent [56].

In 2002, a comprehensive review by Lappert and coworkers [55] described
the preparation and the characterization of B-diketiminato ligands and their metal
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complexes. Rare-earth metal B-diketiminato complexes and their catalytic activities
were briefly mentioned in other reviews as well [28,57-62].

In 1994, the first rare-earth metal 3-diketiminato complexes were reported by
Lappert and coworkers for a category A complex and by Drees and Magull for
category B complexes [63, 64]. Ytterbium(II) bis-B-diketiminato complex 59 was
obtained by treating Ybl, with a potassium or sodium salt of B-diketiminate ML.16
(category A). Alternatively, 59 also could be prepared by 4 equiv of o-hydrogen-
free nitrile (PhCN) insertion into Yb—C bond in [Yb{CH(SiMe3),}»(Et;0);]
(Scheme 23) [63].

Followed by the early discoveries of 59, Lappert and coworkers extended L16 to
many other lanthanide bis-B-diketiminato complexes, that is, trivalent complexes,
[Ce(L16),Cl] (60), [Pr(L16),Cl] (61), [Nd(L16),Cl] (62), [Sm(L16),Cl] (63),
[Yb(L16),Cl] (64), [Tm(L16),1] (65), and divalent complexes [Sm(L16),(THF),]
(66) and [Yb(L16),(THF),] (67). The crystal structure of [Nd(L.16),Cl] (62) dis-
closed that the metal center was well shielded and not accessible, as a result of
the extreme sterical hinderal of ligand L16. The effort of replacing the chloride
from [Ce(LL16),Cl] (60) with the bulky alkyl {CH(SiMe3),}~ led to the mono-f3-
diketiminato complex [Ce(L.16)(CH(SiMe3)2)2] (68) (Scheme 24) [65].

In addition to the homoleptic Yb(II) complex 59, Lappert and coworkers syn-
thesized a series of mononuclear Yb(II) complexes (69-72) via salt elimination by
using a variety of categories A ligands (LL17-L.20) (Scheme 25) [66]. The X-ray
crystal structures of complexes 59, 69, and 71 were obtained and showed a dis-
torted tetrahedral geometry. NMR experiments indicated that two isomers with sim-
ilar structures were present for 71 and 72 with the asymmetric ligands L19 and
L20 [65,66]. Although [Zr(L.20)Cl3] was patented as an active catalyst for olefin
polymerization [55], none of the rare-earth metal complexes with category A ligands
have been reported as active catalysts.
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In 1994, Drees and Magull prepared mono-, bis-, and tris-B-diketiminato lig-
and lanthanide (samarium(IIl) and gadolinium(IIl)) complexes via salt metathe-
sis by using lithium salts of B-diketiminate, Lil.21 (category B). The reaction of
LiL.21 with GdBr3 led to a monoligand complex [Gd(L21)Br,(THF),] (73). On
the contrary, a tris-ligand complex [Sm(L21)3] (74) was prepared by the reac-
tion of LiL21 and Sml, via disproportionation of an unstable intermediate Sm(II)
complex [Sm(L21)3]~. Sm metal was a byproduct of the disproportionation reac-
tion. The similar complex [Gd(L21)3] (75) could be formed from the reaction of
[Gd(OC¢H3¢Bu;-2, 6)3] and LiL21 in a 1:3 ratio (Scheme 26) [64,67].
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Zr complexes of L21 showed catalytic activity for ethylene polymerization
[68, 69]. In addition, Coates and coworkers discovered that the B-diketiminate Zn
alkoxide bridging complexes have surprisingly high catalytic activity for cyclohex-
ene oxide (CHO) and CO, polymerization to produce polycarbonates under mild
conditions (Scheme 27) [70].

Hultzsch and coworkers employed L21 and another similar ligand L22
with modified N-aryl substituents in lanthanum and yttrium and presented the
first homogeneous rare-earth metal catalysts for CHO and CO, copolymer-
ization. [Y(L21)2{N(SiHMe3)»}] (76), [Y(L21)3] (77), and [Y(CsMes)(L21)
{N(SiHMe;)»}] (78) were prepared via amine elimination by reacting HL21
with [Y{N(SIHM62)2}3(THF)2] and [Y(C5M€5){N(SiHM62)2}2(THF)],
spectively (Scheme 28). [Ln(L22){N(SiHMe;)>}>] (Ln = La (79), Y (80))
and [La(L22){N(SiMes)2}2] (81) were prepared by reacting HL22 with [Ln
{N(SiHMe,)»}3(THF)»] or [La{N(SiMe3)»}3] (Scheme 29). 76, 78, and 79-81
exhibited moderate catalytic activity in the copolymerization of CHO and CO,
[71,72].

In 2008, Cui and coworkers isolated [Lu(L21)(CH;SiMes),(THF)] (82)
and [Ln(L22)(CH,SiMes3)2(THF)] (Ln = Y (83), Lu (84)) from the reac-
tion of HL21 or HL22 with [Lu(CH,SiMes)3(THF),] via alkane elimination
(Scheme 30). 82-84 were active catalysts for the copolymerization of CHO and
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CO, as single-component catalysts. After systematic investigation of a series of
B-diketiminate rare-earth metal complexes, they suggested that the center metal
with larger ionic radius and less steric hinder was beneficial for the copolymeriza-
tion of CHO and CO, [73].

Category B ligand L23 is a very similar ligand to L22 with modified
N-aryl substituents (Ar = CgH,Me,-2,6). Lanthanide dichloride complexes
[Ln(L23)CI,(THF),] (Ln = Yb (85), Nd (86)) were prepared by the metathe-
sis reaction of LiL23 with anhydrous LnCl; in THF at room temperature.
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The reaction of 85 or 86 with 2 equiv of LiNPh, in THF led to the salt-free
complexes [Ln(L23)(NPh,),(THF)] [Ln = Yb (87), Nd (88)] (Scheme 31).
Both 87 and 88 showed good catalytic activity for the polymerization of acry-
lonitrile to form polyacrylonitrile. The catalytic activity was affected by catalyst
concentration, solvent, and temperature, while the molecular weight of resulting
polymer was independent of temperature. 87 and 88 exhibited high catalytic ac-
tivity for the ROP of e-caprolactone to produce o,®-dihydroxytelechelic polymers
at room temperature (Scheme 8). The catalytic system yielded high molecular
weight polymers (M, > 10*) with relatively narrow molecular weight distributions
(My/M, = 1.35-1.90). The order of catalytic activity 88 > 87 was observed,
which was in agreement with the trend of ionic radius Nd&*t > Yb3t [74].

Compared to ligands L22 and L23, L.24 is a bulkier B-diketiminate ligand by
altering methyl with iso-propyl on N-aryl substituents on L23. L24 has been
broadly used in rare-earth metal chemistry and many interesting complexes have
been studied.

The triple chloro bridging dinuclear B-diketiminate ytterbium complex
[Yb(L24)Cl(u-Cl)3Yb(L24)(THF)] (89) was an unexpected product from
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recrystallization in toluene of the complex [Yb(L24)(THF),(Cl)2] (90), which
resulted from the reaction of Lil.24 and YbCls [75]. Chloro bridges in 89 could
be cleaved by donor solvents, such as DME, to produce the monomeric com-
plex [Yb(L24)Cl,(DME)] (91), which is a versatile precursor for the preparation
of B-diketiminate ytterbium monoamido complexes. Reacting 91 with 1 equiv
of LiNiPr, in THF led to the anionic B-diketiminate ytterbium amido complex
[Yb(L24)(NiPry)(u-Cl),Li(THF),] (92), while the similar reaction of 91 with
LiNPh, led to the neutral complex [Yb(L24)(NPh,)CI(THF)] (93). Recrystal-
lization of 92 from toluene at elevated temperature resulted in the neutral chloro
bridging B-diketiminate amido complex [Yb(L.24) (Ni Pr,) (1-Cl)], (94), which also
can be prepared by the reaction of 91 with 1 equiv of LiNiPr, in toluene directly.
LiNCsHj reacted with 91 in toluene to prepare the neutral B-diketiminate amido
complexes [Yb(L24)(NCsH;o)(THF)(u-Cl)]2 (95). Synthetic routes for 89-95 are
shown in Scheme 32 [76].

93-95 exhibited good catalytic activity for the polymerization of MMA to form
PMMA (Scheme 12). The amido group had a significant influence on the catalytic

Pr Ar Ar Ar
iPr I THE | THE, \
N YbCly N / -Cl N O
( L 4.THF; 2.tol C AR ol C PALESUALN
N/ . ; 2.toluene I\{ \ cl oluene N cl (!_;l ']l
j THF |
iPr\©’Pr Ar Ar Ar

89
LiL24 oo 20
Cls (Ar = CgH3iPr,-2,6)
1.THF; 2.DME DME
THF
Ar ;Ar Ar |
Ioocl N S N PN e
NS/ LiNPh, ( >vo—ar | NPy, “yb—al
C Yb—NPh, ~ e, P
- -~ N\ : NT N\
N \ in THF in THF
\ DME \ NjPr.
>‘ THE Ar Ar 2
r
92
93 O 91
’E‘ LiNiPr,
I / toluene in toluene toluene
Ar
<__,\} AL N NiPr, |
Ar \ _N N
I c—vyb? | c—w?
N  / / \N> NO / / \N>
C Yb—Cl ( Yb—Cl
N7 Al N I
\ <N> | NiPr Ar
Ar Ar 1Fra
95 94

Scheme 32



Rare-Earth Metal Postmetallocene Catalysts with Chelating Amido Ligands 187

activity. The activity order for the complexes was observed as 93 < 94 < 95 or
NPh, < NiPr, < NCsHjg, which was contrary to the order of the Yb—N (amido)
bond lengths. However, the activity of these complexes was still lower than that of
lanthanocene amido complexes. 93-95 proved to be more efficient catalysts than
lanthanocene amido complexes for the ROP of e-caprolactone (Scheme 8). The fact
of stronger electron-donating ability of B-diketiminate ligand than that of cyclopen-
tadienyl ligand suggested that increasing electron density of the ligand around the
metal center might be beneficial to the catalytic activity for polymerization of e-
caprolactone. However, the molecular weight distribution of the resultant polymers
was relatively broad (My,/ M, = 1.43-1.71). The intramolecular transesterification
caused by the metal complexes might be responsible for the low molecular weight
and broad molecular weight distribution [76].

