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ABSTRACT: The number of rare earth (RE) starting materials used in synthesis is
staggering, ranging from simple binary metal-halide salts to borohydrides and “designer
reagents” such as alkyl and organoaluminate complexes. This review collates the most .
important starting materials used in RE synthetic chemistry, including essential information L
on their preparations and uses in modern synthetic methodologies. The review is divided by
starting material category and supporting ligands (i.e., metals as synthetic precursors, halides,

borohydrides, nitrogen donors, oxygen donors, triflates, and organometallic reagents), and in .7“'5

each section relevant synthetic methodologies and applications are discussed. .é‘ “\%;} "({2‘%_. = W
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and Birmingham succeeded in the stabilization of the first RE
organometallic complexes, RE(Cp); (RE = Sc, Y, La, Ce, Pr, Nd,
Sm, and Gd; Cp = {C{H}7),” overa century after Frankland’s
preparation of dialkylzinc species.” Following Wilkinson and
Birmingham’s breakthrough, scientists started closing this
historical 100 year gap with TM chemistry, and since then, RE
organometallic and coordination chemistry has develoged from
mere curiosity to a burgeoning research field."™" A key
component of these discoveries is the use of ligand architectures
that can fulfill the electronic and steric demands of the large and
electropositive RE ions. This step-change in RE chemistry was
also propelled by the many advances in anaerobic manipulation
techniques and ligand design, which in turn led to discoveries
that challenged common assumptions and opened unexpected
research avenues.”"’

Crucially, these advances have largely been supported by the
preparation of adequate starting materials for anaerobic
synthesis and the development of innovative synthetic strategies.
In particular, the number of RE starting materials is staggering,
constituting an immense library that synthetic chemists can
access to design their own unique methodologies. All this
essential information is spread over 100 years’ worth of literature
and laboratory work, carried out by a huge number of
researchers across the whole world. It is not uncommon for
different research teams to devise their own unique method-
ologies and synthetic strategies, the nuances of which are often
passed on as word of mouth—sometimes constituting a
religious rite of passage for new starters. This review work
provides a systematic account of the most important synthons
used in RE synthetic chemistry, covering their preparations and
applications as synthetic precursors. Despite the publication of
several reviews and book chapters on many of the topics
included in this work (vide infra, section 1.3), the last
comprehensive account on the preparation of RE starting
materials and their application in synthesis was provided by
Edelmann in 1997.” Since then the field has seen an immense
amount of progress and the number of new starting materials at
the disposal of synthetic RE chemists has increased significantly.
The aim is to compile an up-to-date account of the most
important synthons and methodologies that constitute the
synthetic toolbox for any researcher approaching RE chemistry,
thus providing an essential point of reference especially for those
at the beginning of their journey into the f-block world.

1.2. Scope of the Review

Throughout the review the terms “rare earth” and “lanthanoid”
will be used. The term “rare earth” will be used to describe all
group 3 and lanthanoid elements, with the exception of the
highly radioactive and rare promethium. The abbreviation “RE”
in chemical formulas is used to describe group 3 metals (Sc and
Y) and lanthanoids (La—Lu) collectively, whereas the
abbreviation Ln will be used whenever a specific reaction or
methodology applies exclusively to La—Lu or divalent species.
The aim of this review is to illustrate essential aspects of
synthetic methods applied to RE chemistry, focusing primarily
on the preparation of starting materials and their most important
applications as synthetic precursors. In order to make this work
more focused, the starting materials and methods described in
this review will primarily relate to anaerobic synthesis. The
review is subdivided into starting material categories, and
dedicated synthetic methods are discussed within each section:
metals as synthetic precursors (section 3), halides (section 4),
borohydrides (section S), amides (section 6), oxygen donors

(section 7), triflates (section 8), and organometallics (section
9). With the exception of section 3, each section contains tables
listing selected starting materials for each individual category of
this review. In the case of organometallic reagents (section 9),
Zimmermann and Anwander published a very comprehensive
account in 2010,"" so this review will provide a broad overview
of the topic and illustrate the progress achieved over the past
decade. This review work covers all relevant literature published
up to December 2021.

1.3. Previous Reviews

Over the last 70 years a significant number of reviews have been
written on the individual categories covered herein. Selected

reviews which are relevant for this work are listed below:

. 12,13
® Metals as synthetic precursors:”~

e Guo, Z.; Huo, R;; Tan, Y. Q.; Blair, V.; Deacon, G.
B.; Junk, P. C. Synthesis of Reactive Rare Earth
Complexes by Redox Transmetalation/Protolysis
Reactions-A Simple and Convenient Method; 2020
(ref 12)

e Cloke, F. G. N. Zero Oxidation State Compounds
of Scandium, Yttrium, and the Lanthanides; 1993
(ref 13)

o Halides:'""*

e Taylor, M. D. Preparation of Anhydrous Lantha-
non Halides; 1962 (ref 14)

e Meyer, G. The Rare Earth Elements — The
Divalent State in Solid Rare Earth Metal Halides;
2012 (ref 15)

e Borohydrides:'°™*'

e Marks, T.J.; Kolb, J. R. Covalent Transition Metal,
Lanthanide, and Actinide Tetrahydroborate Com-
plexes; 1977 (ref 16)

e Ephritikhine, M. Synthesis, Structure, and Reac-
tions of Hydride, Borohydride, and Aluminohy-
dride Compounds of the f-Elements; 1997 (ref 17)

e Makhaev, V. D. Structural and Dynamic Properties
of Tetrahydroborate Complexes; 2000 (ref 18)

e Visseaux, M.; Bonnet, F. Borohydride Complexes
of Rare Earths, and Their Applications in Various
Organic Transformations; 2011 (ref 19)

e Guillaume, S. M.; Maron, L.; Roesky, P. W.
Catalytic Behavior of Rare-Earth Borohydride
Complexes in Polymerization of Polar Monomers;
2014 (ref 20)

e DPaskevicius, M.; Jepsen, L. H.; Schouwink, P
Cerny, R.; Ravnsbzk, D. B.; Filinchuk, Y,;
Dornheim, M.; Besenbacher, F.; Jensen, T. R.
Metal Borohydrides and Derivatives—Synthesis,
Structure and Properties; 2017 (ref 21)

o Amides:>> "

e Anwander, R. Lanthanide Amides; 2005 (ref 22)

e Lappert, M. F.; Protchenko, A.; Power, P. P,;
Seeber, A. Metal Amide Chemistry; 2009 (ref 23)

e Goodwin, C. A. P.; Mills, D. P. Silylamides: Toward
a Half-Century of Stabilizing Remarkable f-
Element Chemistry; 2017 (ref 24)

e Oxygen donors:>>~*°

e Bradley, D. C; Mehrotram R. C,; Gaurm D. P.
Metal Akoxides; 1978 (ref 25)

e Mehrotra, R. C,; Singh, A.; Tripathi, U. M. Recent
Advances in Alkoxo and Aryloxo Chemistry of
Scandium, Yttrium and Lanthanides; 1991 (ref 26)
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e Bradley, D. C; Mehrotra, R. C.; Rothwell, I. P.; e Liddle, S. T. Lanthanides: Organometallic Chemistry

Singh, A. Alkoxo and Aryloxo Derivatives of
Metals; 2001 (ref 27)
Anwander, R. Routes to Monomeric Lanthanide
Alkoxides; 2005 (ref 28)
Boyle, T. J; Ottley, L. A. M. Advances in
Structurally Characterized Lanthanide Alkoxide,
Aryloxide and Silyloxide Compounds; 2008 (ref
29)
Parmar, V,; Mills, D. P.; Winpenny, R. E. P.
Mononuclear Dysprosium Alkoxide and Aryloxide
Single-Molecule Magnets; 2021 (ref 30)
e Triflates:”’

e Lawrance, G. A. Coordinated Trifluoromethane-

sulfonate and Fluorosulfate; 1986 (ref 31)

e Organometallics:»>""3*73*

e Cotton, F. A. Alkyls and Aryls of Transition Metals;
1955 (ref 4)
Davidson, P. J.; Lappert, M. F.; Pearce, R. Metal o-
Hydrocarbyls, MR,. Stoichiometry, Structures,
Stabilities, and Thermal Decomposition Pathways;
1976 (ref 32)
Bochkarev, M. N.; Kalinina, G. S.; Bochkarev, L. N.
Advances in the Chemistry of Organolanthanides;
1985 (ref 33)
Schumann, H.; Meese-Marktscheftel, J. A.; Esser, L.
Synthesis, Structure, and Reactivity of Organo-
metallic 7-Complexes of the Rare Earths in the
Oxidation State Ln** with Aromatic Ligands; 1995
(ref 34)
Cotton, S. A. Aspects of the Lanthanide-Carbon o-
Bond; 1997 (ref 5)
Deacon, G. B.; Forsyth, C. M,; Nickel, S. Bis-
(pentafluorophenyl)mercury—a versatile synthon
in organo-, organooxo-, and organoimido-lantha-
noid chemistry; 2002 (ref 35)
Edelmann, F. T.; Freckmann, D. M. M.; Schumann,
H. Synthesis and Structural Chemistry of Non-
Cyclopentadienyl Organolanthanide Complexes;
2002 (ref 36)
Zimmermann, M.; Anwander, R. Homoleptic Rare-
Earth Metal Complexes Containing Ln—C o-
Bonds; 2010 (ref 11)
Lyubov, D.; Trifonov, A. A. Ln(Il) Alkyl Com-
plexes: From Elusive Exotics to Catalytic Applica-
tions; 2021 (ref 37)
Izod, K. Alkyl, Carbonyl and Cyanide Complexes of
the Group 3 Metals and Lanthanides; 2021 (ref 38)

A significant number of reviews have also been published on

general synthetic methods in RE chemistry. Some of the most
relevant for this work are listed below:*>%*0~*3

Evans, W. J. The Organometallic Chemistry of the
Lanthanide Elements in Low Oxidation States; 1987 (ref
39)

Edelmann, F. T. Scandium, Yttrium, and the Lanthanide
and Actinide Elements, Excluding their Zero Oxidation
State Complexes; 1995 (ref 6)

e Edelmann, F. T. Lanthanides and Actinides; 1997 (ref 9)
Anwander, R. Principles in Organolanthanide Chemistry;
1999 (ref 8)

Anwander, R. Herrmann, W. A. Features of Organo-
lanthanide Complexes; 2005 (ref 40)
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Fundamental Properties; 2012 (ref 41)

Nicholas, H. M.; Mills, D. P. Lanthanides: Divalent
Organometallic Chemistry; 2017 (ref 42)

Ortu, F.; Mills, D. P. Low Coordinate Rare Earth and
Actinide Complexes; 2019 (ref 7)

Layfield, R. A. Lanthanides; 2021 (ref 43)

GENERAL CONSIDERATIONS ON THE REACTIVITY
OF RES

Unlike TMs, RE metals are not involved in classic two-electron
reactions like oxidative addition and reductive elimination.
Therefore, synthetic strategies are mostly limited to a handful of
key reactions: (1) salt elimination, (2) metathesis, (3) protonolysis
(also referred to as protolysis), and (4) insertion/oxidation.”**
This is not an exhaustive list, as other more specialized
methodologies have been also implemented in RE chemistry
and will be discussed in more detail in the various sections of this
review.

2.1. Salt Elimination/Metathesis

In salt elimination/metathesis reactions, a RE salt precursor,
LnX, or REX; (X = halide, borohydride, triflate, etc.), is reacted
with a ligand transfer reagent M(L), (n = 1, 2 depending on the
oxidation state of the metal and formal charge of the ligand),
producing a new RE complex and eliminating an inorganic salt
(eq 1). Classic ligand transfer reagents are group 1 and group 2
salts of a variety of bases, such as hydrocarbyls, amides,
alkoxides, and aryloxides. Additionally, the methodology entails
the elimination of highly insoluble inorganic salts with very high
lattice energies, thus providing a strong driving force for the
reaction. For these reasons, this is one of the most popular
methodologies used in RE synthetic chemistry and can be
applied to the synthesis of both homoleptic and heteroleptic
species, though the occurrence of salt occlusion can prevent the
isolation of clean products.**'

RE(X), + mM(L) - RE(L),,(X),_,, + mM(X) (1)

The availability of different halide sources offers several
possibilities in terms of lattice energy and solubility of the
byproducts of salt elimination reactions. Estimates of lattice
energies (eq 2) can be obtained from simple electrostatic
considerations:

n-lztz71

U «
T

)
where the lattice energy, U, is proportional to the number of ions
(n) and their charges (z*" and z7) and inversely proportional to
their ionic radii (r* and r7), i.e, the distance between the two
charges.*> Smaller ions will give the highest lattice energy values
(LiF, 1034 kJ mol™"), while larger ions will have the smallest
lattice enthalpies (CsI, 613 k] mol™") (Table 1).% Additionally,
the relative strength of the RE—X bonds should also be taken
into account: RE*" jons are hard Lewis acids, and the bond
strength with halides decreases descending the group. One
additional consideration is the solubility of the alkali metal salts.
Often salt elimination reactions have to be carried out in ethereal
solvents because of the poor solubility of starting materials and
reagents. However, alkali metal salt can have some solubility in
certain organic solvents, which can have a detrimental effect on
the outcome of salt elimination protocols and make purification
procedures extremely challenging (Table 1).

https://doi.org/10.1021/acs.chemrev.1c00842
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Table 1. Lattice Energies (U)*® and Solubilities of Selected
Alkali Metal Halides in THF at 25 °C*"~*

U (kJ mol™") solubility (mg/mL)
LiF 1034 -
LiCl 864 49.5
LiBr 820 388
Lil 764 552¢
NaCl 790 0.20
NaBr 754 0.15
Nal 708 29.98
KCl 720 0.30
KBr 691 0.06—0.1
KI 650 0.001

“Solubility in diethyl ether.*’

2.2. Metathesis

Metathesis reactions produce a ligand exchange between two
metals (eq 3), based on differences in their affinities for different
donors. For example, this is a method that can be employed for
the preparation of RE organometallics complexes (i.., trans-
metalation), such as the metathesis reaction between aryloxide
complexes and Li{ CH(SiMe,),} to give [RE{CH(SiMe,),},].>"
This method is particularly useful for the preparation of
homoleptic complexes, as the occurrence of ligand scrambling
often prevents the isolation of heteroleptic species.

RE(L), + nM(R) — RE(R), + nM(L) (3)

2.3. Protonolysis/Protolysis

RE starting materials can perform acid/base reactions with
protic substrates, accompanied by the highly favorable
elimination of volatile gases or liquids (eq 4). Such reactions
are classically driven by differences in pK, (Table 2), though

Table 2. pK, Values of Selected Acids in H,0”'' "

acid pK,
CH, 48
Ph,CH 315
C.H,Me, 26.1¢
HN(SiMe,), 25.8
HN(SiHMe,), 22.6
CsHg 15
HOCH,Me,2,4,6 10.87
HOCH, 9.97
HN(Me)(C¢Hs) 4.85
H,NCH; 458

“Value in DMSO.

other important factors can come into play (e, saturation of
metal coordination sphere or use of chelating ligands). However,
simple acid/base considerations are often a good indication
when planning a methodology that makes use of these reactions.

RE(R), + nR'H — RE(R’), + nR(H) (4)

2.4. Insertion/Oxidation

RE metals can sometimes react directly with substrates, either by
inserting into a polar bond (e.g., a carbon—halogen bond, eq S)
or by reducing the target donor (eq 6). The former method has
been used very rarely, and it mainly applies to divalent REs that
are able to behave like pseudo-alkaline earth (AE) metals
(section 3.2). Oxidation reactions instead are more versatile,

6043

though their main applications are limited to Sm, Eu, and Yb;
these are usually performed on protic substrates and
accompanied by the elimination of hydrogen (sections 3.1 and
3.3). Both insertion and oxidation reactions can be sluggish with
RE metals, and better results are often achieved when metals
have been activated. Oxidation reactions have also been
combined with transmetalation reactions by using redox
transmetalating reagents, such as organomercurials (section
3.4).

RE + R(X) — (R)RE(X) (5)

RE + (n/2)R(H) — RE(R), + nR(H) (6)

3. METALS AS SYNTHETIC PRECURSORS

The use of REs in their metallic form as primary starting
materials for synthesis has been investigated for over a century.
For example, high-temperature reaction of RE powders with dry
HCl or iodine is an established methodology for the preparation
of solvent-free RECl;, and most REs react readily with iodine or
1,2-dioodoethane in ethereal solvents to afford di- and trihalide
species (vide infra, section 4.1). REs can also react directly with
organic substrates (section 3.3), though often activation
strategies have to be employed which circumvent the relative
inertia of the metal. Examples of this approach are (1) activation
in liquid ammonia (section 3.1), (2) activation with Hg or
HgCl, (section 3.3), (3) redox transmetalation (section 3.4),
and (4) metal vapor synthesis (section 3.5). Additionally, in
some cases REs can also react directly with substrates in a
fashion similar to the insertion of Mg into C—X bonds (section
32).

3.1. Activation in Liquid Ammonia

At the turn of the 20th century, the use of liquid ammonia as an
alternative nonaqueous solvent sparked the interest of the
scientific community,” leading to the development of new
reaction apparatuses and experimental techniques which set
criteria still used today for experimental work with ammoniacal
solutions (Figure 1).°%° Pioneerin% work by Joannis,>®
Mentrel,>® Roederer,”” and Moissan’*"®° focused on the
solubilization of alkali and AE metals and the properties of
resulting solutions. Kraus further developed this new research
field by studying various s-block metals in liquid ammonia and
first proposed the presence of solvated electrons is such
media.® 7% Around the same time, Cottrel focused his efforts
on the dissolution of Mg and Ca and their reactivity with
acetylene.”* The first ammoniacal solutions of any f-element
were first reported by Watt et al. in 1950, who described the use
of liquid ammonia on various U and Th salts (e.g, iodates,
oxalates, peroxides).”> Warf and Korst decided to extend this
study to the classic divalent Lns, owing to their resemblance to
the heavy AE elements.®® The heavy AEs share many similarities
with classic divalent Lns Eu, Sm, and Yb, such as the stability of
the +2 oxidation state and ionic radii (Ca*, 1.00 A; Yb**, 1.02 A;
Sm?*,1.17 A; Eu®, 1.22 A; Sr**, 1.18 A).%” Because of this their
coordination chemistry has often been developed in parallel.*®
By using freshly distilled ammonia, Warf and Korst were able to
dissolve Eu and Yb at —78 °C, while no reaction was observed
with Sm (Scheme 1 and Figure 1).

The nature of the cation—electron ion pair was further
corroborated by EPR studies on Eu ammoniacal solutions
performed by Catterall and Symons in 1964;°>° additionally,
the electronic spectra of Eu and Yb species were recorded a year

https://doi.org/10.1021/acs.chemrev.1c00842
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1. NH3 ) o

(added at =78 °C) °

=) inert gas line/external bubbler

3 |:> inert gas line/external bubbler

3. Receiving flask cooled (=78 °C)
Condenser charged with dry ice
Bath removed from Na/NH3 flask

-78°C

Figure 1. Illustration of basic setup for the preparation of ammoniacal solutions of divalent Lns. Alternatively, modification of Schlenk line manifolds
can be implemented to optimize ammonia transfer and workup procedures.>”

Scheme 1. Synthesis of Ammonia Solution of Divalent Lns

-78°C

Ln + NHzpy —> {Ln'(NH3),+2e7} Ln=Eu, Yb

later by Waugh and co-workers.”" Interestingly, Peer and
Lagowski were able to dissolve various other Lns (Sm, Tb, Er,
and Tm) in ammonia via co-condensation and recorded the
electronic spectra of the resulting solutions; both Sm and Tb
were identified to be in their divalent state, while definitive
conclusions could not be drawn for Er and Tm.”>

Eu and Yb ammonia solutions are relatively stable when
stored under anaerobic conditions. However, they decompose
over time to generate the parent amide Ln(NH,),, similar to
what is observed with alkali and AE metals (Scheme 2).”* In the
case of Yb, depending on reaction conditions, degradation of
ammoniacal solutions can also produce oxidized trivalent amide
Yb(NH,);.”* Divalent Eu(NH,), is obtained also under
ammonothermal reaction conditions (up to S000 atm of
NH;), while for Yb the same reaction conditions generate
pure trivalent Yb amide or the salt Na[Yb(NH,),].”* The use of
ammonothermal conditions with Lns has limited synthetic
utility and has attracted interest mostly for the preparation of
new semiconductors; ~ also, supercritical ammonia (160 °C)
has been used to prepare metal sulfide salts of Yb, [Yb(NH;);]-
[M(S,),]-NH; (M = Cu, Ag), and La, [La(NH,)s][Cu(S,),].”°
Additionally, Miiller-Buschbaum and Quitmann reported the
molecular structure of complex [Sm(NH;),][Sm(Pyr)¢] (Pyr =
pyrrolide, {C,H,N}~), obtained from the direct reaction of

pyrrole with Sm metal and pyrrole under solvothermal
conditions, followed by treatment with liquid ammonia.”’
Recently, Kraus and co-workers investigated the preparation of
Eu(II), Yb(II), and Ho(IIl) azides by reacting the pure metal
with AgN; in liquid ammonia, leading to the structural
identification of ammino-adducts [Ho,(u-NH,);(NH;),,]-
(N3)5(NH,), 55 and [Yb(NH,)g](N;),. "

The ready availability of soluble forms of divalent Lns gives
access to the preparation of simple binary species. Such was the
observation of Salot and Warf in 1968, who postulated the
formation of YbI, from the reaction of Yb metal and NH,I in
liquid NH;.*" Shortly after, Howell and Pytlewski followed a
similar synthetic protocol and reported the preparation of six
unsolvated LnX, (Ln = Eu, Yb; X = Cl, Br, I) species (Scheme
3);"! this methodology has been used extensively by synthetic

Scheme 3. Synthesis of Eu and Yb Divalent Halides in Liquid
NH,*!

NHa(
Ln +2 NHX —— LnX, + 2 NHz + H,

Ln=Eu, Yb
X=Cl,Br, |

chemists since then (vide infra for preparation and uses of LnX,
precursors in synthesis, section 4.1)."* When Sm is employed,
this methodology leads to the formation of trivalent species.*’

Scheme 2. Decomposition of Ammoniacal Solutions of Eu and Yb and Formation of Divalent and Trivalent Amides Eu(NH,),,

Yb(NH,),, and Yb(NH,),”’

20°C
Yb'(NH,), (76%) + Yb"'(NH,)3 (24%)
1l I 20°C
Ln''=E Ln"=Yb excess NH
Eu'(NH,), SOl {Ln"(NH3), + 27} 3 Yb'(NH,), (53%) + Yb'(NH,)5 (47%)
20-250 °C 3
0-5,500 atm NHj 20-180 °C
0-5,500 atm NH;
Yb"'(NH,)3
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Scheme 4. Synthesis of Divalent Ln Organometallic Complexes in Liquid NH;**~*’
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Scheme $. Reduction of 2,2'-Bipyridine and Phenantroline with Ln Ammoniacal Solutions
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Scheme 6. Synthesis of Ln(I) Aryloxide Complexes 9 and 10 from Ln Ammoniacal Solutions’””*

'Bu
) 0
Bu | NCMe 1)+ 2 ArOH, —41 °C
$ 2) MeCN
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'Bu 8y
+2 ArOH O\ THF
THF,-78 °Ctor.t S
Ln + NHg, Yb—THF
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Ln=Yb O THF
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‘Bu
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Owing to the highly reducing nature of these ammoniacal Ln
solutions, their synthetic utility was first explored in the 1960s.
Fischer and Fischer reacted freshly distilled cyclopentadiene
with an ammoniacal solution of europium or ytterbium,
followed by sublimation to yield analytically pure metallocene
Ln(Cp), (1-Ln; Ln = Eu, Yb; Cp = {CsH;}") (Scheme 4).*°
Similarly, Wayda et al. were able to synthesize their Cp* (Cp* =
{CsMe;}") analogues Ln(Cp*),(NHj;), (2), though only the
ammoniate metallocene derivative [Yb(Cp*),(NH;)(THF)]
(3) was structurally authenticated (Scheme 4).** A similar
approach has also been used for the preparation of other
organometallic derivatives, such as Ln(COT) (COT
{CgHg}7)® and Eu(ll) propynide Eu(C=CCH,), (4)*
Wayda et al. followed the original Ln(COT) synthesis developed
by Thomas and Hayes®* and were able to crystallize the Yb
derivative by slow diffusion of pentane in a pyridine solution,

6045

thus obtaining the piano-stool complex [Yb(COT)(py),] (5
3py, py = pyridine).”” Around the same time of Fischer and
Fischer’s metallocene synthesis, Ln ammoniacal solutions were
also used to for the reduction of 2,2’-bipyridine and phenantro-
line (Scheme $), leading to the isolation of Ln(bipy), (6-Ln; Ln
= Eu, Yb; bipy = 2,2"-bipyridine) and Yb(phen), (7, phen =
phenantroline);** Pappalardo also reported the preparation of
Yb(bipy); (8) using a similar methodology.*”

Smith and co-workers also used Yb ammoniacal solutions to
prepare the bis-aryloxide Yb complex [Yb(ODbmp),(THF),]
(9, Scheme 6) (ODbmp = OC4H,'Bu,-2,6-Me-4),”” which was
originally prepared via protonolysis or redox transmetalation
(vide infra, sections 3.4 and 7.1).°* Similarly, Evans et al. isolated
the Eu** complex [Eu(ODb),(NCMe),] (10, ODb =
OC¢H;Bu,-2,6) by dissolving a Eu ingot and 2,6-di-tert-
butylphenol in liquid ammonia, followed by extractions with

https://doi.org/10.1021/acs.chemrev.1c00842
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Scheme 7. Reactivity of Yb and Eu with N-Heterocycles and Amines Using Ammoniacal Solutions or Ammonia-Activated

77,93—98,100
Metals”37%%
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STV s o 1 - Ve OO
— . —i=
N H3N/,,,.\i(b”/,r P 13 Hals, | oNHg
v v o P4
\\ // H3N ’LH NH; | W 85-105 °C HoN ‘ NH, 12
3 Ln=Eu |+ ‘N —H,
14a W Ln=Yb N
7 185°C
NHy y H
HaN o
% <H
= N—"\|(b‘” NS T 130 °C * U
Ln + NHgg,

\ | € ) 190 °C : | NH,
NN -35°C ; e
= A = HaN,, '
DT ey iy T O
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7 N N\
Y %
N —
[Yb"(NHa)g] Y Yb\N/Yb\N = 1"
14c N/ Y|b |
NN
-\ N
A
(o'epal B
acetonitrile (Scheme 6).”> However, when 2,6-diisopropylphe- solvothermal conditions (vide infra, sections 3.3 and 3.4).”
nol (HODipp) is employed, the hydroxo-bridged Eu(II) Remarkably, the use of ammoniacal Yb solutions in the presence
complex [Eu,(ODipp),(u-ODipp),(;—OH),(NCMe),] is of 2,2'-dipyridylamine afforded the isolation of the first RE
obtained; attempts by Evans ef al. to use this methodology to molecular nitride [Yb;N(dpa)s][Yb(dpa);] (15, dpa = 2,2"-
obtain a hydroxo-free Eu(II) derivative were not successful.”” dipyridylamide, {(C¢H,N),N}7).'*
pyridy 6t14N )2
?his synthetic approach has been revisited more recen.tlyiby 3.2. Insertion into C—X Bonds
Miiller-Buschbaum and co-workers, who have used similar . .
methodologies for the activation of a variety of nitrogen- Eu,‘Sm‘, andY]aresemble the cl}émlstryofs-r and Carespect{vel?r,
containing heterocycles, eg, indole (11), carbazole (12), owing in particular to the stability of the divalent state and ionic
pyrazole (13), and pyrrole (14) (Scheme 7).”7?*%% These radii (see section 3.1). Organocalcium “heavy Grignard”
reactions in some cases are accompanied by concomitant reagents, (R)CaX (R = alkyl, aryl; X = halide), were originally
formation of {NH,}~ from ammonolysis.% In their work, investigated in the early 20th century as potential alternatives to
Miiller-Buschbaum and co-workers carried out reactions in the classic organomagnesium analogue5;1°1_1°3 additionally, several
absence of solvents and under solvothermal conditions, though structurally authenticated examples have been reportel,(c)l4 1}?))_’
in some cases low-temperature reactivity was also achieved, such Westerhausen and co-workers over the last two decades, ™
as with the synthesis of [Yb(NH;)s][Yb(pyr)s] (14¢, pyr = and recently this chemistry has also been extended to Sr and
: -\ 97 Th: . : . 106 S
pyrrolide, {C,H,N}~).”" This approach is particularly interest- Ba."” Consequently, classic divalent Lns (Eu, Sm and Yb) have
ing for modern RE synthetic chemistry, as it can provide an also been investigated for the preparation of pseudo-Grignard
access route to very challenging complexes avoiding the use of reagents, i.e. (R)LnX (R = alkyl, aryl; X = halide).'*”"%" Unlike
coordinating solvents.”® In the case of the reaction between Yb for Mg, heavy group 2 Grignard reagents readily undergo
and carbazole (C;,H¢NH, CarbH), N-phenylpiperazine Schlenk-type degradation affording dialkyl and dihalide
(Phpip) was added to aid crystallization of the target complex species; "'*° therefore, owing to the similarities of classic
[Yb(Carb),(NH,),] (12, Carb = carbazolide, {C,,HsN}"), divalent Lns with the heavy AE metals, this type of degradation is
though this product cannot be separated from cocrystallized also a likely occurrence for a putative (R)LnX pseudo-Grignard
CarbH-Phpip.”* It is also noteworthy that Miiller-Buschbaum derivative (Scheme 8).
and co-workers extended this work to various divalent and D. F. Evans et al. first reported the reaction of Yb and Eu metal
trivalent REs by reacting metal powders with amines, either with alkyl and aryl iodides in THF at —20 °C (Scheme 9).'%7'%®
directly or in the presence of trace amounts of Hg under In the case of Yb, magnetic susceptibility measurements revealed
6046 https://doi.org/10.1021/acs.chemrev.1c00842
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Scheme 8. Insertion Reaction of Ln Metal into C—X Bonds
and Schlenk-Type Equilibrium

Ln® + R-X —> (R)Ln"X 0.5 (R),Ln" + 0.5 LnX,

R = alkyl, aryl
X = halide

the presence of small quantities of Yb** ion (Yb**: [Xe]4f", u.q
=4.5 pg), with Yb*" as the predominant ion (Yb*": [Xe]4f'*, pog
=0 ptB);m8 in the case of europium, the magnetic moment of
(Ph)Eul was measured at 7.5 ug, close to the value for free Eu**
(Eu™": [Xeldf pheg = 7.5 pg; Eu®*: [Xeldf* preg= 1.5 pp).'"* In
the case of Sm metal, reactivity with iodobenzene and
iodoethane is sluggish, requiring higher temperatures compared
to Eu and Yb and affording a much higher proportion of trivalent
species.'”® Moreover, further reactivity tests with Gd and Er
showed no reactivity, while La and Ce are converted into
mixtures of trivalent species, i.e., (R)REL, (R),REL RE(R);, and
REL,.'% Beletskaya and co-workers further investigated
oxidative addition of Ce, Eu, Sm, and Yb with iodothiophenes
and bromopentafluorobenzene in the presence of an initiator,
eg, diiodoethane or dibromoethane (Scheme 9).'% The
authors reported the formation of organoderivatives
(C4H;S)Lnl (Ln = Ce, Eu, Sm and Yb) and (C4Fs)LnBr (Ln
= Eu, Sm and Yb), though their formation was confirmed only
via reactivity with Ph;SnCl and detection of corresponding
PhySnAr derivative (Ar = C,H;S, C¢F).'"” Ce has a very
unstable divalent state (Ce>/Ce?*: E = —3.2 V);"'%'"!
therefore, it cannot be excluded that reactivity with iodothio-
phene produced trivalent (C,H;S)Cel, or (C,H;S),Cel rather
than divalent (C,H;S),Cel, as both trivalent species can in turn
generate Ph;Sn(C,H;S) upon reaction with Ph;SnClL

(Ph)LnI (Ln = Eu, Yb) performs well as protonolysis reagent
toward 3,5-diphenylpyrazole (HPh,pz) to give [Ln(Ph,pz)(I)-
(THF),] (16-Ln, Ln = Eu, Yb; Phypz = {3,5-Ph,C,;HN,};
Scheme 10);''* the same outcome was obtained also with
freshly prepared (Me)LnL.'"> Ali et al. further exploited the
utility of (Ph)Lnl by performing protonolysis reactions with a
family of amidines, ArFormH (ArNCHNAT; Ar = C;H;Me,-2,6
— Xyl, C¢H,Me;-2,4,6 — Mes, C¢H;Pr,-2,6 — Dipp), leading to
the formation of divalent Ln complexes [Eu(DippForm)(I)-
(THF),] (17), [Eu(XylForm)(I)(DME),] (18), [Eu-
(XylForm)(I)(x'-DME) (u,:x*0-DME)],, (19), [Yb-
(DippForm)(I)(THEF),] (20), [{Yb(MesForm)(u-1)-
(THF),},] (21) and [{Yb(XylForm)(u-I)(THE),},] (22)
(Scheme 10); however, the authors also observed the formation
of several trivalent derivatives during the isolation of these

species.''> To gain a better understating of the chemical
behavior of these reagents, Junk and co-workers revisited the
synthesis of putative (Ph)Ybl first described by D. F. Evans and
proposed the occurrence of Schlenk—ty%)e equilibria and
disproportionation reactions (Scheme 10)."'*'"* The authors
attempted to identify the components of these degradations and
initially isolated [Yb(I),(THF),] and trivalent [Yb-
(Ph);(THF),]. Additionally, when phenyl iodide is reacted
with Yb in DME, fractional crystallization affords [Yb-
(1),(DME);] and the mixed-valent separated ion pair complex
[Yb(DME),][Yb(Ph),(DME)],.""* Subsequently, Junk and co-
workers ascribed the formation of the trivalent Yb formamidi-
nate species [Yb(DippForm)(I),(THF),] (23) and [Yb-
(XylForm),(I)(DME)] (24), together with the hydroxo-
bridged Eu complex [{Eu(XylForm)(I)(4-OH)(THF),},]
(25), to the presence of other trivalent Yb derivatives, e.g,
(Ph)YbI, and (Ph),YbI (Scheme 11).'"?

The first structurally authenticated Ln pseudo-Grignard
complexes [{Yb[C(SiMe;);](1-1)(OEL,)},] (26) and [{Yb[C-
(SiMe,CH = CH,);](u-1)(OEt,)},] (27) were reported by
Smith in 1994""* and 1996,""* obtained from the direct reaction
of Yb powder with (SiMe,R);CI (R = Me, CH = CH,) in diethyl
ether (Scheme 12). Moreover, Niemeyer and Heckmann
isolated aryl complex [Yb(CH;Ph-2,6)(I)(THF);] (28)
from the reaction between 2,6-Ph,CsH;I and Yb powder,
while use of Eu powder led to the isolation of bis-aryl complex
[Eu(C¢H,;Ph,-2,6),(THF),] (29) (Scheme 12)."'° Such a
difference in reactivity between Yb and Eu is an indication of
the presence of a Schlenk-type equilibrium, which is more
pronounced for the larger Eu** cation. Confirmation of this
observation came also from the isolation of Eul,(THF), as a
byproduct of the reaction. Conversely, treatment of Yb powder
with neopentyl iodide, ‘BuCH,], leads to further oxidation to the
trivalent Yb complex [Yb(CH,'Bu),(THF),] (30) with
concomitant formation of solvated YbI, (Scheme 12).''7
Niemeyer proposed that the divalent pseudo-Grignard species
("BuCH,)Ybl is initially formed, which then reacts with a further
equivalent of ‘BuCH,! to yield (‘BuCH,)Ybl,; the latter species
undergoes Schlenk-type equilibrium yielding 30 and YbI,.
Finally, YbI, reacts with excess Yb metal to form YbI,."'"”

3.3. Direct Metalation

RE metals can react directly with protic substrates, thus
providing a very efficient synthetic route which is accompanied
by the evolution of hydrogen as a byproduct (Scheme 13).""*
However, this is a relatively rare synthetic approach with limited
scope, especially compared to other widely used synthetic

Scheme 9. Synthesis of Ln pseudo-Grignard Derivatives by D. F. Evans,

107,108 109
Beletskaya, =~ and Co-workers

Ln = Ce, Eu, Yb; Ar=Ph

+RI + Arl
'(R)Lnl* = '(Ar} ' Ln =Yb; Ar = CgHsMe-2;
THE, —20 °C THF, —20 °C CoHa(Me)p-2,6; CeHy(Me)3-2,4,6
Ln=Eu;R=Me Ln=Eu,Yb L£=$§, + CoFsH
= ‘R= u,
Ln=Yb; R = Me, Et Tl:": —CyHg
20°C| Ar=Ph
+ a-IC4H; + CoFsBr
(C4Hz LNl Ln (CeFs)LnX'  Ln=Ce, Eu, Sm, Yb
THF, CHyl, THF X =Br, |
-10-15°C -10-15°C
Ln = Ce, Eu, Ln =Euy,
Sm, Yb Sm, Yb
+RI +RI
(R)LnIy/(R),Lnl/Lnlg/(R)sLn <——— ] L s (R)SmI'+'(R)SmIy/(R);Sml'
THF, rt. THF, 30 °C
R=Et,Ph Ln=La,Ce Ln=8m R = Et, Ph
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Scheme 10. Synthesis of Ln Formamidinate Complexes via Protonolysis Using (Ph)Lnl" ™
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Scheme 11. Schlenk-Type Equilibrium and Degradation of (Ph)YbI Proposed by Junk and Co-workers'"*
+ (Ph),Yb
+Ybl, + Phl
(Ph)3Yb + (Ph),Ybl (Ph),Y 2 (Ph)Ybl ———— (Ph),Ybl + (Ph)Ybl,
~Ybl,
114,11 .
Scheme 12. Synthesis of First Structurally Authenticated Ln pseudo-Grignard Species by Smith (26 and 27)""*'"° and Niemeyer

(28),""® Together with Synthesis of Diaryl Eu Complex 29"'°

and Trivalent Yb Derivative 30""
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Scheme 13. Direct Reaction of RE Metals with Protic
Substrates

RE® + npLH ——> RE"(L), + (n/2)H,T

methodologies such as salt metathesis, transamination, or
transmetalation reactions; additionally, in some cases harsh
reaction conditions and additives are required.