Tris(n3-allyl) complexes [La(n3-allyl)sz(dioxane)],(u-dioxane) and [Ln
(n3-allyl)3(u-dioxane)] (Ln = Y, Sm, Nd) were prepared by the one-pot reac-
tion of LnCl3(THF), (Ln = La,n = 4;Ln = Y, Sm, Nd, n = 3) with 3 equiv of
allyl-MgCl in THF/1,4-dioxane followed by crystallization in 1,4-dioxane/toluene.
The reaction of tris-ally complexes with the B-diketimine HL24 in THF at 60°C led
to [Ln(n3-allyl)»(L24)] (Ln = La (96), Y (97), Sm (98), Nd (99)) (Scheme 33).
They are the first isolated mixed-ligand lanthanide allyl complexes [77].

All complexes mentioned above were highly effective single-component cata-
lysts for the ROPs of e-caprolactone (Scheme 8) and rac-lactide (Scheme 14) with-
out the need of an activator. The metal radius was influential to the catalytic activity.
Both polymerization catalysis rates decreased in the trend of 96 > 99 > 98 > 97,
in agreement with the decrease in metal ion radii (La>Nd>Sm>Y). The
investigation of polymer end group showed that the polymer chain growth was
initiated by allyl transfer to monomer [77].

Following the exploration of many catalytic applications in the rare-earth
metal complexes containing 1.24, Lappert and coworkers recently described the
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synthesis of a series of B-diketiminate yttrium complexes 100-106 stabilized by
L24, and other two similar category B ligands L25 and L26. The reaction of
1 equiv of lithium salts of L25 or L26 and YCI3; in Et;O under mild condi-
tions led to [Y(u-Cl)(L)(u-Cl)2Li(OEtz)2]> (L = L25 (100) or L26 (101)) and
[Y (u-Cl) (L24) (u-Cl)Li(solv)2 (u-Cl)]2 (sol = Et,O (102), THF (103)). Each of
the Li(OEt2),Cl, moieties is bonded in a terminal (100 and 101) or bridging
(102 and 103) mode with respect to the two yttrium atoms; the structural dif-
ference could be caused by the greater steric effect of L24 than that of L25 or
L.26. Recrystallization of 101 in hexane at 60°C gave the mononuclear yttrium
complex [Y(L26)Cl,(THF),] (104). The similar complex 105 was directly synthe-
sized from YCl; and KL24. The first bis--diketiminate rare-earth metal alkoxide,
[Y(L25),(0fBu)] (106) was prepared by reacting 2 equiv of KL25 with YCl3; and
KO¢Bu at —30°C (Scheme 34) [78].

For comparison of category A ligand .16 and category B ligand 124, Yb(II)
complexes were performed by Lappert and coworkers. Dinuclear heteroleptic Yb(II)
iodo complexes (107 and 108) were prepared via salt elimination or ligand redistri-
bution (Scheme 35) [56].

Reactivity studies of 107 and 108, which stabilized by L16 (category A)
and L24 (category B) ligands, demonstrated that category B ligands are more
versatile. The studies discovered many synthetic routes to novel heteroleptic
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Yb(II) B-diketiminato complexes (109-113). The reaction of 107 or 108 with
KN(SiMej3), yielded the mononuclear amido complex [Yb(L){N(SiMe3), }(THF)]
(L = L16 (109) or L24 (110)). 108 with K{NH(C¢H3iPr,-2,6)} resulted in
[Yb(L24){NH(C¢H3iPr,-2,6)}(THF)] (111). The treatment of 108 with slightly
less than 1 equiv of K{CH(SiMe3),} afforded [Yb(L24){CH(SiMes),}(THF)]
(112). 108 reacted with KCPh; in THF yielding [Yb(L.24)(C¢H5CPh,)(THF)]
(113) (Scheme 36) [56].
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Attempted synthesis of sterically demanding bis- or tris-B-diketiminato ligand
(L24) complexes of thulium resulted in a ligand deprotonation product 114, includ-
ing both a normal and a deprotonated ligand. Protonation of 114 led to the first
cationic B-diketiminato lanthanide complexes 115 and 116, remarkable for contain-
ing a potentially highly electrophilic cation (Scheme 37).

A similar complex [Yb(L16)(L16%P)] (117) was prepared by oxidation of 59
with Pb>t (Scheme 38). The single crystal X-ray structure of 117 revealed that
L16%P is the C,N,N-tridentate bicyclic ligand as a result of C—H activation on
silane [79].

Since Piers and coworkers [80] reported the first scandium B-diketiminate com-
plexes by using category B ligands in 1999, a few scandium B-diketiminate com-
plexes have been revealed to be highly active catalysts for the polymerization of
ethylene and the intramolecular hydroamination [81, 82].

The reaction of ScCl3(THF); with the lithium salts of the ligands
AINC(R)CHC(R)NAr (Ar = CgH3iPr-2,6R = Me (L24), tBu (L27)) af-
forded [Sc(L24)Cl,(THF)] (118) and [Sc(L27)Cl,] (119). [Sc(L24)Me;] (120)
and [Sc(L27)Me,] (121) could be prepared by alkylation with methyllithium
(Scheme 39) [80].

The base-free dimethyl Sc complex 121 was a highly active catalyst precursor
for ethylene polymerization under B(CgFs)3, trityl borate, or methylaluminoxane
(MAO)-type activation. The catalytic activity of 121 was similar to those observed
of Group 4 metallocene complexes [81]. Generally, cationic scandium complexes
are believed to be the active species. Activation of the catalyst was studied by
reacting 120 and 121 with various equivalences of B(Cg¢F5)3. The monomeric
bulky #Bu-substituted dimethyl complex 121 reacted with 1 equiv of B(C¢F5)3
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to give a well-characterized contact ion pair (CIP) 122 which is a highly active
catalyst. The less sterically hinderal Me-substituted 120 activated by B(C¢F5)3 pro-
duced a similar CIP at 240 K. Upon the temperature increasing to 270K, rapid
CgFs transfer from the borate counterion to scandium center resulted in a CIP
[Sc(L.24)(CgF5)][MeB(Cg¢F5)2Me] (123) (Scheme 40). 123 was not known for
its catalytic activity, which suggested that C¢Fs back transfer on 120 with lower
steric effect might be related to the inert behavior in the polymerization of ethylene
[60,83,84].

The trityl borate [Ph3C][B(CgF5)4] did not cause CgF5 back transfer. How-
ever, if the coordination site on Sc had sufficient open, the solvent molecules
would coordinate to the metal center to form solvent-separated ion pairs (SSIPs),
which were inactive in catalysis of polymerizations. A series of scandium methyl
SSIPs 124-128 stabilized by the relatively less steric effect B-diketiminato 1.24
were prepared by reacting 120 with [Ph3C][B(CsF5)4] in an arene solvent. The
synthetic route is shown in Scheme 41 and the complexes were studied for the
relevance to propagation processes in the polymerization of alkene. Competition
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experiments revealed that the order of arene coordination in this series of SSIPs
was C7Hg > CoH;y > CgHg > CgHs5Br. When the polymerization of ethylene
was performed in toluene, ethylene was unable to compete with toluene. Thus, no
catalytic activity was observed [84, 85].

Additional catalytic investigation of B-diketiminate scandium complexes by Piers
and coworkers showed that well-characterized complexes 121 and 122 with the
bulky ligand L27 were highly active catalysts for intramolecular hydroamination
to form nitrogen heterocycles. The catalytic reaction was monitored by determining
starting material and product with 'H NMR. Both the neutral complex 121 and the
CIP complex 122 are effective catalysts (10 mol%) for the intramolecular hydroami-
nation of 5-phenyl-4-pentyl-1-amine (R = H, R" = Ph, n = 1 in Scheme 42). How-
ever, they are not active catalysts for the potential application to the intermolecular
hydroamination of 1-hexyne with alkylamines [82].

121 and 122 were studied for the intramolecular alkene hydroamination of 2,2-
diphenyl-4-pentenylamine (R = Ph, n = 1 in Scheme 43) to the desired cyclic
amine product. They both catalyzed the alkene hydroamination to five-membered
ring cyclic amine, pyrrolidine at room temperature. Pyrrolidine product was ob-
tained with >95% yield by using 5mol% 122 for 2h or >80% yield by using
10mol% 121 at room temperature for 135h. The cationic complex 122 is not
only much more efficient than the neutral complex 121, but also catalyzes the
hydroamination to form six-membered ring cyclic amine piperidine product (n = 2
in Scheme 43) with >90% yield at elevated temperature (65°C) for 24 h [82].

Stoichiometric reaction of the cationic catalyst 122 with 2,2-diphenyl-4-
pentenylamine afforded the cationic amido complex 129 characterized by NMR
(Scheme 44). The catalytic studies suggested that 129 was an active catalyst for the
hydroamination of alkenes [82].
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Only a few tris-B-diketiminato rare-earth metal complexes (74, 75, and 77) were
prepared [64,71,72] and no catalytic activities were reported until Shen and cowork-
ers’ very recent discovery on synthesis and catalytic applications of such complexes
[86]. To compare the electronic effects of ligands on the reactivity of their lan-
thanide complexes, L21 and its derivatives L.28 (a methyl electron-donating group
at the para-position on the phenyl) and L29 (a chloro electron-withdrawing group
at the para-position on the phenyl) were used in the study. LnCl; (Ln = Pr, Nd,
Sm) and lithium salt of L.29 via salt elimination led to [Ln(L29)3] (Ln = Pr (130),
Nd (131), Sm (132)). [Nd(L.21)3] (133) and [Nd(L.28)3] (134) were prepared by the
same method shown in Scheme 45.

All tris-B-diketiminato complexes 130-134 exhibited high catalytic activ-
ity for the ROP of e-caprolactone and L-lactide. o,m-dihydroxytelechelic poly-
mers in high yield with high molar mass and moderate molar mass distributions
(My/ M, = 1.38-1.89) were produced from the ROP of e-caprolactone (Scheme 8)
catalyzed by 130-134. 130-134 are highly active catalysts for the ROP of L-lactide
to produce polylactide (Scheme 14). The electronic factor of the B-diketiminate
ligand largely affects the catalytic activity of the complexes. 131 containing an



194 T. Li et al.

electron-withdrawing group Cl on the ligand showed the highest catalytic activity,
whereas 134 bearing an electron-donating group Me on the ligand exhibited the
lowest catalytic activity, which is consistent with the electron deficiency of the
ligand. Hence, an increase in the electron density of the ligand (L29 < L21 < L28)
around the metal center will decrease the catalytic activity (131 > 133 > 134) for
both polymerization procedures in the present systems. This can be explained by
the fact that the electron-withdrawing substituents on the ligand create the central
metal electron deficiency which accelerates the initiation of monomer. The catalytic
activity also depended strongly on the size of the center metal: a decrease in the
ionic radii of the metal (Pr > Nd > Sm) resulted in a remarkable decrease in the
catalytic activity 130 > 131 > 132. The same trend was also previously observed
when 96-99 were used as the catalysts for lactide polymerization [77].

2.1.6 Bis(phosphinimino)methanide Ligands

Besides attracting much attention in main-group and transition-metal chemistry,
ligands that contain P-N units have become more and more popular in rare-earth
metal chemistry [87-94]. This section focuses on bis(phosphinimino)methanides
as a bidentate N,N-ligand system which proved to be very suitable in stabilizing
rare-earth metal complexes. The rare-earth metal complexes containing these lig-
ands showed interesting coordination modes as well as good catalytic activities in
hydroamination and hydrosilylation reactions and in the polymerization of MMA
and e-caprolactone [95-99]. The bis(phosphinimino)methanide framework can be
formally built up by replacing two carbon atoms of the well-known B-diketiminato
framework with two phosphorus atoms (Scheme 46). Those two ligand systems ex-
hibit a topological relationship which appears among others in similarities in donor
identity and steric demands. However, bis(phosphinimino)methanide ligands show
a more localized negative charge on the methanide carbon atom. Therefore, this car-
bon atom can act as a third coordination site by building a long bonding interaction
with the metal center. The resulting metallacycles show as a typical structural fea-
ture the pseudoboat conformation (Scheme 47).

Furthermore, in contrast to -diketiminato ligands, the methanide group of bis-
(phosphinimino)methanides can be deprotonated again to give bis(phosphinimino)-
methandiides which act as dianionic N, N -ligand systems. As shown by Cavell et al.,
this ligand forms a “pincer” carbene-type complex with samarium, which exhibits a
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Scheme 46
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short bonding distance between the metal center and the methandiide carbon atom
[100, 101]. To study the catalytic activity of the rare-earth metal complexes, we will
only discuss monoanionic bis(phosphinimino)methanide ligand systems. Although
bis(phosphinimino)methanides with different substituents (R = aryl, Mes, SiMe3)
were reported [102], to the best of our knowledge, catalytic applications in rare-
earth metal chemistry have been restricted to the trimethylsilyl-substituted species.
According to this, we focus on the {CH(PPh,NSiMes),}~ ligand (I.30) and on the
corresponding rare-earth metal complexes.

The bis(phosphinimino)methanide rare-earth metal complexes are prepared by
two general methods: salt and amine eliminations. The salt elimination method is
more established. To avoid the problem of occlusion of solvated lithium chloride
in salt methasesis reactions, the potassium bis(phosphinimino)methanide complex
KL30 was used as a ligand transfer reagent. The solvent-free complex KL30 can be
easily accessed by the reaction of bis(phosphinimino)methane HL.30 with an excess
of KH in THF (Scheme 48) [103].

Ln(IIT) Complexes

Complexes of Composition [ Ln(L30)X2] (X Represents a Leaving Group)

The dimeric rare-earth metal dichloride complexes [Ln(L30)Cly], (Ln = Y (135),
Sm (136), Dy (137), Er (138), Yb (139), Lu (140)) were obtained from the salt
metathesis reaction of potassium bis(phosphinimino)methanide KL30 with anhy-
drous yttrium or lanthanide trichlorides (Scheme 49) [104]. When the metal center
is larger than samarium, bis(phosphinimino)methanide lanthanide dichloride com-
plexes could not be obtained.

In the solid state, the complexes 135-140 are dimeric compounds, in which the
metal centers are asymmetrically bridged by two -chlorine atoms. With regard
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to the catalytic activity of the complexes, we were searching for a ligand that can
act as a leaving group. A small ligand such as CH; or CI™ leads to unreactive
metalate complexes or dimeric compounds. A bulky ligand will not coordinate twice
to the metal center. The amido ligand (NPh;)™ is a medium-sized group and may
act as a good leaving group. To investigate the catalytic activity, we synthesized
bis(phosphinimino)methanide complexes containing (NPh;)~. The reaction of the
chloro complex 135 or 136 with KNPh, afforded the corresponding compound
[Ln(L30)(NPhz),2] (Ln =Y (141) or Sm (142)) (Scheme 50) [104].

The bis(amido) complexes 141 and 142 showed no catalytic activity in inter- or
intramolecular hydroamination reactions. Because of the low basicity of the PhyN™
group, it cannot be protonated by aliphatic amines RNH; or R,NH. Therefore, the
initial step of the catalysis failed and these complexes do not serve as catalysts for
inter- or intramolecular hydroamination.

To overcome this problem, the more basic {N(SiHMe,),}~ ligand was used to
synthesize catalytically active bis(phosphinimino)methanide complexes. Scheme 51
shows the three different pathways for the synthesis of the bis(amide) complexes
[Ln(L30){N(SiHMe>)2}2] (Ln = Y (143), La (144), Sm (145), Ho (146), Lu (147))
[105, 106]: 1) HL30 and [Ln{N(SiHMe>),}3(THF)2] (Ln = Y, La, Sm, Ho, Lu)
(Anwander Amides) [107] reacted via amine elimination in boiling toluene to give
the complexes 143—-147 in high yields and as pure products. 2) The salt metathe-
sis reaction of the corresponding chloro complexes 135 or 136 and KN(SiHMey)»
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in THF led to the bis(amide) complexes 143 or 145. 3) The most convenient ap-
proach is a one-pot reaction of KL30 with anhydrous lanthanum trichloride and
KN(SiHMe,), in THF, which afforded the desired product 144. Disadvantages of
pathway 3) are the existence of impurities in the product and the low yields.

Compounds 143-147 exhibited characteristic features of catalytically active
species. The bis(phosphinimino)methanide ligand acted as a spectator ligand. In
contrast, the N(SiHMe;), ™~ ligand was expected to act as a leaving group and to
be replaced by the substrate in the initial step of the catalysis. According to this,
the catalytic activity of complexes [Ln(L30){N(SiHMe3)2}>] (Ln = Y (143), La
(144), Sm (145), Ho (146), Lu (147)) was investigated for intramolecular hydroam-
ination/cyclization, hydrosilylation, and sequential hydroamination/hydrosilylation
reactions [106]. The rate dependence on the ionic radius of the center metal
was investigated by using one of the most reactive aminoalkenes, 1-(prop-2-
enyl)-cyclohexanemethanamine (Scheme 52), as test substrate in hydroamination/
cyclization reactions.
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Scheme 52 The intramolecular hydroamination of 1-(prop-2-enyl)-cyclohexanemethanamine

The kinetic studies were carried out with a constant catalyst concentration of
2 mol% and monitored by in situ 'H NMR spectroscopy. The reaction rate increased
with increasing ionic radius and the lanthanum compound 144 showed the highest
catalytic activity. To investigate the rate law, further kinetic studies were undertaken
by using the same substrate in Scheme 52 and the yttrium complex 143. The rate
law, v = k[substrate]®[catalyst]!, was determined and is identical to that of the
hydroamination/cyclization reactions catalyzed by the lanthanide metallocene com-
plexes [108]. In addition, the catalytic reaction was monitored by 3!P{'H} NMR
spectroscopy. No signal of the free ligand was observed and the monitored sig-
nal remained in the region of the complex 143 (§ = 17.1 ppm). This indicated that
during the catalytic reaction, L30 stayed attached to the metal center. To explore
the reaction scope and the substrate selectivity in hydroamination/cyclization reac-
tions, the most active catalyst 144 was used for further reactions with nonactivated
aminoalkynes (Scheme 42) and aminoalkenes (Scheme 43).