6048

Evans and Pires de Matos reported independently the
reactivity of Ln metals with alcohols.''”™"*' The reaction of
Eu metal with 2-methoxyethanol proceeds smoothly at room
temperature and affords polymeric [Eu(OCH,CH,0OMe),], in
good yields, which Evans and co-workers employed as
protonolysis reagent toward substituted phenols
HOC¢H,Me,-2,6 (HOXyl) and HOC(H,'Pr,-2,6 (HODipp),
affording the heteroleptic aryloxide complexes [{Eu(us:17*-

https://doi.org/10.1021/acs.chemrev.1c00842
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Scheme 14. Direct Reaction of Eu and Yb with Alcohols and Application in Protonolysis Reactions
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OCH,CH,0Me)(5n*-OCH,CH,0Me)(OC¢H;R,-2,6)-]-
[H]},] (31a, R = Me; 31b, R = 'Pr) (Scheme 14)."" Pires de
Matos and co-workers obtained Eu(OMe),, Eu(OEt),, Eu-
(O'Pr),, and Yb(OMe); by treating metal powders with
methanol, ethanol, or isopropanol (Scheme 14) ;2! in the case
of the reaction between Yb and isopropanol, activation with
ammonia was required and the only isolated product was the
cluster [Yb;O(O'Pr),;] (32), previously prepared by Bradley
and co-workers by using catalytic amounts of HgCl, in the
reaction (vide infra, Scheme 16)."** In the same report, Carretas
et al. illustrated the use of metal vapor synthesis (MVS)
techniques for the preparation of the same alkoxides and
reported an improvement of the overall yields in all cases.'”!
Moreover, Evans and Greci investigated the use of different
solvents to facilitate the direct reaction of Eu metal with HOXyl
and HODipp. When HOXyl was reacted with Eu ingots in N-
methylimidazole (C;H;N,-Me), the bridged aryloxide complex
[Eu,(OXyl) (u-OXyl);(C3H3N,-Me)s] (33) was obtained
(Scheme 14); similarly, treatment of HODipp with Eu ingots
in acetonitrile yielded the aryloxide complex [Eu,(ODipp),(u-
ODipp),(MeCN),,(u-NCMe)] (34).'*°

Direct metalation reactions can also be facilitated by using
small quantities of Hg or HgCl,. The proposed mechanism
involves the amalgamation of metallic mercury with the RE
metals, which are readily oxidized to their trivalent or divalent
state upon reaction with protic substrates, accompanied by
formation of hydrogen (Scheme 15)."** When HgCl, is
employed, metallic mercury is likely formed from the direct
reaction with the substrate (usually amines or alcohols), leading
to the formation of Hg(L), with the concomitant production of
HCI. The transient Hg amide or alkoxide then reacts with the RE
metal powder via redox transmetalation (vide infra), thus

6049

Scheme 15. Direct Reaction between RE Metals and Protic
Substrates with Catalytic Amounts of Hg or HgCl,

Hg or HgCl, (cat.)
RE? + )LH ——————— > RE"(L), + (n/2)H,
n=2or3

LH = amine, alcohol

Activation with Hg
RE(Hg) + nLH —> RE(L), + Hg + (n/2)H,

Activation with HgCl,
HgCly + 2 LH —> Hg(L), + 2 HCI

REC + (n/2)Hg(L), — RE"(L), + (n/2)Hg

RE(Hg) + nLH — RE(L), + Hg + (n/2)Ha

producing the desired RE derivative, RE(L); or Ln(L),, and
regenerating metallic Hg (Scheme 15).

Mazdiyasni and co-workers were the first to report the direct
activation of isopropanol with RE metals in the presence of
HgCl, (occasionally combined with Hg(OAc), or Hgl,) under
reflux, and they discovered that the use of excess H§Clz led to
the presence of RE chlorides in the final products.'>*"** Deacon
et al. subsequently demonstrated that solvated REC; can indeed
be prepared conveniently from metal powders and HgCl, (vide
infra, section 4.2)."*° In Mazdiyasni’s original reports, the
authors identified the formation of the expected isopropoxide
species RE(O'Pr); for all metals but Eu, which formed the
divalent Eu(O'Pr), instead.'”*'*® These results were later
revisited by Hubert-Pfalzgraf, Caulton, and Bradley, who studied
the products of these direct reactions via single-crystal XRD
studies and identified the formation of the oxo-bridged
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Scheme 16. Examples of Activation with HgCl, and Hg: Formation of oxo-Bridged Clusters [RE;O(O'Pr),;] (32-RE; RE =Y, Pr,
Yb) via Direct Reaction between RE Metals and Isopropanol,'**'**'23127128 and Synthesis of bis-Phospholyls 33-Ln,"*” bis-
Arsolyls 34-Ln,"* ansa-Metallocene Complexes 35-Ln,"”" and bis-Gallyl Complex 36-Ln'>*
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Scheme 17. Synthesis of Aryloxides 37 and 38 via Direct Activation of HODipp Using RE(Hg) Amalgam'**'**
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RE =Y, La, Ce, Pr,
Nd, Gd, Ho, Er, Lu
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HODpp, - 3/2 H,
200 °C, 24-96h

C7Hg
RE =Yb

37-Yb

pentametallic clusters [RE;O(O'Pr) ;] (32-RE; RE =Y, Pr, Yb)
as the main products, rather than the exgected homoleptic
isopropoxide species (Scheme 16)."”*'*”'*® Nief and Mathey
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used a similar method to synthesize [Ln(#*-C,H,PPh,-
2,5),(THF),] (33-Ln; Ln = Sm, Yb) and bis-arsolyl [Ln(r’-
C,H,AsPh,-2,5),(THF),] (34-Ln; Ln = Sm, Yb), obtained
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Scheme 18. Synthesis of Heterobimetallic RE and AE Complexes Using Mercury Amalgam and Fluxes under Solvothermal
140
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Scheme 19. Examples of RE Pyrazolates Synthesized by Deacon and Co-workers Using Mercury Amalgam under Solvothermal
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from the reaction of metal powders with bis-phospholyl or bis-
arsolyl dimers in the presence of catalytic amounts of HgCl,
(Scheme 16)."”>'*° Additionally, Edelman and Recknagel
showed that this strategy can be used in the reaction of
dimethylfulvene with Ln metal powders (Ln = Sm, Yb),
generating ansa-metallocene complexes of formula [Ln-
{(C4H,),C,Me,}(THF),] (35-Ln) (Scheme 16)."*" Finally,
Roesky and co-workers synthesized the gallyl lanthanide
complexes [Ln{Ga(Dipp-Bian)},(THF),] (36-Ln; Ln = Sm,
Eu, Yb; Dipp-Bian = 1,2-bis[(2,6-diisopropylphenyl)imino]-
acenaphthene) from the reduction of dimeric precursor
[{Ga(Dipp-Bian)},] with Ln powders activated with Hg.m2
This synthetic strategy was revisited by Deacon, Junk, and
Miiller-Buschbaum, who studied the activation of a variety of
protic substrates such as substituted phenols and heterocyclic
amines.””'** In this new methodology, proligands are usually
solids and the reactions are carried out without solvents and in
the presence of Hg or HgCl,, operating under solvothermal
conditions, i.e., heating at temperatures higher than the melting
point of the proligand. These types of reactions are usually
carried out in partially evacuated sealed vessels (e.g., Carius tubes
or sealed glass ampules).””'** Deacon and co-workers focused
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their efforts on the use of sterically demanding aryloxides and
substituted pyrazolates, comprising all of the RE metals in their
methodologies. Because of the absence of coordinating solvents
in these reactions, homoleptic species are usually obtained with
various degrees of nuclearity depending on the ligands’ steric
features, ionic radii of the RE metals employed, reaction times,
and crystal packing interactions in the solid state. When Eu or Yb
are reacted with HOC¢H,Ph,-2,6 (HODpp) directly, very little
conversion is observed even after prolonged reaction time and
under forceful conditions; when the same reactions are carried
out in the presence of Hg (Scheme 17), the desired Ln(ODpp),
species are generated, which can then be recrystallized from
toluene to give dimeric [{Eu(ODpp)}(u-ODpp);Eu] (37-Eu)
and [{Yb(ODpp)},(u-ODpp),] (37-Yb) (Scheme 18)."**
Similarly, when classic trivalent REs are employed, the expected
tris-aryloxo complexes, [RE(ODpp);] (38-RE; RE =Y, La, Ce,
Pr, Nd, Gd, Ho, Er, Lu), are obtained (Scheme 17); also in the
case of RE*" ions, direct reactivity in the absence of Hg leads to
very little conversion into the desired products.'*> Deacon and
Junk successfully extended this methodology to other REs
(including Sc)'* and aryloxides comprising different sub-
stitution patterns of the aryl groups,"**™"*" including buttressing
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Scheme 20. Synthesis of RE Amides via Solvothermal Synthesis with Mercury Amalgam by Miiller-Buschbaum and Co-
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substituents in 3- and S-positions.'*> Additionally, reactions can
also be carried out in the presence of fluxes (e.g, 1,3,5-trifert-
butylbenzene and 1,2,4,5-tetramethylbenzene) which increase
the contact between metal and alcohol. This methodology has
proven to be particularly useful for the preparation of
heterobimetallic compounds and can be employed also for the
synthesis of bimetallic systems incorporating alkali'** and AE
metals (39 and 40, Scheme 18)."*° One of the great advantages
of these methodologies is that resulting complexes can
spontaneously crystallize from the reaction mixtures in the
Carius tubes upon cooling, together with avoiding the
preparation of tailored starting materials and using coordinating
solvents. However, in some cases recrystallizations have to be
carried out, and owing to the insolubility of these species in
nonpolar solvent media, these usually have to be ferformed at
very high temperatures (e.g,, toluene at 190 °C)."*

Reactivity of REs (Sc, La, Nd, Eu, Sm, Yb, and Lu) with bis-
tert-butylpyrazole (‘Bu,pzH) in the presence of Hg and under
solvothermal conditions delivers monomeric, [RE(‘Bu,pz);]
(41-RE; RE = Sc, Sm), and dimeric species, [RE,(‘Bu,pz)s]
(42-RE; RE = Nd, Sm, Lu).141 Similarly, 41-Sc can also be
obtained via direct synthesis in the presence of mercury metal at
temperatures between 270 and 300 °C."*” When divalent Eu
and Yb are employed, the methodology produces slightly
different outcomes, leading for example to the isolation of the
mixed-valent Yb(II)/(III) complex [Yb,(‘Bu,pz);] (43, Scheme
19)."** Interestingly, these methodologies are affected by subtle
variations in reaction conditions. For example, in the case of Eu
heating of the reaction with ‘Bu,pzH at 220 °C for 24 h affords
the monomeric complex [Eu(‘Bu,pz),] (though no structural
validation has been provided for this conformation), while after
heating for 15.5 h the tetrameric species [Eu,(‘Bu,pz)s] (44) is
obtained instead (Scheme 19).'"*' Similar to the use of
substituted phenols (vide supra, Scheme 17), this is a very
effective methodology for the synthesis of homoleptic solvent-
free RE complexes and has also been extended to other pyrazoles
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featuring varying degrees of substitution.'** Kempe and Deacon
have also reported the direct reaction of Yb metal with
substituted aminopyridines, leading to the formation of
homoleptic divalent and trivalent Yb complexes depending on
the ligand employed.'*

Miiller-Buschbaum and co-workers extended this approach to
other heterocyclic N-donors including 1H-1,2,3-benzotriazolo-
[4,5-b]pyridine (45-RE, RE = La, Sm; 46-RE, RE = Y, Tb),"*°
benzimidazole (47),'*” and unsubstituted pyrazole (48 and 49,
Scheme 20)."** All the reactions were performed in evacuated
reaction vessels and under solvothermal conditions “in the
melt”, with varying reaction temperatures depending on the
substrates. The methods employed by Miiller-Buschbaum are
perfectly suited for the preparation of homoleptic derivatives
with several REs, though in some cases proligands are also
included in the resulting complexes, either trapped in the lattice
through solid-state packing interactions or by coordinating
directly to the metal centers (Scheme 20).

Another activation strategy consists of the use of iodine, which
is a methodology commonly employed for the activation of Mg
in the preparation of Grignard reagents;'*’ REs can also react
directly with I, to give REL, and REI, salts (vide infra, sections
4.1 and 4.2). Small amounts of iodine have been used by Junk,
Deacon, and co-workers to activate a range of REs (Y, La, Nd,
Sm, Eu, Dy, and Yb) and react them with variously substituted
phenols and pyrazoles.””°”'>’ The exact nature of the
mechanism involved in this methodology has not been fully
identified; however, Junk and Deacon invoked the formation of
highly reactive divalent REI, salts, obtained from the
comproportionation reaction between REI; and RE.'*’ The
transient divalent species is oxidized by protic proligand
substrates, followed by Schlenk-type rearrangement to give
homoleptic RE(L); (L = alkoxide, pyrazolate) complexes
together with the regeneration of REL; (Scheme 21).

Junk and Deacon have reported the reaction of Yb and Tb
metal with variously substituted pyrazoles, C;H,N,(CF;)-1-
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Scheme 21. Activation of REs with Iodine or REI; and
Reaction with Protic Substrates
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(C4H,S)-3 (HTtfpz) and C3H,N,-Ph-1-(C,H,S)-3 (HPhtpz)
(Scheme 22)."*""* The former affords THF-solvated complex
[Tb(Ttfpz);(THF);] (50) when reacted with Tb filings and few
crystals of iodine (ca. 8%), though the product is isolated in
rather low yields. In the case of the reaction of HPhtpz with Yb,
the intermediate [Yb(Phtpz)(I)(THF),] (51) is first isolated,
which upon treatment with DME affords the bis-pyrazolate
complex [Yb(Phtpz),(DME),] (52). Interestingly, this behav-
ior is not observed in the reactions involving substituted
phenols, where homoleptic species of the type [RE-
(OAr),;(Slv),] (53*"-RE; OAr = ODipp, OMes, ODpp,
ODbmp; Slv = THF, DME, diglyme, MeCNj; n = 1-3)"%">?
are usually obtained even with Yb."*" Very recently, Junk,
Deacon, and co-workers have also used a similar methodology
for the preparation of homoleptic Ln(II) and heteroleptic
RE(III) formamidinates.'**'*> Bochkarev and co-workers have
also shown that small amounts of preformed REI; (ca. S mol %)
can be used in conjunction with metallic REs to give very similar
results in the reaction with 1-phenyl-3-methyl-4-isobutyryl-5-
pyrazolone (PMIP), to give dimeric complexes [{RE(PMIP) (-
PMIP),},] (54-RE; RE =Y, Nd, Gd, Tb, Er, Tm, Lu) (Scheme
23)."%° Mashima et al. have also employed a similar method-
ology for the synthesis of RE(III) cyclooctatetraenyl complexes;
in their synthetic strategy, RE metals are reacted with
cyclooctatetraene in the presence of equimolar amounts of
iodine, 1,2-dibromoethane, or Ph;PCl, in hot THF, affording
heteroleptic COT complexes with the formula [RE(COT)(I)-
(THF),] (RE =La,Ce, Pr,n=3; RE=Nd,n=2; Ln=Sm, n =
1), [{Sm(COT)(u-X)(THF),},] (X = CL Br).""’

In some cases, Ln and RE metals can react directly without the
aid of an activating agent, though this is a rare occurrence. For
example, Miller-Buschbaum and Quitmann showed that
carbazole reacts directly with Yb under solvothermal conditions
(255 °C, carbazole mp 246 °C, Scheme 24) after a quick
initiation at 280 °C, to form the homoleptic coordination
polymer [Yb(Carb),]., (55).">® The outcome of this reaction is
analogous to that obtained with Yb ammoniacal solutions of Yb,
though requiring harsher conditions and long reaction times (ca.

48 days).”* Anwander and co-workers have also shown that 3,4-
dimethylpyrazole reacts with La powder at high temperatures
(220 °C) under partial vacuum (Scheme 24), leading to the
formation of coordination polymer [La(Me,pz);]s (56)."°
Similarly, some REs are also able to react directly with
pyridylbenzimidazoles under solvothermal conditions and in
the absence of Hg.'*” Additionally, in 2005 Junk and co-workers
reported the direct reaction of La, Eu, and Yb with 2,6-
dibenzgllphenol (HODbp) carried out at 170 °C (Scheme
24)."%° The reactions with La and Eu proceed smoothly: in the
case of La, the trivalent bimetallic complex [{La(ODbp),(u-
ODbp)},] (57, ODbp = {O—C¢H;(CH,Ph),-2,6}7) is isolated,
whereas the divalent species [{Eu(ODbp)(u-ODbp)},] (58) is
obtained when Eu metal is employed.”** Eu can also react
directly with N,N’-bis(aryl)formamidines (ArFormH, Ar =
Dipp, DF; DF = C¢H;F,-2,6) in acetonitrile to give complexes of
formula [Eu(ArForm),(CH;CN),] (59, Ar = Dipp; 60, Ar =
DF), while Yb requires the presence of catalytic amounts of Hg
to obtain analogous complexes (Scheme 24).'" Nief and
Mathey also showed that Sm and Yb powders can react directly
with biphospholyls and biarsolyls in THF at room temperature
(Scheme 24), breaking the E—E (E = P, As) bond and forming
bis-phospholyl and arsolyl complexes [Ln(#°-
C,Me,P),(THF),] (61-Ln) and [Ln(%’-C,Me,As),(THF),]
(62-Ln Ln = Sm, Yb)."*>'*°

3.4. Redox Transmetalation

Direct reactivity of REs with proligands often requires prior
activation of the metal or some other activation strategy (see
sections 3.1, 3.2 and 3.3). However, there are some examples of
direct reactivity in which the RE metal does not require
activation and is involved in a redox exchange with another
metal-containing species. Such species are typically trans-
metalating reagents, with organomercurials as the most popular
choices (e.g, HgPh,, Hg(C4F;),, and Hg((}(}Ph)z);12’35’161_165
however, these methodologies have also been extended to
include other redox active metals, such as Sn,”%!6%167
T1, 71687174 By, 17176 and Ag.177 The first reaction of an RE
with an organomercurial reagent was reported in 1945 by
Gilman and Jones, who reacted La metal with HgPh, though
they were not able to identify the reactivity products.'”® Broadly
speaking, these methodologies can be divided into two
categories: (1) redox transmetalation (RT) reactions and (2)
redox transmetalation combined with ligand exchange, also
termed redox transmetalation protonolysis or protolysis (RTP)
(Scheme 25)."> Though initially developed for classic divalent
Lns (Yb and Eu), RT and RTP reactions can also be used for the
synthesis of trivalent RE derivatives."> RT/RTP reactions have
been pioneered by Deacon and co-workers since the 1970s, who
developed the first applications in RE coordination and

Scheme 22. Reactivity of Substituted Pyrazoles with Ln Metals (Ln = Yb, Tb) in the Presence of Iodine Reported by Deacon and
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Scheme 23. Reactivity of Iodine-Activated RE Metals with Alcohols by Junk, Deacon'*”'** and Bochkarev'*®
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organometallic chemistry and also engineered bespoke reaction
apparatuses (Figure 2) for facile removal of hazardous
byproducts (ie, Hg and T1)."”” Their implementation in
synthetic protocols has given access to complexes supé)orted bya
. . . 168,169,172,173,180
wide array of ligands such as cyclopentadienyl,
carboranes,181 monodentate amides,go’1 27185 pidentate
. 160,186—191 166,174,175
amides, razolates, arylox-
ides,”V! 701 7L 192 thiolates'*'?* and N-heterocyclic carbenes
(NHCs)."”>"® These methodologie_s have been covered
extensively in other review articles;' > therefore, this section
will focus on key examples that best demonstrate their
applications in RE chemistry.

Clamp

Frit— ]

Celite”|

Glass filter papers

Clamp

J Young valve

Inert gas el

Figure 2. Sketch of the apparatus originally developed by Deacon and
co-workers for RT and RTP reactions with Hg and TI reagents. Note:
All joints are kept grease-free by using PTFE sleeves. Reproduced with
permission from ref 179. Copyright 1990 Wiley.

In general, RT and RTP methodologies are very useful for
obtaining homoleptic complexes, though it should be noted that
coordinating solvents are usually required for these reactions
and solvated derivatives are often isolated as a result. In some
cases activation of the metal is required, which can be achieved
by one of the methods illustrated in previous sections (e.g,

Scheme 25. RT and RTP Reactions of RE Metals with Hg, T1, Sn, Bi, and Ag Reagents

Redox Transmetalation
RE + (n/2) Hg(R), — RE(R), + (n/2) Hg
RE + nTI(R) — RE(R), + Tl
RE + nMe3Sn(R) — RE(R), + (n/2) Sn,Meg
RE + nMe,Sn(R),* — RE(R), + 'SnMey'
RE + Sn{N(SiMe3),}, — RE{N(SiMe3),}, + Sn
RE + (xs.) (NHC)Ag(l)—>RE(NHC),(I), + 2 Ag
Hg: R = Ph, CgF5, Ph-C=C, 'Bu-C=C, SCqF5
TI: R = Cp, aryloxide, pyrazolate

Sn: R = aryloxide, pyrazolate, CgFs
*only reported with pyrazolates

Redox Transmetalation Protonolysis/Protolysis

RE + (n/2) Hg(R), + nL(H) —— RE(L), + (n/2) Hg + nRH
RE + Bi(R)3 + 3 L(H) — RE(L)3 + Bi + 3 RH
RE + 3 Ag(CgFs) + 3 L(H) — RE(L), + 3 Ag + 3 RH

Hg: R = Ph, CgF5, Ph-C=C

L = Cp, aryloxide, pyrazolate, amide, formamidinate
Bi: R=Ph, C¢Fs

L = pyrazolate, formamidinate
Ag: R =CgFs

L = pyrazolate, formamidinate
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Scheme 26. RT Reactions of Organomercurial Reagents with Divalent and Trivalent Lns

Ln=Ce, Sm,
Ho, Er, Tm, Yb
R =Ph, -CgFs

Ln(R)x(SI
RIGV =g ZTHF, CoHeN, DVE

69-Ln (R = CgHs) n=3-3RH
70a-Ln (R= -CgFs) E F
70b-Ln (R= -CgFs)
F F
F
F
F F : DME
i/
Er—DME
F / ’ F
£ F
70a-Eu
F F
F

Ln + (n/2) Ho(R),

161—165,193,194

Ln=Eu, Yb
R = CCPh, CgHs,
CgFs, CgHF4, -CoFs
Ln(R),(Slv
S = THF, DME (RRASN)x
n=2,-2RH 64-Ln (R = CCPh)
65-Ln (R = CgHs
F 66-Ln (R = CoF )
. . 67-Ln (R = CGHF4)
68-Ln (R= -CgFs)
F F
THFu, | THF
THE? | YTHF
F F
F F
F
66-Yb

Scheme 27. RTP Reactions of RE Metals and Organomercurials with Substituted Phenols

91,112,123,135,153,183,198,199

R
RY R" n=2 recrystallization
> RE(OAr)y(THF) W [RE(OAr)y(SIv)m]
R R RE = Sm, Eu, Yb s s Ar_ 1
OH R = CCPh, Ph, Et,0,CiHg 11 RE(M=1-3)
RE + (n/2) Ho(R), CeFs

THF or DME, r.t.

—(n/2) Hg, - nRH n=3

R'=Ph, 'Pr, Bu RE =Y, La, Pr,
R" = H, Me, Bu, Ph Nd, Sm, Eu, Gd,
R" = H, Me, 'Bu, OMe Dy, Er, ¥b, Lu
R = CCPh, CgFs
5 THF
u 1,
THE,, | _THF B4
o———Sm\
o)
OMe
MeO Bu
Bu
719Me_Ng

Slv = THF, DME, Et,0
recrystallization

L > RE(OAM)(THF), ———————> [RE(OAn)3(SIV)]

THF, DME, Et,0  72A%.RE (m = 0-3)

72PPP_Nd

addition of small quantities of Hg, I, and REIL;). Deacon
pioneered the use of Hg reagents in RT and RTP reactions and
reported the preparation of several organoytterbium and
organoeuropium complexes, Ln(R), (Ln = Eu, Yb; 64-Ln, R =
CCPh; 65-Ln, CC'Bu; 66-Ln, Ph; 67-Ln C4Fg; 68-Ln o-HCF,;
68-Ln p-HC.F,), by reacting metal powder with the
corresponding organomercurial reagent in ethereal solvents
(Scheme 26)."°' 7' ‘While Yb reacts smoothly with organo-
mercurials, in the case of Eu, addition of Hg metal is necessary
for the reaction to take place. Interestingly, reactivity of Sm
powder with Hg(R), reagents is less straightforward; when
Hg(C4Fs), is employed, Sm(C¢Fs), or Sm(C4Fs); cannot be
isolated and various decomposition products are obtained
instead, e.g, SmF,/SmF;, Sm(C¢F;)(F),, and fluorohydrocar-
bons, **'°” and similar issues are encountered when using other
trivalent Lns. Bochkarev and co-workers were the first to report
the synthesis of [Er(Ph);(THF);] (69-Er) and [Tm-
(Ph);(THF);] (69-Tm) from the reaction of metal powders
and HgPh, in the presence of small quantities corresponding
triiodides (Erl; and Tml;), though the isolation of such species
is extremely challenging.176 Despite the difficulties in isolating
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putative RE(R); (R = CCPh, Ph, C¢Fs) via RT, reactivity in situ
of trivalent REs with organomercurials is used extensively as a
first step in RTP reactions with various protic substrates (vide
infra). Nonetheless, RT reactions with fluorinated thiols
proceed smoothly to give fluorinated thiolate complexes
[Ln(S—C¢Fs),(SIv),] (70a-Ln; Ln = Ho, Er, Yb; Slv = THF,
DME, CH(N; x = 2—3) and [{Ln(S—C4Fs),(u—S-CF;)-
(THF),},] (70b-Ln; Ln = Ce, Sm; x = 1, 2), which can also be
obtained using RTP methodologies involving Hg(C4Fs),
(Scheme 26).'7%1%%

Deacon and co-workers have shown that Hg-mediated RTP
reactions are extremely effective for the preparation of RE(II)
and RE(III) complexes with various aryloxide (OAr) ligands
(Scheme 27).7011> 123135153183, 198199 These reactions are
typically carried out at room temperature with relative short
reaction times, and the resulting complexes are usually
crystallized as THF adducts, [RE(OAr),(THF),,] (71*-RE, n
=2,RE = Sm, Eu, Yb; 72%-RE, n =3, RE =Y, La, Pr, Nd, Sm, Eu,
Gd, Dy, Er, Yb, Lu; m = 0—3), though in some cases solvent-free
monomeric complexes can also be isolated, e.g. [Nd(ODpp);]
(72P®P_Nd, Scheme 27).”°° The outcome of these RTP

https://doi.org/10.1021/acs.chemrev.1c00842
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Scheme 28. Examples of RTP Methodologies Involving Organomercurials and Cyclopentadienyl Ligands'***%' 7%
R
Ph Ph
R" R" n=2 o
Ln(Cp")o(THF)
Ln=Sm, Eu, Yb 2 * Ph Ph
" " - t
Ln+ (2)Ho®R), __ R R Eh chPh, CCBu, PhLln
THF, rt. s Ph
- (n/2) Hg, = nRH n=3 /
—————> Ln(CpR)(THF), Phy >
R'=H, Me, Ph, PPh, Ln=Sm bh
R"=H, Me, Ph R = CCPh, C4Fs Ph
73-Ln
Ln=8m, Eu, Yb

Scheme 29. Synthesis of Pyrazolate

174,206—208 .1 160,186,188—191,211
and Amidinate ’ oL

RE Complexes via RTP Reactions with

Organomercurials
' H
n=2 R i N, n=2
R = Ph, CeFs N R = Ph, C¢Fs
RE(ArForm)y ~——————— AN 2N AT { ————— > 'RE(RR"pz)y
Ar RE = Eu, Sm Yb H R" RE = Eu, Yb R
76™-RE ArFormH RR'pzH 74"-RE
Ar = Dipp, DF, F RE + (n/2) Hg(R), R' = 'Bu, Ph, CF,
n=3 THF THF n=3 R" = Bu, C4H3
R =CgFs —(n/2) Hg, = nRH - (n/2) Hg, = nRH R = CgFs
‘RE(ArForm);! -————— | L  » 'RE(RR'pz);
RE = Ce, La, Nd, RE =Sc, Y, La, Pr,
77°"-RE Sm, Er, Dy, Nd, Sm, Gd, Dy, 7cR RE
Ar = p-Tol, Dipp, Ho, Tm, Lu Ho, Er, Yb, Lu R' = Me, Bu, Ph, CF3
F,DF, TF R D

R" = Me, 'Bu, Ph, C4H,

reactions can be affected by the nature of the RE involved, the
choice of organomercurial reagents, and aryloxide ligand. In the
case of Yb and Eu, the corresponding divalent complexes 71*"-
RE are usually obtained, which can be crystallized as THF
adducts.”” Interestingly, the use of different Hg(R), reagents
can selectively switch oxidation of Yb metal between Yb(II) and
Yb(III); this was demonstrated by Deacon et al. in the reaction
with 3,5-substituted 2,6-diphenylphenols: reactivity between Yb
powder, 2,6-diphenyl-3,5-dimethylphenol and HgPh, leads to
the Yb(II) complex 71*"-Yb, whereas when Hg(CF;), is used
the trivalent complex 72*"-RE is isolated instead.'”> In some
cases isolating pure divalent or trivalent complexes can be
problematic, like in the case of RTP reactions with Hg(C(Fs),
and the phenol HOC¢H,-2,6-Bu-4-OMe (HOAr°™¢). When Yb
is employed, the divalent complex [Yb(OAr°™¢),(THF),]
(71°M_RE) is obtained in very good yields, while in the case
of Sm the corresponding divalent and trivalent complexes
[Sm(OAr°Me),(THE);] (71°M°_.RE) and [Sm-
(OAr°™e),(THF)] (72°°-RE) are obtained, with the latter
as the major product.'”” RE-fluoride species can also be
obtained because of the decomposition of RE-(CFs)
intermediates with certain supporting aryloxides.'”” To solve
this problem, Deacon and co-workers replaced Hg(C,F;), with
Hg(CCPh), in their methodology and obtained the target
homoleptic species 71"-RE or 72*"-RE."”’

Some of the earliest applications of RTP methodologies were
the preparation of Cp derivatives, comprising both divalent
Ln(Cp), and trivalent Ln(Cp); complexes (Scheme 28).""
These methodologies have also been extended to substituted Cp
ligands, such as {C;H,Me}~ (Cp™*),"”” Cp*,"*" and
{CH,PPh,}~ (Cp"™2)."”" Deacon and co-workers found that
when Yb(CgFs), was used as protonolysis reagent with HCp™®
the reaction afforded an explosive solid, likely because of the
formation of unstable fluorinated species.'”” Therefore, the use
of fluorine-free organomercurials is often preferable for these
methodologies. RTP reactions are also capable of producing
homoleptic Ln(Cp), complexes with extremely bulky ligands,
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such as {C;HPh,}~ (Cp™*) and {CPh}™ (Cp™), eg
[Lon(Cp™),] (73-Ln; RE = Sm, Eu, Yb),°"*°* [Yb-
(Cp™),(THF)].*°**% This is a particularly remarkable
application as classic metathetical reactivity between alkali
metal Cp salts and RE halides is often not suitable to obtain Cp
derivatives with high steric congestions. Interestingly, Jaroschik,
Deacon, and co-workers occasionally used also heteroleptic
organomercurials, Hg(Ph)(CFs) and Hg(Ph)(CCPh), for
some of these reactions.”®"**%**>

Another successful application of RTP reactions with REs and
organomercurials involves the use of mono- and multidentate N-
donors. A large number of protic substrates have been
employed, with silylamines, arylamines, formamidines, and
pyrroles among the most popular.'” This is a particularly
important use of RTP methodologies owing to the prominent
role played by N-donors in RE coordination chemistry.”** Also
in this case, the main products of these reactions are homoleptic
bis-amide complexes, both with mono- and multidentate
donors. Deacon and co-workers have applied this methodology
to several substitute pyrazolates and showed that this approach
is applicable to both divalent Lns (Eu and Yb) and trivalent REs
(Scheme 29)."7#2972% The choice of mercurial reagent can be
crucial for the outcome of these reactions. When HgPh, is
reacted with Yb and proligand in a 1:2 stoichiometry, the target
bis-pyrazolates Yb(R,pz), (74%-Yb) are usually obtained.’”*
However, when Hg(C(Fs), is employed, the reaction leads to
oxidation to Yb(III) and formation of Yb(R,pz); (75%-
Yb);'7#2°%21% it is noteworthy that short reaction times tend
to favor the formation of 74%-Yb over 75%-Yb.”* Interestingly,
direct protonolysis between Yb(C4Fs), and Ph,pzH proceeds
smoothly to give Yb(Ph,pz), (757"2-Yb)."”* The use of RTP
reactions is exemplified by the extensive work done by Junk,
Deacon, and co-workers in the synthesis of RE formamidinate
(ArForm; Ar = Dipp, p-Tol, o-(CF;)C¢H,, DF, 2,3,4,5-F,CH —
TF, 0-FCH, — F) complexes (Scheme 29),'%1861887191211
For these ligand systems, reactivity conditions and stoichiome-
tries can be tailored to obtain either divalent or trivalent

https://doi.org/10.1021/acs.chemrev.1c00842
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Scheme 30. RTP and Direct RT Reactions with Sterically Demanding Amides'*>*'>*"?

/ Me;
N e
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Scheme 31. Synthesis of Cp,'**'**'7>'73215 pyrazolate,'”*>%¢
Reagents

and Aryloxide,”""””"”® Ln Complexes via RT Reactions with TI(I)
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formamidinate complexes, “RE(ArForm),” (76*-RE) and
“RE(ArForm),” (77*"-RE), irrespective of the choice of
organomercurial agent, although Hg(CFs), is usually the
oxidant of choice. It should be noted that a large excess of metal
filings is used for Yb to afford clean conversion to divalent 76*"-
Yb. Reactions are usually carried out in THF, and the resulting
complexes are normally isolated as ethereal adducts (e.g., THF,
DME, diglyme) upon recrystallization, with varying coordinated
solvents depending on steric congestion around the metal center
and differences in ionic radii. As previously discussed,
fluorinated mercurial reagents can lead to the formation of
undesired byproducts through fluoride abstraction and
oxidation of the RE metal. Junk and co-workers have been
able to take advantage of this type of reactivity to selectively
synthesize heteroleptic complexes of general formula RE-
(ArForm),(X) (X = F, Br), such as [La(DippForm),(F)-
(THF)]*"" and [RE(DippForm),(Br)(THF)] (RE = La, Nd,
Yb),'* the latter obtained by employing Hg(2-BrC;F,),.

Deacon and co-workers demonstrated that RTP method-
ologies can be of great utility for the stabilization of complexes
with sterically demanding amides. Amines, HN(SiMe;),, and
HN(SiMe;)(Dipp) react smoothly with Sm, Eu, and Yb in THF
in the presence of HgPh,, to give Ln(II) bis-amide complexes
[Ln{N(SiMe;),},(THF),] (78-Ln-2THF) and [Ln{N(SiMe,)-
(Dipp)},(THE),] (79-Ln).>"> Deacon, Jones, and co-workers
have also shown that RTP methodologies can afford complexes
with very low coordination numbers, reporting the synthesis of
3-coordinate complex [Yb{N(Dipp)(Mes)},(THF)] (80) from
Yb metal, HgPh,, and HN(Dipp)(Mes) (Scheme 30)."**
Niemeyer and Hauber reacted Eu and Yb powders with triazene
HN,;(Dmp)(Tph) (Dmp = C¢H;Mes,-2,6; Tph = C4H, Tripp-
2; Tripp = C¢H,'Pry-2,4,6) and Hg(C.Fs), obtaining the
heteroleptic 3-coordinate complexes [Ln{N,;(Dmp)(Tph)}-
(C4Fs)] (81-Ln; Ln = Eu, Yb).*"? Additionally, Jones and co-
workers showed that heteroleptic organomercurials of the type
“Hg(L)(X)” (L = ligand, X = halide) can be employed as direct
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Scheme 32. RT Reactions with Ag(I)-NHC Reagents by Roesky and Co-workers'**""°
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RT reagents (Scheme 30).'" Reaction of Hg(L")(I) (L' =
N(Ar)(SiMe;); Ar = C¢H,'Pr{C(H)Ph,},-4,2,6) with metal
powders yields two different results: with Yb, the homoleptic 2-
coordinate complex [Yb(L'),] (82) is obtained, with con-
comitant formation of [Yb(I),(THF),]; in the case of Eu, the
halide-bridged dimer [{Eu(L")(u-I)(THF)},] (83) is obtained
instead. Analogous reactions with Sm and Tm were also
attempted, but without success.

The use of Tl reagent in RT methodologies is also very well-

established. T1" is not as oxidizing as Hg** (ETF/ T=_034V;

EM8/M8 = 0.85 V), thus allowing for more control of the
reactivity particularly in the case of divalent Lns. Additionally,
suitable transmetalation reagents “T1(L)” are easily accessible by
reacting TI(OEt) with protic substrates such as cyclo-

entadienes, %1% 172173215 pyrazoles,' % and phe-
nols.”""7%"*® Methodologies are similar to those used for
organomercurial RT and RTP reactions, requiring usually
ethereal solvents (THF, DME), though pyridine can also be
used in some cases.'”” Additionally, small aliquots of mercury
can also be added to these reactions to aid reactivity.'”” The first
compounds to be synthesized with these TI(I) transmetalation
reagents were Cp complexes, Ln(Cp®), (1-Ln, Cp* = Cp; 84-
Ln, Cp® = CpM¢; 85-Ln, Cp* = Cp*™; RE = Eu, Yb) and
Ln(Cp"); (86-Ln, Cp" = Cp; 87-Ln, Cp" = Cp™*; RE = Ce, Nd,
Sm, Gd, Er, Yb) (Scheme 31).'6%16%172173215 Despite the
toxicity of T1, TI(I) reagents offer some advantages with respect
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to organomercurials, owing to their higher chemical and thermal
stability and tolerance toward a wider variety of solvents (e.g,
pyridine and MeCN). It is noteworthy that the synthesis of
divalent derivatives with Yb, 1-Yb and 84-Yb, often requires
large excess of metal powder to avoid formation of trivalent 86-
Yb or 87-Yb; however, in the case of Sm, only trivalent
complexes 86-Sm and 87-Sm are obtained even in the presence
of excess metal.'®””*"> Deacon and co-workers monitored the
reaction between Yb powder and T1(Cp) by IR spectroscopy,
which revealed that the reaction proceeds first with the
formation of 84-Yb followed by reduction with the excess Yb
metal to yield divalent 1-Yb."”” Deacon'’”'*® and Lappert’’
reported also the application of TI(I) RT reactions to the
synthesis of sterically encumbered aryloxides, [Yb-
(OAr),(THF),] (53*-Yb) and Yb(OAr); (88-Yb) (Ar =
C¢H;'Bu,-2,6, C¢H,Bu,-2,6-Me-4, C¢H,Bu;-2,4,6) (Scheme
31).”" Similar to what was reported for the synthesis of Cp
complexes, a large excess of Yb is required to access divalent
derivatives. In addition, pyrazolate complexes, RE(R,pz), (74"-
Ln, R = Me, Ph), are readily accessible for Eu and Yb, while
reaction of Sm powder with TI(Ph,pz) affords trivalent
Sm(Phypz); (757"2-Sm) even under strict stoichiometric
control (Scheme 31).'7+2%

Bi and Ag reagents, BiPhs, [Bi(C4Fs)], and [Ag(CFs) (py)],
have also been used as alternatives to Hg and TI in
transmetalation reactions, though their application so far has
been more limited compared to Hg and TI reagents.'”>~""”

https://doi.org/10.1021/acs.chemrev.1c00842
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Figure 3. Examples of MVS reactors employed by Cloke (left) and DeKock (right). Parts in the reactor used by Cloke are A, coolant level; B, glass
reaction vessel; C, gasket; D, insulated container for coolant; E, ground flange seating for Viton O-ring; F, coolant drain; G, ligand vapor inlet, “gas-
ring”; H, electron-beam furnace; I, outlet to trap and diffusion pump; J, metal sample; K, gutter for collection of products; L, vessel for product receipt.
Panel on the left reproduced with permission from ref 217. Copyright 1981 Royal Society of Chemistry Publishing. Panel on the right reproduced from

ref 222. Copyright 1978 American Chemical Society.

BiPh, was used by Bochkarev et al. to prepare [Er(Ph),(THF), ]
in good 6yields from Er powder and with a small quantity of Erl;
(4%)."7° More recently, Deacon, Junk, and co-workers have
demonstrated that [Bi(C4Fs);]'”> and [Ag(C4Fs)(py)]'” can
be used in RTP reactions for the synthesis of RE pyrazolate and
formamidinate complexes,">* thus proving that these species
could provide an attractive alternative to the more toxic Hg and
TI regents. Roesky and co-workers have also shown that RT
reactions with Ag(I)-NHC reagents can be employed for the
synthesis of heteroleptic Ln-NHC complexes (Scheme
32)."%1%% In these methodologies, Ag salts “(NHC)Ag(I)”
[NHC = 1,3-bis(R)imidazolin-2-ylidene; R = Me (IMe,), Mes
(IMes), and Dipp (IDipp)] are reacted with Sm, Eu or Yb
powders in THF at room temperature, and the outcome of these
reactions is dictated by the steric demands of the NHC ligand
employed and the ionic radii of the metal centers. With the most
sterically demanding IDipp, the products of this reaction are free
carbene and [Ln(I),(THF),] (RE = Eu, Yb).'”® On the other
hand, when the smaller IMes ligand is employed, the
heteroleptic NHC complexes [Ln(IMes)(1),(THF),] (89-Ln;
Ln = Eu, Yb) are obtained.'” Finally, the reaction between
(IMe,)Ag(I) and Yb affords the bis-NHC adduct [Yb-
(IMe,),(1),(THF)] (90), while the tetra-NHC adducts [Ln-
(IMe,)4(I),] (91-Ln; Ln = Sm, Eu) are obtained with the larger
divalent lanthanoids.'*®

Sn reagents have also been employed in RT reactions. This
methodology was first introduced into RE chemistry by Lappert
and co-workers who reacted Yb powder with [Sn{N(SiMe;),},]
in THF under reflux and obtained the bis-silylamide complex
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[Yb{N(SiMe;),},(DME)] (78-Yb-DME) upon crystallization
from DME (Scheme 33).”° Lappert’s methodology involved a
Sn(II)-to-Sn(0) reduction, whereas Deacon and co-workers
later employed Sn(IV) reagents—SnMe;(Ph,pz), SnMe;(OAr)
(Ar = C¢H,'Bu,-2,6-Me-4), and SnMe,(Ph,pz),—for the
synthesis of RE pyrazolate and aryloxides, i.e, RE(Ph,pz),
(74"2-RE), RE(Ph,pz); (757"2-RE), RE(OAr), (53%"™¢.Ln),
and RE(OAr;) (88%"™e.Ln Scheme 33).'°“'” While the first
two reagents afford a one-electron reduction, Sn(IV)/(I11),"*”
forming Sn,Me4 as byproduct, the latter behaves as a two-

electron oxidizing agent generating putative “SnMe,” (Scheme
33).1

3.5. Metal Vapor Synthesis

The use of MVS techniques is not a very common methodology
in RE coordination and organometallic chemistry and has been
employed by very few research teams across the world."”
However, its application has led to some remarkable results such
as the first synthesis of [Sm(Cp*),(THF),] (probably one of
the most iconic and well-studied f-element complexes ever
reported),”'® the isolation of the first zerovalent RE molecular
species [RE(;C¢H;Bus-1,3,5),] (RE =Y, La, Pr, Nd, Sm, Gd,
Tb, Dy, Ho, Er, Lu),”"”~*"" and the first examples of Sc(II) and
Sc(I) complexes, [RE(C¢H;'Bus-1,3,5){1-CH,C(Me),-
3,5-tBu2C6H3}(H)]220 and [{Sc(n°-Bu,C,P;)},(u-
7%:n°-BuyC,yP;)].>*" With this technique, metal vapor is
generated at low temperatures (—196 °C) under high vacuum
and condensed with a substrate (Figure 3), and the resulting

https://doi.org/10.1021/acs.chemrev.1c00842
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Scheme 34. Examples of RE Complexes Obtained via Metal Vapor Co-condensation Metho
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Table 3. Selected Examples of Solvent-free and Solvated Lnl, Salts Used in Synthesis”

Cl
Nd
Sm SmCl,>*’
SmCl,(THF) >
Eu EuCl,>%
Dy
Tm
Yb chl 259,265,266
2

“Compounds in italics have not been isolated.

SmBr,
SmBr,(THF) 2%

241,263,264
EuBr,”

[Eu(Br),(THF),]*"

266,267
YbBr, 6%

[Yb(Br),(THF),]*"’

Br I

NdL,***
[Nd(1),(THF),]***
Sml,>**
[Sm(I)z(THF)Z]245
[Sm(1),(THF)**
Eul,”*!
[Bu(D),(THE),]**
Dy12244
[DY(I)Z(THF)SPS"
[Dy(1),(DME);]***
Tm12244
[Tm(l)z(DME)3]252,253
[Tm(I),(THF)]**>%
YbI,268269
[Yb(1),(THF),]**
[Yb(I)Z(THF)4]27o

260

reaction mixture is then extracted in an organic solvent for
recrystallization.'*****

The first reports on the reaction between RE metal vapors and
organic substrates (e.g., 1-hexyne, 3-hexyne, 1,3-butadiene, 2,4-
pentanedione, and cyclooctatetraene) were presented by
Blackborow,””® Evans,”***** and DeKock.”****° By reacting
RE metal atoms (RE = La, Ce, Nd, Er) with CgHg (Scheme 34),
DeKock and co-workers isolated a family of asymmetric
complexes of formula [RE(COT)(THEF),][RE(COT),] (92-
RE; RE = La, Ce, Nd, Er), while reactivity with Yb afforded
“Yb(COT)” (S), previously obtained from reaction in liquid
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NH; (vide supra, Scheme 4).”*”*° Evans and co-workers
successfully applied this technique to the preparation of
[Sm(Cp*),(THF),] (93-2THF) and [Sm(Cp*+'),(THF),]
(94-2THF; Cp™** = {C;EtMe,} ") by reacting Sm atoms with
functionalized cyclopentadienes (Scheme 34).”'“*” In general,
products obtained from reactivity of RE atoms with unsaturated
substrates show magnetic properties that are in agreement with
the presence of oxidized RE ions (either +2 or +3) despite the
formal 0 oxidation state,'” such as in the diazabutadiene
complexes RE[{N(‘Bu)CH},]; (95-RE; RE =Y, Nd, Sm, Yb)
reported by Cloke and co-workers (Scheme 34).”*® On the
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other hand, reaction of RE atoms with 1,3,5-tri-tertbutylben-
zene, 1,3,5-Bu;C4H,, generates sandwich complexes of general
formula [RE(C4H;'Bu;-1,3,5),] (96-RE; RE = Sc, Y, La, Pr, Nd,
Sm, Gd, Tb, Dy, Ho, Er, Lu) where magnetic characterization
reveals that the RE metals are unequivocally in a zerovalent state
(Scheme 34).”"77*"” When the same reaction is performed with
Sc atoms, together with the Sc(0) complex [Sc(CgH;Bu;-
1,3,5),] (96-Sc) a C—H activation product is also isolated,
[Sc(C4H;Bu,-1,3,5){1-CH,C(Me)2—3,5-Bu,CoH, } (H)]
(97), in which the metal center is formally in the +2 oxidation
state (Scheme 34).**° Cloke and co-workers extended this
synthetic methodology to cyclization reactions involving
phospalkyne ‘BuCP.**"**’ Trimerization of ‘BuCP promoted
by Sc atoms generated the triphosphabenzene ring C;P;'Bu,,
together with formation of phospholyl ligand {C,P;*Bu,}~ and
assembling of the double-decker Sc(I) complex [{Sc(1*-
C,P,'Bu,) },(u—1°n%-C3P5'Bus)] (98, Scheme 34).”*' A by-
product of the same reaction is also the scandocene complex
[Sc(n®>-C,P,Bus),} (99), which was at the time only the second
Sc(II) complex ever reported.”*”

4. HALIDES

RE halides are very common starting materials in RE
coordination and organometallic chemistry. Divalent salts
used in synthetic chemistry are usually diiodides of classic
divalent Lns (Sm, Eu, and Yb), with the addition of Nd, Dy, and
Tm. Both divalent and trivalent salts, Lnl, and REX; are
classically employed in salt metathesis reactions and with a
variety of ligand sets. In this section some examples of their
reactivity will be covered.

4.1. Divalent Ln Halides

Divalent halides of the Lns, LnX, (Table 3), have been known
for over a century, obtained primarily as diiodides.”*” However,
fluorides, chlorides, and bromides are also reported for classic
divalent Lns (Sm, Eu, and Yb) with the addition in some cases of
Nd, Dy, and Tm.”’ Noticeably, ScI, has also been reported,
though it contains impurities of Scl; and is best described as
Scooly. 7?37 Out of all these halides, only a handful of them
are of some synthetic utility in coordination and organometallic
chemistry. This is due to the different physicochemical behavior
of binary halides: for dihalides of Nd, Sm, Eu, Dy, Tm, and Yb
the metal is in a true divalent state similar to group 2 metals
(RE*"), while in the case of the other REs these could be best
described as trivalent metals with an electron residing in the 5d
band, i.e, RE**(e”) (3d band in the case of Sc and 4d band in the
case of Y)."> Nonetheless, NdI, Dyl, and Tml, are very reducing
and difficult to handle, which poses challenges for their
application in synthetic chemistry. In this section we will
cover dihalides employed in synthetic chemistry, focusing
primarily on the iodides as they are the ones that have found
most widespread applications in synthetic laboratories.”
Solvent-free dihalides can be obtained using a variety of
methodologies which usually entail solid-state high-temperature
methods.'>***7>*® These are convenient starting materials
whenever ethereal solvents are avoided, either for stabilization
of complexes with low coordination numbers or because of
potential side reactivity.”** Solid-state methodologies to obtain
solvent-free REX,, salts comprise (1) metallothermic reduction
(Wohler method, Scheme 35, A);'>**7 (2) comproportionation
of trivalent halides with metallic RE (Scheme 35, B);*****" (3)
reduction of trivalent halides with hydrogen (Scheme 35,
C);7****" (4) reaction of RE metal with HgX,, where X is usually
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Scheme 35. Preparation of Solvent-free RE Dihalides
A)REXz + M
B) REX; + RE
C) REXg + H, REX, + HX
D) RE + HgX, REX, + Hg
E)REX; —» REXy+0.5X,
F)RE + X, —> REX,

G) RE + 2 NH,| + NHzg) — REl +2 NHz + 0.5 Hy
(only Eu and Yb)

— > REXp + MX

— 2REX,
R

e

X = halide
M = alkali metal, AE
Group 13 metal, Ln

an iodide (Scheme 35, D);**° (5) thermal decomposition
(Scheme 35, E); and (6) direct reaction between elemental
halogen and RE metal (Scheme 35, F).'>>****" Additionally,
solvent-free Eul, and YbI, can be obtained from the reaction of
metal powders with NH,I in liquid ammonia (Scheme 35,
G). 4

With the exception of liquid ammonia synthesis (method G,
Scheme 35), these methods usually require specialized equip-
ment classically used for solid-state synthesis and are unsuitable
for standard synthetic laboratories.'> Bochkarev and Evans were
able to adapt solid-state methods originally developed by
Corbett, Kruse, and others and devised an approach which can
be used in normal laboratory conditions (method F, Scheme
35).2*7** Bochkarev and Fagin initially reported the synthesis
of NdI,, Dyl,, and Tml, using a simple apparatus consisting of
two thick-walled glass ampules connected to a vacuum manifold
(Figure 4).”*** In this methodology, after charging ampule A
with metal shavings and iodine, the system is thoroughly

Ln|2

A
Ln+ly —— > Lnl,

Ln =Nd, Dy, Tm

1. Vacuum (D, 1072 mbar), system sealed
2. Preheating (B), 200-300 °C

3. A tranferred into B through C
4.400-500 °C (B), 5 minutes

Figure 4. Schematic representation of the apparatus for the synthesis of
solvent-free Lnl, salts used by Bochkarev and co-workers. A and B,
thick-walled ampules; C, rubber tubing; D, rubber tubing to vacuum
line.**>** Adapted with permission from ref 243. Copyright 2003
Elsevier.
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evacuated and then sealed off. Following this, the starting
materials are gradually dispensed from ampule A to ampule B
(while A is kept at room temperature throughout the operation,
B has been preheated to 200—300 °C with a gas burner),
followed by heating at 400—500 °C for a maximum of S min,
generating the desired Lnl, with no further purifications. The
authors also noted that after initiation molten metal was formed,
thus indicating that the reaction core reached temperatures
around 1500 °C.****** In Bochkarev’s original method the
ampules are reported to be made of thick-walled borosilicate
glass; however, owing to the high temperatures necessary for the
initiation of the reaction and the heat subsequently generated, it
is recommended that quartz reactors be used for this setup
instead.

Evans and co-workers developed a more sophisticated
apparatus which can produce Lnl, salts in large quantities (up
to 50 g) and with more controlled conditions (Figure 5).”** In

Figure S. Apparatus for the synthesis of solvent-free Lnl, salts used by
Evans and co-workers. A, quartz tube; B, O-ring joint; C, connection to
vacuum line; D, quartz addition tubes; E, quartz crucible; F, addition
funnel; G, furnace. Reproduced from ref 244. Copyright 2003 American
Chemical Society.

Evans’ method, Ln metal powders (40 mesh) and iodine are
placed in separate addition funnels (F) and the whole system is
kept under static vacuum. The reactor is then heated to 450 °C
inside a furnace, and the starting materials are added gradually
into a quartz crucible (E) placed at the bottom of the reactor.
After an initiation period, the temperature is raised above the
melting point of the relative Lnl, (Ln = Nd 562 °C, Sm 520 °C,
Eu 510 °C, Dy 659 °C, Tm 756 °C, Yb 772 °C),” and the
reagents are added portion-wise over a period of 2 h, giving the
desired Lnl, material.

Solvated iodide salts, [Ln(I),(Slv),] (100-Ln; Slv = THF,
DME; x = 2—S5) of divalent Lns can also be obtained via standard
solution methods (Scheme 36). For the most stable divalent Lns
(Sm, Eu, and Yb), the main methodology was developed by
Kagan and co-workers for the synthesis of [Sm(I),(THF),]
(100-Sm-2THF),*** which consists of direct reaction of Ln
metal powder or chips with 1,2-diiodoethane in THEF.>**~>*
Evans and co-workers crystallographically characterized the 7-
coordinate THF adduct [Sm(I),(THF)s],** but the bis-THF
adduct 100-Sm-2THEF is the predominant species after standard
workups following Kagan’s methodology. In a similar fashion,
Watson et al. reported the synthesis of [Eu(Br),(THF),] (101-
Eu-2THF) and [Yb(Br),(THF),] (101-Yb-2THF), obtained
from the reaction between Ln metal powders and 1,2-
dibromoethane;**” this methodology cannot be applied to the
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Scheme 36. Synthesis of Solvated LnX, Salts 100-Ln-2THF
(Ln = Sm, Eu, Yb),>**">** 101-Ln-2THF (Ln = Eu, Yb),**’
100-Tm:STHF and 100-Tm:3DME>*3*>%3

THF, rt.
ln+ "~ [Ln(2(THF);]  100-Ln-2THF
| ~H,C=CH, Ln=8m, Eu, Yb
THF, rt.
Ln+ 4 N BT [Ln(Br)y(THF),] 101-Ln-2THF
r — H,C=CH, Ln=Eu, Yb
THF +Ln
Ln+151, —— Ln(l)3(THF), ———— [Ln(I)»(Sv),]
0°Ctort. THF/DME
reflux  100-Ln<2(Slv)

Ln=Tm;SIv=THF;y=5
Ln=8m; Slv=THF;y=2
Ln=Tm; Slv=DME;y=3

synthesis of solvated SmBr,, which is obtained from the
reduction of SmBr, or substitution of SmI,.”*" Solvated Sml,
can also be obtained from the comproportionation reaction of
Sml; with Sm metal;*" this method has also been successfully
applied to the preparation of solvated Tml,, which can be then
isolated as either THF or DME adduct, [Tm(I),(THF),] (100-
Tm-5THF) and [Tm(1),(DME),] (100-Tm-3DME).>***%3
Solvent-free NdI, and Dyl, can also be converted into THF or
DME adducts, [Ln(I),(THF);] (100-Nd-STHF) and [Dy-
(I),(DME);] (100-Dy-3DME), though manipulations have to
be carried out at low temperature owing to the propensity of
these species to react with ethereal solvents.”>* Adducts of Sml,
and Ybl, with N-heterocycles (pyridine, lutidine, and 4-fert-
butylpyridine) have also been reported by Sella and Maunder,**
while Wakatsuki and Hou isolated also the hexamethylphoshor-
amide (HMPA) adducts [Sm(I),(HMPA),] and [I],[Yb-
(HMPA),(THF),].>*° Finally, crown ether adducts of various
Lnl, salts have also been reported: Xémard et al. reacted 100-
Tm-3DME with 18-crown-6 to obtain the adduct [Tm(I),(18-
crown-6)],>>” while Huh et al. successfully attempted the
encapsulation of Lnl, salts with 2.2.2-cryptand in DMF to give
cationic adducts [I],[Ln(crypt)(DMF),] (Ln = Sm, Eu, n = 2;
Ln = Yb, n = 1; crypt = 2.2.2-cryptand).”>®

Lnl, salts and their adducts are commonly used in salt
metathesis reactions and are particularly effective for the
synthesis of divalent Sm, Eu, and Yb complexes with a variety
of supporting ligands (vide infra, Figure 6). Most of the
complexes obtained with these starting materials are homoleptic
derivatives, with varying coordination numbers depending on
the presence of coordinated solvents, ligand denticity, and steric
properties. Salt elimination reactions have been employed for
several decades in the preparation of cyclopentadienyl
derivatives, such as the archetypal [Ln(Cp*),(THE),] (93-
Ln; Ln = Sm, Yb; Slv = Et,0, THF).”**”! Metallocene-type
Ln(Cp), complexes can be obtained by reacting group 1
cyclopentadienyl salts with Sml,, Eul,, and YbI, (93-Yb can also
be obtained from YbCl,)*’* and are isolated either as solvent-
free or solvated adducts of formula [Ln(Cp®),(Slv),] (x = 0-2;
1, Cp® = Cp; 73-Ln, Cp" = Cp'™; 93-Ln Cp® = Cp*; 102"-Ln,
CP,, Cp”, C ///, CPNaPh, CPSiPh3, CpSiPhZMe} Cptt, Cpttt, CPiPr4,
CPBHS;)273_2 ’ (Cp’ = {CsH,SiMey}™, Cp” = {CsH;(SiMey),-
1,3}7, Cp” = {CsH,(SiMe;);-1,2,4}7, Cp" = {CH;'Bu,-1,3},
Cp™ = {C;H;'Bu;-1,3}7, Cp® = {C;(CH,Ph);}") (Scheme
37). These methodologies are more problematic with the highly
reducing salts NdI,, Dyl,, and Tml,. When Tml, or Dyl, are
reacted with KCp* or KCp” under nitrogen, N,-activation
products [{Tm(Cp*),},(p-N,)] (103)**° and [{Dy-

https://doi.org/10.1021/acs.chemrev.1c00842
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Figure 6. Selected examples of ligands used in salt elimination reactions with Ln diiodides.

Scheme 37. Reactivity of Lnl, (Ln = Nd, Sm, Eu, Dy, Tm, Yb) with Cyclopentadienes and Cyclopentadienyl Metal
Salts2*7271,273-279,282,283
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y

(Cp"),2}2(u-N,)] (104)*”7 are obtained, highlighting the workers were able to obtain several Tm(II) metallocene-type
reducing nature of these starting materials. The direct reaction complexes, with varying degrees of substitution on the
of NdI,, Dyl,, and TmlI, with cyclopentadiene (Scheme 37) was phosphorus or arsenic heterocycles (Scheme 38), i.e., [Tm{’-
also reported by Bochkarev and co-workers, who observed C,H,P'Bu,-2,5},(THF)] (109),”** [Tm{n*-C,H,P(SiMe,),-
oxidation of the metal to Ln** and formatic?n of monoring 2,5}, (THE)] (110),”%** [Tm{#4%-C,P'Bu,-2,5-Me,-
complexes [Ln(Cp)(1),(THF);] (105-Ln) with Nd and Dy, 34L,(THE),] (111, x = 0, 1),%52% [Tm{y5-C,E(SiMes),-
‘(/vlhoeé;as the rr;)etta.lloilenfe-typet}clomplext.[Tm((?})1)2’(;)(ITHF?tzﬂ 2,5-Me,-3,4},] (1125 E = P, As),>** and [Tm{;*-C,PMe,},]

was obtained from the reaction wi Ml Wi (113). Sml, and YbI, have also been used for the preparation of

concomitant formation of LnI3.281 When HCp* was reacted . P P As
with NdI, and Dyl,, products of the reaction were metallocenes bls—phospholylA (1147-1167) ‘and arsolyl complexes (114™-

As) 283,286 . ; )
[Ln(Cp*),(I)(THF)] (107-Ln, Ln = —Nd, Dy) (Scheme 1161 ?, X 1nt;relst11ngly, 1nlsome cases xl:)mth Sr; and gm the
37).%*" Nief and Evans were able to obtain Tm metallocenes resulting phospholyl complexes are obtained as dimeric

[Tm(Cp®)(THE),] (108} Cp® = Cp”, Cp”, Cp", Cp'™; x = 0, structures in which the lone pair of the phosphorus atom within

1) via salt elimination reaction between Tml, and group 1 salts the phosp}slolyl ring bridgses between two metallocene moieties,
of sterically demanding Cp ligands.277’282’283 i.e, [Lon{r*-C,P(R)Hu:>-CyH,P(R)}], (117, Ln = Sm, R =
The same methodologies have also been extended to the ‘Bu,Me,; 118, Ln = Sm, R = (SiMe;),Mey; 119, Ln = Tm, R =

synthesis of phospholyl and arsolyl derivatives. Nief and co- ‘Bu,).”*?%
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Scheme 38. Synthesis of Sm, Tm, and Yb Bis-phospholyl Complexeszm_286
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Scheme 39. Reactivity of Lnl, Salts with Monodentate Silylamides
amides, and Dinitrogen Activation Products
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The discussion on cyclopentadienyl, phospholyl, and arsolyl
derivatives of Ln(II) metals provides a good snapshot of the
possibilities offered by the species; classic divalent Lns (with the
addition of Tm) are able to preserve the divalent state in the final
products, while NdI, and Dyl, are too reducing. As mentioned

6064

above, Lnl, salts can also be used in salt elimination reactions
with a variety of ligand transfer reagents. Nitrogen donors are
among the most popular ligand choices in RE chemistry,
particularly monodentate silylamide {N(SiMe;),}~ (Scheme
39). The homoleptic complexes [Yb{N(SiMe,),},(Et,0),]

https://doi.org/10.1021/acs.chemrev.1c00842
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Scheme 40. Selected Examples of Heteroleptic Ln(II) Complexes Obtained via Salt Elimination Reactions from Lnl, Salts
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(78-Yb-20Et,) and [Eu{N(SiMe;),},(DME),] (78-Eu-
2DME) were first obtained by Andersen and co-workers from
the reaction between solvent-free Lnl, and two equivalents of
Na[N(SiMe;),] in ethereal solvents (Et,O, THF or
DME).””>**” Similarly, Evans et al. reported the synthesis of
[Sm{N(SiMe,),},(THF),] (78-Sm-2THF) from [Sm-
(1),(THF),] and Na[N(SiMe,),] in THE.**® These salt
elimination protocols cannot be applied to Tm(II), Dy(1l),
and Nd(II) because of their high reducing nature. In the case of
Dy and Tm, dinitrogen activation products [{Ln{N-
(SiMes),},(THF)},(1-N,)] (120-Ln; Ln = Dy, Tm) are
obtained;””” when Tml, is employed, Evans and co-workers
isolated a purple solid which they assigned as putative
Tm{N(SiMe;),},(THF), (78-Tm); however, no structural
information has yet been reported.”® Dyl, is much more
reducing than Tml,, and as a result, the solutions obtained from
the reaction with Na[N(SiMe;),] are highly temperature-
unstable, affording dinitrogen activation product 120-Dy even at
—78 °C. It is noteworthy that the analogous Nd complex
[{Nd{N(SiMe;),},(THF)},(u-N,)] (120-Nd) has been ob-
tained only from the reduction of Ln/group 1 “ate” complexes,
rather than through a transient Nd(II) complex, “Nd{N-
(SiMe;),},”.>"° Additionally, Evans and co-workers applied a
similar synthetic strategy to the synthesis of aryloxide complexes
[{Ln(OC¢H,Bu,-2,6),(THF), },(4-N,)] (121-Ln; Ln = Nd,
Dy), which were isolated from the reaction between Lnl, and
K(OC4H,Bu,-2,6).>*”*°" Mills and co-workers were able to
isolate the first Tm(II) bis-amide complex, [Tm{N(Si'Pr;),},]
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(122-Tm), which was obtained from the reaction between Tml,
and K[N(Si'Pr;),] in benzene;*”* similar protocols were also
used by the same authors for the synthesis of the analogous
[Sm{N(SiPr;),},] (122-Sm),*” [Eu{N(SiPr;),},] (122-Eu),
and [Yb{N(Si'Pr;),},] (122-Yb).””> When the less sterically
demanding silylamide ligand {N(Si'BuMe,}" is employed, the
solvated species [Ln{N(Si'BuMe,),},(THF),] (123-Ln; Ln =
Sm, Yb) are obtained instead (Scheme 39). Lnl, salts can also be
used for the preparation of heterobimetallic “ate” complexes of
general formula LaM{N(SiMe,), }; (124™-Ln; M = alkali metal;
Ln = Eu, Sm, Yb); the methodology normally consists of the
reaction of three equivalents of ligand transfer reagent with Lnl,
(Scheme 39) and has also been used to synthesize separated ion
pair complexes [K(L),][Ln{N(Si'BuMe,),};] (125-Ln, Ln =
Sm, Eu, Tm, Yb, L =2.2.2-cryptand, n = 1; 126-Ln, Ln = Sm, Eu,
L =C,Hg n=2;127 Ln = Sm, L = DME, n = 3).”**

A multitude of other ligands have also been employed in salt
elimination reactions with Lnl, salts, which include aromatic
ligands (Figure 6, A, B),Z%’Z% mono- and multidentate dentate
alkyls (C-H),"'*""" 297-304 multldentate N-donors (I—
M) 299,305=310 phosphides (N),*'" silanides (0),”'**"* and
gallyls.””>*'* A major challenge in Ln(II) chemistry is the
stabilization of heteroleptic complexes of the type “Ln(L)(1)”
directly from salt elimination reactions, owing to the large steric
demands of divalent Lns and the tendency in some cases to
rearrange to homoleptic Ln(L), and Lnl,. This interest
originates from the possibility of further functionalizing the
complexes by substituting the iodide ligand via metathetical

https://doi.org/10.1021/acs.chemrev.1c00842
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Table 4. Anhydrous and THF Adducts of RE Trihalides”
Cl Br I

Sc ScCl,*33%% ScBr,»93%° Se, 231232
[SC(C1)3(THF)3]356 [SC(BF)3(THF)3]SS7 ScI3(THF)3358
ScCly(THF), 5 ScBr,(THF), 5**

Y YC13340 YBr3349 “3233,362,363
[y(cn (M'CI)Z(TH’F)z]nﬁg YBry(THF),* [Y(1);(THF),]***
[Y(CD5(THE);5]** YBr,(THF),***
YCI,(THE) %%

La LaCl3H’3’48 LelBr3l4’3’48 LaI314’233’348
[La(CD)(s-CD),(THE), " [La(Br),(THE), ] [La()y(THE) ]
LaCly(THF)**° LaBr;(THF),** [La(1);(THE), ]
LaCly(THF),>**36 LﬂBV3(THF)3367

Ce CeCl,'***® CeBr,>! Cel, 14233348
[Ce(CI)(u-C1),(THF),],** [Ce(Br)s(THE),]*” [Ce(1),(THEF),]***7
Cecl (THF 370,371

Pr PrClj s PrBry*! Py, 4233348
[Pr(Cl)(u-Cl),(THE),],>**"* [Pr(Br),(THF),]>***" [Pr(1),(THE),]**%*"
PrCl,(THF);*"

Nd NdC313 ! 4’339’3348 NdBr;w NdI3] 4,233,348
[Nd(CI)(u-Cl),(THE),],** [Nd(Br),(THE),]*" [Nd(1);(THE), ]
I:NCI(CIL(THFL]‘W6 [Nd(1)3(THF)4]377
NdCly(THF);*” NdIL(THE),”®
NdCly(THF), 5>’

Sm SmCl,' 3% SmBr,' ¥4 Sml,' 233348
[Sm(CI);(THE),]*” [Sm(Br)y(THE),]****! [Sm(1);(THE),]**"***
SmCly(THF),** [Sm(I);(THE), ]+
SmCly(THE);*" SmIL(THE),***

Eu EuCl314’348 EuBr3l4’348 Eu13386
[EU(CI)s(THF)4]385 [Eu(Br)3(THF)3_5]344 1‘3”13(TI'IF)3.534l

Gd GdC13339 GdBr3339 Gd1314,233,348
[GA(CI)5(THF)s]™ GaBry(THF) 5™ [Gd(1);(THEF); 5]
[GA(CD)5(THE), ]
GdCI,(THF),**
GdCl,(THF),""!

Tb TbCl,** TbBr,>! ThI, 14233348
[Th(CD),(THE), J* [Tb(1):(THE),5]*"
TbCly(THF),*7>3%

Dy DyCl,** DyBr;** Dyl #2333 .
[Dy(Cl),(THF),]*** DyL(THF) 35"
DyClL(THF), %"
[Dy(CD(THF),][BPh,)**>

Ho HoCl,** HoBr,** Hol, 23334
[Ho(CD)3(THF);5]* Hol,(THF), "'
HoCl,(THF);***
HoCly(THEF), {*%*

Er ErCL** ErBry** Erl,1#233348
[Ex(Cl);(THE)35)** (Ex(D);(THF),]**
ErClL(THF),** Erl(THE), {53
ErCly(THF);*"

Tm TmCl,*! TmBr;** Trml, #2334
TmCly(THF);"” Tml,(THF), "
TmCl,(THE), ,>**

b YbCl, 14,348 YbBr, 14,348 YbI, 14,348
[Yb(Cl)3(THEF);]"" [Yb(1);(THF);]*”
[Yb(CI)5(THE)]™ [Yb(D);(THE); 5]
YbCly(THF),**

Lu LuCl,** LuBr;** Lul 23334
[Lu(C1)3(THF)3]339’364’399 Luly(THF),*®
LuCl,(THF),**¢

“Solvated salts in italics have not been structurally authenticated.
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reactivity. Multidentate donors such as amidinates (I),
guanidinates (J), f-diketiminates (BDI, K, M), tris-pyrazolylbo-
rates (Tp, L), and bis-iminophosphorano-methanide (E) have
been successfully employed to deliver such species.

Lappert and co-workers reported the preparation of the
heteroleptic complexes [{Yb(*’ BDI?)(5-1)(THF)},] (128, BDI
= f-diketiminate; R = Dipp, R’ = Me; 129, R = SiMes; R’ = Ph)
from K(* BDI?) and YbL, in THF (Scheme 40);*'® Jones et al.
also reported the analogous complex [{Yb(®“BDI*P)(y-
I)(THF)},] (130) obtained with similar methodologies.316
Chen and co-workers reacted potassium salts of tethered BDI
ligands, {(R)C(NDipp)CHC(R)NCH,CH,N(Me)-
CH,CH,NMe,}~ (®BDI™, R = Me, ‘Bu), with [Yb(I),(THF),]
and [Sm(I),(THF),] to give dimeric heteroleptic complexes
[{Ln(*BDI™?)(5-1)(THF)},].>""7**° Amidinate and guanidi-
nate potassium salts afford similar results; interestingly, the
flanking aryl groups can also interact with the metal center, thus
supporting a switch in the coordination mode from bidentate to
monodentate, such as in the dimeric complexes [{Yb(Giso)(#-
1},] (131, Giso = {(DippN),CN(CgHy,),}7),*" [{Sm(Piso)-
(1-1)},] (132, Piso = {(DippN),CN'Bu}"),*** [{Yb(Priso) (-
I1)(THF)},] (133, Priso = {(DippN),CNPr,}7),**" and
monomeric Sm complex [Sm(Piso)(I)(THF),] (134, Scheme
40).**> Furthermore, Roesky and co-workers reacted the
potassium salt K(H-BIPM) (H-BIPM {CH-
(PPh,NSiMe;),}”) with [Ln(I),(THF),] (Ln = Sm, Eu) in
THF (Scheme 40) to give dimeric [{Ln(H-BIPM)(u-I)-
(THF)},] (135-Ln, Ln = Sm, Eu) and monomeric [Yb(H-
BIPM)(I)(THE),] (136).%****° Finally, Takats and co-workers
were able to isolate the heteroleptic complexes [Ln(Tp®*Me)-
(D] (137-Ln, Ln = Sm, Yb) from facile reaction between
K(Tp™™¢) and Lnl, in THF at room temperature;’"
remarkably, the authors were also able to extend this chemistry
to Tm(II) and isolated complex [Tm(Tp™*M¢)(1)] (137-Tm),
which is a very rare example of a heteroleptic Tm(II) species
(Scheme 40).>%¢

4.2. Trivalent RE Halides

Trivalent halides (Table 4) are the most common starting
materials used in RE synthetic chemistry, particularly for salt
elimination reactions; the only exceptions are trifluorides, which
are very rarely employed in orgganometallic and coordination
chemistry methodologies.”””*** These materials are usually
commercially available, but the cost of anhydrous salts can be
significant; additionally, a high degree of purity is required for
these starting materials, which cannot always be guaranteed
from commercial sources. There are also some special
circumstances in which a knowledge of these basic method-
ologies can be extremely useful, as shown by Chilton and co-
workers in the preparation of single molecule magnets with
isotopically pure '**Dy;*****° the only commercially available
starting material containing pure '**Dy is '**Dy, O, which has to
be converted into '**DyCl, for the preparation of organometallic
complexes.”””**° Additionally, owing to the similarities between
early Lns and trivalent actinides (Ans), knowledge of these
preparative methods can be used to develop synthetic protocols
with RE surrogates that can be transferred to the An family,
which is particularly important when working with scarce and
highly hazardous transuranic elements.”*' %

Trivalent salts can be obtained from the direct reaction of the
metal with either halide or hydrogen halides (A and B, Scheme
41), though this type of approach can be challenging for at least
one of the following factors: (1) reactions need to be carried out
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Scheme 41. Main Synthetic Strategies for the Preparation of
Trivalent RE Halides

X=Cl, Br, |
A) RE+15X, el REXq
X=Cl, Br, |
B) RE + 3 HX i REX3
—H,
X=Cl,Br, |
C) REO3+xs NHzX REX3
— NHgX, — Hy0
X=Cl, Br, |
D) RE203 +1.5 HgXZ L - REX3
-1.5Hg

at high temperatures above the melting point of the REXj salt
(usually above 700 °C); (2) the halide source needs to be of very
high purity (particularly if using HCI); (3) anhydrous halides
can react with the reaction vessels at high temperatures.”** This
method can be problematic particularly for RECl;, while the
preparation of tribromides®* and triiodides® via direct
reaction of the metal with bromine or iodine under inert
atmosphere is more straightforward, as both materials can be
obtained with very high purity.”*** A more convenient method
consists of the reaction of the RE oxides, RE,O;, with NH,X (X
= Cl, Br, I) at high temperatures. Reed et al. originally developed
this methodology as a solid-state synthesis (“dry method”) for
RECl; and REBr;,”***7 which was later applied for the
preparation of REI; by Young and Hastings (B, Scheme
41).** However, this approach can also be implemented in
synthetic laboratories as a “wet method” by dissolving the RE
oxides in acid (HCl and HBr) and in the presence of NH,X (X =
Cl, Br). This methodology has been refined over the years and
has now become a routine approach for the preparation of
anhydrous RE chlorides and bromides in many synthetic
laboratories.”*”*** The synthesis of RE tribromides®* and
triiodides™ is also easily achieved via direct reaction of the
metal with bromine or iodine under inert atmosphere in ethereal
solvents to yield solvated adducts.”***** This is a particularly
efficient method for the synthesis of triiodides, which can be
prepared in very large scales as ethereal adducts [RE(I);(Slv),]
(Slv = Et,0, THF; x = 3, 3.5, 4);°”**' Evans and co-workers
have also reported the preparation of pyridine adducts,®** while
Deacon and Petricek have obtained adducts of various halides
with DME and glyme.****** An alternative approach is based on
the use of HgX, salts with metallic REs (D, Scheme 40),
analogous to the method described previously for divalent Lns
(vide supra, section 4.1) 233395346

In Reed’s original methodology, RE,O; and NH,Cl are mixed
by heating with a Bunsen burner, forming RE chlorides as
ammonium salts adducts, (NH,),RECl; or (NH,);RECl,**’
dispersed in an NH,,Cl matrix;**® the quantity of ammonium salt
is crucial for the success of this methodology, as incorrect
stoichiometries could lead to the formation of decomposition
products such as oxychlorides “REOCI”. The resulting mixture is
then transferred into the bulb (A) of the apparatus shown in
Figure 7.>*’A is connected to a bent delivery tube (Figure 7, C)
equipped with a collection bulb at the end (Figure 7, E); the
apparatus is connected to a high-vacuum line via a trap (Figure
7,F) positioned at the end of the apparatus. Once the reactor has
been charged with the RECl;/NH,Cl mixture, the furnace is
heated to 300 °C for up to 30 h, affording anhydrous RECl,
upon sublimation of NH,CL It is important to avoid higher
temperatures at least at the initial stages of the final purification
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Figure 7. Apparatus for the “dry method” synthesis of anhydrous
trivalent RE chlorides.>*” A, pyrex flask; B, furnace; C, delivery tube
(internal diameter 28 mm); D, ground glass connection; E, ammonium
chloride receiving bulb (500 mL); F, trap (connected via rubber
stopper); G—G’, galvanized-iron cans; H, asbestos; I, asbestos boards;
J, asbestos inner cover; K, heating unit (six Westinghouse No. 299-425
space heaters, 110 V and 220 W capacity); L, thermometer; M, pyrex
thermometer cover; N, high-vacaum pump connection. Reproduced
with permission from ref 347. Copyright 1939 Wiley.