The aminoalkynes with bulky geminal substituents in B-position to the amino
group (Thorpe-Ingold effect) were converted rapidly to their cyclic products at
room temperature by using low concentrations (1-2mol%) of the catalyst. Other
aminoalkynes could also be cyclized quickly at 60 or 100°C with 1-2mol% cata-
lyst/activator loadings. All reactions of the aminoalkynes led to the cyclic imines
shown in Scheme 42. It is well known that, compared to the hydroamination of
aminoalkynes, the cyclization of aminoalkenes remains significantly lower turnover
frequencies. Most aminoalkenes could be converted into the cyclic products at 60°C.
Similarly to the aminoalkynes, the aminoalkenes bearing bulky geminal substituents
in B-position to the amino group were more reactive and could be rapidly cyclized
at 60°C within 1.5-3 h by using 1-2 mol% of the catalyst only. Furthermore, a six-
member-ring cyclic amine could be formed at 60°C within 22 h. It showed that the
rate of cyclization followed the order of the ring size 5 > 6, which is consistent with
classical stereoelectronically controlled cyclization processes. In comparison to the
metallocene complexes, the catalytic rates of 143-147 for the hydroamination are
lower. However, 143-147 are easily accessible in a one-step procedure and are more
robust toward moisture and air. In summary, all substrates were converted into the
cyclic products under moderate reaction conditions in high yields and the reactions
proceeded regiospecifically.

Moreover, the catalytic activity of 143—145 and 147 for the intermolecular hy-
drosilylation reactions has been explored (Scheme 53).

The rate dependence on the ionic radius of the center metal was investigated.
As previously observed for the hydroamination reaction, the reaction rate increased
with increasing ionic radius, so that the lanthanum complex 144 was proved to be
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the most active catalyst. For this reason, 144 was used in further studies. In a full
screening of 144, different terminal olefins and one diene were used in the reaction
with phenylsilane. All experiments were carried out with a low catalyst/activator
loading of 1.5 mol% at room temperature to give quantitative yields. The catalytic
reaction of the aliphatic substrates led to the corresponding anti-Markovnikov prod-
ucts with very high regioselectivity. Only the reaction of styrene produced a prod-
uct mixture. Furthermore, the cyclization/silylation of hexa-1,5-diene afforded the
corresponding cyclic species in quantitative yield. The catalytic activity of the lan-
thanum complex 144 in hydrosilylation reaction is comparable to that reported for
the metallocene catalysts.

The sequential hydroamination/hydrosilylation reaction (Scheme 54) catalyzed
by 143 and 144 was also investigated. In the first step, aminoalkynes were converted
to cyclic imines by hydroamination reaction and the subsequent hydrosilylation led
to the corresponding silicon species. Hydrolysis of the products gave cyclic amines
similar to the ones obtained from the hydroamination of aminoalkenes. However,
the starting materials in the sequential hydroamination/hydrosilylationreaction were
aminoalkynes. Therefore, the reactions are faster and easier to perform.

Different aminoalkynes and phenylsilane were studied as substrates. The re-
actions were performed in one-pot sequences by mixing the catalyst and the
aminoalkyne at the first step, followed by adding phenylsilane to the reaction
mixture when the cyclic amines reached complete conversion. All reactions were
undertaken with catalyst loadings of 2 mol% and led selectively to the correspond-
ing products. As observed for the individual reaction, the lanthanum compound
144 was more active than the yttrium compound 143 and the hydroamination was
always the slower step. In the hydroamination reaction, the substrates with bulky
substituents in B-position to the amino group could be cyclized at room temperature
rapidly, whereas the reactions of other substrates required elevated temperature (60
or 100°C). The hydrosilylation reactions were completed after 4h at room tem-
perature and gave the corresponding five- or six-membered ring products. 143 and
144 are the first rare-earth metal catalysts reported for the sequential hydroamina-
tion/hydrosilylation reaction.

In summary, [Ln(L30){N(SiHMe;),},] (Ln = Y (143), La (144), Sm (145), Ho
(146), Lu (147)) are catalytically active systems for hydroamination, hydrosilyla-
tion, and the sequential hydroamination/hydrosilylation reactions. Due to the rate
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dependence on the ionic radius of the center metal, the lanthanum complex 144 is
the most active catalyst. All reactions afforded the products in high yields and good
reaction times [105, 106].

Complexes of Composition [Ln(L30)X]

Alternatively to cyclopentadienyl ligands, we successfully introduced cyclooctate-
traene as a ligand in bis(phosphinimino)methanide rare-earth metal complexes [96].
The corresponding complexes [Ln(L30)(n3-CgHg)] (Ln = Y (148), Sm (149), Er
(150), Yb (151), Lu (152)) could be obtained in a one-pot reaction by treating KL.30
with anhydrous lanthanide trichlorides in THF followed by subsequent addition of
a freshly prepared solution of K,CgHg in THF (Scheme 55) [96]. Two additional
pathways have been established for the synthesis of the samarium complex 149
(Scheme 55). The treatment of the chloro complex 136 with K,CgHg in THF af-
forded the desired product 149. The target complex 149 also could be obtained by
the reaction of KL30 with [(n8-CgHg)SmI(THF)3] in THF [109].
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Mechanistic studies of the lanthanide metallocene-catalyzed hydroamina-
tion/cyclization reaction suggested that the leaving group was replaced by the
substrate in the initial step [110]. Bis(phosphinimino)methanide complexes
148-152 contain no obvious leaving groups. To discover new mechanistic aspects,
the catalytic activity of compounds 148—152 in the hydroamination/cyclization reac-
tion was explored. Various aminoalkynes and aminoalkenes were used as substrates
for the intramolecular hydroamination reaction (Schemes 42 and 43). A moderate
activity could be observed at elevated temperatures only. The reaction scope was
limited to five-membered ring formation. The aminoalkynes were quantitatively
converted to the corresponding cyclic imines at elevated temperatures with a cata-
lyst loading of 2 mol%. The aminoalkenes are less reactive than the aminoalkynes.
Only the substrates bearing bulky substituents at the B-position of the amino group
could be cyclized. The reaction rate depended on the ionic radii of the center metal.
5-phenyl-4-pentyn-1-amine (R = H, R" = Ph, n = 1 in Scheme 42) was used as
a substrate in kinetic studies of 148 and 149. The samarium complex 149 proved
to be the more active catalyst. Kinetic studies of both reactions indicate zero-order
kinetics in substrate concentration. Further 'H and 3'P{'H} NMR experiments
with 149 showed that neither the bis(phosphinimino)methanide nor the cyclooctate-
traene ligand was dissociated from the metal center during the catalytic reaction.
Even though complexes [Ln(L30)(n%-CgHg)] (148-152) could not compete with
metallocene catalysts, kinetic studies showed a new mechanistic pathway of the
hydroamination/cyclization reaction.

Complexes of Composition [Ln(L30)XX']

Former works have shown that certain lanthanide complexes bearing PN
ligands in the coordination sphere could be used as catalysts for €-caprolactone
polymerization [90, 111, 112]. For this reason, asymmetrically substituted
bis(phosphinimino)methanide rare-earth metal complexes were synthesized by
our group and have been tested toward their catalytic activity in polymerization
reactions [99]. Initially, the chloro complexes [Ln(L30)CI{N(PPh,)»}] (Ln = Y
(153), La (154), Nd (155), Yb (156)) containing the N(PPh,), ™ ligand that is bulky
enough to coordinate only once onto the metal center were prepared. The chloro
atom is small enough to fit between the two bulky spectator ligands and was not
replaced by a second N(PPh;); ligand. There are three different synthetic pathways
to obtain the compounds 153-156 (Scheme 56): 1) The reaction of KL30 and
[Ln{(PPh;),N}Cl,(THF)3] (Ln = Y, La) [89] in THF gave 153 and 154. 2) The
reaction of chloro complexes 135 and 139 with KN(PPh,), in THF afforded 153
and 156. 3) The most convenient approach was the one-pot reaction of KL.30, anhy-
drous lanthanide trichlorides, and KN(PPh;), in THF. As described in Scheme 56,
this reaction pathway is applicable for rare-earth metals with different ionic radii.
Further studies focused on the lanthanum complex 154 which showed the best cat-
alytic activity of 153-156 for polymerization reactions. To have a different leaving
group in the catalytic reactions, the remaining chloro ligand in 154 was replaced by
the {NPh,}~ ligand. The lanthanum compound [La(L30){NPh, }{N(PPh;),}] 157
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was synthesized by the treatment of [La(L30)CI{N(PPh;),}] 154 with KNPh, in

toluene (Scheme 57).
The catalytic activity of 153-157 was investigated for the polymerization

reactions of polar monomers such as e-caprolactone and methyl methacrylate [99].
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Compounds 153-157 are highly active catalysts for e-caprolactone polymeriza-
tion reactions (Scheme 8). Using molar monomer and initiator ratios of 240-440:1
at room temperature gave the polymers in good reaction times and yields. The rate
dependence on the ionic radius of the center metal was observed. The catalytic reac-
tions with the lanthanum and the neodymium complexes 154 and 155 without any
cocatalyst afforded the corresponding polycaprolactones within 5 min. The amido
compound 157 showed slightly lower activity than the chloro complex 154. Unfor-
tunately, the resulting polycaprolactones exhibited high polydispersities regardless
of the catalyst used in the reactions.