\

step, as unreacted RE,Oj can react with (NH,);RECl, at 320 °C
to form YOCI, NH;, and H,0.””” A similar apparatus was
developed by Taylor and Carter, and later refined by Kutscher
and Schneider, for drying hydrated salts REX;(H,0), (X = Cl,
Br, I) with ammonium halides NH,X (X = Cl, Br, I).'***® Other
iterations have also been reported by Corbett, Meyer, and
Edelmann, and the method has also been applied to the
synthesis of REBr;.”****

A more convenient approach toward the preparation of REX;
salts (X = Cl, Br) is the so-called “wet method”. Different from
the previously described “dry method”, RE,0; (oxides
containing tetravalent metals can also be used, eg, CeO,,
Pr,0,, and Tb,O,) is first dissolved in a concentrated HCI or
HBr solution containing excess NH,X (Scheme
42) 239340330351 The golution is boiled to dryness (125 °C)
under a stream of dry air or nitrogen, and the fumes are passed
through a trap containing a 10% NaOH solution. The resulting
white material, (NH,),REX;(H,0),, is finely ground and
transferred into a sublimation apparatus analogous to those
illustrated by Meyer and Corbett.”*>** The final stage of this
protocol is analogous to the one previously described in the “dry
method”, which entails drying the crude material under reduced
pressure. Different temperature programs are reported in the

literature for this procedure; according to Marks and
Diaconescu, the raw material should be heated at 200 °C
maximum to remove excess water first, followed by removal of
excess NH,X at higher temperatures (T > 300 °C).**"**!

Anhydrous RECI; can also be obtained by dehydration of
RECl;(H,0),. One method is briefly described above, which
uses NH,X (X = Cl, Br, I) as a drying agent and can be applied to
other halides.”>> Another typical methodology employed for
drying RECL;(H,0), involves the use of SOCl, and was
originally reported by Freeman and Smith.>>* In their
methodology, RECl;(H,0), is converted into a fine powder,
transferred into a flask with excess SOCL,, and then refluxed
gently until dehydration is complete; particular care should be
taken to avoid overheating, as decomposition of SOCI, could
lead to the formation of undesired oxychlorides. The time
required to achieve complete dehydration increases going across
the Ln family, with 1 h required for LaCl; and 110 h required for
ErCly; this is likely due to the increased Lewis acidity of the
metals as a consequence of the higher charge density of the
smaller Lns.””>* It should be noted that anhydrous RE halides
are not particularly soluble, and in many instances these have to
be converted into solvated forms. Such procedures can be very
time-consuming; therefore, simple and quick methodologies
that deliver these species as ethereal adducts can be particularly
desirable (vide infra).

High-temperature methods are used for the preparation of
unsolvated REX; with Hg(II) halides, but these methodologies
have several drawbacks (e.g, bespoke solid-state reactors,
removal of Hg by distillation, and purification of REX; by
sublimation) which make it impractical for most synthetic
laboratories. However, Deacon and co-workers showed that
standard solution synthesis can also be used for laboratory-scale
preparation of solvated RECl;; this methodology can also be
adapted to other halides and is carried out using the same
apparatus employed for other RT and RTP reactions (vide supra,
Figure 2)."**** In Deacon’s method, a solution of REX; in THF
is produced which allows removal of Hg residues via filtration
(Scheme 43). The compounds obtained through this method
are solvated species, which were originally reported by the
authors as YbCL;(THF),;, YbBry(THEF);, Ybl;(THF),,
SmI;(THF); and ErCl(THF);s.** An alternative method
was also reported by Deacon et al. in which RE powders are
treated with hexachloroethane in THEF, to give THF adducts
[RE(Cl);(THF),] (137-RE; RE = La, Nd, Sm, n = 2; RE = Gd,

Scheme 42. Synthesis of Anhydrous RECl; and Apparatus for the “Wet Method” Synthesis**"**"

10% NaOHag)

+x8 NHgX
HX, 125 °C, 12-24h

REpO; — > (NH4),REXs or (NHg)sREXs
— NHgX (NHg + HX)
—H:0 X =Cl, Br
6068

N, or dry air

RE»O3 + xs NH4X + HX

200-320 °C, 1072 mbar

REX3

— NH4X (NH3 + HX)

-H,0 RE =Sc, Y, La-Lu
(except Eu)
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Scheme 43. Synthesis of Solvated Trivalent RE Halides via
RT Reactions with HgX2126’345 or Direct Reaction with
Hexachloroethane'”" or Trimethylsilylchloride***

+0.7 HgXs

THF, 65 °C, 1.5h RE = Sm, Yb:n=3

RE REX4(THF),

RE=Er;n=3.
—-Hg, -RE rnn=35
X=Cl,Br, |
+C,yClg
THF, r.t,, 1.5h RE = La Nd. S )
- . =La,Nd, Sm;n=
RE - [RE(CI)3(THF),] RE = a Vones
Bt 137-RE RE=Ern=3.5
+ 3 CISiMe;
+3 CH;0H
RE=La;n=1.5
_— ,
RE [RE(CI)3(THF),] RE = Ce, Pr, Sm:n =2
1) THF, rt., 10h 137-RE i
2) THF, reflux, 0.5 h 7- RE=Yb;n=3
— 3 CH30SIMe; RE=Y,Dy;n=3.5
—15H,

Yb, n = 3; RE = Er, n = 3.5) (Scheme 43);'”" additionally, the
authors reported the structure of dimeric [{Yb(Cl),(u-Cl)-
(THF),},] (138), which was obtained upon treatment of
[Yb(Cl);(THF);] (137-Yb-3THF) with pentane over several
months. It is noteworthy that there are several different reports
in the literature regarding the number of THF molecules present
in solvated RECl, salts. This is due to the variety of methods and
conditions employed for their preparation, which lead to the
isolation of these adducts as either neutral molecular
complexes—monomeric [RE(CI);(THF),] (137-RE-3THF)
or polymeric [RE(Cl);(THF),], (137-RE-2THF)—or sepa-
rated ion pair species [RE(Cl),(THF),][RE(Cl),(THF),],
which are usually simplified as [RE(Cl);(THF);] (137-RE-
3.STHF). The adducts reported bly Deacon and co-workers were
obtained by Soxhlet extraction,'”" while other THF adducts are
obtained by heating RECl; in THF followed by simple removal
of solvent, and their formula is usually reported as
RECL,(THF),.”* Finally, Wu et al. reported the direct reaction
of RE powders with trimethylsilyl chloride and methanol at
room temperature (Scheme 43).”** These reactions produce the
desired RE chlorides in quantitative yields for all the metals tried
in this protocol (Y, La, Ce, Pr, Sm, Dy, and Yb); additionally,
different silanes (dimethylchlorosilane and silicon tetrachloride)
and alcohols can be employed (ethanol, propanol, and 1-
pentanol).

Solvated RE triiodides can be obtained via various solution
methods, including (1) RT reaction of RE metal with Hgl, (vide
supra, Scheme 43);°* (2) reaction of RE metal with iodoethane
or diiodoethane in THF;****>* (3) reaction of RE metal with
iodine in isopropanol;**> and (4) reaction of RE metal with
iodine in THE.>*® The last method was developed by Izod et al.
and provides a very clean and consistent route toward obtaining

triiodides of all REs (Scheme 44).**° In this method, iodine is
added slowly to RE metal chips in THF, and the crude material is
then baked to remove excess iodine, followed by Soxhlet
extraction to afford solvated [RE(I1);(THF),] (138-RE; x = 3.5
or 4 for La—Nd; Table 1).>** La Pierre and co-workers reported
an analogous methodology in which the initial step is performed
in diethyl ether; resulting diethyl ether adducts [RE(I);(Et,0)5]
(139-RE; RE = La, Ce, Nd, Pr, Sm, Gd, Tb, Dy, Ho, Er, Tm)
were also isolated, and several of them were structurally
authenticated by the authors (Scheme 44).**" It is noteworthy
that these etherates easily lose solvent under reduced pressure,
so the final solvent content and composition can vary.”*'

In principle, salt elimination reactions with REX; salts can
afford both homoleptic, “RE(L),”, and heteroleptic complexes,
“RE(L),X” and “RE(L)X,” (Scheme 45). The outcome of these

Scheme 45. Schematic Representation of Salt Elimination
Reactions with REX; Salts
+2 M(L)

RE(L),X REX
(L)2 o X 3

M(L)

RE(L)X,

+3M(L)| -3 MX

RE(L)s

reactions is largely dictated by the electronic and steric features
of the ligands employed, and the alkali metal and halide source
chosen for the reaction (vide supra, section 2.1). The ligands
used in salt elimination reactions with LnX, (vide supra, Figure
6) have also been used in analogous chemistry with trivalent
REs, for which the ligand scope is far greater owing to the greater
stability of most RE** ions.

Because of all the possible combinations of RE trihalides,
ligand transfer reagents, stoichiometric ratios and reaction
conditions, the number of salt elimination applications of REX;
salts is enormous, and a full account is beyond the scope of this
work. Herein, some key examples are illustrated of their use with
cyclopentadienyl salts to form homoleptic, RE(Cp®);, and
heteroleptic complexes, RE(Cp*),X and RE(Cp®)X, (Scheme
46). In 1954 Wilkinson and Birmingham used anhydrous REC,
(RE =S¢, T, La, Ce, Pr, Nd, Sm, and Gd) to synthesize RE(Cp);
(140-RE) complexes via salt elimination with Na(Cp), thus
pioneering a synthetic route which quickly became a gold-
standard for RE synthetic chemists.”*"" Group 1 salts of a variety
of substituted Cp ligands have been used in salt metathesis
reactions with RE halides; in some cases, group 2 (Be, Mg) and
TI(I) reagents have also been employed.””” Salt elimination
reactions between RECl; and Na(Cp) or K(Cp) salts are usually
carried out in THF or Et,O and under reflux conditions.”*""
The same strategy is applicable to substituted Cps, though it
becomes increasingly difficult to displace all three halides as the
steric demands of the ligands increase; RECl; are the salts that

Scheme 44. Synthesis of THF (138-RE) and Et,0 Adducts (139-RE) or REL,**%**!

+151, THF _ _
RE = La-Nd, n =4
_—_— —_—— ’
RE REI3(SIv)x s REQs(THR]  RE v sm. Gd-Tm; n =35
THF or Et,0 6 138.RE
rt., 48-72h 12-96h -

SIv = Et,0

[RE(1)3(OEtz)3]

139-RE
RE =La-Sm, Gd-Tm; n=3
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Scheme 46. Selected Examples of Salt Elimination Reactions of REX; with Cp Salts

R
R Pr ‘GS?
.pr&iPr |
p? \ s ~(THR),
T <
; ) m
Prﬁ'pr CyHg, 180 °C, 72h 03 ‘&3 THE
iPr < =1-6 -2 MX Dy/
R CpR = CpiPHR —_— -
149R.RE P P RE =D N
. X=1,M=Na R = H, Mes, (SiMe Y
(R=H, Me, Et, 'Pr) RE =Y, Dy +M(CpT X=Cl, | o (eak XM B[(' 148X (X = Br, )
t “MX | M =Na, K -
Bu THF RE = Sc, Y, La-Lu
By (except Eu)
e\ C7Hg, reflux 48-120h|  + 2 M(CpR) +2 M(Cp*) _2MX \ - THF
RE—X ~
/ CoR = Cptt —3MX % THF or Et,0 or DME REX= Sé‘ Lu / cl
t =Cl
BU‘Q’BU M = Na, K M= Na, K 146-_RE
14g*RE  Bu  RE=Nd, TmX=| THF, reflux RE =Sc, Lu
RE = Dy; X = Br, | +3M(CpR)| Xx=cClI
X =Br, 1) g =Ly A=Br
( u —3MX M=Na, K
s RE =Sc, Y, La-Lu - MX \ .Cl,  _(SW)
u \ 1. THF, reflux, 15h — X RE, o
B\ _ 2 CHg reflux, 15h . rese SNl
- ] e =Y, -Lu
t / CpR=Cptt G—RE M= Li, Na, K 147-RE
Buﬁ%u M=K Slv = THF, Et,0, DME RE =, La-Lu

RE =Y, La-Lu; X =CI
148°-RE (except Eu and Tb)
142-RE (R =

144-RE (R =

140-RE (R = H); 141-RE (R =
(SiMes),); 143-RE (R = Me)
‘Bu); 145-RE (R =

Mej)

'Buy)

usually give the best results when attempting to isolate
homoleptic RE(Cp"); compounds with the smaller Cp ligands,
eg, Cp' (141- RE),402 ~*7 Cp” (142-RE),*” CpM* (143-
RE), 0540510 Cpt (144- RE),“”'IZ and Cp" (145-RE).*
Heteroleptic species can be obtained by altering the
stoichiometric ratio of these reactions, thereby using a 2:1
ratio for metallocene-type complexes, RE(CpR),X,>#>*# #4741
and 1:1 ratio for monoring complexes, RE(Cp*)X, (Scheme
46).7319%29 Metallocene-type complexes are particularly
desirable as they provide a fine control of the coordination
sphere of the metal center, with the additional possibility of
functionalizing the complexes by displacing the halide
ligamd.zgz’zgg'f‘14_418 However, often alkali metal salts are
occluded in the resulting complexes; this occurrence can
sometimes be avoided by using different combinations of alkali
metal salts. Lappert et al. reported the reactivity of RECl; (RE =
Sc, Y, La, Ce, Pr, Nd, Yb) with two equivalents of LiCp”, in the
attempt to obtain metallocene type complexes RE(Cp”),CL**!
However, the reactivity resulted in the formation of LiCl adducts
of formula [RE(Cp”),(u-Cl),Li(THF),], which can be
converted into the desired species, in this case dimers
[{RE(Cp"),(u-C1)},], upon recrystallization or sublimation.**'
Xie and co-workers showed that by using NaCp” the alkali
metal-free compounds [{RE(Cp”),(u-Cl)},] are obtained
instead.”*” Nonetheless, it is not always possible to avoid alkali
metal occlusion in salt elimination reaction, as shown with the
synthesis of heteroleptic RE(III) metallocenes with Cp* as
supporting ligand. With the exception of [Sc(Cp*),(Cl)] (146-
Sc)*? and [Lu(Cp*),(CI)(THF)] (146-Lu),*** all the
complexes obtained from salt elimination reactions between
RECl, and M(Cp*) afford MCI adducts [RE(Cp*),(u-Cl),M-
(THF),] (147"-RE; Slv = Et,0, THF, DME; M = Li, Na, K; RE

= Y435 e, 0427 [ 428 pp 28 d429 }430 Gd, 2 Tb,#®

428,431 28 428 4-28 432 428 433 1 434
Dy, H Er,”® Tm Yb, Lu™") (Scheme
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46). Despite the drawbacks of these salt elimination reactions,
“ate” complexes are still excellent starting materials which can be
further functionalized and converted into very useful reagents.
Nonetheless, Meng et al. demonstrated that with the use of
different RE starting materials it is possible to avoid alkali metal
occlusion and were able to obtain [Dy(Cp*),(X)(THF)]
(148%; X = Br, I) from the reaction between KCp* and DyBr; or
Dyl in THE.*' It is also possible to laboriously convert 147™-
RE into monomeric complexes [RE(Cp*),(CI)(THF)] or
solvent-free [RE(Cp*),(Cl)],, usually via sublimation under
high vacuum and subsequent recrystallization.”””*** Mono-
meric solvent-free RE(III) metallocenes [RE(Cp®)X] can be
obtained via salt metathesis by employing bulkier Cp ligands,
such as Cp™ (148*-RE; X = Cl, Br, I; RE = Y, La—Lu (except Eu
and Tb)) and Cp™™** (149%-RE; R = H, Me, Et, 'Pr), with
anhydrous REX; (X = Cl, Br, I) (Scheme 46) 2822834147418

5. BOROHYDRIDES

RE borohydrides (Table S) have gained increasing popularity
over the last three decades.'”~"” These synthons have found
numerous applications in salt metathesis reactions, especially for
the stabilization of heteroleptic compounds of formulas
Ln(L)(BH,), RE(L)(BH,),, and RE(L),(BH,). Part of this
interest is due to their accessibility and ease of preparation,
combined with their versatile coordination chemistry. The
borohydride ligand displays various binding modes, mainly
acting as mono-, bi-, or tridentate donor (Figure 8), and
provides a certain degree of flexibility in salt elimination
reactions compared to RE halides.'®'” Though the BH,~ ligand
can act as a pseudo-halide, it can also occupy multlple
coordination sites when binding in a k* or k’-fashion."
Furthermore, BH,™ is effectively a masked hydride which can
readily decompose into H™ and “BH;”,"” or can be removed with
hydride-abstracting agents.”*>~**® It is noteworthy that

https://doi.org/10.1021/acs.chemrev.1c00842
Chem. Rev. 2022, 122, 6040—6116


https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00842?fig=sch46&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00842?fig=sch46&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c00842?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews pubs.acs.org/CR
Table S. Anhydrous and THF Adducts of RE Borohydrides” /H A FUN
M----H—E., VD L W H
Ln(BH,), RE(BH,), [T A Hy
478 H H H
Sc Sc(BH,);
[Sc(BH,)(THE), ] ! « <
S¢(BH,);(THF)"™’ Figure 8. Typical binding modes of the borohydride ligand in metal
Sc(BH,)5(THF), 5*° complexes.
Sc(BH,);(THF),"”
Y Y(BH4)3460,481,482
[Y(BH,);(THF),]“*** borohydride compounds have more covalent character
[Y(BH,),(THE),][Y(BH,)4] ™" compared to halides; for this reason, Ln(BH,), and RE(BH,),
Y(BH,);(THF)*" have a relatively higher solubility than their halide counter-
[Y(BH,),(THF)s][BPh,]*"”* parts.'” Crucially, the formation of higher aggregates and “ate”
La La(BH,);"** complexes are less likely when these materials are employed in
[La(BH,);(THF);5]” salt elimination reactions instead of REX;, thus making them
(La(BH,)3(THF),]** . excellgezrét candidates for obtaining discrete molecular enti-
La(BH,)y(THE) 5544 ties. !
La(BH4),(THE),"*’ 5.1. Divalent Ln Borohydrides
Ce Ce(BH,), "% . .
[Ce(BH, ),(THE), 5+ The syntheses of divalent Ln borohydrides [Ln-
4)3
CE(BH) (THF) 448 (BH4)2(MQCN)n] (Ln = Eu, n = 2, Ln = Yb, n = 4) and
4/3 3
[Ce(BH,),(THF)][BPh,}"™ [Ln(BH,),(py),] (Ln =Yb, n =4; .Ln = Euz,nr; =1.8) were first
P Pr(BH,), %0 reported by Shore and co-workers in 1991.""" To obtain these
[Pr(BH,),(THF), ]*" materials, the authors first prepared ammoniacal solutions of
Pr(BH,),(THE);"** LnCl, by reacting metal powders with NH4CI in hguld
Nd Nd(BH,)," ammonia; removal of ammonia afforded solid ammoniacal
[NA(BH,),(THE), .]**" salts LnCl,(NH;), which were converted into MeCN or
[Nd(BH,),(THF) ']443,452 pyridine solvates, LnCL(Slv), (Slv = MeCN, pyridine), and
N d(BH4)3(THF)3] [BPh,]*"> then reacted with two equivalents of NaBH,, (Scheme 47, A).**’
4)2 N 4. . .
[Nd(BH,),(THF),] Makhaev and Borisov were able to obtain Sm(BH,),, Eu(BH,),,
[B(C4Fs),) " and Yb(BH,), from the thermal decomposition of the
Sm Sm(BH,), 62492493 Sm(BH,),* corresponding NaLn(BH,), precursor (Scheme 47, B);**
[Sm(BH,),(THF),],** [Sm(BH,),(THF),] #4041 interestingly, in the case of Yb it was also possible to obtain
[Sm(BH,),(THF),][BPh,]*"* the divalent species from thermal decomposition of Yb-
Eu  Eu(BH,),*"*>*? [Eu(BH,),;(THF),]*" (BH,);(THF),.*** A more convenient approach was devised
[Eu(BH,),(THE),],, """ by Visseaux and co-workers, who showed that treatment of
[Eu(BH,)(THF);][BPh,],** [Sm(BH,);(THF);] with Sm metal in THF at room temper-
Gd Gd(BH,),"0~*2 ature can afford [Sm(BH,),(THF),] (150-Sm-2THF) in very
[GA(BH,)y(THE),]**+ good yields (Scheme 47, C)."” The same method was applied by
Gd(BH,),(THF),*’ Roesky and co-workers to synthesize the Yb analogue
Gd(BH,);(THF)*" [Yb(BH,),(THEF),] (150-Yb). [Eu(BH,),(THF),],, (150-
Tb Tb(BH,);*"* Eu-2THF) was also prepared by Roesky and co-workers either
[Tb(BH,);(THE),]*3¢* via salt metathesis reaction between [Eu(I),(THF),] and
Tb(BH,);(THF)* NaBH, or from the reaction between EuCl; and NaBH, with
Dy Dy(BH,);"*"*¢* the concomitant formation of H, and “BH;” (Scheme 47, D and
[Dy(BH,);(THE),] *3%*848¢ E).441 Finally, Visseaux, Nief, and co-workers obtained [Tm-
[Dy(BH,),(THF),][BPh,]*"**" (BH,),(DME),] (150-Yb-2THF) from direct salt metathesis
Ho Ho(BH,),""** between [Tm(I),(DME),] and KBH, (Scheme 47, F) or by
Ho(BH,);(THF);*** reduction of Tm(III) precursor [ Tm(BH,);(THF),] with KC;
Ho(BH,),(THF)*"’ (Scheme 47, G).*** Interestingly, the authors noted that
Er Er(BH,), " comproportionation reaction between [Tm(BH,);(THF),]
[Er(BH,);(THEF),] 848741 and Tm did not yield a reduced Tm(II) species.
Tm  [Tm(BH,),(DME),]** Tm(BH,),**"*** Divalent borohydrides have found application as salt
Tm(BH,);(THF);**>** metathesis precursors with various ligands, including BDIs
Tm(BH,);(THE)*" (151-Ln; Ln = Sm, Eu, Yb),** bis-iminophosphorano-
Yb  Yb(BH,),*” Yb(BH,);* " methanides,**"*** tris-pyrazolylborate,*** substituted pyrrol-
[Yb(BH,),(THF),]*" [Yb(BH,);(THF),]***" yls,*** and cyclopentadienyls.** Roesky and co-workers reacted
[Yb(BH,)(THF);][BPh,]**! K(H-BIPM) with [Ln(BH,),(THF),] (Ln = Eu, Yb) to give
Lu Lu(BH,);" " heteroleptic borohydride complexes of formula [Ln(H-BIPM)-
[Lu(BH,)5(THE),] "¢ (BH,)(THEF),] (152-Ln; Ln = Eu, Yb) (Scheme 48).**' The
Lu(BH,);(THF)""’ dual behavior of these reagents (pseudo-halide and masked

“Compounds in italics have not been structurally authenticated.
bCSD entry 1198893.
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hydride) was highlighted by the same authors who synthesized
cationic [Eu(BH,)(THF):][BPh,],, (153) and [Yb(BH,)-
(THF),][BPh,] (154) by reacting [Ln(BH,),(THF),] with

https://doi.org/10.1021/acs.chemrev.1c00842
Chem. Rev. 2022, 122, 6040—6116
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Scheme 47. Synthesis of Divalent Ln(BH,), Complexes'”**°~**
+2 NH,CI
NHj3), 196 °C MeCN or pyridine > NaBH
g +2Na
A) Ln G NVACUIM o (NH) ———72°C o Gl o Ln(BH(SW),
= Haz, = NH3 —NHg -78°Ctor.t.
— NHs, — NH3 Ln =Yb; Slv = MeCN, py; n =4
Ln=Eu; Slv=MeCN;n=2
Ln=Eu;Slv=py;n=1.8
Ln = Eu, 160 °C, 6h 200 °C, 3h 160-200 °C, 5h
Ln=Sm, Yb, 200 °C, 5h vacuum vacuum
B) NaLn(BH,)4(DME), Ln(BH4)o(THF ), ———— Ln(BHs), Yb(BH4)3(THF),
—NaBHy, —2THF -2 THF
—Hy, — BH, —Hy, — BHj
+Ln
C)  [Ln(BH4)3(THF)g] 2 [Ln(BH4)o(THF),]
Ln=8m, THF, r.t., 24h
Ln=Sm, Yb VAR 150-Ln+2THF
Ln = Yb, THF, r.t., 48h Ln = Sm, Yb
+2.2 NaBH, +3.6 NaBH,
THF, 60 °C, 48h THF, 60 °C, 72h
D) [Eu()y(THF);] —————— [EU(BH,)x(THF);]. E) EuCly — > [EU(BH)(THF);].
-2 Nal 150-Eu-2THF -3 NaCl 150-Eu-2THF
—Hy, — BHz
+2 KBH, +xs KCg, DME
DME, rt., 2h —78°C, 30 min
F) [Tm()s(DME)——— "> [Tm(BHy),(DVE);] G) [TM(BHg)s(THF)s] —————— [Tm(BH,),(DME);]
-2KI 150-Tm-2DME — KBH, 150-Tm-2DME
—Cg - 3THF

Scheme 48. Selected Applications of Ln(BH,), Starting Materials

Ph Ph

“,

Ph™ 'ﬁ‘CH'ﬁ"""lph

441-443,446

—KBH,, |+ K(H-BIPM), THF +K(Cp*) | - KBH,,
Ln=Eu,Yb |-78°Ctort,24h  THF,rt,24h|Ln=Sm
Slv = THF Slv = THE

H
: |

>

N ’\N/ + K(TplBuMe) + K(VeBDIDP?)
\ I I [Ln(BH4)2(SIv),] :
AN — KBHy4, DME — KBH,, THF, r.t., 24h AN
\Tn;‘ Ln = Tm; Slv = DME Ln =Sm, Eu, Yb N\THF H
B RN By — NMes Slv = THF Dipp
H H 'H
% . - BHg, - Hp 151,
[MesNH][BPh,], THF | "2~ 2 51-Ln
| Z78°Ctort, 18h |an - Ln=Sm, Eu, Yb
H o Slv = THF
156 Ln=Ybl an=Eu
THE, THF
.-H H-...
2 \B/H*X ./.--'H\B/ 5
§‘~~H H S| 1 ng
THF ]
[BPhy] THF
153

[Me;NH][BPh,] (Scheme 48);**" in this reaction the hydride is
abstracted to form H, with concomitant formation of “BH;” and
NEt;. Finally, Momin et al. used salt metathesis to synthesize the
dimeric Sm(II) monoring complex [{Sm(Cp*),(u-BH,)-
(THF),},] (155) and [Tm(Tp®*™)(BH,)] (156) (Scheme
48), which have both been used as initiators for the

- 442,446
polymerization of e-caprolactone.
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5.2. Trivalent RE Borohydrides

Trivalent RE borohydrides, RE(BH,)s, are known for all the RE
metals (Table S and Scheme 49). With the exception of Sc, Ce,
and Eu, these species were first obtained as THF solvated salts
RE(BH,);(THF); from the reaction of RE(OMe ), with B,H, in
THF at room temperature (Scheme 49, A) S A more
convenient approach is based on simple metathetical reactivity
between RECl; and MBH, (M = Li, Na, K) in THF. This
method was first attempted by Rossmanith and Muckenhuber in

https://doi.org/10.1021/acs.chemrev.1c00842
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Scheme 49. Synthesis of RE(BH,);(THF), Complexes via Solution Methods and Synthesis of Solvent-free Ln(BH,), and

RE(BH4)3 via Ball_Milling435—437,443,447,448,451—4 1

+ xs BoHg

THF, r.t
A)
-3 B(OMe);

+xs MBH4
THF, 60 °C, >48h
B)
-3 MCI
M =Li, Na

+xs KBHy
THF, 60 °C, 72h

C)  [RE()s(THF),]

-3KI
RE =La, Ce,Nd;n=4
RE =Y, Sm, Dy, Th;n=3.5

&

RECl, —*3-8MBHs _ pepp,),
-3MCl
M= Li, Na

D)

RE(OMe)3 ———————— RE(BHg)3(THF)3

RECl; ————— [RE(BHy)3(THF),]

— > [RE(BH4)2(THF)n]

RE =Y, La-Lu
(except Eu)

157-RE-nTHF
RE=Sc;n=2
RE=Y, La-Lu;n=3
RE =La-Nd;n=3.5

157-RE-nTHF

RE=La;m=4
RE=Ce;m=3.5

RE =Y, Nd, Sm, Dy, Tb;m=3

RE =Sc, Y, Ce, Sm, Gd, Tb, Dy, Er, Tm, Yb;n=3
RE=Sm, Yb;n=2

Scheme 50. Selected Examples of Salt Elimination Reactions between RE(BH,); Reagents and Cyclopentadienyl**>*3%#5465~468

437 1.
and Phospholyl™’ Ligand Transfer Reagents
H
/
‘Bu
BU | 'Bu
La
.
(BHq) (BH4)
p H _ m
H 158 (R = Mes, RE = Sc) m=6
160-RE (R = Mes, RE = La, Nd) 159 (R = iPrg, RE = Dy) 163
- Zimy| M=k
161 (R = 'Bug, RE = La) RE = Sc, Dy - RE=la ek
R = Mes, Prs R ='Bu;
RE = La, Nd, Sm
+M(CpR) | _ MBH, —M=Na K
"Bu,0, reflux THF THF, r.t. or reflux =
) N
B e La, Ce, 164-RE (R = PPry, RE = Nd, Sm)
Nd, Sm 165 (R = (SiMeg)s, RE = La)
1 1)
BU  470Re BY RE =la
RE =La, Ce, Nd, Sm +2 K(Htp) +2K(CpF) M=K
—————  RE(BH)3(THF),
—2KBH, —2KBH, 1) THF, reflux
2) C;Hg, reflux By
(Slv) R ='Bu
o] "o ramon | 2 3
& reflux THF RE =La, Ce
4 RE =Dy, Tm
m - M=K
L M=r H H
t t g
168-RE (RE = La, Ce; Slv = DME; m = 2) L Bu R Bu CrHe, reflux Y \RE;. -
=1 A _ o Bu / Bu R='B u SHWTEN
169 (RE = La; Slv = E,0, THF; m = =) us Bu
Bu
By 166-RE
167-RE RE=Dy, Tm 'Bu
RE = La, Ce
. . . . 452 .
1959, but in their methodology they could only obtain partial (BH,);(THF);] (157-Nd-3THF, Scheme 49, B),™* and this

conversion to mixed borohydride-chloride salts RE-
(BH,),CL****° Moreover, Andersen reported that reactivity
of LiBH, with NdClI; was sluggish and did not afford the desired
Nd(BH,); product.””' However, when these reactions are
carried out under reflux for at least 48 h a good conversion to
solvated RE(BH,); complexes is obtained, as demonstrated by
Ephritikhine and co-workers with the preparation of [Nd-
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method has been successfully applied to the synthesis of tris-
borohydrides with all REs.******~*7 Traces of halides are often
present in the final products despite very long reaction times and
use of large excess of MBH,.*** Mills and co-workers developed
this methodology further by using triiodide RE salts with a large
excess of KBH, (Scheme 49, C) and were able to identify halide

impurities via X-ray studies;*>~**7 the percentage of iodide

https://doi.org/10.1021/acs.chemrev.1c00842
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Scheme 51. Synthesis of Mixed Allyl-borohydride Complexes*®

? and Protonolysis Reactions with Ammonium Salts

456,472—475

-

THF“‘}”d("THF

THF
[BPh,]

—NMe,
—BHg, H,

Uon

~KBH,4
RE = Nd

+ [MeoPhNH][B(CgFs5)4]
THF
— NMe,Ph, - BHg, H,
RE = Nd

+ 0.5 Mg(C3Hs)2
THF, r.t., 2h

[B(CeFs)al

175 LG

RE(BHy4)3(THF)3

THF
173

+ [EtsNH][BPh,]
THF, rt, 3h

@ 'H‘,ﬂ"-“ .
N b
T

HF

C_\ /T
+Ky(COT)
THF, r.t, 24h

[oX

+ [EtsNH][BPhg]
THF,-30°Ctort, 2h
— NMejs, — BH3, Hy
RE =Y, La, Ce,
Nd, Sm, Dy

— 0.5 Mg(BH,),
RE = Nd, Sm

present in [La(BH,);(THF),]** (157-La-4THF) was meas-
ured at 3%, whereas the halide content in [Y(BH,);(THF),]
(157-Y-3THF) and [Tb(BH,),(THF),] (157-Yb-3THF) was
significantly higher (ca. 15%)."° Adducts with other Lewis bases
are also reported, including pyridine and NH;. Finally, solvent-
free RE(BH,), of several REs (Sm, Gd, Tb, Dy, Er, Tm, and Yb)
have been obtained by Hauback, Jensen, and co-workers via ball-
milling of RECl; with LiBH,,*%*! including divalent Sm-
(BH,), and Yb(BH,), (Scheme 49, D). Solvent-free RE(BH4),
can also be obtained from the reaction of REH; with H;B-SMe,,
both with dry (ball-milling) and solution methods.***

Much like REX; salts, trivalent RE borohydrides are very
efficient reagents for salt metathesis reactions, and they have
been used extensively in cyclopentadienyl chemistry for the
synthesis of monoring and metallocene-type complexes
(Scheme 50). It is noteworthy that RE(III) metallocenes have
also bene synthesized by reacting Cp salts with RE(BH,),
generated in situ from RECI; and NBH,.*** Monoring
complexes, RE(Cp)X,, can be particularly challenging to isolate
when using halide starting materials, while they are usually
readily accessible with borohydride reagents owing to the
stabilizing properties of the borohydride ligand and its flexible
coordination modes.*** This is exemplified by the variety of
coordination motifs exhibited by this family of complexes: (1)
monoring complexes, e.g. [RE(CpR) (BH,),(THF)] (158, CpR
= Cp*, RE = S¢** 159, Cp* = Cp™™; RE = Dy**) and
[RE(Cp")(BH,),(THF),] (160-RE, Cp" = Cp*, RE = La,"*
Nd;*>*” 161, Cp* = Cp™, RE = La™*®); (2) borohydride-
bridged dimers, eg. [{Ce(Cp™)(u-BH,),(THF)},] (162);*°
(3) clusters, eg. [{La(Cp™)(BH,),}s] (163)*"° (Scheme 50).
Metallocene-type complexes, [RE(Cp"),(BH,)], can be ob-

tained with several supporting Cp ligands (164-RE, Cp" =
Cp™™, RE = Nd, Sm;***165, Cp® = Cp”, RE = La;**° 166-RE,
Cp® = Cp™, RE = La, Dy, Tm);* in a similar vein to
heteroleptic halide-Cp RE complexes, the formation of dimeric
species is observed when steric hindrance of the ligands is
reduced, eg, [{RE(Cp"“),(u-BH,)},] (167-RE; RE = La,
Ce).” Unlike with halide-based starting materials, “ate”
complex formation is usually not an issue in these method-
ologies. However, when similar reactions were carried out by Liu
et al. between phospholyl K(Htp) (Htp = {C,H,P'Bu,-2,5}")
and various RE borohydrides (RE = La, Ce, Nd, Sm), the leading
to the isolation of “ate” complexes [{RE(Htp),(u-BH,),K(u-
DME),},] (168-RE; RE = La, Ce) and [La(Htp)(u-Htp) (u-
BH,),K(OEt,)(THF)],, (169) (Scheme 50) were isolated.*”
Nonetheless, the authors were able to avoid salt occlusion by
performing the reactions in "Bu,O under reflux, which gave
borohydride-bridged dimers [{RE(Htp),(#-BH,)},] (170-RE;
RE = La, Ce, Nd, Sm).*’

While RE halides can be converted into alkyls and allyls from
the reaction with organolithium and Grignard reagents,
analogous reactivity of RE borohydrides is not as straightfor-
ward. Visseaux and co-workers reacted Nd(BH,); and Sm-
(BH,); with Grignard reagents and could not obtain pure
products.*”® Nonetheless, reactions with half an equivalent of
Mg(C3Hs), generated the heteroleptic allyl derivatives [RE-
(BH,),(C3H;)(THF),] (171-RE; RE = Nd, Sm) in crystalline
form and with excellent yields (Scheme 51).*" In addition to
this, RE borohydrides can be used in protonolysis reactions,
similar to their divalent analogues (vide supra, Scheme 50). This
particular application was pioneered by Ephritikhine and co-
workers, inspired by their previous work with An borohydrides,
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Scheme 52. Synthesis of Ln(1I) Silylamides 78-Ln and 176-Ln’%"¢>*#%97501,503,505,506

SiMes
— + 2.4 HN(SHMe,),
THF/Et,O/DME Messm i THF/hexane (1:6)
S — t, 18-20h
[Ln(a(THF);] + 2 MIN(S Meg)y] ———2——— » Lo, rt,
-2M MegSitme-N — 2 HN(S Meg),
Ln=Sm, Eu, Yb A Ln=Sm, Eu, Yb
S Mes

78-Ln-n(Slv)
Ln=8m, Eu, Yb
n=1; Slv=DME
n =2; Slv = THF, Et,0

R
R, ,R R ,R
. Y “?
RN NG TN THR,
Ln Ln Ln
/ \ / \ / \N R
(THF), /N,,' /N,,,
R RrRE R R
176-Ln
R = SiHMe,
n=1,Ln=Yb

THF
‘ 60 °C, 20-36h SiMe . <
Ln + HN(SIMeg),] + HgPhy —————— 3 MesSiy,  ,5Mes
-2 2“'326 Mess N THE E4O Me3.‘1|\ /N\ SMeg
Ln=8Sm,Yb | 5 /Ln'\ [Yb(Bn)g], + 2 HN(SiMegz), ————= N—YB Yb—N
MegSime-N  THF N et W S
THF/DME 3 N —2C7Hg MesSi ‘ /N.’% 3
Yb + [Sn{N(SiMe3)a}o] % SiMes Me;< SiMes
78-Ln-2THF 78-Yb
Ln=8m, Yb
Table 6. Divalent and Trivalent RE Silylamides and Tetravalent Ce Amides Used as Synthetic Precursors®
Ln{N(SiR3)2}2 RE{N(SiRs)z}s Ce(NR2)4
Sc [Sc{N(SiMe;),};]>*°*
[Sc{N(SiHMe,), };(THF)]*’
Y [Y{N(SiMe3),}5]°"
[Y{N(SiMe3)2}3(THF)]b
[Y{N(SiHMe,),},{s-N(SiHMe,),}],***
Y{N(SiMe3)2}3(THF)2]S43
La La{N(SiMes)2}3342,495,496,544
[La{N(SiHMe,),},{u-N(SiHMe,),}],"*"
[La{N(SiHMe,),};(THF),]*”
Ce [Ce{N(SiMes)z}s]ws'ms’S14’545 [Ce{N(SiHMe2)2}4]535
[Ce{N(SiHMez)z}a(THF)zJ546 [Ce(NiPr2)4]536
Pr [Pr{N(SiMe;,),};]**>*
[Pr{N(SiHMe2)2}3(THF)2]546
Nd [Nd{N(SiMey),},]]*>*#¢>
[N{N(SiHMe,), }5(THF),]***
Sm [Sm{N(SME3)2}2(THF)z]ZXS [Sm{N(SM33)2}3]495’496'548
[Sm3{N(SiHMe,),}s(THF),]*" [Sm{N(SiMe;),};(THF)]**
[Sm{N(SiHMe2)2}3(THF)2]550
Eu Eu{N(SiMe;),},(Et,0)," > [Eu{N(SiMe;),}5]*****
[Eu{N(SiMe;),},(THF),]**>%! [Eu{N(SiHMe,),};(THF),]*"'
[Eu{N(SiMe;),},(DME),]*****
[Eus{N(SiHMe,), }5(THE),]*"!
Gd GA{N(SiMe,),},***%
[GA{N(SiHMe,),};(THF),]*"”
Tb [Tb{N(SiMe,),};]**>*>1*
Dy [Dy{N(SiMej),};]>***
Ho Ho{N(SiMe;),};**>**°
[HO{N(SiHMez)z}a(THF)z]553
Er [Er{N(SiMe,),};]**
Er{N(SiHMe,),};*"’
Tm Tm{N(SiMe;),},( THE)x**° [Tm{N(SiMe;),},]°*®
Yb Yb{N(SiMe;),},(Et,0),°* [Yb{N(SiMe;),}] 495,496,557
[Yb{N(SiMe;),},(THE),]*!**5+7%%¢ [Yb{N(SiHMe,),};(THF),]*"*
Yb{N(SiMe3)2}2(DME)2500
[%{N(Sm%)z}z]zsm

[Yb{N(SiMe;),} (BPh,)]"""
[Yb;{N(SiHMe,),}s( THF),]**°
Lu [Luf{N(SiMej),},]*5*7¢55%
[Lu{N(SiHMe2)2}3(THF)2]497
“Compounds in italics have not been structrally autheticated. “CSD entry 2056064
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Scheme 53. Selected Examples of Protonolysis Reactivity of 78-Ln with Amides, Alcohols, and Ammonium Salts

/|\r
_‘.\\\\\On,,,,,
0.5 ArO—Yb\O/Yb—OAr
|
179 Ar
Ln=Yb;n=0

hexane, r.t., 16h
— 2 HN(SiMe3),

TAr = CgH,'Buy-2,6-Me-4

191,507508—-510

iPr ipr

Tripp

Tripp

180

Ln=8Sm;n=2

Ar= CBH3Tripp-2,6T hexane, r.t., 16h

Xyl
RoN

+ Xyl ; Xyl
NH,
-

-2 HN(SiMe3),

+2 HOAr

i

N N. ..
Dipp” H Dipp

Y

\ wNu, N N
0 L NN I
0.5 Yb Yb Dipp Yb.. Dipp
A7 N NR 78-Lnn(THF) ——— 0.25 -~
. 2 Ln=Ybn=2 Ln=Yb;n=0
“ Xyl CiHg, 1t 12h C7Hg, 100 °C, 16h MesSi® VsiMe
— HN(SiMe. 391 3
— 2 HN(SiMej3), (SiMe3), N
177

178

Me;Si,

Ln=Yb;n=2
C7Hg, =10 °C, 2h

+ [MesNH][BPh,]
— HN(SiMe3),, — NMeg

Y

N—Yb

BPh,

Me3S\/
0 181

which can form cationic species upon treatment with
ammonium salts.”’" Accordingly, Guillaume et al. synthesized
the dimeric COT complex [{Nd(COT)(u-BH,)(THF)},]
(172) via salt elimination reaction between K,(COT) and
Nd(BH4),(THF); and then reacted it with [Et;NH][BPh,] to
give the cationic complex [Nd(COT)(THF),][BPh,] (173)
(Scheme 51).*”" Furthermore, RE(BH,), starting materials can
also be converted cleanly into cationic separated ion pair
complexes [RE(BH,),(THF);][BPh,] (174-RE; RE = Y,*”*
La,472 Ce,473 Nd,472’473 Sm,472 Dy)d'm’w5 upon reaction with
[Et;NH][BPh,] (Scheme S51). Visseaux and co-workers
obtained also the analogous complex [Nd(BH,),(THF)][B-
(CgFs)4] (175) from the reaction between [Me,PhNH][B-
(CgFs),] and [Nd(BH4)3(THF)3].456 Other reagents that have
been used with borohydride complexes for the formation of
cations are highly electrophilic hydride abstractin% reagents
[PhyC][B(C4Fs),]**° and [(Me;Si),H][B(CFs),]. """

6. NITROGEN DONORS

Amide ligands are ubiquitous in RE chemistry and have found a
multitude of applications.”””>* Among these, silylamides are
probably the most popular ligand class; Bradley et al. pioneered
the use of the bis(trimethylsilyl)amide ligand {N(SiMe,),}" in
RE coordination chemistry in the early 1970s,***’® and their
work became a centerpiece of modern RE and f-element
synthetic chemistry.”* More recently, the conjugated base of
tetramethylsilazane, {N(SiHMe,),}”, has also become a very
important ligand in RE chemistry.””” Together with possessing a
rich coordination chemistry, silylamides are also excellent
Bronsted bases and are therefore extremely useful for
protonolysis reactivity.””~>* Because of this, RE silylamides
have now become essential starting materials for synthetic
chemistry. Other RE amides have also been used in protonolysis
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reactions (eg, Ln(NH,), and RE(NH,);"® RE(NMe,),,
RE(N™?),, and RE(NCy,);),”>>* but these will not be covered
in this review as their uses in RE chemistry are limited compared
to the vast applications of silylamides.

6.1. Divalent Ln Silylamides

The first Ln(II) silylamides, Ln{N(SiMe;),}, (Ln = Yb, Eu),
were originally synthesized by Tilley et al. via salt elimination
reactions between Na[N(SiMe;),] and Eul, or Yb, (divalent
salts were both been obtained from reactions in liquid ammonia)
and were isolated as Et,O or DME adducts, [Ln{N-
(SiMe;),},(SIv),] (78-Ln; Ln = Yb, Eu; Slv = Et,0, DME)
(Scheme 52 and Table 6).*°7°%" It is noteworthy that 78-Eu-
2THF was originally obtained from the reduction of Eu{N-
(SiMe;), },Cl with sodium napthalenide; however, current salt
elimination methodologies are far more convenient.”> The Sm
analogue [Sm{N(SiMe;),},(THF),] (78-Sm-2THF) was
obtained by Evans and co-workers with similar methodologies
using [Sm(I),(THE),] and Na[N(SiMe;),].”** 78-Yb can also
be synthesized via (1) RT reaction of Yb metal with
[Sn{N(SiMe;),},],”° (2) RTP reaction of Yb metal with
HgPh, and HN(SiMe;),'®> and (3) protonolysis between
Yb(Bn), (Bn = CH,Ph) and HN(SiMe,),** (Scheme 52; see
section 3.4 for details on RT and RTP methods). All these
alternative methods are highly desirable to avoid the presence of
alkali metal or halide impurities. Additionally, the protonolysis
route affords 78-Yb as a solvent-free species, [Yb{N(SiMe,),}-
{u-N(SiMe;),}],, without the need to use labor-intensive
desolvation protocols.’”* The Tm analogue Tm{N(SiMe;),},
has been obtained as a transient species by Evans and co-
workers, but its isolation and full characterization have not been
achieved to date.””"
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Scheme 54. Redox Reactivity of 78-Ln and 176-Ln with Pb(Cp*),>"*
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Scheme 55. Synthesis of Trivalent Silylamides 185-RE and 186-RE**>~#773137317,520

THF/Et,0 wRE
REX3(THF), + 3 MIN(SiMe3),] 2 (MegSiN'G ™~y
-3 MX (Me3SipN
RE =Sg¢, Y, La-Lu
JMeliNaK SV
X=1.n=3,35 4
TTF
(MezH )ZN;REfN( HMe,),
THF/ELO — (ME2HS)N -,-,LF
RECI3(THF), + 3 MIN(SIHMe,),]
_sMcl 186-RE
RE =S¢, Y, La-Lu
M = Li, Na or THF
n=23 (Me,HS ),Nin-Sc
22T T NS HMe)
(MexHS )N
186-Sc

Me;), =

THF, 60 °C, 20-36h

- 3M(OTH
RE = La, Ce, Pr, Nd, Er

RE(OTH); + 3 Na[N(SMej),]

THF
— NMe,(CH,Ph)

——————————————  [RE{NMe,(CHPh)}3] + 3 HN(SIMej),
RE=Y;-78°Ctor.t., 16h
RE =La;r.t, 16h
pentane
rt., 16h
185-La + xs HN(SiHMe,)y ————— R R
— 3 HN(SiMeg) I R R % g
RN AW N
R Ned
S
CoH /NN
7Hs Re=N &% Ny,
r.t., 20min. : R R { R
[YMeg], + 3 HN(SHMez); ———— R R
— 3 HN(SIMes)
186-RE
RE =Y, La
R = SIHMe,

Anwander and co-workers were also able to introduce the
smaller silylamide {N(SiHMe,),}" to divalent Ln chemistry.”*®
In their work, they observed that salt metathesis reaction
between [Sm(I),(THF),] and Li[N(SiHMe,),] could not
deliver clean products, so they decided to explore a protonolysis
route.””> 78-Sm-2THF was an ideal candidate as precursor for
this strategy, owing to the favorable difference in pK, between
HN(SiHMe,), and HN(SiMe;), (22.6 and 25.8 respec-
tively).>> The reaction of 78-Sm-2THF with HN(SiHMe,),
afforded oli%omeric silylamide [Sm;{N(SiHMe,),}s(THF),]
(176-Sm),>” and the same method has been used for the
synthesis of [Yby{N(SiHMe,),}s(THF)]**® (176-Yb) and
[Eus{N(SiHMe,),}s(THF),] (176-Eu) (Scheme 52 and
Table 6).°!

Amides 78-Ln have been employed extensively as proto-
nolysis reagents with various ligand systems, particularly
multidentate amines and alcohols. 78-Yb reacts with M°B-
DIP?.H in toluene under reflux (Scheme 53) to give the
heteroleptic tetrameric complex [{Yb(M*BDIPPP){N-
(SiMe;),}2}4] (177), which was further converted into the
parent dimeric hydride [{Yb(™*BDI”*?)(u-H)},] upon treat-
ment with PhSiH,.*"” Junk and Cole followed a similar approach
with the synthesis of the sterically hindered bis-formamidinate
complex [Sm(DippForm),(THF),] (76°P-Sm), which in
addition was obtained via salt elimination and RTP method-
ologies (vide supra, Scheme 29)."”" Moreover, Shi et al. treated
the terphenyl-aniline H,N(C4H;Xyl-2,6) with 78-Yb-2THF
(Scheme 53), yielding the dimeric heteroleptic amide complex
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[{Yb{NH(C¢H,Xyl-2,6) }{u-N(SiMe;),}] (178).>°° Another
very effective use of these silylamides is the synthesis of
aryloxide complexes. This methodology can provide an excellent
route toward low-coordinate complexes, especially because of
the possibility of operating in the absence of ethereal solvents.
Lappert and co-workers isolated the dimeric complex [{Yb-
(OAr)(u-OAr)},] (179; Ar = C¢H,("Bu),-2,6-Me-4) from the
reaction between 78-Yb and two equivalents of HOC4H, ("Bu),-
2,6-Me-4 in hexane (Scheme 53).°” By using the highly
sterically demanding ligand {OC4H,Tripp,-2,6}~, Zhao et al.
stabilized the bis-aryloxide complex [Sm(OCzH;Tripp,-2,6),]
(180) from the reaction between the parent phenol,
HOCH; Tripp,-2,6, and 78-Sm-2THF (Scheme 53).”'" The
ability of silylamides to act as Brensted bases has also been
exploited by Deacon and co-workers in the reaction of 78-Yb-
2THEF with the ammonium salt [Me,NH][BPh,] (Scheme 53),
which generates the pseudo-metallocene cationic complex
[Yb{N(SiMe;),}{(#°-Ph),BPh,}(THF),] (181; n = 0, 1).°"'
181 is itself an excellent synthetic precursor for protonolysis
reactivity, as demonstrated by the same authors in the reaction
with ‘Bu,pzH and subsequent formation of the pyrazolate
complex [Yb(*Bu,pz){(7°-Ph),BPh,}(THF)].>"

Another interesting application of 78-Ln was demonstrated
by Anwander and co-workers with the synthesis of heteroleptic
mono-Cp complexes using the lead reagent Pb(Cp*), (Scheme
54).>'% In this methodology, 78-Ln-2THF and 176-Ln are
reacted with 0.5 equiv of Pb(Cp*),, causing oxidation of the
Ln(II) center to Ln(1II) and formation of piano-stool complexes
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Scheme 56. Selected Examples of Reactivity of 185-RE and 186-RE*>"3575%7
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[Ln(Cp*){N(SiMe;),},] (182-Ln; Ln = Sm, Yb) and [Ln-
(Cp*){N(SiHMe,),},(THF)] (183-Ln; Ln = Sm, Yb), with
concomitant formation of metallic Pb.”'* Conversely, when 78-
Eu-2THF is employed, the metallocene complex [Eu(Cp*),{N-
(SiMe;),}(THF)] (184) is isolated.

6.2. Trivalent RE Silylamides

RE(III) silylamides [RE{N(SiMe;),};] (185-RE) were origi-
nally synthesized by Bradley et al. in 1972 via salt elimination
reactions between RE trichlorides and Li[N(SiMe;),] in THF
(Scheme 55 and Table 6).*%*%° The methodology developed
by Bradley is still widely used, but it can suffer from salt
occlusion or “ate” complex formation. However, the use of
heavier alkali metal salts and RE triiodides can suppress salt
occlusion, and recrystallization or sublimation can be used for
further purifications.””*** Alternative procedures have also been
used, such as (1) salt elimination reaction between RE(OTf),
and Na[N(SiMe,),]*"*™"* and (2) salt elimination reaction
between benzyl-potassium reagents and RECI; followed by
protonolysis with HN(SiMe,), (Scheme 55).>'**'® The
dimethylsilyl analogues [RE{N(SiHMe,),};(THF),] (186-
RE-nTHF; RE = Sc, n = 1; RE = Y, La—Lu, n = 2) can be
prepared following similar salt elimination methods using RE
chlorides and group 1 transfer reagents M[N(SiHMe,),]
(Scheme SS), though reactions involving chloride salts and
K[N(SiHMe,),] lead to the isolation of products containing
halide impurities."”’185-La can also be used as a starting
material for the preparation of solvent-free 186-La via
protonolysis, similar to the strategy used for obtaining their
divalent congeners 176-Ln (Scheme 55).5013177319 Moreover,
Dietrich et al. obtained 186-Y from the protonolysis reaction
between [Y(Me),], and HN(SiHMe,), (Scheme SS; vide infra,
section 9.1).”* Finally, Anwander and co-workers attempted to
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prepare 186-RE using RE(OTf); and M[N(SiHMe,),] (M =
Na, K); however, they could not obtain the desired products in
pure form because of the contamination of M(OTf).*”

The applications of RE silylamides in protonolysis reactivity
are numerous, and a full account is beyond the scope of this
review.””>* Some representative examples will be listed here to
outline their main applications. Lappert and co-workers used
185-RE (RE = Sc, Y, La Pr, Nd, Dy, Ho, Er, Yb) in protonolysis
reactions with HODbmp, obtaining homoleptic aryloxo
complexes [RE(ODbmp),] (187-RE; RE = Sc, Y, La Pr, Nd,
Dy, Ho, Er, Yb) (Scheme 56).>*" This method has found many
applications, particularly for obtaining RE aryloxides (especially
whenever targeting solvent-free derivatives) and to exclude the
possibility of halide and alkali metal contamination.”**~>**
Additionally, these protonolysis methodologies can be em-
ployed toward the synthesis of complexes supported by
multidentate oxygen donors. Examples of this synthetic
approach have been shown by Schelter and co-workers with
the preparation of [RE(TriNOx°™¢)(THF)] (188-RE; RE =
Nd, Dy; TriNOx°Me = {[(2-'BuNO)(5-OMe)-
C¢H;CH,];N}Y™) from the deprotonation of parent hydroxyl-
amine H;TriNOx°™® with 185-Nd and 185-Dy (Scheme
56),°% or by Dong and Robinson with the use of 186-RE (RE
= Y, La) for the synthesis of the heteroleptic complexes
[La{x’N,0,0’-N(C¢H,'Bu,-3,5-0-2),(CH,Ph) }{N(SiMe;), }-
(THF),] (189) and [Y{u:x°N,0,0’-N(C4H,'Bu,-3,5-O-
2),(CH,Ph) H{N(SiMe;),}], (190) (Scheme 56).>* Similarly,
185-RE can also be used for the deprotonation of amines to
target the isolation of solvent-free amides. Evans and co-workers
reacted H,NDipp with 185-RE (RE =Y, Yb), which led to the
deprotonation of the aniline and formation of the target anilido
complexes RE(HNDipp); (191-RE; RE =Y, Yb), though only

https://doi.org/10.1021/acs.chemrev.1c00842
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Scheme 57. Deprotonation of Multidentate Amines with 185-RE and 186-RE**'~** and Insertion Reactivity of 185-Ce with

Carbodiimides”>*5*
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Scheme $8. Synthesis of Tetravalent Ce(IV) Amides 201 and 202 and Protonolysis Reactivity
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191-Y was structurally authenticated, revealing a dimeric
arrangement in the solid state (Scheme 56).°*” Anwander et
al. have also shown that 186-Y and 185-La are very effective
deprotonating agents toward cyclopentadienes, obtaining a
range of heteroleptic metallocene-silylamide complexes, e.g.
[RE(Cp*){N(SiHMe,),},] (183-RE; RE Y, Lu), [Y-
(Cp*),{N(SiHMe,),}] (192), [Y(Cp'"),{N(SiHMe,),}]
(193; Cp** = {CsHMe,}"), and [La(CPPM)z{N(SiHMez)z}]
(194) (Scheme 56).°**>*" Interestingly, Teuben and co-
workers could not obtain clean products when reacting 185-
RE (RE =Y, La, Ce) with HCp*, thus highlighting an advantage
in using {N(HSLMeZ)Z}_ over {N(SiMe;),}” as a base for this
type of reaction.

This strategy is also very effective for obtaining heteroleptic
complexes supported by multidentate amides. Vitanova et al.
reacted M*BDIM*_H with 185-La and 186-RE (RE =Y, La) and
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obtained the heteroleptic complexes [La(™*BDIM*){N-
(SiMe;),},] (195) and [RE(MBDIM*){N(SiHMe,),},] (196-
RE; RE =Y, La) (Scheme 57).>%"
by Luo and co-workers to synthesize the heteroleptic species
[Y{(NDipp),CPh}{N(SiHMe,),},(THF)] (197) and [RE-
{(NXyl),CPh}{N(SiHMe,),},(THF),] (198-RE; RE = Sc, Y;
n =0, 1) (Scheme 57).°** Moreover, Roesky and co-workers
deprotonated the chiral amidine (S,S)-N,N-bis(1-phenylethyl)-
benzamidine, (S)-HPEBA-H, with 185-Lu, affording the bis-
amidinate complex [Lu{(S)-PEBA},{N(SiMe;),}] (199,
Scheme 57).°** Another approach toward the stabilization of
heteroleptic silylamide complexes was demonstrated by Schelter

A similar strategy was adopted

and co-workers with the preparation of heteroleptic guanidinate
complexes [Ce{(NR),CN(SiMe;),}}{N(SiMe;),}] (200%; R =
'Pr, Cy); in their study, they reacted 185-RE with carbodiimides

https://doi.org/10.1021/acs.chemrev.1c00842
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Scheme 59. Synthetic Strategies for the Synthesis of Divalent and Trivalent RE Aryloxides
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R—N=C=N-R (R =Pr, Cy) leading to insertion into one of the
C—N bonds (Scheme 57).>*%%3*

6.3. Tetravalent Ce Amides

Amide ligands can function as supporting ligands for Ce(IV)
complexes, and some of these species are now routinely used as
Ce(IV) starting materials in protonolysis reactions. Two of the
most common Ce(IV) amide starting materials are complexes
[Ce{N(SiHMe,),},] (201)°* and [Ce(N),] (202).°*° Both
of these species are obtained from oxidation of Ce(III)
precursors, 186-Ce and [Ce(N™™),Li], respectively, using
PhICl,, Ph;CCl, or C,Cls (Scheme 58). Both 201 and 202
can react with protic substrates to generate new Ce(IV)
complexes (Scheme S$8), as shown by Kim et al. with the
synthesis of the 8-coordinate complexes [ Ce{Ph[C,H,N(‘Bu)-
(0)-2],},] (203)537 and [Ce{O[CH,~C¢H,N(‘Bu)(0)-2],},]
(204)>** and by Schneider et al. with the stabilization of the
tetramethylguanidinate (TMG) complex [{Ce(TMG),(u-
TMG)},] (205) (Scheme 58).5%¢

7. OXYGEN DONORS

The RE metals are very electropositive and highly oxophilic and
therefore form very stable complexes with O-based do-
nors.”*?%*%3%% The coordination chemistry of aliphatic
alkoxides and aryloxides with the REs is extremely well-
developed, and throughout this review various methodologies
which are employed for the synthesis of Ln(OR), and RE(OR),
derivatives are discussed (see section 3). Alkoxides have
attracted a lot of interest because of their high volatility, which
makes them very desirable precursors for the fabrication of new
materials.”” In principle, these derivatives can be used as starting
materials for protonolysis reactivity by matching them with
substrates with higher pK, (vide supra, Table 2); however, their
applications are limited compared to other protonolysis reagents
illustrated in this review (e.g,, amides and alkyls). Nonetheless,
aryloxide RE complexes have found applications as protonolysis
or metathesis reagents for the synthesis of challenging
coordination complexes and organometallic derivatives, and
Ce(IV) alkoxides have also been used in protonolysis and
metathesis reactions.”*’~>*> Additionally, RE inorganic deriva-
tives containing oxygen donors have also found several
applications in synthesis, particularly triflates and nitrates. For
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the purpose of this review we will focus on the following
reagents: (1) aryloxides (section 7.1) and (2) Ce(IV) alkoxides
and CAN (section 7.2). Triflates are discussed in a separate
section (section 8).

7.1. Aryloxides

The synthesis of RE aryloxides [RE(ODbmp);] (72P"™-RE)
was first reported by Lappert and co-workers in 1983, based on
protonolysis of substituted phenol HODbmp with tris-
silyalamide precursors 185-RE (A, Scheme 59).>*' This method
is still widely applied to RE aryloxide synthesis and has been
used also for the synthesis of very sterically congested systems
which cannot be obtained using other synthetic strategies, e.g.
[Y(OC¢H,Ad,-2,6-Bu-4),].°* Alcoholysis with Ln(II) silyla-
mides can also be used to obtain divalent Ln alkoxides, and by
using solvent-free 78-Yb it was possible to obtain the homoleptic
aryloxide 179 (A, Scheme 59; vide supra, Scheme 53).504’509
Other approaches, some of which are illustrated in detail in other
sections of this review, include (1) salt elimination between
REX; and MOAr (B, Scheme 59);*7%%**%* (2) ammoniacal
synthesis (C, Scheme 59; vide supra, Scheme 9);"%7>%% (3)
direct reaction with metals (D, Scheme 59; vide supra, Scheme
14);'?° (4) direct reaction with metals in the presence of
activators, e.g. Hg, HgCl,, I, (E, Scheme $9; vide supra, Schemes
17 and 23);'4139150:193,366 () RTP with organomercurials and
HOAr (F, Scheme 59; vide supra, Scheme
27); 1P 1PHIISISIEIININ 4 hd (6) RT with TI(OAr) reagents
(G, Scheme 59; vide supra, Scheme 31).”V17%1%%

RE aryloxides (Table 7) have found extensive usage in
protonolysis reactions with various substrates, particularly with
multidentate donors containing aryloxide functionalities.”®” ™"
An example of this is the alcoholysis reaction of f-ketoimines
(Scheme 60) with 72P*™P_RE (RE =Y, La, Nd, Sm, Yb).**" >
p-Ketoimine 1-phenyl-3-N-(p-methoxyphenylimino)-1-buta-
none reacts smoothly in a 2:1 fashion with 72°*™"-RE (RE =
Y, Nd) in THF at room temperature to give heteroleptic
complexes of formula [RE{N(C4H,OMe-3)C(Me)CHC(Ph)-
0},(ODbmp)] (206-RE; RE =Y, Nd).**” In a similar fashion,
Shen and co-workers were able to obtain a series of bimetallic RE
complexes supported by a phenyl-bridged BDI ligand (207-RE;
RE = Y, La, Nd, Sm, Yb)568 and a tridentate f-ketoiminate

https://doi.org/10.1021/acs.chemrev.1c00842
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Table 7. Selected Divalent and Trivalent RE Aryloxides and Ce(IV) Alkoxides Used as Synthetic Precursors”

Ln(OAr),

Sc

Y

La

Ce

Pr

Nd

Sm [Sm(ODbmp),(THF);]***7%

Eu [Eu(ODbmp),(THEF),]"***"°
[Eu(ODb),(THF),]**”

Gd

Tb

Dy

Ho

Er

Tm

Yb [{Yb(ODbmp)(u-ODbmp)},]°***?
[Yb(ODme)z(THF)z]gl
[Yb(ODbmp),(THF);]**
[Yb(ODme)z(OEtz)z]gl
Yb(ODb),(THF),**

Lu

“Compounds in italics have not been structurally authenticated.

RE(OAr); Ce(OR),

[Se(ODbmp); ]!
[Y(ODbmp);]sz 1,585
[La(ODbmp)3:|521’586
[La(ODb);(MeCN)]'*

[Ce(ODbmp),]*"***

Ce ( OMe )4576,577,579

[Ce(ODb)3]587,588 Ce(OEt)4S76,577

[Ce(ODb)3(MeCN)]587 Ce(oipr)4576,577,579,580
[{Ce(O'Bu);(4-0'Bu)},1**
[Ce(O'Bu),(py),]****"
Ce(O'Bu),**!
Ce(O'Bu);(NO,)**
Ce(O'Bu),(NO;),™*!
Ce(O'Bu)(NO;),*™
[{Ce(OCHZ‘Bu)4}3]582

Pr(ODbmp);>!

[Pr(ODb),]**!

Nd(ODbmp);**"

[Nd(ODb),]***

[Sm(ODbmp),(THF)]**

[Sm(ODbmp);(MeCN), ] 153

[Sm(ODb),;]**

[La(ODbmp)ﬂSll’586
[Tb(ODipp);(THF),]**
Dy(ODbmp),**'
[Dy(ODb),]**
[Dy(ODb),(THF)]**
[Dy(ODb),(py)]**
[Dy(ODb)(NH;,)]**®
Ho(ODbmp)3521
[Er(ODbmp)3:|598
[Er(Dbmp),(THF)]***
[Er(ODb),]***
[ET(ODb)3(PY)2]
[Tb(OC¢H;'Bu;-2,4,6)]°°
[Yb(ODbmp),(THF)]'"°
[Yb(ODbmp),(MeCN)]**
[Yb(ODb),]**

Lu(ODbmp)3521
[Lu(ODb),]**

containing an additional aryloxo functionality (208-RE; RE =Y,
Nd, Sm, Yb).>*

A particularly important application of 72°°™-RE is their use
as synthetic precursors for the preparation of new RE
organometallic complexes. In this type of methodology, the
aryloxide donor is reacted with an organolithium reagent,
resulting in transmetalation and formation of insoluble Li( OAr)
as a byproduct. This strategy was applied successfully to the
synthesis of heteroleptic aryloxo-Cp RE complexes by Teuben
and Watkin, who reacted 72P°-RE (RE = Ce, Sm) with one
equivalent of Li(Cp*) to give the monoring complex [RE-
(Cp*)(ODD),(THF),] (209-RE; RE = Ce, n = 0; RE = Sm, n =
1) (Scheme 61).°”"°”> Additionally, several c-bonded alkyl
complexes have been obtained with this methodology, using
alkyl ligands stabilized by silyl substituents on the S-position.
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Lappert originally reported the reaction of 72°"-La and 72°"-
Sm with Li{CH(SiMe;),}, which gave homoleptic tris-alkyls
[RE{CH(SiMe,),};] (210-RE; RE = La, Sm).’" This method
was then extended to the synthesis of mid- and late-Lns and is
now the main methodology used for the preparation of this class
of compounds (Scheme 61).%7>°7*

7.2. Ce(lV) Alkoxides and CAN

The coordination chemistry of tetravalent cerium has attracted a
lot interest, especially because of the use of CAN as a selective
oxidizing agent in organic transformations.””> However,
advances in the coordination chemistry of Ce(IV) have been
hampered by the lack of well-defined and hydrocarbon-soluble
starting materials, especially compared to the ample variety of
compounds available for trivalent REs. A strong electron-
donating environment is usually required to stabilize Ce*', and

https://doi.org/10.1021/acs.chemrev.1c00842
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Scheme 60. Application of 72PP™-RE as Precursor in Protonolysis Reactions with Various f-Ketoimines
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OMe RE =Y, Nd
Scheme 61. Use of 72P*-RE in Metathesis Reactions with Organolithium Reagents®”'~>"*
g g
< o +Li(Cp*) + 3 Li{CH(SiMe3)o}
Rg—OAr Db RE., -
72Pb.RE MesSHC” N "CH(E Mes),
VAN RE = Ce: C7Hg, 80 °C, 20h pentane, r.t, 0.5-th  (MesSi)2 CH(SiMe3),
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209-RE ~Li(GDb) 210-RE
RE =Ce (n=0) RE =Y, La, Ce, Pr,
RE=Sm(n=1) Nd, Sm, Er, Lu
Ar = Db

Scheme 62. Preparation of Ce(IV) Alkoxides via the “Ammonia Method”*”**”” and “CAN Method”*”?~**! and Synthesis of 211

and 212 via Alcoholysis with Silylamide Complex 201°*
~2 CsHsN
A) [CsHsN-HL,[CeClg] + ROH + 6 NHy —8NHaCl o (0R),(ROH),
R = Me, Et,
'Pr, "Pr, "Bu
—6 NH4NO
B) (NH4),Ce(NOg)g + ROH + 6 NH; ———+ °» Ce(OMe),(ROH),
ROH, DME or THF
R =Pr, 'Bu, C'Bus
) (NHg),Ce(NOg)s + (2+n)NaOR Ce(OR)(NOg)a n(SIV)c
- (2+n)NaNOg, n=14
—=2NH3,-2ROH gy = ROH, DME, THF
1) 1)
OR OR {BUCH,0H BuOH 0'8u
1
D) R9% | 8 CR)nnu | .woR hexanes i hexanes BuO,, | Py
033 _tel Ce\ [Ce{N(SiHMe,),}4] " - Ie‘
RO 0—Ce o . + pyridine u py
g/~ OR =35 °C, 1 min. 201 rt, 1 min. O'Bu
: R — 4 HN(SiHMey), e
RO OR -4 HN(SHMey), 212

211 (R = CH,'Bu)

for this reason there has been a lot of progress in developing Ce
synthons containing oxygen donors.”” Bradley and co-workers
reported the preparation of Ce(OR), (Et, 'Pr, "Pr, "Bu)
compounds by passing ammonia in an alcoholic solution of
dipyridinium Ce hexachloride, [CsH;N—H],[CeClg] (“ammo-
nia method”, Scheme 62, A)."°™>"® Gardeff and co-workers
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showed that CAN can also be used as a starting material in a very
similar methodology for the preparation of Ce(OMe),
(“modified ammonia method”, Scheme 62, B).>”” Alternatively,
CAN is dissolved in an alcohol of choice and then reacted with
NaOMe, thus allowing for an easier control of reaction
conditions and stoichiometry (“CAN method”, Scheme 62,

https://doi.org/10.1021/acs.chemrev.1c00842
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Scheme 63. Reactivity of Ce(IV) Alkoxides with Protic Substrates and Cp Reagents

560—562

212
THF, r.t., 30 min.
— 4 HO'Bu, - 2 pyridine
[Ce(Cp)3(O'Pr)]
{ 214
“‘o Bu _2 NaNOa n=4,R="Pr|+3 R'gsnECp)
/ (o] T —— n - R'=Me, "Bu C;H;’, 685 C. 24n — 2 NaNO,
& = (SMeg), ~3R5Sn(OPn [Ce(Cp),(O'Bu),]
n=2 215
+2K(CpR) + xNa(Cp) x=2
T CeORMNOn e T O‘BU
—2NaNO; n=1
\ e WOBu ~— K-3 O/
Mes Yotay R' = Me3
Table 8. RE Triflate Salts Used in Anaerobic Synthesis”
Ln(OTY), RE(OTY), RE(OTY),

Sc Sc(OTf),**
Y Y(OT03603,605,616
La La(OTf 3605,616,627
Ce Ce(OTH),*" Ce(OTH), 515"
Pr Pr(OTH),***
Nd Nd(OTf),50>1¢
Sm Sm(0Tf),*"° Sm(OTF),0%*

Sm(OTf),(DME),*”
Eu Eu(OTY),(H,0)%° Eu(OTH),*>%!

Eu(OTf),(MeCN),*"*
Gd Gd(OTf),*'¢
Tb Tb(OTf),**
Dy Dy(OTf);"*°
Ho Ho(OT(),%*°
Er Er(OTf)3605,6]6
Tm [Tm(OTf),(DME),],.*" Tm(OTf),*’
Yb Yh(OTf)Zém’él 1 Yb(OTf)3605

Yb (OTf),(THF),*"
Lu Lu(OTf),%*

“Compounds in italics have not been isolated.

C); the authors also noted that Ce(O'Pr), obtained with the
original “ammonia method” is more difficult to purify, in
comparison with the “CAN method” which allows for quick
reaction times and easier purification procedures. Additionally,
the reactions can be carried out in ethereal solvents, such as THF
or DME.>”**%* Evans et al. used Gardeff's method to obtain
Ce(O'Bu),, together with other mixed nitrate-alkoxide Ce(IV)
salts, eg. Ce(O'Bu), (NO,),_, (n = 1—4).>®" More recently
Anwander and co-workers have used the CAN method to obtain
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Ce(OCH,'Bu),, which can also be synthesized from alcoholysis
with silylamide 201 and crystallizes as the trimer [{Ce-
(OCH,'Bu),};] (211).°% Finally, Schelter and Anwander
converted Ce(IV) silylamide 201 into [Ce(OBu),(py),]
(212) via fast alcoholysis with ‘BuOH (Scheme 62, D).>*
Ce(IV) alkoxides (Table 7) have been applied as protonolysis
reagents for the synthesis of Ce(IV) complexes, as demonstrated
by Kim et al. with the synthesis of 8-coordinate complex
[Ce(Harene-TriNOx),] (213, HareneTriNOx = {[(2-'BuNO)-

https://doi.org/10.1021/acs.chemrev.1c00842
Chem. Rev. 2022, 122, 6040—6116
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Scheme 64. Preparation of Divalent and Trivalent RE Triflate Salts

100 °C, 1-72h

A) RE;O3 + 3 HOTf —————— »  RE(OTf)3(H,0)y —m8m

-3 H,0

THF, r.t.
sonication, 5 min.