Better results were obtained in the methyl methacrylate polymerization reactions
(Scheme 12). 153-156 showed high catalytic activity with a strong dependence on
the ionic radius of the center metal. The lanthanum complex 154 was the most ac-
tive catalyst and initiated the polymerization without any cocatalyst. Addition of
small amounts of AlEts as cocatalyst increased the yield significantly. Polymeriza-
tion initiated by 154 depended on the temperature and a low temperature (—78°C)
was required to afford almost quantitative yields. The resulting polymers were ba-
sically syndiotactic and exhibited high molar masses and narrow polydispersities.
The catalytic reaction with the lanthanum compound 157 showed no increase of
catalytic activity but led to a larger fraction of atactic poly(methyl methacrylate).
Moreover, the catalytic activity of all utilized initiators was solvent dependent. 153,
155, and 156 only showed catalytic activity by the addition of a cocatalyst. 153
afforded lower yield after changing the solvent from toluene into THF.

Ln(II) Complexes

Previous works showed that divalent lanthanide complexes such as [Sm(n’°-CsMes),
(THF)3] [113], [Sm(n>-Cs5Hs)2] [114], and [Yb(n’-indenyl),(THF),] [115] are
efficient catalysts for the polymerization of e-caprolactone. Furthermore, divalent
samarocenes exhibited good catalytic activity in hydroamination reactions [116].
Marks and coworkers established the mechanism of the hydroamination/cyclization
reaction catalyzed by lanthanide metallocene [110]. They showed that divalent
samarium complexes act as precatalysts, but the catalytically active species are triva-
lent complexes generated in situ by oxidation of the samarocenes. According to this,
divalent lanthanide complexes containing L.30 instead of cyclopentadienyl ligands
were synthesized. The bis(phosphinimino)methanide lanthanide iodo complexes
158-160 were prepared by the reaction of KL30 with anhydrous lanthanide diio-
dides in THF [95,98]. As shown in Scheme 58, the ytterbium complex 160 showed
a monomeric structure [Yb(L30)I(THF),] in solid state, whereas the europium and
the samarium compounds formed dimeric complexes [Ln(L30)I(THF)], (Ln = Eu
(158), Sm (159)) because of their larger ionic radii.

Further reactions of iodo complexes 158 and 160 with KN(PPh;) in THF
led to heteroleptic compounds [Ln(L30){N(PPh,)}(THF)] (Ln = Eu (161), Yb
(162)) [95]. An alternative reaction pathway (Scheme 59) started from the triva-
lent ytterbium complex 156 which already contained both ligands: L30 and the
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N(PPh;)™ ligand. Reduction with elemental potassium in refluxing THF also gave
the divalent ytterbium complex 162.

Further treatment of [Sm(L30)I(THF)], (159) with KNPh, in THF afforded the
dimeric compound [(Sm(L30)2)2 (1-I) (L-NPhy)] (163). The reaction of 159 with
potassium bis(phosphinimino)methanide KL30 resulted in the homoleptic com-
pound 164 (Scheme 60).

Catalytic applications were investigated for samarium and ytterbium iodo com-
plexes 159 and 160.

The divalent ytterbium complex 160 was studied as precatalyst for the in-
tramolecular hydroamination/cyclization reaction [95]. Various aminoalkynes
(Scheme 42) and aminoalkenes (Scheme 43) were used as substrates. There was
no reaction observed at room temperature, but at elevated temperature a moder-
ate activity was observed. The reaction scope was limited to five-membered ring
formation. The aminoalkynes were converted to the corresponding cyclic imines
at elevated temperatures with a catalyst loading of 1.4-5.3mol% in quantitative
yields. Aminoalkenes, which are less reactive than aminoalkynes, could be cyclized
only if they contain bulky substituents in the B-position of the amino group. By us-
ing 1-(prop-2-enyl)-cyclohexanemethanamine (Scheme 52) as substrate, the cyclic
product could be obtained in good yield at elevated temperature. Kinetic studies of
the cyclization of 5-phenyl-4-pentyn-1-amine indicate zero-order kinetics in sub-
strate concentration. The change of color from red to yellow during the experiment
indicates an in situ oxidation reaction of 160.

The divalent samarium complex 159 was studied as an initiator in the polymeriza-
tion of e-caprolactone (Scheme 8) [98]. The catalytic reactions at room temperature
within 1h afforded the corresponding polycaprolactones in high yields (92-95%).
A strong dependence of the polymer molecular weights on the concentration of
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initiator was observed. At elevated temperature, the polymer molecular weights de-
creased. 159 showed high activity in the polymerization of €-caprolactone and led
to high molecular weight polymers in good yields and with moderate polydispersi-
ties [98].

2.1.7 Aminotroponiminate Ligands

Alternative to cyclopentadienyl ligands, aminotroponiminates ({(R),ATI}™) I
(Scheme 61) were introduced into rare-earth metal chemistry in 1997 [117].
Aminotroponiminates are bidentate monoanionic ligands, containing a seven-
membered ring backbone, forming five-membered metallacycles upon coordination
to a metal atom. The nearly planar ligand framework exhibits a delocalized ten
m-electron system and therefore shows low reactivity toward most nucleophiles
and electrophiles. In addition, mono-bridged bisaminotroponiminates IT [118-122]
and double-bridged bisaminotroponiminates(tropocoronands) IIT [123-125] are
known (Scheme 61). These ligands are tetradentate dianionic ligands, and the re-
sulting metal complexes are similar to ansa-metallocenes. Type III ligands are
not established in the rare-earth metal chemistry. However, various rare-earth
metal complexes containing type II ligands were synthesized [118-121]. This
section mainly focuses on aminotroponiminates and presents one mono-bridged
bisaminotroponiminate complex. Those rare-earth metal complexes with reported
catalytic activities will be discussed here. These complexes have been investigated
only for hydroamination reactions.

Aminotroponiminates ({(i Pr), ATI} ™)

In rare-earth metal chemistry, mostly the N, N -diisopropyl-substituted aminotropon-
iminate ligand ({ (i Pr), ATI} ™) has been used. To avoid occlusion of solvated lithium
chloride in the salt methasesis reactions, the potassium aminotroponiminate com-
plex KL31 was used as a ligand transfer reagent. The solvent-free complex KL31
can be easily accessed by the treatment of H{(i Pr), ATI} HL31 with an excess of
KH in THF (Scheme 62) [117].

R' R

¥

N N N N N

) Yoy )

R R R 0-10
n=0, R = Ph,~(CH,), m“m
=1R‘I=H

m
Scheme 61



Rare-Earth Metal Postmetallocene Catalysts with Chelating Amido Ligands 207

HL31 KL31
Scheme 62

In 1998, the catalytic activity of aminotroponiminate rare-earth metal com-
plexes was investigated for the first time in the hydroamination/cyclization reac-
tions of aminoalkynes [126]. The aminotroponiminate yttrium amide complexes
[Y(L31){N(SiMes3)2}2] (166) and [Y(L31)2{N(SiMe3)»}] (168) were synthesized
via the salt metathesis reactions shown in Scheme 63 [126]. Treating KL31 with
1 equiv of anhydrous yttrium trichloride in THF afforded the dimeric complex
[Y(L31)Cl;]» (165). The reaction of 165 with KN(SiMes3), in toluene led to the
monoaminotroponiminate yttrium bis(amido) complex 166. The reaction of 2 equiv
of KL31 with 1 equiv of anhydrous yttrium trichloride in THF afforded the bis-
aminotroponiminate yttrium chloro complex 167 and traces of 165 and the homolep-
tic complex [Y(L31)3]. The attempt of purifying the product by recrystallization
failed and only increased the ratio of 165. Using a 10% excess of KL31, the de-
sired product 167 and [Y(L31)3] were obtained. The crude product was able to be
purified by recrystallization to give the pure bis-aminotroponiminate yttrium chloro
complex 167. Further reaction of 167 with KN(SiMe3), in toluene afforded the cor-
responding bis-aminotroponiminate yttrium amido complex 168.

The catalytic activity of 166 and 168 was investigated for the intramolecular hy-
droamination/cyclization of aminoalkynes and an aminoalkene [126]. Compounds
166 and 168 exhibited characteristic features of active catalysts. The aminotropon-
iminate ligand acted as a spectator ligand by staying attached to the metal center
during the catalytic cycle. The N(SiMe3),~ ligand acted as a leaving group and
were replaced by the substrate in the initial step of the catalysis. Nonactivated
aminoalkynes and aminoalkenes without bulky geminal substituents in B-position
to the amino group were used in catalysis (Schemes 42 and 43). The aminoalkene
was not converted into the corresponding cyclic amine by using 166 and 168
as catalysts. Both complexes showed good catalytic activity in the hydroamina-
tion/cyclization of aminoalkynes. All substrates were quickly converted into the
corresponding cyclic imines at room temperature. The bis-aminotroponiminate
complex 168 showed a higher catalytic activity than the monoaminotroponiminate
complex 166. Similarly to the well-established analogous lanthanocene catalyst
[Y{Cp*}>{CH(SiMe3),}] [127,128], kinetic studies of both 168 and 166 indicated
zero-order kinetics in substrate concentration. Although the catalytic activity of
168 was about 57 times lower than the activity of the lanthanocene catalyst, 168
and 166 are the first reported noncyclopentadienyl organolanthanide catalysts for
hydroamination/cyclization reactions.
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Recently, aminotroponiminate complexes of divalent lanthanides were prepared
for the first time [129]. With regard to catalytic applications, amido complexes of
europium and ytterbium were synthesized. The preparation of compounds 169 and
170 was undertaken in a one-pot reaction of KL31, anhydrous lanthanide diiodides
and KN(SiMes3), in THF at room temperature (Scheme 64).

The catalytic activity of the ytterbium complex 170 was investigated in
the hydroamination/cyclization reactions of aminoalkenes. Various nonactivated
aminoalkenes were used as substrates (Scheme 43). The reaction scope is limited
to five-membered ring formation. The aminoalkenes bearing bulky geminal
substituents in B-position to the amino group are more reactive and could be
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rapidly cyclized at room temperature within 0.25-5.5h by using 2—5mol% of the
catalyst. The aminoalkenes without bulky substituents reacted with significantly
lower rates and yields. For the substrate 1-aminopent-4-ene, no reaction occurred
even at elevated temperatures. In comparison with the well-established correspond-
ing calcium complex [Ca(L31){N(SiMes),}] [130], the catalytic scope of 170 was
limited, but the rate was substrate dependent. Based on the established mechanism
of the hydroamination/cyclization reactions catalyzed by divalent samarocenes
[110], the precatalyst 170 was oxidized in situ during the catalytic conversion and
the catalytically active species might be a trivalent ytterbium complex. Therefore, a
comparison with the divalent calcium complex is restricted to the rates.

Mono-Bridged Bisaminotroponiminate

The only mono-bridged bisaminotroponiminate investigated for catalytic reactions is
the recently reported chiral-bridged bisaminotroponiminate lutetium complex 174.
Scheme 65 shows the two reaction pathways leading to the desired product 174:
1) The chiral-bridged aminotroponimine (S, S)-Ha{(i PrATI),diph} (171) treated
with potassium hydride in THF gave the dipotassium salt [(S, S)-K2{(i PrATI),
diph}] (172). The salt metathesis reaction of 172 with anhydrous lutetium trichloride
in THF afforded [(S, S)-Lu{(i PrATI),diph}CI(THF)] (173) which was an enan-
tiomerically pure complex. The chiral alkyl complex [(S, S)-Lu{(i PrATI),diph}
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(CH,SiMes3) (THF)] (174) was obtained by the treatment of 173 with LiCH, SiMes in
THF. 2) In an NMR-scale reaction of aminotroponimine (S, S)-H2{(i PrATI),diph}
(171) with [Lu(CH,SiMes3)3(THF),] in C¢Dg the desired alkyl complex 174 was
obtained. 174 is extremely moisture and temperature sensitive, therefore difficult
to store. For this reason, the second reaction pathway was used to prepare 174 in
situ for catalytic studies [120]. The catalytic activity of the lutetium complex 174
was studied in the hydroamination/cyclization of aminoalkenes [120]. Various non-
activated aminoalkenes were used as substrates (Scheme 43). All substrates were
converted into the corresponding cyclic imines at room temperature or elevated
temperature in high yields by using 5 mol% of the catalyst. Kinetic studies indicated
zero-order kinetics in substrate concentration. Aminoalkenes bearing bulky geminal
substituents in -position to the amino group are more reactive and were rapidly
converted at room temperature and 60°C. In addition, a six-membered ring cyclic
imine was formed by using 174 as a catalyst. The reaction rate followed the order
5 > 6, which is consistent with classical stereoelectronically controlled cyclization
processes. Moderate enantioselectivities were obtained [120].

2.1.8 Bisoxazolinate Ligands

Bisoxazolinates are widely used ligands in main-group, transition, and rare-earth
metal chemistry [131]. In general, bisoxazoline ligands with one carbon atom link-
ing two oxazoline rings were the most frequently used (Scheme 66). The bidentate
N,N-ligand system is similar to B-diketiminato ligands and exhibits a delocalized
m-electron system. Bisoxazolinates V were generated by deprotonation of bisoxazo-
lines I'V (Scheme 66). The ligand framework incorporates stereogenic centers which
are usually located on C4 and (or) Cs position, and thus chiral bisoxazolinate ligands
can be generated. The corresponding chiral bisoxazolinate metal complexes are of
particular importance for asymmetric catalysis. This section focuses on the synthe-
sis of bisoxazolinate rare-earth metal complexes and their catalytic applications in
polymerization and hydroamination reactions.

In 1999, Anwander et al. synthesized the first rare-earth metal complexes con-
taining bisoxazolinate ligands [132]. Yttrium and lanthanum were chosen as ex-
amples for small and large rare-earth metal centers to show the high scope of the
synthesis. Both types of complexes, mono-bisoxazolinates and bis-bisoxazolinates,

Scheme 66
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were prepared by amine elimination shown in Scheme 67. The reaction of 1 equiv
of bisoxazoline HL32 with 1 equiv [Ln{N(SiHMe,),}3(THF),] (Ln = Y, La) in
toluene afforded mono-bisoxazolinate complexes 175 and 176. The reaction of
2 equiv of bisoxazoline HL32 with 1 equiv of [Ln{N(SiHMe>)»}3(THF),] (Ln =
Y, La) in toluene led to bis-bisoxazolinates complexes 177 and 178. Both types
of complexes contained a chiral bisoxazolinate ligand as the spectator ligand and
N(SiHMe,), ™ ligand as the leaving group. Catalytic applications were investigated
by Anwander et al. for heterogeneous catalysis [133]. 177 was grafted on meso-
porous silica and used as a catalyst in the asymmetric hetero-Diels-Alder cyclization
reaction.

In addition to bis-bisoxazolinate complexes 177 and 178, chiral and nonchi-
ral bis-bisoxazolinate rare-earth metal complexes were synthesized to inves-
tigate their catalytic activity for ROP of D,L-lactide and D,L-B-butyrolactone
[134]. By using the same synthetic pathway as for compounds 177 and 178,
bis-bisoxazolinate complexes 179-182 were obtained via the amine elimination
reactions of 2 equiv of the corresponding bisoxazolines HL33-HL35 with 1 equiv
of [Ln{N(SiHMe,), }3(THF),] (Ln =Y, La) in benzene or toluene (Scheme 68).

All complexes 177-182 showed high catalytic activity in the ROP of D,L-lactide
(Scheme 14) and D,L-B-butyrolactone (Scheme 69) [134]. The polymerization reac-
tions proceeded at room temperature with turnover frequencies of up to 31,200 h~!
and turnover numbers of up to 2,400. The reactions occurred in a controlled fashion,
giving polymers with relatively narrow polydispersities (My,/M, = 1.08-1.44).
However, the chiral bis-bisoxazolinate complexes did not lead to stereoselective
products and only atactic polymers were produced.

In 2003, Marks et al. investigated the catalytic activity of various chi-
ral bisoxazolinate rare-earth metal complexes in intramolecular hydroamina-
tion/cyclization reactions [135]. Several examples of bisoxazolines used in the
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catalytic screening study are shown in Scheme 70. The complexes were synthesized
in situ in the NMR-scale reactions from the metal precursors [Ln{N(SiMe3)2}3]
or [Ln{CH(SiMes)2}3] (Ln = La, Nd, Sm, Y, Lu) and 1.2 equiv of the cor-
responding oxazolines HL in C¢Dg (Scheme 70) and directly used in the cat-
alytic study of hydroamination without isolation. The synthesis of samarium and
lanthanum complexes 183 and 184 (Scheme 70) was monitored by 'H NMR
spectroscopy that showed the feasibility of the amine elimination route leading
to mono-bisoxazolinate rare-earth metal complexes. The NMR results supported
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the proposed structure of 183 and 184, each coordinating one bisoxazolinate and
two bistrimethylsilylamido ligands. Furthermore, to prove the proposed structure
of the complexes, the lutetium complex 185 (Scheme 70) was characterized by
X-ray diffraction. 185 was generated via alkane elimination by the treatment of
[Lu{CH(SiMes3), }3] with oxazoline L32 in toluene. Single crystals were obtained
by recrystallization from pentane and the solid state structure showed the expected
mono-bisoxazolinate bis-alkyl complex 185.

The catalytic activity of the chiral complexes [Ln(L)Z;] shown in Scheme 70
was investigated in NMR-scale intramolecular hydroamination/cyclization reactions
[135]. The rate dependence on the ionic radii of the center metal was studied by
using 5 mol% bisoxazoline 132 and [Ln{N(SiMe3),}3] as precatalysts and 2,2-
dimethyl-4-penten-1-amine as substrate (Scheme 71). The reaction rate as well as
the enantioselectivities increased with increasing radius of the center metal. There-
fore, the lanthanum compound 184 was the most active catalyst among the investi-
gated complexes.
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Furthermore, a screening study of the different bisoxazolinate ligands HL rare-
earth metal complexes was undertaken by using [La{N(SiMes)2}3] and various
bisoxazolines as catalysts in cyclization reactions of substrate 2,2-dimethyl-4-
penten-1-amine. It showed that aryl stereodirecting groups at C4 position and
additional substitutions at Cs position of the oxazoline ring led to high turnover
frequencies and good enantioselectivities. The best result was again obtained by
using 184 as a catalyst. This reaction gave a turnover frequency of 25h~! and an
enantiomeric excess of 67%. With increasing the amount of bisoxazoline ligand
from one to two equivalents to form bis-bisoxazolinate complexes, the reaction
rate of the catalysis decreased, while the enantiomeric excesses of the products
were similar to those obtained with mono-bisoxazolinate complexes [Ln(L)Z,].
The catalytic reaction scope was explored by using the optimized precatalyst 184 in
the hydroamination reactions of various aminoalkenes and aminodienes in forming
five- or six-membered ring products. All substrates were rapidly converted into
the corresponding cyclic products at room temperature or 60°C. As expected, the
aminoalkenes bearing bulky geminal substituents in B-position to the amino group
were more reactive and showed higher turnover frequencies. No obvious correla-
tion was found between the substrate steric bulk and the enantiomeric excesses
of cyclization. Consistent with classical stereoelectronically controlled cyclization
processes, the formation of the six-membered rings was slower than that of the
five-membered rings. Kinetic studies of hydroamination of 2,2-dimethyl-4-penten-
1-amine (Scheme 71) indicated zero-order in substrate concentration and first order
in catalyst concentration, which is common in organolanthanide-catalyzed hy-
droamination/cyclization reactions. In summary, the chiral bisoxazolinate complex
184 showed high catalytic activity and enantioselectivities, comparable to or greater
than those achieved with chiral organolanthanocene catalysts [136].