90-200 °C, >4h

RE(OTf); RE=Sc,Y, La-Lu

-HO

MeCN, I, (cat.)

2Sm(OTH; +Sm ————— " » 3 Sm(OTf),(MeCN),

rt., 4h

Ln=Sm, Yb

Zn/Hg

> EU(OTf3(MeCN); ———— > Eu(OTf)o(MeCN),

B) Smiy(THF), + 2 KOTf——————»  Sm(OTf),(THF),
- 2KI
DME, Hg (cat.)
C) 2Sm(OTf)3 + Sm —————— 3 Sm(OTf),
—78°Ctort., 48h
THF, r.t., 1.5h
D) Ln(OTf)s + EtMgBr —————— 3 Ln(OTf),
— Mg(OTH)Br
—0.5C4Hqg
- H,0, CO,
E) EuCO;+xs HOTf ——— Eu(OTf),(H,0)
- HOTf
1. HC(OC,Hs); 50 °C, 1h
F) Eu(OThs(H:0), (Oatisls
2. MeCN, 15 min.
+KC
G) Tm(OTf); 8 s [TM(OTAHDME).

DME, - 35 °C, 3h
- KOTf

CeH,],[(2-BuNOH)C4H,]C(H,}*7) (Scheme 63).°° Gulino
et al. attempted to use Ce(OiPr)4 in salt elimination reactions
with TI(Cp) or Mg(C6p)2 without success, observing reduction
to Ce(Ill) instead.”®’ Nonetheless, when the tin reagent
R;SnCp (R = Me, "Bu) was employed, they were able to isolate
Ce(Cp);(O'Pr) (214), though structural authentication was not
obtained (Scheme 63).°°" A different approach was followed by
Evans et al, who reacted mixed Ce(IV) nitrate-alkoxides
Ce(0O'Bu),(NO;), and Ce(O'Bu)(NO;); with Na(Cp). In the
case of the reaction between Ce(O'Bu),(NO;), and two
equivalents of Na(Cp), the metallocene Ce(IV) complex
Cp(Cp),(OBu), (215) was obtained in excellent yields but
could not be structurally authenticated (Scheme 63).°%*
However, when Ce(O'Bu)(NO,;); was reacted with three
equivalents of Na(Cp), a mixture containing 215 and [Cp-
(Cp);(O'Bu)] (216) was obtained, and the latter was
structurally characterized (Scheme 63).°°> Finally, Gordon
and co-workers used the same methodology to isolate
metallocene derivatives [Ce(Cp’),(OBu),] (217) and [Ce-
(Cp"),(O'Bu),] (218) (Scheme 63).°**

8. TRIFLATES

Triflate (OTf, {CF;SO5}") salts are a very popular choice of
starting materials in RE synthetic chemistry (Table 8). These
salts are used as more soluble replacements of halides in salt
elimination reactions.””" Additionally, triflates are better leaving
groups and can be easily displaced from the metal coordination
sphere.””' Similar to RECl;, RE(OTf); salts are usually
commercially available both in anhydrous and hydrate form.
However, they can also be conveniently made from the direct
reaction of the oxide (RE,O;) with triflic acid (HOTY), followed
by thorough desiccation under reduced pressure; reports vary
from a minimum of 4 h to several days (Scheme 64, A).”%%379%
This method was originally reported by Massaux and is the most
common strategy for obtaining anhydrous RE(OTf), salts.**
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Triflate salts of divalent Sm, Eu, and Yb are obtained via various
methodologies. Sm(OTf), can be prepared from direct salt
elimination reaction of K(OTf) with Sml, (Scheme 64, B)*°” or
by reducing Sm(OTf); with Sm metal in the presence of
iodine®® or mercury®” (Scheme 64, C). Nief and co-workers
obtained poor results when performing this reaction in THF,
whereas they achieved excellent conversions when using DME,
ultimately leading to the isolation of the DME adduct
Sm(OTf),(DME),.°” Another method for the preparation of
Ln(OTY), is the reduction of Ln(OTf); with Grignard reagents,
which has also been successfully employed for the preparation of
Yb(OTf),(THF); (Scheme 64, D).°’° The DME-solvate
analogue, Yb(OTf),(DME), has also been obtained from the
reaction of HOTf with [Yb{N(SiMe,),},(OEt,),].°""
Eu(OTf), can be obtained by treating EuCO; with excess
triflic acid, affording monohydrate Eu(OTf),(H,0) upon
drying in vacuo at 90 °C overnight (Scheme 64, E).%%
Alternatively, water-free Eu(OTf), can be obtained with the
method described by Krossing and co-workers, which starts
from hydrated Eu(OTf),(H,0),.°"* Eu(III) triflate is dissolved
in triethylorthoformiate and heated at 50 °C for 1 h, followed by
treatment with MeCN and subsequent crystallization of
Eu(OTf);(MeCN), at room temperature. The MeCN solution
of Eu(OTf);(MeCN), is then passed through a column filled
with Zn/Hg amalgam to give the final product Eu-
(OTf),(MeCN), (Scheme 64, F).°"* Outside the triad of
classic Ln*" ions, only Tm(II) forms a stable triflate salt,
[Tm(OTf),(DME),].°"* This was reported by Nocton and
co-workers in 2017 and was obtained via reduction of
Tm(OTf); with KCq in DME at —35 °C (Scheme 64, G).°"*
Finally, tetravalent Ce(OTf), can be obtained from the reaction
between CAN, K,CO;, and HOT£*** However, Berthet and co-
workers reported that anhydrous material cannot be obtained
following this methodology because drying above 100 °C results
in reduction to Ce(III).°"* The authors were able to dry
commercial Ce(OTf),(H,0), by treating it with trifluorome-
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Scheme 65. Selected Applications of Triflate Salts for the Synthesis of Cyclopentadienyl, COT, and Allyl RE Complexes
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thanesulfonic anhydride, TfOTT, followed by drying at 100 °C
for 15 h.°"°

RE(III) triflates have numerous applications as salt metathesis
reagents, with a scope very similar to RE halides including
numerous ligands, such as cyclopentadienyls, allyls, and a variety
of mono- and multidentate donors.®'®~*' Therefore, only some
selected applications are listed in this section to give an overview
of the type of coordination chemistry accessible with these
synthons. Because triflates are very good leaving groups, they
have been used for the synthesis of sterically congested
RE(Cp"), systems, such as [La(Cp”);] (219) and [RE(Cp"),]
(220-RE; RE = La, Ce, Pr),”** whose synthesis is typically more
challenging when using halide precursors.413 For example, 219
can be obtained from the reaction between LaCly and K(Cp”)
requiring first treatment in THF at room temperature for 24 h
(to form transient La(Cp’’),Cl), followed by reflux in toluene
for an additional 24 h; whereas with La(OTf); and Mg(Cp”),
the reaction only requires stirring at room temperature in THF
overnight.”*” Triflate salts have also been used for the synthesis
of heteroleptic open metallocene complexes (e.g., [Ce-
(Cp™),(0TH)], 221), though in some cases alkali metal salts
are occluded in the products resulting in “ate” complex
formation, as observed by Lappert and co-workers with the
isolation of [{Nd(Cp”),(u-OTf),Li},] (222).® From the
reaction of K,COT with Y(OTf);, Edelmann and Kilimann
obtained dimeric [{Y(COT)(u-OTf)(THF)},] (223) (Scheme
65),°** which can then be functionalized further by substituting
the triflate anion with various ancillary ligands via salt
elimination. Moreover, John and co-workers have shown that
triflate salts of various REs (Ce, Nd, Eu, Tb, and Yb) can react
with the potassium salts of substituted allyls (Scheme 65) to
form homoleptic allyl derivatives [RE{C;H;(SiMe;),-
1,3};(THF)] (224-RE; RE = Ce, Nd, Tb).””® The same
metathetical protocol is also effective for Yb(OTf), (Scheme
65) and the authors were able to obtain the bis-allyl complexes
[Yb{C;H,(SiMe;)-1-R-3},(THF),] (225%; R = H, SiMe,,

«
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SiPhy; n =1, 2).%%° This is noteworthy, as there are very few
applications in the literature of Ln(II) triflates as synthetic
precursors in anaerobic synthesis.

9. ORGANOMETALLIC REAGENTS

Organometallic compounds of the REs are generally very
reactive because of the high polarization of metal—carbon
interactions. This is a problem typical of o-bonded organo-
metallic compounds but is also true for m-bonded organo-
metallics, such as Cp, allyl, and COT derivatives. Additionally,
RE organometallics can easily undergo fS-hydride elimination
and intramolecular C—H activation reactions. All these issues,
together with the high electropositive character and large ionic
radii of the REs, make the stabilization of organometallic species
extremely challenging. However, over the years there has been a
lot of progress in the stabilization of relatively simple RE
organometallics which can function as synthons for the
preparation of new compounds, particularly as reagents in
protonolysis reactions. Simple o-bonded RE alkyls (Me, "Bu)
and aryls (Ph, C¢Fs) have been well-investigated (section 9.1
and Table 9), though such compounds tend to be extremely
reactive and often thermally sensitive. In this section Ln and RE
aryls will not be discussed in detail because an extensive account
of their preparation and application is provided in section 3 (vide
supra). Alkyl complexes can be further stabilized by substituting
the central carbon donor with silyl substituents, and this strategy
has been used very effectively for the preparation of RE
complexes a-silyl ligands {CH,SiMe,R}~ (R = Me, Ph) and
{CH(SiMe;),}; such complexes are now common synthetic
precursors in RE organometallic chemistry (section 9.2 and
Table 10). Moreover, RE benzyl (Bn, {CH,Ph}~) complexes
constitute another important class of organometallic starting
materials (section 9.3 and Table 11); benzyl ligands are
nominally alkyl-type donors, though they ligate the metal center
in a multihapto fashion. Finally, organoaluminates, Ln(AIR,),
and RE(AIR,); (R = Me, Et), are special types of organometallic

https://doi.org/10.1021/acs.chemrev.1c00842
Chem. Rev. 2022, 122, 6040—6116


https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00842?fig=sch65&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00842?fig=sch65&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c00842?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

REVIEY

Table 9. Selected Simple RE Hydrocarbyls Used as Starting
Materials”

RE “RE(R);”

Sc [Se(Me),],**
Sc(p-Me)sLiz(THF), ,*
[Scy(u-Me)eLis(Et,0)3(THF),]*
Sc(u-"Bu)sLiz(THF),**

Y [Y(Me3)]n631’632
[Y,(s-Me)4Lis(Et,0),(THE),] %
Y(u-Me)oLiz(THF), 5
Y(u-Me)sLi;(TMEDA);***

La ”LaMe3”632
La(u-Me)4Liy(TMEDA ),
La(u-"Bu)sLi;(THF),**

Ce [Ce(u-Me)¢Li;(TMEDA),]%*
[Ce(u-"Bu),Li,(TMEDA),]**
Ce(u-"Bu)sLi;(THF),**°

Pr Pr(u-Me)¢Li;(TMEDA) %

Nd Nd(u-Me)¢Li;(TMEDA) %>

Sm Sm(u-Me)sLi;(TMEDA),***

Eu

Gd Gd(u-Me)gLis;(TMEDA);%*®
Gd(u-Me)sLis(THF),,*

Tb [Tb,(4-Me)eLis(Et,0),(THF);]%”
Tb(u-Me)¢Li;(TMEDA),%*®
Tb(y-Me)sLi3(THF)1_5639

Dy Dy(u-Me)sLiz(TMEDA);***

Dy (u-Me)sLiz(THF) 1.65639

Ho HoMe,- [Ho(Me);],%**
[Ho(u-Me)4Li,(TMEDA);]***®
Ho (ﬂ'Me)éLi3(THF)1.2639

Er [Er(u-Me)¢Li,(TMEDA),]%3>¢%¢
Er(u-Me)4Liy(THF),*

Tm Tm(u-Me)Li;( TMEDA )%
Tm(p-Me)sLiz(THE) ;%

Yb [Yb(Me),],**
[sz(ﬂ‘Me)sLis(Etzo)s(THF)z]639
Yb(u-Me) oLiz(THF)™*”

Lu [Lu(Me3)]n63l'632

[Lu(u-Me)Lis(DME),] 3567763
Lu(u-Me)4Liy(THF)®>
[Lu(g-"Bu),Li,(TMEDA),]**
[Lu(u-"Bu)sLis(THE),] o0

“Compounds in italics have not been structurally authenticated.

reagents which can be effectively considered as masked alkyls
stabilized by the formation of an adduct with AIR, (section 9.4
and Table 12). Most of these synthetic precursors have been the
subject of a recent comprehensive review by Zimmermann and
Anwander;'"! therefore, this section will aim to provide a broad
overview of these reagents, with some highlights on the
emergence of new reagents and new applications.

9.1. Simple Hydrocarbyls (Me, "Bu, Ar)

Salt metathesis reactivity is the most common methodology
employed for the synthesis of binary alkyl and aryl complexes
(Scheme 66, A), though there are some notable exceptions such
as (1) RT reactions with organomercurials and organobismuth
reagents for the synthesis of aryl complexes (Scheme 66, B; vide
supra, section 3.4),12 (2) donor cleavage reactions from
organoaluminate precursors (Scheme 66, C),”*' and (3)
transmetalation reactions between amide precursors and MeLi
(Scheme 66, D).”" Saran and co-workers reported the reaction
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of MeLi and PhLi with RECI, (Sc, Y, La, and Pr) in 1970.** In
the case of reactivity with PhLi, the authors identified Sc(Ph),
and Y(Ph), via IR spectroscopy and elemental analysis, though
with La and Pr they identified the formation of “ate” complex
LiLa(Ph), from analogous reactivity. However, the formulas of
the methyl derivatives “RE(Me);” (226-RE; RE = Sc, Y, La)
obtained from the reactions between RECl; and MeLi could not
be unequivocally identified.**> Neutral methyl complexes have
been obtained with Ho, Lu, and Y by Anwander and co-workers,
isolated as polymeric [RE(Me);], (226-RE; RE = Sc,** Y,%*!
Ho,*** Lu®") from the donor-cleavage reaction of aluminate
precursors (Scheme 66; vide infra, section 9.4). Schumann
reacted RECI; with six equivalents of MeLi in the presence of
TMEDA and obtained a series of hexamethyl “ate” complexes of
formula [RE(u-Me)4Li;(TMEDA),] (227-RE; RE =Y, La, Pr,
Nd, Sm, Gd, Tb, Dy, Ho, Er, Tm, and Lu).%>°7%%% Furthermore,
Okuda and co-workers carried out an in-depth study on the
stability and reactivity of 227-RE and were also able to obtain
the pentametallic complexes [RE,(u-Me)4Li;(Et,0),(THF),,]
(RE=Sc,n=3,m=2;RE=Y,Tb,n=2,m= 3).639 Anwander
and co-workers recently developed analogous chemistry with
Ce, and in addition they extend this approach to the preparation
of butyl derivatives [RE(u-"Bu),Li;(THF),] (228-RE; RE = Sc,
Y, La, Ce, Lu) and [RE(u-"Bu),Li,(TMEDA),] (229-RE; RE =
Ce, Lu).** Finally, Anwander and co-workers reported the
synthesis and reactivity of the neutral methyl complex
[Yb(Me),], (230), which is the only example of methyl
derivative with a divalent Ln; 230 was obtained via trans-
metalation reaction between bis-silylamide precursors and
MeLi.>*

RE alkyl complexes (Table 9) are excellent protonolysis
reagents owing to the very favorable pK, (vide supra, Table 2)
and react promptly with Brensted acids. Anwander and co-
workers treated 226-Y with HN(SiMe,),, HN(SiHMe,),, and
HOCHBu, (Scheme 67), obtaining the tris-amide complexes
185-Y and 186-Y and alkoxide derivative Y(OCH'Bu,),
(231).*%" Interestingly, reactivity of 226-RE with HN-
(SiMe,) (Dipp) leads to the deprotonation of one methyl ligand
and formation of methylidene bridged cluster [RE;{N(SiMe;)-
(Dipp) }5(u,-Me)5(u3-Me) (THF);] (232-RE; RE = Y, Ho, Lu)
(Scheme 67).°** In a similar fashion, Berger et al. investigated
the reactivity of 229-Ce with HOCH'Bu,, which led to the
isolation of the cluster [Ce,Li;(OCH,Bu)y(HOCH,Bu),-
(THF)].*° Kramer et al. reacted the THF adducts of
hexamethyl complexes 227-RE with five equivalents [Et;NH]-
[BPh,] (Scheme 68), affording cationic complexes [RE(Me)-
(THF),][BPh,], (233-RE; RE = S, Tm, n = 5; RE = Y, Gd—E:,
Yb,Lu,n= 6).63’9 As would be expected, 230 is also an excellent
protonolysis reagent and reacts smoothly with HTp®*Me
(Scheme 68) to give the terminal methyl complex [Yb-
(Tp'®*¢)(Me)(THF)] (234).°"

9.2. a-Silyl-alkyls

RE(III) complexes with a-silyl-alkyl ligands (Table 10) were
first reported by Lappert and Pearce; in their seminal report, the
authors obtained [RE(CH,SiMe;);(THF),] (235-RE; RE = Sc,
Y) from the reaction of REClL;(THF), with Li{ CH,SiMe,} in a
mixture of hexane and ether (Scheme 69, A).°*' This salt
elimination method has since been applied to obtain analogous
complexes with most of the trivalent REs, **"*** with the
exception of the larger Lns La—Nd. The larger {CH(SiMe;),}~
ligand was originally introduced in RE chemistry by Lappert and
Barker in 1974, who obtained Sc and Y complexes [RE{CH-

https://doi.org/10.1021/acs.chemrev.1c00842
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Table 10. Selected a-Silyl-alkyl RE Complexes Used as Starting Materials®

RE
Sc

Ln(CR;),

Ce

Nd
Sm [Sm{C(SiMe;)5},]°"
Eu
Gd
Tb
Dy
Ho
Er

[Eu{C(SiMe;);},]""*

Yb{CH(SiMe),}(Et,0),"”
[Yb{C(SiMe3)3}2] e
Lu

“Compounds in italics have not been structurally authenticated.

RE(CR;);
[Sc(CH,SiMe,);(THF),]**656657
[Sc(CH,SiMe,Ph),(THF),]**®
Sc{CH(SiMe,),}***

[Y( CHZSiMe3)3 (THF ) 2] 641—643,659,660
[Y(CH,SiMe,),(THF),]**
[Y{CH(SiMe3)2}3] 31
La(CH,SiMe,);(THF),*'
[La{CH(SiMe3)2}3] st
[CG{CH(SM33)2}3J662

[Sm(CH,SiMe;);(THF),]**
[Sm{CH(SiMe3)2}3]51

(Gd(CH,SiMe,)5(THF),]***
[Tb(CH,SiMe;);(THF),]°*
[Dy(CH,SiMe;);(THE),] "
[Ho(CH,SiMe;),(THF),]°*
[Er(CH,SiMe,);(THF),]**
[Er{CH(SiMe3)2}3] 5%

[Tm(CH,SiMe;),(THF),]**"%%
[Yb(CH,SiMe;);(THF),]****”

Lu(CH,SiMe,);(THF),]**>¢436%6
Lu(CH,SiMe;);(py),] 008
Lu(CH,SiMe,);(THF)(DME)]**’
Lu{CH(SiMe;),},]*"

— — — —

(SiMe;),}5] (210-RE) via salt elimination reactions, though no
structural authentication was provided (Scheme 69, A).°*
However, it has been amply demonstrated that salt elimination
reactions can often lead to the formation of “ate” complexes with
these systems.”*” Nonetheless, salt occlusion can be avoided by
following the transmetalation route devised by Lappert and co-
workers, in which aryloxide complexes [RE(ODb),] (72P*-RE)
are treated with Li{CH(SiMe;),} to give neutral tris-alkyl
complexes 210-RE (Scheme 69, B).”" It is important to note
that these ligands are not ideal for stabilizing neutral bis-alkyl
Ln(II) complexes; Lappert and co-workers obtained [Yb{CH-
(SiMe;),},(OEt,),] (236) via both analogous salt metathesis
and transmetalation methodologies, but no structural informa-
tion has been reported to validate these results (Scheme 69, C
and D).>”” It is also noteworthy that other ligand variations have
been introduced, particularly the very sterically demanding
{C(SiMe;);}~, which has enabled the stabilization and
structural authentication of neutral homoleptic bis-alkyl
complexes [Ln{C(SiMe;);};] (Ln = Sm, Eu, Yb), which were
obtained via salt elimination reactions.""*

The applications of both 235-RE and 210-RE as synthetic
precursors in protonolysis reactions are numerous and well-
established.'’ 235-RE is a particularly useful reagent owing to
the production of volatile SiMe, as byproduct upon treatment
with Brensted acids. This strategy has been applied to produce
complexes with a plethora of supporting ligands, and their utility
as synthetic precursors has been extensively reviewed before."'
Therefore, only some representative examples are discussed
herein. Okuda and co-workers showed that by treating 235-RE
(RE = Sc, Y, Lu) with [Me,PhNH][B(C(F.),] or [Et;NH]-
[BPh,] the cationic complexes [RE(CH,SiMe,),(THF),][BR,]
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(237P"M.RE: R = BPh,, RE = Sc, Y, Lu; 237%AF_-RE: R = C(F,,
RE =Y, Lu; 1 = 3, 4) are produced (Scheme 70).°**%** When at
least two equivalents of Brensted acid are employed, the
dicationic complexes [RE(CH,SiMe;)(THF),][BPh,], (238-
RE: RE=Y,n =35; RE = Ly, n = 4) are obtained (Scheme
70).°*** Interestingly, 235-RE react also with Lewis acids (e.g.,
BPh;, B(C4F;);, AIR;) to give analogous cationic complexes
upon abstraction of one or more alkyl Iigands.648’649 The efficacy
of 235-RE as a protonolysis reagent has also been demonstrated
by Li et al. with the reaction of 235-Sc with a series of substituted
cyclopentadienes (HCp, HCp™, HCp'™', HCp*, and HCp*') to
produce half-sandwich dialkyl complexes [Sc(Cp"®)-
(CH,SiMe;),(THF)] [Cp" = Cp (239), Cp™* (240), Cp*
(241), Cp* (242), Cp*’ (243) - Cp*™* = {C;HMe,}~, Cp*’ =
{CsMe,SiMe;}~] (Scheme 70).°*° This approach can be
extended to different REs, as demonstrated by Hou and co-
workers with the preparation of 244-RE (RE = Sc, Y, Gd, Tb,
Dy, Ho, Er, Tm, Yb, Lu).651 The use of 210-RE in similar alkane
elimination reactions has also been explored, but these
applications are more limited compared to 235-RE owing to
the kinetic inertia provided by the more sterically demanding
{CH(SiMe;),}" ligand."" Nonetheless, an important applica-
tion of these reagents has been demonstrated by Kempe with the
preparation of heterobimetallic RE-TM species via alkane
elimination reactions between RE alkyls and TM hydride
precursors.””>~** 210-RE (RE = La, Sm, and Lu) reacts with
[RE(Cp),(H)] in benzene at room temperature to give the
tetrametallic complexes [RE{Re(Cp),};] (244-RE; RE = La,
Sm, Lu);655 these species are extremely sensitive, which
according to the authors is the reason behind the low yields of
these reactions. The choice of reagent and solvent conditions in

https://doi.org/10.1021/acs.chemrev.1c00842
Chem. Rev. 2022, 122, 6040—6116


pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c00842?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

REVIEY

Table 11. Selected Benzyl Complexes of Divalent Lns and Trivalent REs”

RE Ln(Bn), RE(Bn);
Sc [Sc(Bn);(THF),]*”’
[Sc(Bn);(THF),]*”
SC(BnNM52)367O
Y [Y(Bn),(THE),]7>%
[Y(BnNMe2)3]67l
[Y(Bn),(1)(THE),]”"!
La [La(Bn)3(THF)3]67’
[La(Bn™),(THF),]"*
La(Bn™),(THF),*"
[La(BnNMe2)3]67l,690
Ce [Ce(Bn),(THF),]*"®
Pr [Pr(Bn),(THF),]¢"®
Pr(BnNMeZ)3672
Nd [Nd(Bn)3(THF)3]678
[Nd(BnNMe2)3]676
Sm [Sm(Bn),],°*" [Sm(Bn);(THF),]*"®
[Sm,(Bn),(THF)(THP),],**' [Sm(BnM<2),)¢7¢%
[Sm{CH(CH,NMe,)(SiMe;)},(THF),]**°
Eu [Eu(Bn),],*
(Euy(Bn)s(THF),]*!
Eu{CH(C4H ,NMe,)(SiMe;)},(THF),*”*
Gd [Gd(Bn)y(THE),]**"7*
Gd(BVlNMez)3672
Tb
Dy [Dy(Bn);(THE),]*"®
[Dy(BnNMeZ)SJ 673
Ho [Ho(Bn)s(THEF)]**
[HO (BnNMe2)3]673
Er [Ex(Bn);(THE),]"™
(Ex(Bn),(THE) ]
[Ex(Bn),(1)(THF),]*”
Tm
Yb [Yb(Bn),] %% [Yb(Ba™<2),]572
[Yb(Bn),(DME),]**!
[Yb(Bn),(THP),]**"
[Yb{CH(C¢H,NMe,)(SiMe;)}(THF),]**
Lu [Lu(Bn);(THF),]*"”

“Compounds in italics have not been structurally authenticated.

[Lu (Bn)s(THF)ﬂ 77
Lu (Bnmm)3672

Kempe’s methodology is crucial, as the presence of THF leads to
undesired side-reactivity. Because of this, only unsolvated 210-
RE can be employed.

9.3. Benzyls

A range of benzyl (Bn, {CH,Ar}”) complexes have been
reported with trivalent REs, which comprise (1) unsubstituted
benzyls, (2) substituted benzyls, and (3) bidentate benzyls
(Table 11). Compared to other hydrocarbyls, benzyls offer the
advantage of acting as multihapto ligands and can delocalize the
negative charge from the benzylic position into the phenyl ring;
because of this they impart greater stability to resulting RE
complexes while still preserving the basicity (or nucleophilicity)
of alkyl fragments and are therefore very useful synthetic
precursors for protonolysis reactivity. Ln(Bn), and RE(Bn); are
obtained via salt elimination reactions between Lnl, or REX;
and benzylpotassium salts, though occasionally Li salts are also
employed. That was indeed the case when Mazer first reported
in 1978 the reaction between ScCl; and three equivalents of
Li(Bn"™?) (Bn"™™¢ = {CH,[CH,(NMe,)-2]}"), leading to
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the formation of tris-benzyl complex Sc(Bn“M*); (245-Sc)
(Scheme 71, A).””° Workup of the reaction following Mazer’s
method can be frustrated by the solubility of the byproduct
(LiCl), so more convenient routes entail the use of
benzylpotassium salts. Harder®”' =" and then Hou®”* obtained
benzyl complexes 245-RE (RE =Y, La, Pr, Nd, Sm, Gd, Dy, Ho,
Lu) by employing K(Bn"™**) with either RECl, (RE =Y, Nd,
Gd, Sm, Dy, Ho, Yb, Lu—both anhydrous and solvated)®”! 673
or [RE(Br),(THF),] (RE = La, Pr, Nd) (Scheme 71, A).””* RE
complexes with monodentate benzyl ligands were first reported
by Hessen and co-workers, who prepared [La(Bn);(THF),]
(246-La) and [La(Bn™¢),(THF),] (247; BnM¢ =
{CH,(C¢H,Me-4)}") from [La(Br);(THF),] and KBn® in
THEF at 0 °C (Scheme 71, B).°”® In a similar vein, Harder
reacted [La(Br),(THF),] with K(Bn'®") (Bn't" =
{CH,(C¢H,'Bu-4)}") in THF at —50 °C to give [La-
(Bn'™),(THE);] (248).”° RECI, precursors are also a good
match with benzylpotassium for the preparation of 246-RE via
salt metathesis, as demonstrated by Harder,%”° Roesky,677 and

https://doi.org/10.1021/acs.chemrev.1c00842
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Table 12. Selected Alkylaluminate Complexes of Divalent
Lns and Trivalent REs”

RE Ln(AIR,), RE(AIR,),
Sc [Sc(AlMe,);]-Al,Me ">
Y Y(AIMe,),>"%"
[Y(AlMe4)3:| ‘Aleeségl
La [La(AlMe,),] 692
[La(AlEt,),]**
Ce [Ce(AlMe,),]* "%
Pr [Pr(AlMe,);]*">
Nd [Nd(AIMe,);]*"
[Nd(AIMe,);]-ALMe,***
Sm [Sm(AlMe,),], > [Sm(AlMe,),]**
[Sm(AlEt,),],,>*
[Sm(ALEt,),(THF),]*"
Eu [Eu(Al]\/h:‘;)z],fl8
[Eu(AlEt4)2]m518,705
Gd [Gd(AlMe,);]"*
Tb [Tb(AlMe,);]7°
Dy [Dy(AlMe,);]"
Ho [Ho(AlMe4)3:|693
Er [Er(AlMe,),]*%
Tm [Tm(AIMe,),]>"®
Yb [Yb(AIMe,),],>>%7% [Yb(AMe,);]>"
[Yb(AlEt4)2]m705 [Yb(AlMe4) Aleeasm
[Yb(AIEt,),(THF),]*
Lu [LU(AME4)3]692

“Compounds in italics have not been structurally authenticated.

Diaconescu.””” Interestingly, Diaconescu and co-workers
observed that 246-Ho and 246-Er could be obtained in good
yields starting from corresponding RECl;; however, bromide
salts were required to obtain benzyl complexes of larger metals,
ie, Nd and Gd.>* Liddle and co-workers reported the
convenient synthesis of 246-RE (RE = Y, La—Sm, Gd, Dy,
Er) from [RE(I);(THF),] (138-RE) and K(Bn) in THF at 0 °C

(Scheme 71, C).°”® It is noteworthy that attempts to obtain a
Yb(III) analogue led to the isolation of the mixed-valent Yb(II)/
Yb(III) complex [Yb(Bn)(THE);][Yb(Bn),(THF),].”* Addi-
tionally, Liddle and co-workers reported the heteroleptic benzyl
complexes [RE(Bn),(I)(THF);] (249-RE; RE =Y, Er) from
the reaction of 138-Y and 138-Er with two equivalents of K(Bn)
(Scheme 71, C).°”” Finally, another class of benzyl complexes
has been reported by Schmidt and Behrle using N,N-
dimethylbenzylamine (DBA) metalated in the Oc—position.516
Analogously to the other methodologies employed for the
synthesis of 245-RE and 246-RE, Schmidt and Behrle reacted
three equivalents of K(DBA) with RECl; (RE =Y, La, Ce, Nd,
Sm, Gd) in THF at —50 °C (Scheme 71, D), obtaining
[RE(DBA),] (250-RE; RE =Y, La, Ce, Nd, Sm, Gd).*'® X-ray
studies of 250-RE reveal that DBA ligands coordinate the metal
centers in an #*-fashion.'°

Benzyl derivatives of divalent Lns have been reported by
Harder and Anwander. Harder and co-workers obtained Sm, Eu,
and Yb benzyls [Ln{ CH(C¢H,NMe,)(SiMe;)},(THF),] (251-
Ln; Ln = Sm, Eu, Yb) by reacting Lnl, with K{CH-
(C¢H,NMe,)(SiMe;)} (Scheme 72).°*° This bidentate benzyl
ligand imparts greater stability to the complexes owing to the
stabilization of the carbanion by the a-silyl substituent. Recently,
Anwander and co-workers have reported the synthesis of
[Ln(Bn),], (252-Ln; Ln = Sm, Eu, Yb) from [Ln(I),(THF),]
and two equivalents of K(Bn) (Scheme 72).°®' The amorphous
252-Ln can be recrystallyzed in the presence of donors to give
discrete molecular species, ie, [Eu,(Bn)s(THF),] (253),
[Sm,(Bn),(THF)(THP),],, (254), [Yb(Bn),(THP),] (252-
Yb-4THP), and [Yb(Bn),(DME),] (252-Yb-2DME).**'

RE benzyl complexes have been used as synthetic precursors
in protonolysis reactions with a range of substrates. Hessen and
co-workers treated 246 and 247-La with either one or two
equivalents of [MePh,NH][BPh,] and obtained the corre-
sponding monocationic or dicationic complex, i.e, [La-
(Bn),(THF),][BPh,] (255), [La(BnMe)Z(THF)A (BPh,], [La-
(Bn)(THEF),][BPh,], (256), and [La(BnMe)(THF)é] (BPh,],

Scheme 66. Synthesis of RE Hydrocarbyls via Salt Elimination,®>5~¢3%640 Donor-Cleavage,631 and Transmetalation
Reactions'>°®
Et,0 or THF
0°Ctort,6-18h
A) RECI; + 3 MeLi REMey ~ 226RE
—3LiCl RE =S¢, Y, La
. Et,0,-78 °Ctor.t.
RECI; + 6 MeLi + 3 TMEDA . 227-RE
3 Lo [RE(u-Me)eLi(TMEDA)] 2277 ¥ Lo prsm,
Gd-Tm, Lu
THF/hexane + 3 TMEDA, THF/hexane
. —40 °C tor.t., 30 min —40 °C to r.t., 30 min
RECI;3 + 6 "BuLi : [RE(u-Bu)Liz(THF),] [RE(u-Bu)gLin(TMEDA),]
-3Licl HoBUeLI(THP: —~ "BULi(TMEDA) (reBletia >
228-RE 229-RE
RE =Sg,Y, La, Ce, Lu RE =Ce, Lu
THF or DME
B) RE +(n/2) Hy(R)2 RERR), N=2RE=EuYb
—(n/2) Hg n=3;RE=Y, La-Lu
R = Ph, CgFs, CCPh,
THF
RE + Bi(R); ——— 'RE(R)' RE = La, Ce, Nd-Lu
—Bi R =Ph, CgFs
THF or Et,0
C) RE(AIMey), [RE(Me)s], 226-RE
— AlMe3(THF/OEt,) RE =Sc, Y, Ho, Lu
Et;0, r.t, 10 min
D) Yb(NRp); +2Meli ——————» [Yb(Me),],
— 2 Li(NRy) 230
NR; = N(SiMe3),, N(SiHMe,),
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Scheme 67. Selected Examples of Protonolysis Reactivity of 226-RE with Brensted Acids®**%*"%%*
[{Y(OCH,'Bu)s},]
231
‘ A
D'PP"'I..N/"‘M% hexane | +3 HOCH,'Bu
-35°C, 5 min. R=Y
l ~THF —-3CH,
RE
/l N + HN(SMe3)(Dipp) + 3 HN(SMey),
Me & Me RE =Y, Ho, Lu R=Y
0.33 HaCQ 1O
THF,, | h - 226RE —————>  [Y{N(SiMe3)y}s]
o e"""RE hexane hexane 185-Y
Me3Si N7 | N .wDPipp rt., 1h -35°Ctor.t., 15 min.
\N/ Me ‘ N —2CH, -3 CH,
THF |
Dipp SiMeg C7Hg | + 3 HN(SiMey),
r.t., 20 min. R=Y
232-RE —3CHy
RE =Y, Ho, Lu
\

0.5 [Y{N(SIHMep)z}3]»
186-Y

Scheme 68. Reactivity of Hexamethyl Complexes with
[Et,NH][BPh,]°*” and Synthesis of Terminal Yb Methyl
Complex 243 from 230°”

+ 5 [EtzNH][BPhy]
THF, r.t., 30 min.

[RE(n-Me)eLiz(THF),] [RE(Me)(THF),][BPhy],

~5NEts, -5 CH, 233-RE

(Scheme 73).°”® These starting materials can also be used to
generate heteroleptic alkyl complexes with bidentate nitrogen
donors, such as amidinates (257),"” guanidinates (258-RE; RE
=Y, La, Dy, Lu),**>°* and ferrocenyl bis-amides (259-RE; RE =
Nd, Gd, Ho, Er) (Scheme 73).>*

Furthermore, RE benzyls can be employed to generate new
organometallic complexes. Harder first showed that 245-RE can

-3 Li(8Ph i)
EPhd n= sr;] F_<ES'=R\E éds_%,r’T?b, Lu deprotonate HCp®'® (Cp®'“ = {C;Ar;}~; Ar = C¢H,R-4; R = Et,
"Pr, "Bu) to afford the heteroleptic Cp derivatives [RE(Cp™'©)-
H (Bn"M<2),1 (260-RE; RE =Y, Nd, Dy, Tm).o7>%* Interestingly,
E|; with 245-Sm and 245-Yb the metals are reduced to their
+ HTpBuMe ~n~ = divalent state and the homoleptic metallocen.es [RE(CpBI.G)Z]
THF, 1. 20 min. \ ’L ’L (261-RE; RE = Sm, Yb) are formed, with concomitant
230 —M \ A formation of byproduct 1,2-di(2-Me,N-phenyl)ethane as a
- CHq 8y /Yb\ 8y result of the coupling of two benzyl radicals (Scheme 74).7>%%*
THF  Me In addition to this, Liddle and co-workers used 246-RE and 249-
234

Scheme 69. Synthesis of a-Silyl Alkyl complexes 235-RE,**'
210-RE,”" and 236™”

hexane/pentane,
Et,0, THF,0°Ctor.t.
A) RECI3 + 3 Li(CH,SMe3) ——— 0 8 @

-3 LiCl
> [RE(CH,SIMe3)3(THF),]

o 235-RE
hexane, -78 to 0 °C RE = Sc, Y, Sm-Lu

-3 LiCl n=23

RECI3(THF), + 3 Li(CH,SMes)

_ hexane/Et,0, =30 °C
RECI3 + 3 L{CHy(SIMeg)y} ————>  [RE{CH(SIMej)5}s]

-3 LiCl
210-RE
RE =S¢, Y

pentane, r.t., 0.5-1h
—_—

B) [RE(ODb)s] + 3 LI{CH(SIMe3)2} [RE{CH(SIMe3)2}s]

RE to perform a double-deprotonation of H,—BIPM and
generate alkylidene complexes [RE(BIPM)(Bn)] (262-RE; RE
=Y, Dy, Er),”’*%** [RE(BIPM)(H-BIPM)] (263-RE; RE = Y,
La, Ce, Pr, Nd, Sm, Gd, Tb, Dy),*”**%%*” and [RE(BIPM)-
(I)(THF),] (264-RE; RE =Y, Er) (Scheme 74).”>°% Finally,
Schmidt and Behrle screened a series of protic substrates (i.e.,
HODb, H,NDipp, HN(SiMe;),) with the DBA complexes 250-
Y and 250-La and obtained clean conversion to [RE(ODDb);]
(72°"-RE; RE = Y, La), RE(HNDipp);, and [RE{N(SiMe;),};]
(185-RE; RE = Y, La).”'®

Applications of Ln(II) benzyl complexes are more scarce
compared to their trivalent counterparts. Harder obtained
Sm(II) metallocene 261-Sm from the direct deprotonation of
HCp®'€ with 251-Sm (Scheme 75).°*” Moreover, Anwander
and co-workers reacted 252-Eu and 252-Yb with H,NDipp
(Scheme 75), obtaining a cubane cluster with bridging imido
ligands, [{Ln(1>-NDipp)(THF)},] (265-Ln; Ln = Eu, Yb).®*!

9.4. Organoaluminates

7205.RE -3 Li(0Db)
210-RE
RE=Y, La, Ce, P, Since the first report of [Y(AlMe,);] (266-Y) and [Nd-
N sm.En b (AlMe,);] (266-Nd) by Evans et al. in 1995,°°' RE
ELOL Tt 24h tetraalkylaluminates have emerged as a very interestin§ class of
20, Tt 1

C) Ybl, + 2 Na{CH(SiMe3),} [YB{CH(SIMe3),}2(OEty),]

synthetic precursors in RE and f-element chemistry.~ One of

72%-RE TN 26 the intriguing aspects of organoaluminates is their dual chemical
behavior: on the one hand they can be deemed “masked-alkyl”

Et,0 complexes formed as adducts of AIR;, which can be used for
D)[Y5(ODbMP)(OEt )] + 2 LCH(S Mes)o} -~ 0w iy (CH(S Meg)plo(OEL ) protonolysis reactivity; on the other hand they could be

74Dbmp_RE — 2 Li(ODbmp) 236

regarded as ionic complexes of the {AIR,}~ ligand, which can

https://doi.org/10.1021/acs.chemrev.1c00842
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Scheme 70. Selected Examples of Protonolysis Reactivity of 235-RE with Ammonium Salts

648,649 3and Substituted

Cyclopentadienes650 and Reactivity of 210-RE with [Re(Cp),H] 658

THF, -78 °C tor.t., 2h
[RE{CH(SMe3)}o(THF)J[BPh,]

R Rz = Me,Ph; Ar = Ph 237BPhd RE
& n=1 RE=Y (n=4)
Hy RE=Sc,Lu(n=3
\,_¢ + HCpR +n [RsNH][BAr] THF-g, 25 °C, 2h Lum=3)
T 235-RE [RE{CH(SIMe3)}o(THF),J[B(CeFs)a]
LA 3 hexane, r.t, 3h - n NMe,Ph Rj = Ety; Ar = CgF5 237BAF RE
Me;Si—CHz - SiMey —n SiMey n=1
= RE=Y (n=4)
R= RE =S¢
239-Cp-=Cp RE=Lu(n=3)
240 - CpR = Cp THF, =78 °C to .t., 24h
241 - CpR = Cptet [Y{CH(SIMe3)(THF ), ][BPhy],
242 - CpR=Cp* R3 = MeyPh; Ar = Ph 238-RE
n>2 - -
ﬁ
+ 3 [Re(Cp)zH]
210-RE Re—R

benzene, r.t., 48-96h
— 3 CHy(SiMes),
RE =La, Sm, Lu

244-RE (RE = La, Sm, Lu)

Scheme 71. Synthesis of RE(III) Benzyl Complexes

THF, 65 °C, 1h
A) ScCly(THF), + 3 Li(BnNVe2) — Sc(BnNMe2),
-3 Ll 245-Sc g
THF A
0°Cor-50°C <
RECIg(THF), + 3 K(BnNMe2 Nwez) ) 245-RE - f
Cla(THF) + 3 K(BMel) —— — [RE@N™e2)) EPTY | br Na. s, %;NME
2
Gd, Dy, Ho, Lu
THF
0°Cor-50°C
RE(Br)3(THF)4] + 3 K(BnNMe2 nwez) 245-RE
[RE(Br)(THF)] + 3 K(Bn'et) ——— — [RE@2)5) 22T pr Nd
THF
0°Cor-50°C 246-RE

B) RECIy(THF), + 3 K(Bn)

[RE(Bn)3(THF)3]

30 min. to 2h RE =Sc, Y, Th-Lu %
- THE” THF
3KClI ~
THF
0°C or-50 °C 246-RE

[RE(Br)3(THF)4] + 3 K(BnN}————————— [RE(Bn)s(THF);] 246-RE

-3 KBr RE = La, Nd, Gd

THF, 0 °C, 4h

[RE(a(THF),] + 3 K(Bn) [RE(Bn)s(THF);] 246-RE

-3KI RE =Y, La-Sm,

Gd, Dy, Er
THF
R 0°Cor-30°C

[LaBra(THF),] + 3 K(Bn™) [La(BnR)3(THF);] 247 (R = Me)

— 3 Ker 248 (R = 'Bu)

THF, 0°C, 4h
C) [RE(I)3(THF)35] + 3 K(Bn) [RE(Bn)(I)(THF)3] 249-RE
138-RE -2KI RE =Y, Er
D) RECI, + 3 K(BDA) — 1. =3 KCI [RE(BDA);] 250-RE
1) =50 °C for 2.5h RE =Y, La, Ce,
2) r.t. for 3h Nd, Sm, Gd

act as a pseudo-halide in salt elimination reactions. Their
preparation and chemical properties were incorporated in the
detailed account on RE alkyl chemistry by Anwander and
Zimmermann in 2010;'" therefore, this section aims to give a
broad overview of their preparation and synthetic applications.

Evans et al. prepared [RE(AlMe,);] (266-RE; RE =Y, Nd) by
treating amide precursor RE(NMe,);(LiCl); with excess AlMe;,

6091

(Scheme 76, A).””" This synthetic approach has since been
optimized by generating the amide precursors in situ from
RECL(THF), and Li(NMe,), and the methodology has been
extended to most of the REs.”'#%°>%* The overall reaction can
be viewed as an amide-methyl metathesis generating
Me,NAIMe, and putative methyl complex “RE(Me),”, with
the latter converted into 266-RE upon adduct formation with

https://doi.org/10.1021/acs.chemrev.1c00842
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Scheme 72. Synthesis of Ln(II) Benzyl Complexes 251-Ln,**° 252-Ln, 253, and 254°*'

THF, r.t., 40h
Lnly + 2 K{CH(CgH4NMe,)(SiMes)}
- 2Kl
251-Ln
Ln=S8m, Eu, Yb
Ln=Yb
————— [Yb(Bn)y(SIv),] 252-Yb
THP or DME/C;Hg Slv=DME (m = 2)
Slv=THP (m = 4)
THF, r.t., 4h Ln=Eu
[Ln()2(THF)2] + 2 K(Bn) o L@, [Eug(Bn)g(THF)z]
252.Ln THF/hexane 253
Ln=S8m, Eu, Yb
Ln=8m
L [Smy(Bn)4(THF)(THP),].
THF/THP 254

Scheme 73. Reactivity of RE(III) Benzyl Precursors with Bidentate N-Donors***%7>5>%%3

Ph

Dipp\N N N/Dipp

Hzc-..}La/

eI
OHZC O THE
X
THE, . 1h | pigp. . _Dipp
,Si'BuMe, —CqHg | * H N
. SNh 246-La S
@_ /Buve: + Fe > [LaBN)(THF)[EPh
" 255
Q—Cb NH
Fle \RE"‘JHF/O *sitBuMe, 245.RE  * N [MePhoNH][BPh,]
e SRE T
@_/ THF, -78 °Ctor.t, 1h 246-RE —NNlc\:/lel_z'Ph
N\ ﬁz 246RE P THF, rt.
1o = [Le@EnTHRIGIEPh L,
259-RE TH F(:*, %Oé7ga;csl )N\(Bn)z 256
: N Dipp~ _Di
RE= NG, G o Re — CgHaMe-1-NMep2 | * PPN Sy-P'PP
245-RE H
N(Bn),
Dipp\N T N/Dipp
\RE/ CH
N4 TNMe,
N
Me,
258-RE

RE =Y, La, Dy, Lu

excess AlMe,.'" The Sc analogue 266-Sc cannot be obtained via important aspect of the chemistry of 266-RE is the ability of

amide-methyl exchange (Scheme 76, B); nonetheless, treatment polar solvents to trigger their degradation via donor-induced
of the hexamethyl Sc complex Sc(u-Me)4Lis(THE),,**" with cleavage of the aluminate ligand (vide infra).""*** It is possible
more than six equivalents of AlMe; affords [Sc(AlMe,),]- to obtain 266-RE also by exchanging other ligands with AlMe;,
AL,Me, (266-Sc-Al,Me4). Organoaluminates obtained with such as different amides and alkoxides, though the purification of
these methods can cocrystallize with Al,Me,, which can be the desired organoaluminates is complicated by the low volatility
removed upon recrystallization.691’692’694 Most of these species of the Me,Al(L) byproducts (L = N(SiHMe,),, OCH,'Bu).**
are also relatively thermally robust, especially if compared to Additionally, synthesis of 266-Y via direct salt elimination
alkyl derivatives, and can also be sublimed. However, an reaction between YCl; and Li(AlMe,) has also been reported

6092 https://doi.org/10.1021/acs.chemrev.1c00842
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Scheme 74. Reactivity of RE(III) Benzyl Precursors with H,-BIPM®®0796857688 3,4 gCpBIGo72084

Ar Ar
Ar Ar
Ar Ar
" AT " + HCpBI® +HCpBI® ArRIE
RE 245-RE > g NM
Ph C;Hg, 60 °C, 18h C;Hg, 60 °C, 18h €2
Ar LA - CgH4Me-1-NMe,-2 — CgH4Me-1-NMe,-2 N
‘S Z’ RE =Sm, Yb RE =Y, Nd, Dy, Tm Me,
Ar Ar NMe, ‘ 260.RE
2§1S-RE _ RE =Y, Nd, Dy, Tm
RE = Sm, Yb NMe,
Ph  sime
s + Hy-BIPM, C7Hg +2 Hy-BIPM, CoHg Ph  SiMesSiMe; Ph
PhmRP=—=N -78°Ctor.t., 16h —78°Ctort. 16h __
(THF) ) ort, Phm-P=—=N —p—
\ A U —2CoHe 246-RE ~3CH, W\ =P
=T, or C=——RE—CH
2,
wp=—N X 246-RE 249-RE 246-RE I /' Nv_ )
P RE =Y, Dy, Er RE=Y, La, Ce, PhiP=N N==R—FPh
SiMe 249-RE
" ) RE =Y, Er o N% SDn;’ e Ph SiMe;SiMe; Ph
262-RE (RE =Y, Dy, Er; X=Bn; n=0) ' 263-RE
264-RE (RE =Y, Er,X=1;n=2) RE =, La, Ce,
Pr, Nd, Sm, Gd,
Tb, Dy
Scheme 75. Reactivity of Ln(II) Benzyls with HCp®'® and H,NDipp®*"**’
Ar Ar
Dipp,, STHF
Ar Ar "‘N Ln-"‘
+2 HCpBI® ATl + HoNDipp THEmeL AL \{4aDipp
251-Sm . RE 252-Ln
C7Hs, 75-90 °C, 24h Ph 1) THP, r.t., 60h 0.25 THF-‘-Ln—‘—N—Dipp
RE=Y,Nd, Dy, Tm I . 2) THF, -35 °C A
5 Z —2C/Hg
L @CHz Mes A e Ln=Eu, Yb Dipp/ \THF
261-Sm 265-Ln
NMe, Ln=Eu, Yb
Scheme 76. Synthesis of RE(III) Aluminates®"%7>¢%*
+ 6 AlMe;
h 1., 18h
A) RECI(THF), + 3 LiiNMep) — 7 o RE(NMey)a(LiCl)y —oxane. "t [RE(AIMe,)s] 266-RE
—40 °Ctort, 16h -3 Licl RE =Y, La-Sm,
- 3 Me,NAIMe, Gd-Lu
pentane/hexane
1)—40 °C, 1h
) 2)-15 °C, 84h
B) Sc(u-Me)gLiz(THF); , + 9 AlMeg ) [Sc(AIMeg)s]+Al,Meg 266-Sc
— AlMeg(THF)
- 3 Li(AIMey)

C;Hg, 100 °C, 72h
_ =
- 3KCl

C) YCl; + 3 Li(AIMey)

hexane

-35°C, 0.5h

D) [RE(Me)s], + 3 AlMe3)

[Y(AlMe4)s] 266-Y

[RE(AIMe4)s] 266-RE

RE =Y, Lu

(Scheme 74, C).°°% Alternatively, homoleptic trimethyl
precursors [Y(Me);], (226-Y) and [Lu(Me),], (226-Lu) can
be converted into the corresponding organoaluminates by
adduct formation with AlMe, (Scheme 74, D).%*"*>
Amide-alkyl or alkoxide-alkyl exchange reactions can be used
to access divalent Ln organoaluminates [Ln(AlMe,),], (267-
Ln; Ln = Sm, Yb) and [Ln(AlEt,),], (268-Ln; Ln = Sm,
Yb);**%%%° these are achieved by reacting bis-silylamide
precursors 185-Sm and 185-Yb (Scheme 77, A) or bis-alkoxides
Ln(ODipp),(THF), with AIR; (R = Me, Et) (Scheme 77,
B).>%%°b%% Interestingly, 267-Ln and 268-Ln do not degrade

6093

in the presence of donors or polar solvents, and the solid-state
structures of THF adducts [Ln(AlEt,),(THF),] (269-Ln-
2THF; Ln = Sm, Yb) have also been reported.696 267-Yb can
also be obtained via thermally induced self-reduction of 266-Yb,
with concomitant formation of Al,Mes and C,Hg (Scheme 77,
C).>'® Finally, Eu(Ill) tris-amide 186-Eu-2THF can be
converted into [Eu(AIR,),], (267-Eu — R = Me; 268-Eu — R
= Et) upon treatment with an excess of AIR; (Scheme 77, D).”'®

RE organoaluminates (Table 12) are excellent synthetic
precursors in protonolysis reactivity with a range of substrates.
Anwander demonstrated this with the preparation of Cp

https://doi.org/10.1021/acs.chemrev.1c00842
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Scheme 77. Synthesis of Divalent Alkylaluminates®'*%°

hexane, r.t., 18h

A) [Ln{N(SiMe3)oo(THF),] + 6 AR
185-Ln

— 2 AIRy(THF)
—2 (SiMe3),NAIR,

[Ln(AIRy)sl, 267-Ln (R = Me; Ln = Sm, Yb)

268-Ln (R = Et; Ln = Sm, Yb)

hexane, r.t., 18h

B) [Ln(ODipp)y(THF),] + 6 AlMes

[Ln(AlMeg),], 267-Ln (Ln =Sm, Yb)

— 2 AlMe3(THF)
— 2 DippOAIMe,
hexane, r.t.
C) [Yb(AMey)s] [Yb(AIMey),], 267-Yb
-05 A|2Mee
266-Y ~CoHg

D) [Euf{N(SiHMey)s}s(THF),] + 8 AR,

hexane, r.t., 1h

[Eu(AIR4)2ln  267-Eu (R = Me)

—2 AIR3(THF) 268-Eu (R = Et)
- CoHg
- 3 (SiHMe,),NAIR,
Scheme 78. Selected Examples of Protonolysis Reactivity of 266-RE and 267-Yb%"7~7%°
® =
A
Z » =7
) o '
__NH  HN, R RE
N Dipp i +HCp
Dipp”  TRET Dipp DiPP J66.RE ———  » |\4e// \\Me
Me/ }/Ie hexane, r.t., 4h hexane or pentane A::{‘Me Me,,,‘
Z ) — AlMeg, — CH, rt,5-20min.  Me— | 3?‘\|v|e
Al RE=Y, La, Lu — AlMes, — CHy
we Ny RE=Y, La, Nd, Me Me
e Sm, Gd, Lu 272-RE (CpR = Cp*; RE = V, La, Nd)
275 273-RE (CpR = Cp*; RE =V, La, Nd, Sm, Gd, Lu)
+2 HCp* ﬁ
267-Yb —mM8Mm > b
THF, r.t., 16h THF// A"f,\THF
— AlMe3(THF), — CH, %
— Al(Cp*)Me, THF THF
[AlMe4]
274

derivatives [RE(Cp")(AIMe,),] (272-RE; Cp" = Cp*, RE =Y,
La, Nd, and Lu; 273-RE; Cp® = Cp*’; RE = Y, La, Nd, Sm, Gd,
and Lu) via deprotonation of the corresponding cyclo-
pentadiene in hexane or pentane under mild conditions
(Scheme 78).7°°® Lappert and co-workers first showed that
heteroleptic Cp-alkylaluminate complexes can undergo donor-
induced cleavage of AIMe; upon treatment with a Lewis base.’”®
In a similar vein, 272-RE can be converted to the “unmasked”
alkyl analogues [RE(Cp*)(Me),]; (RE =Y, Lu) by addition of
THE; the reaction is fully reversible, and 272-RE is reobtained
via donor addition reaction with AlMe; at —35 °C.°”*
Furthermore, the difference in the bonding character between
divalent Ln and trivalent RE aluminates is exemplified by their
divergent reactivity with cyclopentadienyls. When divalent 267-
Yb is reacted with HCp*, the {AlMe,}~ ligand acts as a weakly
coordinating anion and the separated ion pair complex
[Yb(Cg*)(THF)d [AlMe,] (274) is isolated from the reac-
tion.”*" Interestingly, complex 274 is obtained even when two
equivalents of HCp* are used in the reaction, and the authors
detected unreacted pentamethylcyclopentadiene in the reaction
mixture, t(_)égether with AlMe;(THF) and traces of
Cp*AlMe,.>>° Zimmermann et al. have also shown that pro-
ligand C,NH;[CH,NH(Dipp)],-2,6 can be deprotonated by
266-RE (RE = Y, La, Lu), yielding heteroleptic aluminate
complex [RE(BDPPpyr)(AlMe,)] (275; BDPPpyr
{C¢NH,[CH,N(Dipp)],-2,6)}") (Scheme 78).”
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Anwander and co-workers have also demonstrated that RE
organoaluminates can be employed for salt elimination reactivity
with various ligand transfer reagents.'' Piano-stool derivative
272-Sc is obtained from the 1:1 reaction between K(Cp*) and
266-Sc, while the metallocene complex [Sc(Cp*),(AlMe,)]
(276) is obtained when two equivalents of K(Cp*) are used
(Scheme 79).°** When K(Tp®"M¢) is reacted with 266-Y,
K(AlMe,), is eliminated together with one equivalent of AlMe,
and the mixed alkyaluminate/alkyl complex [Y(Tp™*M¢)-
(AlMe,)(Me)] (277) is isolated (Scheme 79),”°" which can
also be obtained via protonolysis reactivity between HTp®*Me
and 266-Y.”%° However, when 266-La is used as a starting
material, the reaction produces the “Tebbe-like” methylidene
complex [La(Tp™M¢)(u;-CH,)(AlMe;),] (278) (Scheme
79).”°" Salt elimination protocols were also employed by Le
Roux et al. to produce the piano-stool phospholyl complex
[RE{C,PMe,(SiMe;),}(AlMe,),] (279-RE; RE = La, Nd)
(Scheme 79).”%> Another example of the interesting reactivity of
RE organoaluminates has been shown recently by Barisic et al.
with the salt metathesis reaction between 266-RE (RE =Y, Lu)
and two equivalents of K(2,4-dtbp) (2,4-dtbp = {CH,C('Bu)-
CHC('Bu)CH,}"). At room temperature the reaction affords
the aluminabenzene complexes [RE(2,4-dtbp)(CsH;AIMe-
1-'Bu,-3,5)] (280-RE; RE =Y, Lu) (Scheme 75).”% However,
when the same reaction is carried out at —40 °C, the pseudo-
metallocenes [RE(2,4-dtbp),(AlMe,)] (281-RE; RE =Y, Lu)
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Scheme 79. Selected Examples of Salt Elimination Reactivity of 266-RE
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are obtained instead, which can undergo thermal decomposition
to give aluminabenzene derivatives 280-RE.””

10. CONCLUSIONS AND FUTURE PERSPECTIVES

The landscape of RE and Ln synthetic chemistry has grown
immensely since the first adventurous steps taken more than half
a century ago by various pioneers of the discipline. This
impressive growth has been supported by the enormous
expansion of the RE synthetic toolbox and the opening of a
myriad of synthetic possibilities, the potential of which is still far
from being fulfilled. Nonetheless, there is still progress to be
made in the development of synthetic precursors and method-
ologies applicable to divalent Lns outside the Sm, Eu, and Yb
triad, which is exemplified by the relatively small number of
synthetic applications compared to the trivalent counterparts.**
Similarly, the landscape of molecular Ln(IV) chemistry—
historically limited to Ce(IV)—has been recently expanded with
the stabilization of the first molecular Pr(IV) and Tb(IV)
species; **~7"? as a result, new advances will likely emerge for
the preparation of specific starting materials and methodologies
applicable to tetravalent Ln chemistry. Recently, Evans and Daly
have demonstrated that mechanochemical synthesis can be used
for the preparation of RE derivatives using salt elimination
methodologies, thus offering a viable alternative to standard
solution methods.”"*~7"° Additionally, direct activation of
metals is a synthetic technique that is still used by only a few
groups around the world, largely because of the historic
involvement of toxic Hg and Tl reagents; however, these
methods have now been extended to more benign metals (Bi
and Ag), 75 which should encourage research teams to
incorporate these methods into their synthetic repertoire.
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Many of the limitations that historically frustrated the progress
of RE synthetic chemistry are gradually being challenged and
overcome; an example of this is the successful stabilization and
identification of the once elusive “RE(Me);” species by
Anwander and co—workers,503’63l’63?’ though this still has not
been achieved with the larger Lns.”"” Finally, several of the
synthetic precursors presented in this work have emerged over
the past decade; therefore, because of these recent discoveries,
there will certainly be many new and exciting synthetic avenues
that will be opened-up in the years to come.

AUTHOR INFORMATION
Corresponding Author
Fabrizio Ortu — School of Chemistry, University of Leicester,

LE1 7RH Leicester, UK,; © orcid.org/0000-0002-1743-
8338; Email: fabrizio.ortu@leicester.ac.uk

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.chemrev.1c00842

Notes

The author declares no competing financial interest.
Biography

Fabrizio Ortu is from Sassari (Sardinia, IT) and obtained his Ph.D. from
the University of Nottingham in 2014, where he studied s-block
organometallic chemistry under the supervision of Prof. Deborah Kays.
After his Ph.D. studies he moved to the University of Manchester to
work with Prof. David Mills as a postdoctoral researcher, covering a
range of topics in rare earth and actinide synthetic chemistry. In June
2019 he was appointed to a lectureship at the University of Leicester.

https://doi.org/10.1021/acs.chemrev.1c00842
Chem. Rev. 2022, 122, 6040—6116


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fabrizio+Ortu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-1743-8338
https://orcid.org/0000-0002-1743-8338
mailto:fabrizio.ortu@leicester.ac.uk
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00842?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00842?fig=sch79&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00842?fig=sch79&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c00842?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews pubs.acs.org/CR
His research interests lie in the coordination and organometallic Ln lanthanoid (La—Lu)
chemistry of alkaline earth and rare earth metals. Mes 2,4,6-trimethylphenyl
MVS metal vapor synthesis
ACKNOWLEDGMENTS OTf triflate, {O;SCF;}
Ph,pz {3,5-Ph,C,HN,}
I acknowledge the School of Chemistry, University of Leicester Phen phenantroline
for financial support and the Engineering and Physical Sciences Phpip N-phenylpiperazine
Research Council for a New Investigator Award (EP/ pyr pyrrolide, {C,H,N}~
W00691X/1). Also, I thank Prof. David Mills and Dr. Conrad pz pyrazolate, {C;H N, }~
Goodwin for all the constructive and insightful discussions on RE rare earth (Sc, Y, La—Lu)
RE synthetic chemistry we have had over the years, which RT redox transmetalation
provided the inspiration for this work. RTP redox transmetalation protononlysis/protolysis
THF tetrahydrofuran
ABBREVIATIONS ™ transition metal
Ad adamantyl TMG tetramet.hylguanidinate
AE alkaline Earth Tph CH,Tripp-2
An actinide Tripp 2,4,6-triisopropylphenyl
Ar aryl
BDI f-diketiminate
BDPPpyr [C,NH;{CH,N(Dipp)},-2,6)]" REFERENCES
BIPM-H, bis(iminophosphorano)methane (1) Fischer, E. O. On the Way to Carbene and Carbyne Complexes. In
BIPM-H  bis(iminophosphorano)methanide Adv. Organomet. Chem., Vol.14; Stone, F. G. A, West, R, Eds;
BIPM- bis(iminophosphorano)methanediide Academic Press, 1976; pp 1-32.
bipy 2,2 —bipyridine (2) Wilkinson, G.; Birmingham, J. M. Cyclopentadienyl Compounds
Bn benzyl, {CH,Ph}~ of S, Y, La, Ce and Some Lanthanide Elements. J. Am. Chem. Soc. 1954,
Bn™® {CH,(CeH,Me-4)}~ 76 6210. e . _
BntBe {CH,(C4H,Bu-4)}~ (3) von Frankland, E. Notiz Uber Eine Neue Reihe Organischer
NMe2 2064 _ Korper, Welche Metalle, Phosphor u. s. w. Enthalten. Justus Liebigs Ann.
Bn {CH,(C¢H,(NMe,)-2)}
CAN . . . Chem. 1849, 71, 213-216.
CErIC ammonium nltratf (4) Cotton, F. A. Alkyls and Aryls of Transition Metals. Chem. Rev.
Carb carbazolide, {ClegN} 1955} 55} 551—594.
COT cyclooctatetraenyl, {CsHg}™ (5) Cotton, S. A. Aspects of the Lanthanide-Carbon ¢-Bond. Coord.
Cp cyclopentadienyl, {C;H;}~ ‘ Chem. Rev. 1997, 160, 93—127.
CpBIG {CsArg}™ (Ar = C¢H, R-4; R = Et, 'Pr, "Bu) (6) Edelmann, F.; Scandium, T. Yttrium, and the Lanthanide and
CpiP 4 {CSHiPr W Actinide Elements, Excluding Their Zero Oxidation State Complexes.
Cp™ {C{Pr}™ Compr. Organomet. Chem. II 1995, 11-212.
CpPhs {CPh}™ (7) Ortu, F.; Mills, D. P. Low Coordinate Rare Earth and Actinide
Cp’ {C2H4SSiMe3}_ Complexes. In Handbook of the Physics and Chemistry of Rare Earths,
Cp” {C5H3(SiMe3)2}: ;7;1. 5S; Biinzli, J.-C., Pecharsky, V. K, Ed.; Elsevier B.V,, 2019; pp 1—
Cp* {C5H2(81_N[e3) 3 (8) Anwander, R. Principles in Organolanthanide Chemistry. In
Cptet {CsMes} _ Lanthanides: Chemistry and Use in Organic Synthesis; Kobayashi, S., Ed.;
Cp {CsHMe,} Springer: Berlin, Heidelberg, 1999; pp 1—61.
Cp' {CH,Bu}~ (9) Edelmann, F. T. Lanthanides and Actinides. In Synthetic Methods
Cp" {CsH;Bu,}~ of Organometallic and Inorganic Chemistry, Vol. 6; Thieme: Stuttgart,
Cp'™ {CJH,'Bu,}™ 1997; pp 1-143.
DF 2,6-difluorophenyl, C4H,F,-2,6 (10) Mills, D. P.; Liddle, S. T. Ligand Design in Modern Lanthanide
Db 2,6-di-tert-butylphenyl, C4H,Bu,-2,6 Chen}istry. In Ligand Design in Metal Chemistf.'y: Reactivity and Catalysis;
DBA N,N—dimethylbenzylamine gtsrgdlgxégo, M., Lundgren, R. J., Eds.; John Wiley & Sons, Ltd, 2016; pp
. t — .
Dbmp 2,6-di-tert-butyl-4-methylphenyl, C¢H, Bu,-2,6-Me- (11) Zimmermann, M.; Anwander, R. Homoleptic Rare-Earth Metal
. 4 o . Complexes Containing Ln-C 6-Bonds. Chem. Rev. 2010, 110, 6194—
Dipp 2,6-di-iso-propylphenyl, CcH;'Pr,-2,6 6259.
Dipp-Bian 1,2-bis[(2,6-diisopropylphenyl)imino]- (12) Guo, Z.; Huo, R.; Tan, Y. Q; Blair, V.; Deacon, G. B.; Junk, P. C.
acenaphthene Syntheses of Reactive Rare Earth Complexes by Redox Trans-
Dmp CsH;Mes,-2,6 metallation/Protolysis Reactions—A Simple and Convenient Method.
dpa 2,2'-dipyridylamide, {(C¢H,N),N}~ Coord. Chem. Rev. 2020, 415, 213232.
Dpp 2,6-diphenylphenyl, C4H;Ph,-2,6 (13) Cloke, F. G. N. Zero Oxidation State Compounds of Scandium,
2,4-dtbp {CH,C(*Bu)CHC('Bu)CH,}") Yttrium, and the Lanthanides. Chem. Soc. Rev. 1993, 22, 17-24. .
EPR electron paramagnetic resonance (14) Taylor, M. D. Preparation of Anhydrous Lanthanon Halides.
Form formamidinate Chem. Rev. 1962, 62, 503—511.
. (15) Meyer, G. The Divalent State in Solid Rare Earth Metal Halides.
HMPA  hexamethylphoshoramide In Encvelopedi . - . o .
. _ n Encyclopedia of Inorganic and Bioinorganic Chemistry; John Wiley &
Htp {C;H,PBuy2,5)” . Sons, Ltd,, 2012; pp 1—13.
IDipp 1,3-bis(Dipp),imidazolin-2-ylidene (16) Marks, T. J.; Kolb, J. R. Covalent Transition Metal, Lanthanide,
IMe, 1,3-bis(Me),imidazolin-2-ylidene and Actinide Tetrahydroborate Complexes. Chem. Rev. 1977, 77, 263—
IMes 1,3-bis(Mes),imidazolin-2-ylidene 293.

6096

https://doi.org/10.1021/acs.chemrev.1c00842
Chem. Rev. 2022, 122, 6040—6116


https://doi.org/10.1021/ja01652a114?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja01652a114?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/jlac.18490710206
https://doi.org/10.1002/jlac.18490710206
https://doi.org/10.1021/cr50003a003?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0010-8545(96)01340-9
https://doi.org/10.1016/B978-008046519-7.00026-5
https://doi.org/10.1016/B978-008046519-7.00026-5
https://doi.org/10.1021/cr1001194?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr1001194?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.ccr.2020.213232
https://doi.org/10.1016/j.ccr.2020.213232
https://doi.org/10.1039/cs9932200017
https://doi.org/10.1039/cs9932200017
https://doi.org/10.1021/cr60220a001?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr60306a004?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr60306a004?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c00842?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

REVIEY

(17) Ephritikhine, M. Synthesis, Structure, and Reactions of Hydride,
Borohydride, and Aluminohydride Compounds of the f-Elements.
Chem. Rev. 1997, 97, 2193—2242.

(18) Makhaev, V. D. Structural and Dynamic Properties of
Tetrahydroborate Complexes. Russ. Chem. Rev. 2000, 69, 727—746.

(19) Visseaux, M.; Bonnet, F. Borohydride Complexes of Rare Earths,
and Their Applications in Various Organic Transformations. Coord.
Chem. Rev. 2011, 255, 374—420.

(20) Guillaume, S. M.; Maron, L.; Roesky, P. W. Catalytic Behavior of
Rare-Earth Borohydride Complexes in Polymerization of Polar
Monomers. In Handbook of the Physics and Chemistry of Rare Earths,
Vol. 44; Biinzli, J.-C., Pecharsky, V. K., Ed.; Elsevier B.V., 2014; pp 1—
86.

(21) Paskevicius, M.; Jepsen, L. H; Schouwink, P.; éernjf, R;
Ravnsbak, D. B.; Filinchuk, Y.; Dornheim, M.; Besenbacher, F.; Jensen,
T. R. Metal Borohydrides and Derivatives-Synthesis, Structure and
Properties. Chem. Soc. Rev. 2017, 46, 1565—1634.

(22) Anwander, R. Lanthanide Amides. In: Organolanthoid Chemistry:
Synthesis, Structure, Catalysis. Topics in Current Chemistry, Vol. 179;
Springer: Berlin, 1996; pp 33—112.

(23) Lappert, M. F,; Power, P. P.; Protchenko, A. V.; Sebert, A.
Amides of the Group 3 and Lanthanide Metals. In Metal Amide
Chemistry; John Wiley & Sons, Ltd., 2008; pp 79—120.

(24) Goodwin, C. A. P,; Mills, D. P.Silylamides: Towards a Half-
Century of Stabilising Remarkable f-Element Chemistry. In SPR
Organomet. Chem., Vol. 41; RSC Publishing: Cambridge, 2017; pp
123—-156.

(25) Bradley, D. C.; Mehrotra, R. C.; Gaur, D. P. Metal Alkoxides;
Academic Press, Inc.: London, 1978; pp 1—411.

(26) Mehrotra, R. C.; Singh, A.; Tripathi, U. M. Recent Advances in
Alkoxo and Aryloxo Chemistry of Scandium, Yttrium, and Lanthanoids.
Chem. Rev. 1991, 91, 1287—1303.

(27) Bradley, D. C.; Mehrotra, R. C.; Rothwell, L. P.; Singh, A. Alkoxo
and Aryloxo Derivatives of Metals; Elsevier Ltd: Amsterdam, 2001; pp
1-704.

(28) Anwander, R. Routes to monomeric lanthanide alkoxides. In
Organolanthoid Chemistry: Synthesis, Structure, Catalysis. Topics in
Current Chemistry, Vol. 179; Springer: Berlin, 1996; pp 149—245.

(29) Boyle, T. J; Ottley, L. A. M. Advances in Structurally
Characterized Lanthanide Alkoxide, Aryloxide, and Silyloxide Com-
pounds. Chem. Rev. 2008, 108, 1896—1917.

(30) Parmar, V.; Gransbury, G. K.; Whitehead, G. F. S.; Mills, D. P.;
Winpenny, R. E. P. Slow Magnetic Relaxation in Distorted Tetrahedral
Dy(III) Aryloxide Complexes. Chem. Commun. 2021, 57, 9208—9211.

(31) Lawrance, G. A. Coordinated Trifluoromethanesulfonate and
Fluorosulfate. Chem. Rev. 1986, 86, 17—33.

(32) Davidson, P. J.; Lappert, M. F.; Pearce, R. Metal 6-Hydrocarbyls,
MR,. Stoichiometry, Structures, Stabilities, and Thermal Decom-
position Pathways. Chem. Rev. 1976, 76, 219—242.

(33) Bochkarev, M. N.; Kalinina, G. S.; Bochkarev, L. N. Advances in
the Chemistry of Organolanthanides. Russ. Chem. Rev. 1985, 54, 802—
816.

(34) Schumann, H.; Meese-Marktscheffel, J. A.; Esser, L. Synthesis,
Structure, and Reactivity of Organometallic 7-Complexes of the Rare
Earths in the Oxidation State Ln®* with Aromatic Ligands. Chem. Rev.
1995, 95, 865—986.

(35) Deacon, G. B.; Forsyth, C. M.; Nickel, S. Bis(Pentafluorophenyl)
Mercury - A Versatile Synthon in Organo-, Organooxo-, and
Organoamido-Lanthanoid Chemistry. J. Organomet. Chem. 2002, 647,
50—60.

(36) Edelmann, F. T.; Freckmann, D. M. M.; Schumann, H. Synthesis
and Structural Chemistry of Non-Cyclopentadienyl Organolanthanide
Complexes. Chem. Rev. 2002, 102, 1851—1896.

(37) Lyubov, D. M,; Trifonov, A. A. Ln(Il) Alkyl Complexes: From
Elusive Exotics to Catalytic Applications. Inorg. Chem. Front. 2021, 8
(12), 2965—2986.

(38) Izod, K. Alkyl, Carbonyl and Cyanide Complexes of the Group 3
Metals and Lanthanides. In Compr. Organomet. Chem. IV; Elsevier Ltd.:
Amsterdam, 2021; pp 1-S5S.

6097

(39) Evans, W. J. The Organometallic Chemistry of the Lanthanide
Elements in Low Oxidation States. Polyhedron 1987, 6, 803—835.

(40) Anwander, R.; Herrmann, W. A. Features of Organolanthanide
Complexes. In Top. Current Chem., Vol. 179; Herrmann, W. A., Ed;
Springer-Verlag: Berlin, 2005; pp 1—-32.

(41) Liddle, S. Lanthanides: Organometallic Chemistry. In
Encyclopedia of Inorganic and Bioinorganic Chemistry; John Wiley &
Sons, Ltd., 2012; pp 1-21.

(42) Nicholas, H. M.; Mills, D. P. Lanthanides: Divalent Organo-
metallic Chemistry. In Encyclopedia of Inorganic and Bioinorganic
Chemistry; John Wiley & Sons, Ltd., 2017; pp 1-10.

(43) Layfield, R. A. Lanthanides. In Compr. Organomet. Chem. III;
Elsevier Ltd.: Amsterdam, 2021; pp 418—470.

(44) The Rare Earth Elements: Fundamentals and Applications;
Atwood, D. A,, Ed,; Wiley: New York, 2012; pp 1—-624.

(45) Kapustinskii, A. F. Lattice Energy of Ionic Crystals. Q. Rev. Chem.
Soc. 1956, 10, 283—294.

(46) Kaya, S. Relationships between Lattice Energies of Inorganic
Tonic Solids. Phys. B Condens. Matter 2018, 538, 25—28.

(47) Lovinger, G. J.; Aparece, M. D.; Morken, J. P. Pd-Catalyzed
Conjunctive Cross-Coupling between Grignard-Derived Boron “Ate”
Complexes and C(sp®) Halides or Triflates: NaOTf as a Grignard
Activator and Halide Scavenger. J. Am. Chem. Soc. 2017, 139, 3153—
3160.