2.2 Dianionic Ligands

2.2.1 Diamide Ligands

N,N -Chelating diamide ligands are a group of dianionic ligands and they are formed
by double deprotonation of diamines. The generic structure for a diamide ligand
coordinated to a metal is shown in Scheme 72. The coordination of dianionic lig-
ands may increase the electrophilicity of the metal center and create a different
steric property in the complexes [137—-142]. The electronic and steric properties
of diamide ligands can be modified by variation of the bridging unit X and the R
substituent of the amide. Due to the flexibility of the linking unit X, a large vari-
ety of diamide ligands and their metal complexes were prepared and characterized
[139, 143-147]. Many diamide ligands introduced here are based on C, symmet-
ric biphenyl and binaphthyl frameworks. The diamide metal complexes have been
widely applied as catalysts for polymerization reactions and organic transformations
[28,142,144,146, 148, 149].
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In 1999, Gountchev and Tilley prepared a series of alkyl and hydride yttrium
complexes containing an axially chiral bis(silylamido)biphenyl ligand L36. The
lithium salt Li; .36 was obtained from the lithiation of the bis(silylamine)biphenyl
with nBuLi. The reaction of Li;L.36 and [YCl3(THF)3] in refluxing THF pro-
duced the yttrium chloride complex [Y(L36)CI(THF),] (186). The reaction
of 186 and LiR (R = Me or CH(SiMes),) led to alkylyttrium complexes
[Y(L36)R(THF),] (R = Me (187) and CH(SiMe3), (188)). The dinuclear hy-
dride complex [Y(THF)H(L36)], (189) was obtained by exposure of 187 or 188 to
Hj gas or by the reaction of 187 or 188 with PhSiH3 (Scheme 73). 187-189 showed
lack of catalytic activity for the polymerization of ethylene or silane [150].
Although 187-189 were not active catalysts for polymerization process, 187 and
189 proved to be active olefin hydrosilylation catalysts, presumably 187 first reacted
with a silane to form a reactive metal hydride species. They are the first examples of
d® metal complexes with non-Cp ligands in the catalytic hydrosilylation of olefins.
The mechanism was believed to be consistent with that of other d® metallocene-
based catalysts and included two steps 1) fast olefin insertion into the metal hydride
bond and 2) a slow metathesis reaction with the silane. The catalysts exhibited a
high regioselective preference for terminal addition in the case of aliphatic olefins
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and a lower preference for 2,1 addition in the case of aromatic olefins. When enan-
tiomerically pure catalyst S-187 was used in the hydrosilylation of norbornene, a
remarkable 90% ee in favor of the (15)-enantiomer was obtained [151].

In 1994, Marks and coworkers synthesized the lanthanide metallocene com-
plexes as the first enantioselective catalysts for hydroamination [152]. After the
simple lanthanide tris(amide) complexes [Ln{N(SiMe3),}3] were discovered as
efficient catalysts for hydroamination, Livinghouse and coworkers showed that the
catalytic activity was dramatically increased by introducing a chelating diamide
ligand to [Ln{N(SiMes)»}3] [153]. Many rare-earth metal diamide complexes
have been prepared and studied for hydroamination in particular [148, 154, 155].
[Ln(diamide){N(SiMe3),}] were prepared via amine elimination in NMR tubes
by reacting [Ln{N(SiMe3)5}3] with various diamines (Scheme 74). The resulting
complexes were not isolated and their catalytic activity for the hydroamination of
alkenes was screened. The study showed that 1) all modified diamide complexes ex-
hibited higher catalytic activity than [Ln{N(SiMes),}3] and 2) the complexes sup-
ported by sterically hindered chelating diamides offered better catalytic activity and
improved stereoselectivity in intramolecular alkene hydroamination (Scheme 43)
[156-158].

In 2003, O’Shaughnessy and Scott reported the first example of rare-earth
metal complexes supported by biaryl diamide ligands as the catalysts for the
hydroamination reactions [159]. A series of C, symmetric secondary di-
amine proligands L37-L40 were prepared by arylations of (R)-2,2’-diamino-
6,6’-dimethybiphenyl under palladium catalysis. L37 reacted with complexes
[Ln{N(SiHMe>), }3(THF),] to form the biaryl diamide complexes [Ln(L37)
{N(SiHMe;), }(THF),] (Ln = Y (190), La (191), Sm (192)). Deprotonation

llq ,‘rr Ar
|
NH NH NH
/ .
n(HzC) N Me28|\
'T'H NH NH
R Ar ,lAr
[Y{N(SiMe3),}3] [Ln{N(SiMeg)o}s] [Y{N(SiMe3),}3]
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Scheme 74
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of more sterically hindered ligands L38-L40 proceeded very slowly with
[Ln{N(SiHMe>), }3(THF),]. However, the reaction of the diamide ligands with
alkylamide [Y(NiPr;)3(THF),] conveniently led to the corresponding complexes
[Y(diamide)(NiPry)(THF),] (diamide = L37-L40, (193-196)) (Scheme 75).
193-196 were formed without isolation and directly tested as catalysts for hy-
droamination. None of above biaryl diamide complexes was structurally defined.
All complexes catalyzed the cyclization of aminoalkene to completion with ee
up to 50% with 3% catalyst loading. The reaction rate increased in the order of
Y < Sm < La, while ee decreased in the same order. These results suggest that the
metal ion with the largest radius shows the highest rate and its coordination sphere
related to the chiral environment is the most difficult to control. The yttrium sily-
lamide complex 190 was a significant slower catalyst than the yttrium alkylamide
complex 193. This result can be explained by the relative basicities difference
between the leaving groups silylamide [N(SiHMe,)»]~ and alkylamide [NiPr,]™.
Given that the silylamides are expected to be more basic than the alkyl amides, the
alkyl amides will be more easily protonated by the substrate at the first step of the
catalytic cycle [159].

In the same year, the first structurally defined biaryl diamide complexes as
enantioselective intramolecular hydroamination catalysts were reported by Schulz
and coworkers. They are the first example of lanthanide catalysts supported by a
binaphthyl diamide ligand. 2 equiv of the lithium salt of the binaphthyl diamide
ligand Li;L.41 and anhydrous LnCl3 in THF at ambient temperature generated “ate”
complexes [Li(THF)4][Ln(L41)5] (Ln = Sm 197 and Yb 198) via salt elimination
(Scheme 76).
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Compared with [Sm{N(SiMes),}3], 197 and 198 proved to be more efficient
catalysts for the hydroamination of 1-(aminomethyl)-1-allylcyclohexane to pro-
duce a five-membered-ring cyclic amine (spiropyrrolidine) with an ee up to 53%
(Scheme 52). 198 is a more active and selective catalyst than 197.

Schulz and coworkers followed the same synthetic route shown in Scheme 76
and prepared a series of binaphthyl diamide ate complexes 199-211 (Scheme 77)
by modifying the metal center or the substituent on the binaphthyl nitrogen atom
[160—164]. All “ate” complexes have been investigated as the catalysts for hydroam-
ination. With the exception of the yttrium complex 207 bearing phenyl groups on the
nitrogen atom, all “ate” complexes were efficient catalysts for the asymmetric hy-
droamination of the aminopentene derivatives. The catalysts 197-201 supported by
the same diamide ligand 1.41 were studied for the metal center effect on the catalytic
hydroamination of 1-(aminomethyl)-1-allylcyclohexane (Scheme 52). Ytterbium
complex 198 was the most active and selective catalyst among them. The catalytic
activity of ytterbium complexes bearing different diamide ligands demonstrated that



Rare-Earth Metal Postmetallocene Catalysts with Chelating Amido Ligands 219

iPr

CO /iPr CO | OO ! N/Pr2
NLi YCls N\ \|( /THF _LiNiPr N /THF
. ~ \
SO oo o
iPr | \
iPr
Li,L44 212 213

Scheme 78

the more sterically hindered diamide complexes afforded higher enantioselectivity,
but lower catalytic rate. In this series of complexes, the ytterbium complex 209 bear-
ing diamide ligand .47 exhibited the highest ee (up to 87%) for the hydroamination
of 1-(aminomethyl)-1-allylcyclohexane, while the yttrium complex 208 bearing the
same ligand was slightly more active. 210 and 211 with additional chiral moieties
on the diamide ligands did not increase the ee of the transformation. The ytterbium
complex 198 proved to be the most active catalyst of this series and even success-
fully catalyzed the hydroamination of aminopentenes with internal double bonds
[148,154,160-164].

To understand the function of the ionic “ate” complexes in the catalytic hydroam-
ination reactions, the neutral yttrium chloro complex 212 containing diamide ligand
L44 was prepared by the reaction of YCl3 with 1 equiv of Li, .44 to compare with
the “ate” complexes. The neutral yttrium amido complex 213 was obtained from
reacting 212 with LiNi Pr, in THF (Scheme 78).

Complexes 213 and 203 bearing the same enantiopure binaphthyldiamide ligand
were compared for the catalysis of several hydroamination reactions with various
substrates. The comparison showed differences in activity and/or selectivity in two
catalytic systems. The results indicate that different active species are involved. Both
complexes produce pyrrolidines and piperidines with moderate to high enantioselec-
tivity and their catalytic activity are comparable [162].

To optimize the enantioselectivity of the hydroamination reaction, the diamide
ligand .47 that supported the ytterbium complex 209 exhibiting the highest ee was
selected for the preparation of ytterbium and yttrium alkyl complexes. The “ate”
diamide alkyl lanthanide complexes [Ln(L47)(u-Me),Li(THF),(u-Me)Li(THF)]
(Ln = Y (214), Yb (215)) and [Ln(L47)(u-Me),Li(TMEDA)(u-Me)Li(OEt,)]
(Ln = Y (216), Yb (217)) were prepared from a one-pot procedure of com-
bining LnCls, diamine H,1.47 and 4 equiv of MeLi in THF or Et,O/TMEDA
(Scheme 79). The neutral alkyl complexes [Ln(L47){CH,SiMes;}(THF),] (Ln
=Y (218), Yb (219)) were obtained from the reaction of equimolar amount of
H,L.47 and isolated [Ln(CH»SiMe3)3(THF),] or from a one-pot procedure of
combining [LnCl3(THF)3 5], 3 equiv of Li(CH,SiMe3)3, and H,L.47 in hexane.
[Y(L47){CH,SiMe;3 }(DME)] (220) was obtained from recrystallization of 218 in
DME (Scheme 80) [165].

214-220 are the first examples of fully characterized alkyl amido neutral or
anionic complexes that are prepared in a one-pot procedure from commercially
available rare-earth metal halides, an alkyllithium reagent, and a chiral diamide
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ligand. All the complexes were proved to be highly active catalysts for the hy-
droamination of various substrates to form five- or six-membered rings. Up to 83%
ee could be reached in producing 2,4,4-trimethylpyrrolidine (Scheme 71) by using
ytterbium alkyl “ate” complex 215 as a catalyst. In both neutral and anionic cases,
yttrium alkyl complexes are greatly more active but slightly less selective than yt-
terbium alkyl complexes. This might be a result of the lower stability of ytterbium
alkyl precatalysts [165].



Rare-Earth Metal Postmetallocene Catalysts with Chelating Amido Ligands 221

F|’h \Si/
/7N
ML Ph—y N—Ph
N4 YbCl, e\ /N
2 /S| THF/Yb Li—THF
AL / N/
| ph—N_N=ph
Ph Si
/ \
Li,L50 221

Scheme 81

NH i -CI)Li N N(SiM
Ssi [Ln{N(SiMe3)a}3(u-Cl)Li(THF)s] Ssi \Ln Y (SiMe3),
AN
KNH kN/ THF
H,L51 Ln =Y 222, Nd 223, Sm 224, Dy 225, and Yb 226
Scheme 82

Silylene-Bridged Diamides

The lithium salt of the silylene-bridged diamide ligand L50 reacted with YbCl3 to
form the “ate” diamide complex [Yb(L50),(THF),Li(THF)] (221) (Scheme 81).
This complex showed moderate catalytic activity for the polymerization of MMA
at room temperature. Syndiotactic-rich polymers with high molecular weights
(M, > 10*) and relatively narrow molecular weight distributions (My,/ M, = 1.45)
were obtained (Scheme 12) [166].

Wu and coworkers prepared a new diamide ligand L51 with a CH,SiMe, bridg-
ing unit and a series of rare-earth metal complexes supported by L51. Diamide
complexes [Ln(L51){N(SiMes), }(THF)] (Ln = Y (222), Nd (223), Sm (224), Dy
(225), Yb (226)) were obtained from the reaction of H,L.51 with 1 equiv of corre-
sponding rare-earth metal amide complexes [Ln{N(SiMe3),}3(u-Cl)Li(THF)3] in
toluene (Scheme 82) [167].

The complexes 222-226 exhibited a high catalytic activity on the cyclotrimeriza-
tion of aromatic isocyanates to produce triaryl isocyanurates (Scheme 83). They are
the first reported Cp-free rare-earth metal complexes showing high activity and se-
lectivity on the cyclotrimerization of aryl isocyanates. For comparison, the starting
trisamide complex [Yb{N(SiMe3)»}3(L-Cl)Li(THF)3] was studied for the catalysis
and showed a catalytic activity comparable with those of the new complexes
222-226. All the complexes showed no catalytic activity on the cyclotrimerization
of 4-nitrophenylisocyanate and exhibited a relatively low catalytic activity on the
cyclotrimerization of aliphatic isocyanates [167].
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Bis(amido)cyclodiphosph(Ill)azane Ligands

Substituted cyclodiphosph(IlI)azanes are well established as ligands in main-group
[168—170] and transition-metal chemistry [171, 172]. Cyclodiphosph(Ill)azanes are
usually synthesized by the reaction of PCl; with an excess of the corresponding
amine to give chlorocyclodiphosph(Ill)azanes [RNPCl], (R = alkyl, aryl) [173].
The chlorine atoms can be replaced by various alkoxy, arylalkoxy, alkyl, and amino
substituents (R’) leading to [RNPR'], (I) shown in Scheme 84 [168, 171, 174].
The amino-substituted cyclodiphosph(IlT)azanes II (Scheme 84) can be deproto-
nated twice to give bis(amido)cyclodiphosph(Ill)azanes which are known as dian-
ionic bidentate ligands in main-group [170] and early-transition-metal chemistry
[175-180]. Recently, a bis(amido)cyclodiphosph(Ill)azane was introduced to rare-
earth metal chemistry by our group and the first cyclodiphosph(IlI)azane complexes
of yttrium and the lanthanides have been synthesized [181].

The dilithium salt Li, .52 was used as a ligand transfer reagent for the dianionic
cis-bis(amido)cyclodiphosph(Ill)azane ligand. Li, .52 was easily accessed by the
treatment of cis-bis(amino)cyclodiphosph(Ill)azane H,L52 with 2 equiv of nBuLi
in THF (Scheme 85) [168].

The reaction of Li,L52 with anhydrous LnCl; in THF led to “ate” complexes
with occluded lithium chloride. In rare-earth metal chemistry, potassium salts of
the ligands are used to avoid the formation of “ate” complexes. Unfortunately, the
attempts to generate the dipotassium salt of L52 failed. To obtain the neutral chloro
complexes 227-230, the in situ generated “ate” complexes were heated in toluene
to extrude lithium chloride (Scheme 86).

Neodymium-based Ziegler—Natta systems play a major role in the indus-
trial polymerization of 1,3-butadiene to poly-cis-1,4-butadiene [182-184].
Therefore, the catalytic activity of the neodymium complex 229 was investi-
gated for the polymerization of 1,3-butadiene [181]. The observed catalytic
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activity was strongly dependent on the nature of the cocatalyst. 229 and co-
catalyst mixtures of AlEt;3/B(C¢F5); (7200:96), AlMe3/B(CgFs5)3 (7200:96),
AlEt3/[PhsC][B(CeFs)4] (7200:96), or AlEt;/[PhNMe,H][B(CsFs)4] (7200:86)
showed low activity and resulted in low yields. For these runs, the microstructure of
the products was not established. By using modified methylalumoxane comprised
of trimethylaluminium and triisobutylaluminium (MMAO-3A) as the cocatalyst,
the catalytic system showed very high activity and resulted in a cis-selectivity of
94%. The best result for the catalytic activity of 229 was obtained with a mixture
of AlMes3/[R(Ph)NH][B(C¢F5)4] (R = octadecyl) (7.2:93.2) as the cocatalyst.
A very high turnover rate and a cis-selectivity of 93% were observed and polymers
with high molecular masses and moderate polydispersities were obtained.

3 Conclusions

Within the past 10 years, several classes of postmetallocenes of the lanthanides,
especially the monoanionic amido metal complexes, were developed as homoge-
neous catalysts. These compounds were basically used in two fields, C—C multibond
transformations and the polymerization catalysis. In the area of multibond transfor-
mations, the hydroamination and the hydrosilylation reaction were most intensely
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studied, whereas in the area of polymerization butadiene and isoprene, ethylene, as
well as lactides and lactones were mostly used as monomers. This review was fo-
cused on the synthesis of the catalysts. Other chapters within this book are reviewing
the mentioned catalytic transformations in more detail. In general, lanthanide cata-
lysts combine several favorable features, which are high catalytic activities and in
some cases also high selectivities. In comparison to the well-established platinum
metal catalysts, lanthanide-based systems are less expensive and show a low tox-
icity, which makes them applicable for drug synthesis. As result of the lanthanide
contraction, the 4f-elements catalysts have the unique property in the periodic chart
to be optimized by tuning the ion radius without altering the ligand sphere or the
reaction conditions.

Based on the present development, we expect that the rapid development of new
postmetallocene catalysts of the lanthanides will continue in the near future.
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