(48) Bounioux, C.; Bar-Hen, A.; Yerushalmi-Rozen, R. Salting-in
Effect in Organic Dispersions of Poly(3-Hexyl Thiophene)-Carbon-
Nanotubes. Chem. Commun. 20185, 51, 6343—6345.

(49) Bloor, E. G; Kidd, R. G. Solvation of Sodium Ion Studied by >*Na
Nuclear Magnetic Resonance. Can. J. Chem. 1968, 46, 3425—3430.

(50) Arkhipov, S. M.; Mikheeva, V. L; Pruntsev, A. E. Joint Solubility
of Lithium and Aluminium Bromides and Iodides in Ether and Toluene
at 25°. Bull. Acad. Sci. USSR Div. Chem. Sci. 1975, 24, 1550—1552.

(51) Hitchcock, P. B.; Lappert, M. F.; Smith, R. G; Bartlett, R. A;
Power, P. P. Synthesis and Structural Characterisation of the First
Neutral Homoleptic Lanthanide Metal(I1I) Alkyls: [LnR;] [Ln = La or
Sm, R = CH(SiMe,),]. J. Chem. Soc, Chem. Commun. 1988, 1007—
1009.

(52) Determination of Organic Structures by Physical Methods, 1st ed.;
Nachod, F. C., Braude, E. A., Eds.; Academic Press, Inc.: New York,
1955; pp 1—824.

(53) Joannis, A. Combinaisons Du Potassium et Du Sodium Avec Le
Gaz Ammoniac. Compt. Rend. 1889, 109, 900—903.

(54) Johnson, W. C.; Fernelius, W. C. Liquid Ammonia as a Solvent
and the Ammonia System of Compounds. IV. Experimental Procedures
Involved in the Manipulation of Liquid Ammonia Solutions. J. Chem.
Educ. 1929, 6, 441—450.

(55) Wayda, A. L;; Dye, J. L. A Versatile System for Vacuum-Line
Manipulations. J. Chem. Educ. 1988, 62, 356—359.

(56) Mentrel, B. Sure Le Baryum-Ammonium et 'amidure de Baryum.
Compt. Rend. 1902, 135, 740—742.

(57) Roederer, M. Sure Le Strontium Ammonium. Compt. Rend.
1905, 140, 1252—1253.

(58) Moissan, H. Préparation Du Lithium-Ammonium, Du Calcium-
Ammonium et Des Amidures de Lithium et de Calcium. Compt. Rend.
1898, 127, 685—693.

(59) Moissan, H. Préparation et Propriétés d'un Ammonium
Organique: Le Lithium-Monométhylammonium. Compt. Rend. 1899,
128, 26—30.

(60) Moissan, H. Action de I'acetylene Sur Les Metaux-Ammoniums.
Compt. Rend. 1898, 127, 911-917.

(61) Kraus, C. A. Solutions of Metals in Non-Metallic Solvents; I.
General Properties of Solutions of Metals in Liquid Ammonia. J. Am.
Chem. Soc. 1907, 29, 1557—1571.

(62) Kraus, C. A. Solutions of Metals in Non-Metallic Solvents; III.
The Apparent Molecular Weight of Sodium Dissolved in Liquid
Ammonia. J. Am. Chem. Soc. 1908, 30, 1197—1219.

(63) Kraus, C. A. Solution of Metals in Non-Metallic Solvents; I. On
the Formation of Compounds between Metals and Ammonia. J. Am.
Chem. Soc. 1908, 30, 653—668.

https://doi.org/10.1021/acs.chemrev.1c00842
Chem. Rev. 2022, 122, 6040—6116


https://doi.org/10.1021/cr960366n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr960366n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1070/RC2000v069n09ABEH000580
https://doi.org/10.1070/RC2000v069n09ABEH000580
https://doi.org/10.1016/j.ccr.2010.09.016
https://doi.org/10.1016/j.ccr.2010.09.016
https://doi.org/10.1039/C6CS00705H
https://doi.org/10.1039/C6CS00705H
https://doi.org/10.1021/cr00006a007?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr00006a007?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr0401063?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr0401063?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr0401063?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D1CC02707G
https://doi.org/10.1039/D1CC02707G
https://doi.org/10.1021/cr00071a002?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr00071a002?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr60300a003?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr60300a003?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr60300a003?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1070/RC1985v054n08ABEH003112
https://doi.org/10.1070/RC1985v054n08ABEH003112
https://doi.org/10.1021/cr00036a004?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr00036a004?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr00036a004?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0022-328X(01)01433-4
https://doi.org/10.1016/S0022-328X(01)01433-4
https://doi.org/10.1016/S0022-328X(01)01433-4
https://doi.org/10.1021/cr010315c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr010315c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr010315c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D1QI00206F
https://doi.org/10.1039/D1QI00206F
https://doi.org/10.1016/S0277-5387(00)80921-3
https://doi.org/10.1016/S0277-5387(00)80921-3
https://doi.org/10.1039/qr9561000283
https://doi.org/10.1016/j.physb.2018.03.020
https://doi.org/10.1016/j.physb.2018.03.020
https://doi.org/10.1021/jacs.6b12663?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b12663?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b12663?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b12663?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C5CC00802F
https://doi.org/10.1039/C5CC00802F
https://doi.org/10.1039/C5CC00802F
https://doi.org/10.1139/v68-569
https://doi.org/10.1139/v68-569
https://doi.org/10.1007/BF00946443
https://doi.org/10.1007/BF00946443
https://doi.org/10.1007/BF00946443
https://doi.org/10.1039/c39880001007
https://doi.org/10.1039/c39880001007
https://doi.org/10.1039/c39880001007
https://doi.org/10.1021/ed006p441?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ed006p441?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ed006p441?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ed062p356?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ed062p356?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja01965a003?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja01965a003?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja01950a001?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja01950a001?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja01950a001?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja01947a001?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja01947a001?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c00842?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

REVIEY

(64) Cottrell, F. G. Some Reactions of Liquid Anhydrous Ammonia
and Acetylene. . Phys. Chem. 1914, 18, 85—100.

(65) Watt, G. W.; Jenkins, W. A.; McCuiston, J. M. Reactions of Some
Thorium and Uranium Compounds in Liquid Ammonia. J. Am. Chem.
Soc. 1950, 72, 2260—2262.

(66) Warf, J. C.; Korst, W. L. Solutions of Europium and Ytterbium
Metals in Liquid Ammonia. J. Phys. Chem. 1956, 60 (11), 1590—1591.

(67) Shannon, R. D. Revised Effective Ionic Radii and Systematic
Studies of Interatomie Distances in Halides and Chaleogenides. Acta
Crystallogr. Sect. A Found. Crystallogr. 1976, A32, 751—767.

(68) Harder, S. From Limestone to Catalysis: Application of Calcium
Compounds as Homogeneous Catalysts. Chem. Rev. 2010, 110, 3852—
3876.

(69) Catterall, R; Symons, M. C. R. Nature of the Ion Pair or
Monomer Species in Metal-Ammonia Solutions. J. Chem. Phys. 1965,
42, 1466.

(70) Symons, M. C. R. Solutions of Metals: Solvated Electrons. Chem.
Soc. Rev. 1976, S, 337—358.

(71) Thompson, D. S.; Schaefer, D. W.; Waugh, J. S. Electronic
Spectra of Solutions of Europium and Ytterbium in Liquid Ammonia.
Inorg. Chem. 1966, S, 325—326.

(72) Peer, W. J.; Lagowski, J. J. Metal-Ammonia Solutions. 13.
Solutions of Lanthanoid Metals. J. Phys. Chem. 1980, 84, 1110—1119.

(73) Hadenfeldt, C.; Jacobs, H.; Juza, R. Uber Die Amide Des
Europiums Und Ytterbiums. Z. Anorg. Allg. Chem. 1970, 379, 144—156.

(74) Stuhr, A.; Jacobs, H.; Juza, R. Darstellung Und Kristallstruktur
von Na[Yb(NH,),]. Z. Anorg. Allg. Chem. 1973, 398, 1—14.

(75) Rabenau, A. The Role of Hydrothermal Synthesis in Preparative
Chemistry. Angew. Chem., Int. Ed. 1985, 24, 1026—1040.

(76) Young, D. M.; Schimek, G. L.; Kolis, J. W. Synthesis and
Characterization of [Yb(NH;)s][Cu(S,),]-NH;, [Yb(NH;)s][Ag-
(S4),)-2NH;, and [La(NH;)s][Cu(S,),] in Supercritical Ammonia:
Metal Sulfide Salts of the First Homoleptic Lanthanide Ammine
Complexes. Inorg. Chem. 1996, 35, 7620—7625.

(77) Quitmann, C. C.; Miiller-Buschbaum, K. [Sm(NHj;),][Sm-
(Pyr)e], Ein Komplexes Salz Mit Zwei Homoleptischen Ionen Aus Der
Synthese in Fliissigem Ammoniak. Z. Anorg. Allg. Chem. 2005, 631 (2—
3), 564—568.

(78) Miiller, T. G.; Karau, F.; Schnick, W.; Kraus, F. A New Route to
Metal Azides. Angew. Chem., Int. Ed. 2014, 53, 13695—13697.

(79) Miiller, T. G.; Mogk, J.; Conrad, M.; Kraus, F. Octaammine Eul!
and Yb" Azides and Their Thermal Decompositions to the Nitrides.
Eur. J. Inorg. Chem. 2016, 2016, 4162—4169.

(80) Salot, S.; Warf, J. C. Chemical Generation of the Ammoniated
Electron via Ytterbium(II). J. Am. Chem. Soc. 1968, 90, 1932—1933.

(81) Howell, J. K; Pytlewski, L. L. Synthesis of Divalent Europium
and Ytterbium Halides in Liquid Ammonia. J. Less-Common Met. 1969,
18, 437—439.

(82) Tilley, T. D.; Boncella, J. M; Berg, D. J.; Burns, C. J.; Andersen,
R. A. Bis[Bis(Trimethylsilyl) Amido[Bis(Diethylether)Ytterbium and
(Diethyl Ether)Bis(7°-Pentamethylcyclopentadienyl) Ytterbium. Inorg.
Synth. 1990, 27, 146—150.

(83) Fischer, E. O.; Fischer, H. Uber Dicyclopentadienyleuropium
Und Dicyclopentadienylytterbium Und Tricyclopentadienyle Des
Terbiums, Holmiums, Thuliums Und Lutetiums. J. Organomet. Chem.
1965, 3, 181.

(84) Wayda, A. L; Dye, J. L,; Rogers, R. D. Divalent Lanthanoid
Synthesis in Liquid Ammonia. 1. The Synthesis and x-Ray Crystal
Structure of (CsMes),Yb(NH,)(THF). Organometallics 1984, 3 (11),
1605—1610.

(85) Hayes, R. G.; Thomas, J. L. Synthesis of Cyclooctatetraenyleur-
opium and Cyclooctatetraenylytterbium. J. Am. Chem. Soc. 1969, 91,
6876.

(86) Murphy, E.; Toogood, G. E. The Preparation of Europium(1I)
Propynide. Inorg. Nucl. Chem. Lett. 1971, 7, 755—759.

(87) Wayda, A. L.; Mukerji, I; Dye, L J. L.; Rogers, R. D. Divalent
Lanthanoid Synthesis In Liquid Ammonia: 2: The Synthesis and X-Ray
Crystal Structure of (CgHg)Yb(CsHN)5-1/2CsHN. Organometallics
1987, 6 (6), 1328—1332.

6098

(88) Feistel, G. R;; Mathai, T. P. A New Type of Intramolecular
Antiferromagnetism. J. Am. Chem. Soc. 1968, 90, 2988—2989.

(89) Pappalardo, R. Absorption Spectra of Neutral Dipyridyl
Complexes. Inorg. Chim. Acta 1968, 2, 209—215.

(90) Cetinkaya, B.; Hitchcock, P. B.; Lappert, M. F.; Smith, R. G. The
First Neutral, Mononuclear 4f Metal Thiolates and New Methods for
Corresponding Aryl Oxides and Bis(Trimethylsilyl)Amides. J. Chem.
Soc. Chem. Commun. 1992, 932—934.

(91) Deacon, G. B; Hitchcock, P. B.; Holmes, S. A.; Lappert, M. F.;
Mackinnon, P.; Newnham, R. H. Four- and Five-Co-Ordinate
Lanthanide(II) Aryloxides: X-Ray Structures of the Bis(2,6-Di-t-
Butyl-4-Methylphenoxo) Ytterbium(II) Complexes [Yb(OAr),(L),]
and [Yb(OAr),(L");] [Ar = C¢H,Bu',-2,6-Me-4, L = Tetrahydrofuran
(thf) or OEt,, L’ = thf]. . Chem. Soc. Chem. Commun. 1989, 935—937.

(92) Evans, W. J.; Greci, M. A,; Ziller, J. W. Substituent Effects in the
Formation of Aryloxide-Bridged Europium Complexes. J. Chem. Soc,,
Dalton Trans. 1997, 3035—3039.

(93) Quitmann, C. C.; Miiller-Buschbaum, K. Low-Temperature
Oxidation of Ytterbium with Pyrrole in Liquid Ammonia. Formation of
the First Unsubstituted Pyrrolates of a Rare Earth Element. Z. Anorg.
Allg. Chem. 2004, 630, 2422—2430.

(94) Miiller-Buschbaum, K.; Zurawski, A. On the Mechanisms of
Electride Induced Synthesis of Ytterbium Carbazolates, Formation of
Coordination Polymers by Condensation and Polymer Degradation by
Chemical Scissors. Z. Anorg. Allg. Chem. 2007, 633, 2300—2304.

(95) Miiller-Buschbaum, K.; Quitmann, C. C.; Zurawski, A.
200[Yb,(NH,) ,(Pz),][Yb(NH;),(Pz),PzH]: Electride Induced Syn-
thesis of a 2D-Ytterbium-Pyrazolate Network. Monat. Chem. 2007, 138,
813—817.

(96) Miiller-Buschbaum, K. Tieftemperatur-Oxidation in Fliissigem
Ammoniak: [Eu ,(Ind),(NH,)], Das Erste Indolat Eines Selten-Erd-
Elementes. Z. Anorg. Allg. Chem. 2004, 630, 895—899.

(97) Miiller-Buschbaum, K. [Yb(NH,)s][Yb(Pyr)s] - Elektrid-
Induzierte Synthese Und Kristallisation Aus Fliissigem Ammoniak. Z.
Anorg. Allg. Chem. 2007, 633, 1403—1406.

(98) Miiller-Buschbaum, K. The Utilization of Solid State Chemistry
Reaction Routes as New Syntheses Strategies for the Coordination
Chemistry of Rare Earth Amides. Z. Anorg. Allg. Chem. 2008, 631, 811—
828.

(99) Quitmann, C. C.; Miiller-Buschbaum, K. Complete Nitrogen
Coordination in Rare Earth Bipyridine Pyrrolate Complexes from
Pyrrole under Solvothermal Conditions: [Ln(Pyr);(Bipy),], Ln = Pr,
Yb. Z. Anorg. Allg. Chem. 2008, 631, 2651—2654.

(100) Quitmann, C. C.; Miiller-Buschbaum, K. [Yb;N(Dpa)s][Yb-
(Dpa);]): A Molecular Nitride of a Rare-Earth Metal with a Yb;N Unit.
Angew. Chem., Int. Ed. 2004, 43 (44), 5994—5996.

(101) Beckmann, E. Einige Anwendungen von Metallischem Calcium.
Ber. Dtsch. Chem. Ges. 1905, 38, 904.

(102) Gilman, H.; Schulze, F. Organocalcium Iodides. J. Am. Chem.
Soc. 1926, 48, 2463—2467.

(103) Bryce-Smith, D.; Skinner, A. C. Organometallic Cornpounds of
Group IL. Part IV. Preparation and Reactions of Organocalcium
Halides. J. Chem. Soc. 1963, 577.

(104) Westerhausen, M.; Girtner, M.; Fischer, R;; Langer, J. Aryl
Calcium Compounds: Syntheses, Structures, Physical Properties, and
Chemical Behavior. Angew. Chem., Int. Ed. 2007, 46, 1950—1956.

(105) Westerhausen, M. Heavy Grignard Reagents-Synthesis and
Reactivity of Organocalcium Compounds. Coord. Chem. Rev. 2008,
252, 1516—1531.

(106) De Bruin-Dickason, C. N.; Deacon, G. B.; Jones, C.; Junk, P. C.;
Wiecko, M. Functionalised Alkaline Earth Iodides from Grignard
Synthons “PhAel(Thf), ” (Ae = Mg-Ba). Eur. J. Inorg. Chem. 2019,
2019, 1030—1038.

(107) Evans, D. F.; Fazakerley, G. V.; Phillips, R. F. Organornetallic
Compounds of Bivalent Ytterbium. J. Chem. Soc. Chem. Commun. 1970,
244-244.

(108) Evans, D. F.; Fazakerley, G. V.; Phillips, R. F. Organometallic
Compounds of Bivalent Europium, Ytterbium, and Samarium. J. Chem.
Soc. A Inorg. Physical, Theor. 1971, 1931—1934.

https://doi.org/10.1021/acs.chemrev.1c00842
Chem. Rev. 2022, 122, 6040—6116


https://doi.org/10.1021/j150146a001?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j150146a001?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja01161a105?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja01161a105?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j150545a033?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j150545a033?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1107/S0567739476001551
https://doi.org/10.1107/S0567739476001551
https://doi.org/10.1021/cr9003659?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr9003659?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.1696144
https://doi.org/10.1063/1.1696144
https://doi.org/10.1039/cs9760500337
https://doi.org/10.1021/ic50036a042?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic50036a042?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100447a007?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100447a007?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/zaac.19703790205
https://doi.org/10.1002/zaac.19703790205
https://doi.org/10.1002/zaac.19733980102
https://doi.org/10.1002/zaac.19733980102
https://doi.org/10.1002/anie.198510261
https://doi.org/10.1002/anie.198510261
https://doi.org/10.1021/ic9601403?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic9601403?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic9601403?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic9601403?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic9601403?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/zaac.200400372
https://doi.org/10.1002/zaac.200400372
https://doi.org/10.1002/zaac.200400372
https://doi.org/10.1002/anie.201404561
https://doi.org/10.1002/anie.201404561
https://doi.org/10.1002/ejic.201600709
https://doi.org/10.1002/ejic.201600709
https://doi.org/10.1021/ja01009a065?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja01009a065?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0022-5088(69)90017-4
https://doi.org/10.1016/0022-5088(69)90017-4
https://doi.org/10.1002/9780470132586.ch27
https://doi.org/10.1002/9780470132586.ch27
https://doi.org/10.1016/S0022-328X(00)87500-2
https://doi.org/10.1016/S0022-328X(00)87500-2
https://doi.org/10.1016/S0022-328X(00)87500-2
https://doi.org/10.1021/om00089a001?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om00089a001?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om00089a001?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja01052a070?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja01052a070?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0020-1650(71)80086-7
https://doi.org/10.1016/0020-1650(71)80086-7
https://doi.org/10.1021/om00149a032?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om00149a032?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om00149a032?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja01013a060?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja01013a060?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0020-1693(00)87028-0
https://doi.org/10.1016/S0020-1693(00)87028-0
https://doi.org/10.1039/C39920000932
https://doi.org/10.1039/C39920000932
https://doi.org/10.1039/C39920000932
https://doi.org/10.1039/C39890000935
https://doi.org/10.1039/C39890000935
https://doi.org/10.1039/C39890000935
https://doi.org/10.1039/C39890000935
https://doi.org/10.1039/C39890000935
https://doi.org/10.1039/a702639k
https://doi.org/10.1039/a702639k
https://doi.org/10.1002/zaac.200400156
https://doi.org/10.1002/zaac.200400156
https://doi.org/10.1002/zaac.200400156
https://doi.org/10.1002/zaac.200700190
https://doi.org/10.1002/zaac.200700190
https://doi.org/10.1002/zaac.200700190
https://doi.org/10.1002/zaac.200700190
https://doi.org/10.1007/s00706-007-0688-0
https://doi.org/10.1007/s00706-007-0688-0
https://doi.org/10.1002/zaac.200400038
https://doi.org/10.1002/zaac.200400038
https://doi.org/10.1002/zaac.200400038
https://doi.org/10.1002/zaac.200700053
https://doi.org/10.1002/zaac.200700053
https://doi.org/10.1002/zaac.200400543
https://doi.org/10.1002/zaac.200400543
https://doi.org/10.1002/zaac.200400543
https://doi.org/10.1002/zaac.200500090
https://doi.org/10.1002/zaac.200500090
https://doi.org/10.1002/zaac.200500090
https://doi.org/10.1002/zaac.200500090
https://doi.org/10.1002/anie.200460478
https://doi.org/10.1002/anie.200460478
https://doi.org/10.1002/cber.190503801160
https://doi.org/10.1021/ja01420a038?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/jr9630000577
https://doi.org/10.1039/jr9630000577
https://doi.org/10.1039/jr9630000577
https://doi.org/10.1002/anie.200604192
https://doi.org/10.1002/anie.200604192
https://doi.org/10.1002/anie.200604192
https://doi.org/10.1016/j.ccr.2007.10.023
https://doi.org/10.1016/j.ccr.2007.10.023
https://doi.org/10.1002/ejic.201801489
https://doi.org/10.1002/ejic.201801489
https://doi.org/10.1039/c29700000244
https://doi.org/10.1039/c29700000244
https://doi.org/10.1039/j19710001931
https://doi.org/10.1039/j19710001931
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c00842?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

REVIEY

(109) Syutkina, O. P.; Rybakova, L. F.; Petrov, E. S.; Beletskaya, L. P.
Thienyl and Perfluorophenyl Derivatives of Divalent Lanthanides. J.
Organomet. Chem. 1988, 280, C67—C69.

(110) Fieser, M. E.; Macdonald, M. R.; Krull, B. T.; Bates, J. E.; Ziller,
J.W.,; Furche, F.; Evans, W. J. Structural, Spectroscopic, and Theoretical
Comparison of Traditional vs Recently Discovered Ln** Ions in the
[K(2.2.2-Cryptand)][(CsH,SiMe;);Ln] Complexes: The Variable
Nature of Dy** and Nd**. J. Am. Chem. Soc. 2015, 137, 369—382.

(111) Hitchcock, P. B.; Lappert, M. F.; Maron, L.; Protchenko, A. V.
Lanthanum Does Form Stable Molecular Compounds in the +2
Oxidation State. Angew. Chem., Int. Ed. 2008, 47, 1488—1491.

(112) Wiecko, M.; Deacon, G. B; Junk, P. C. Organolanthanoid-
Halide Synthons - A New General Route to Monofunctionalized
Lanthanoid(II) Compounds? Chem. Commun. 2010, 46, 5076—5078.

(113) Alj, S. H.; Deacon, G. B.; Junk, P. C.; Hamidi, S.; Wiecko, M.;
Wang, J. Lanthanoid Pseudo-Grignard Reagents: A Major Untapped
Resource. Chem. - A Eur. J. 2018, 24, 230—242.

(114) Eaborn, C.; Hitchcock, P. B.; Izod, K; Smith, J. D. A
Monomeric Solvent-Free Bent Lanthanide Dialkyl and a Lanthanide
Analog of a Grignard Reagent. Crystal Structures of Yb{C(SiMe,);},
and [Yb{C(SiMe,);}I-OEt,],. J. Am. Chem. Soc. 1994, 116, 12071—
12072.

(115) Eaborn, C.; Hitchcock, P. B; Izod, K.; Lu, Z.; Smith, J. D. Alkyl
Derivatives of Europium(+2) and Ytterbium(+2). Crystal Structures of
Eu[C(SiMe;)],, Yb[C(SiMe;),(SiMe,CH = CH,)]1-OEt, and Yb[C-
(SiMe;),(SiMe,0OMe) ]I-OEt,. Organometallics 1996, 15, 4783—4790.

(116) Heckmann, G.; Niemeyer, M. Synthesis and First Structural
Characterization of Lanthanide(II) Aryls: Observation of a Schlenk
Equilibrium in Europium(Il) and Ytterbium(II) Chemistry. J. Am.
Chem. Soc. 2000, 122, 4227—4228.

(117) Niemeyer, M. Novel Synthesis of a Lanthanide Trialkyl +
Characterization and Crystal Structure of Yb(CH,'Bu);(THF),. Z.
Anorg. Allg. Chem. 2000, 626, 1027—1029.

(118) Meyer, G. The Oxidation of Metals with Liebig Acids. Z. Anorg.
Allg. Chem. 2008, 634, 201-222.

(119) Evans, W. J; Greci, M. A,; Ziller, J. W. Utility of 2-
Methoxyethanol in the Synthesis of Poly Europium Complexes:
{[Eu(OCH,CH,0Me),(OC¢H;R,-2,6)-][H']}, (R = Me, 'Pr) and
[EuAlL (OCH,CH,0Me);Me;],. Inorg. Chem. 1998, 37, 5221—5226.

(120) Evans, W. J; Greci, M. A; Ziller, J. W. The Utility of N-
Methylimidazole and Acetonitrile as Solvents for the Direct Reaction of
Europium with Alcohols Including the First Example of Acetonitrile as a
u-n":n'-Bridging Ligand. Chem. Commun. 1998, 2367—2368.

(121) Carretas, J. M.; Branco, J.; Margalo, J.; Waerenborgh, J. C,;
Marques, N.; Pires De Matos, A. The “dissolution” of Europium and
Ytterbium in Alcohols. J. Alloys Compd. 1998, 275—277, 841—843.

(122) Bradley, D. C.; Chudzynska, H.; Frigo, D. M.; Hammond, M. E.;
Hursthouse, M. B.; Mazid, M. A. Pentanuclear Oxoalkoxide Clusters of
Scandium, Yttrium, Indium and Ytterbium, X-Ray Crystal Structures of
[M;(u5-O) (u3-OPr') 4 (11,-OPr'),(OPr')s] (M = In, Yb). Polyhedron
1990, 9 (5), 719-726.

(123) Deacon, G. B.; Feng, T.; Forsyth, C. M.; Gitlits, A.; Hockless, D.
C.R; Shen, Q.; Skelton, B. W.; White, A. H. A Simple Synthesis and a
Structural Survey of Homoleptic Rare Earth(III) 2,6-Diphenylphe-
nolates. J. Chem. Soc., Dalton Trans. 2000, 961—966.

(124) Mazdiyasni, K. S.; Lynch, C. T.; Smith, J. S. The Preparation and
Some Properties of Yttrium, Dysprosium, and Ytterbium Alkoxides.
Inorg. Chem. 1966, S, 342—346.

(125) Brown, L. M.; Mazdiyasni, K. S. Synthesis and Some Properties
of Yttrium and Lanthanide Isopropoxides. Inorg. Chem. 1970, 9, 2783—
2786.

(126) Deacon, G. B.; Tuong, T. D.; Wilkinson, D. L.; Marks, T. J.
Lanthanide Trichlorides by Reaction of Lanthanide Metals with
Mercury(II) Chloride in Tetrahydrofuran. Inorg. Synth. 2007, 42, 286—
291.

(127) Poncelet, O.; Sartain, W. J.; Hubert-pfalzgraf, L. G.; Folting, K.;
Caulton, K. G. Chemistry of Yttrium Triisopropoxide Revisited:
Characterization and Crystal Structure of Yi(ps-0)(u3-O'Pr),(u,-
O'Pr),(O'Pr)s. Inorg. Chem. 1989, 28, 263—267.

6099

(128) Hubert-Pfalzgraf, L. G.; Daniele, S.; Bennaceur, A.; Daran, J.-C.;
Vaissermann, J. Praseodymium Alkoxide Chemistry: Synthesis and
Molecular Structure of [Pr,(u,-O),(i3, 7*-OR), (i, n*-OR),(u, n*-
OR)(OR)(OPMe;)], (R = C,H,OMe) and [Y,Pr(us-O)(3-OR), (k-
OR),(OR);] (R = Pri). Polydedron 1997, 16 (7), 1223—1234.

(129) Nief, F; Mathey, F. Synthesis of Diphosphametallocene
Derivatives of Divalent Lanthanides. Phosphorus-Phosphorus Bond
Cleavage by Metallic Ytterbium and Samarium. Synlett. 1991, 1991,
745—746.

(130) Nief, F.; Ricard, L.; Mathey, F. Phospholyl (Phosphacyclo-
pentadienyl) and Arsolyl (Arsacyclopentadienyl) Complexes of
Ytterbium(II) and Samarium(II). Synthetic, Structural and Multi-
nuclear (*'P and '7'Yb) NMR Studies. Polyhedron 1993, 12 (1), 19—26.

(131) Recknagel, A.; Edelmann, F. T. One-Step Synthesis of
Organolanthanide(II) Complexes from the Metal. Angew. Chem., Int.
Ed. 1991, 30, 693—694.

(132) Sanden, T.; Gamer, M. T.; Fagin, A. A,; Chudakova, V. A,;
Konchenko, S. N.; Fedushkin, I. L.; Roesky, P. W. Synthesis of
Unsupported Ln-Ga Bonds by Salt Metathesis and Ga-Ga Bond
Reduction. Organometallics 2012, 31, 4331—4339.

(133) Shriver, D. F.; Drezdzon, M. A. The Manipulation of Air-Sensitive
Compounds, 2nd ed.; Wiley, 1986; pp 1—336.

(134) Deacon, G. B; Forsyth, C. M,; Junk, P. C.; Skelton, B. W.;
White, A. H. The Striking Influence of Intramolecular Lanthanoid—z—
Arene Interactions on the Structural Architecture of the Homoleptic
Aryloxolanthanoid(II) Complexes [Eu,(Odpp)(x-Odpp);] and
[Yb,(Odpp),(¢-Odpp),] and the Yb"/Yb™ Trimetallic [Yb,(u-
Odpp),)*[Yb(Odpp),]— (—Odpp = 2,6-Diphenylphenolate). Chem. -
A Eur. J. 1999, 5, 1452—1459.

(135) Deacon, G. B,; Fanwick, P. E.; Gitlits, A.; Rothwell, 1. P.;
Skelton, B. W.; White, A. H. Rare Earth Complexes of Bulky 2,6-
Diphenylphenolates Containing Additional, Potentially Buttressing
3,5-Substituents. Eur. J. Inorg. Chem. 2001, 2001, 1505—1514.

(136) Cole, M. L.; Deacon, G. B.; Junk, P. C.; Proctor, K. M.; Scott, J.
L.; Strauss, C. R. Direct Syntheses and Structural Novelty of
Lanthanoid Aryloxides with Flexible Radial Arms. Eur. J. Inorg. Chem.
2008, 2005, 4138—4144.

(137) Deacon, G. B.; Junk, P. C.; Moxey, G. ]J. Mono-, di-, tri- and
tetranuclear rare earth complexes obtained using a moderately bulky
aryloxide ligand. Chem. - An Asian J. 2009, 4, 1717—1728.

(138) Deacon, G. B.; Forsyth, C. M.; Harika, R.; Junk, P. C.; Ziller, W.;
Evans, W. J. Hydrocarbon-Soluble, Polymetallic, Lanthanoid Aryl-
oxides Constructed Utilising Ligands with Distal But Groups. J. Mater.
Cherm. 2004, 14, 3144—3149.

(139) Deacon, G. B.; Junk, P. C.; Moxey, G. J. Metal-z Interactions
Dominate in the Solid-State Structures of Molecular Heterobimetallic
Alkali-Metal-Europium(II). Chem.- An Asian J. 2009, 4, 1309—1317.

(140) Deacon, G. B,; Junk, P. C.; Moxey, G. ].; Ruhlandt-Senge, K.; St.
Prix, C.; Zuniga, M. F. Charge-Separated and Molecular Hetero-
bimetallic Rare Earth-Rare Earth and Alkaline Earth-Rare Earth
Aryloxo Complexes Featuring Intramolecular Metal-7-Arene Inter-
actions. Chem. - A Eur. J. 2009, 15, 5503—5519.

(141) Deacon, G. B;; Gitlits, A.; Roesky, P. W.; Biirgstein, M. R.; Lim,
K. C.; Skelton, B. W.; White, A. H. Simple Syntheses, Structural
Diversity, and Tishchenko Reaction Catalysis of Neutral Homoleptic
Rare Earth(II or III) 3,5-Di-Tert-Butylpyrazolates—The Structures of
[Sc(‘Bu,pz);], [Ln,(‘Buypz)s] (Ln = La, Nd, Yb, Lu), and
[Euy(‘Buypz)s]. Chem. - A Eur. ]. 2001, 7, 127—138.

(142) Deacon, G. B.; Forsyth, C. M; Gitlits, A.; Harika, R.; Junk, P. C.;
Skelton, B. W.; White, A. H. Pyrazolate Coordination Continues to
Amaze - The New p-n*n' Binding Mode and the First Case of
Unidentate Coordination to a Rare Earth Metal. Angew. Chem., Int. Ed.
2002, 41, 3249-3251.

(143) Deacon, G. B;; Gitlits, A.; Skelton, B. W.; White, A. H. The First
Neutral Homoleptic Lanthanoid Pyrazolates, Including the Mixed
Oxidation State Species [Yb,(Bu',pz)s] (Bu',pz = 3,5-di-tert-butylpyr-
azolate), from a Simple New Synthesis of Pyrazolate Complexes. Chem.
Commun. 1999, 1213—1214.

https://doi.org/10.1021/acs.chemrev.1c00842
Chem. Rev. 2022, 122, 6040—6116


https://doi.org/10.1016/0022-328X(85)88124-9
https://doi.org/10.1021/ja510831n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja510831n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja510831n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja510831n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.200704887
https://doi.org/10.1002/anie.200704887
https://doi.org/10.1039/c0cc01317j
https://doi.org/10.1039/c0cc01317j
https://doi.org/10.1039/c0cc01317j
https://doi.org/10.1002/chem.201704383
https://doi.org/10.1002/chem.201704383
https://doi.org/10.1021/ja00105a065?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00105a065?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00105a065?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00105a065?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om960493+?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om960493+?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om960493+?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om960493+?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja993494c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja993494c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja993494c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/(SICI)1521-3749(200005)626:5<1027::AID-ZAAC1027>3.0.CO;2-P
https://doi.org/10.1002/(SICI)1521-3749(200005)626:5<1027::AID-ZAAC1027>3.0.CO;2-P
https://doi.org/10.1002/zaac.200700387
https://doi.org/10.1021/ic9803311?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic9803311?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic9803311?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic9803311?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/a805750h
https://doi.org/10.1039/a805750h
https://doi.org/10.1039/a805750h
https://doi.org/10.1039/a805750h
https://doi.org/10.1016/S0925-8388(98)00454-X
https://doi.org/10.1016/S0925-8388(98)00454-X
https://doi.org/10.1016/S0277-5387(00)80281-8
https://doi.org/10.1016/S0277-5387(00)80281-8
https://doi.org/10.1016/S0277-5387(00)80281-8
https://doi.org/10.1039/a910277i
https://doi.org/10.1039/a910277i
https://doi.org/10.1039/a910277i
https://doi.org/10.1021/ic50037a003?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic50037a003?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic50094a033?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic50094a033?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/9780470132593.ch72
https://doi.org/10.1002/9780470132593.ch72
https://doi.org/10.1021/ic00301a021?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic00301a021?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic00301a021?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0277-5387(96)00351-8
https://doi.org/10.1016/S0277-5387(96)00351-8
https://doi.org/10.1016/S0277-5387(96)00351-8
https://doi.org/10.1016/S0277-5387(96)00351-8
https://doi.org/10.1055/s-1991-34768
https://doi.org/10.1055/s-1991-34768
https://doi.org/10.1055/s-1991-34768
https://doi.org/10.1016/S0277-5387(00)87048-5
https://doi.org/10.1016/S0277-5387(00)87048-5
https://doi.org/10.1016/S0277-5387(00)87048-5
https://doi.org/10.1016/S0277-5387(00)87048-5
https://doi.org/10.1002/anie.199106931
https://doi.org/10.1002/anie.199106931
https://doi.org/10.1021/om300309b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om300309b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om300309b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/(SICI)1521-3765(19990503)5:5<1452::AID-CHEM1452>3.0.CO;2-8
https://doi.org/10.1002/(SICI)1521-3765(19990503)5:5<1452::AID-CHEM1452>3.0.CO;2-8
https://doi.org/10.1002/(SICI)1521-3765(19990503)5:5<1452::AID-CHEM1452>3.0.CO;2-8
https://doi.org/10.1002/(SICI)1521-3765(19990503)5:5<1452::AID-CHEM1452>3.0.CO;2-8
https://doi.org/10.1002/(SICI)1521-3765(19990503)5:5<1452::AID-CHEM1452>3.0.CO;2-8
https://doi.org/10.1002/1099-0682(200106)2001:6<1505::AID-EJIC1505>3.0.CO;2-V
https://doi.org/10.1002/1099-0682(200106)2001:6<1505::AID-EJIC1505>3.0.CO;2-V
https://doi.org/10.1002/1099-0682(200106)2001:6<1505::AID-EJIC1505>3.0.CO;2-V
https://doi.org/10.1002/ejic.200500530
https://doi.org/10.1002/ejic.200500530
https://doi.org/10.1002/asia.200900269
https://doi.org/10.1002/asia.200900269
https://doi.org/10.1002/asia.200900269
https://doi.org/10.1039/b405717a
https://doi.org/10.1039/b405717a
https://doi.org/10.1002/asia.200900176
https://doi.org/10.1002/asia.200900176
https://doi.org/10.1002/asia.200900176
https://doi.org/10.1002/chem.200900229
https://doi.org/10.1002/chem.200900229
https://doi.org/10.1002/chem.200900229
https://doi.org/10.1002/chem.200900229
https://doi.org/10.1002/1521-3765(20010105)7:1<127::AID-CHEM127>3.0.CO;2-1
https://doi.org/10.1002/1521-3765(20010105)7:1<127::AID-CHEM127>3.0.CO;2-1
https://doi.org/10.1002/1521-3765(20010105)7:1<127::AID-CHEM127>3.0.CO;2-1
https://doi.org/10.1002/1521-3765(20010105)7:1<127::AID-CHEM127>3.0.CO;2-1
https://doi.org/10.1002/1521-3765(20010105)7:1<127::AID-CHEM127>3.0.CO;2-1
https://doi.org/10.1002/1521-3773(20020902)41:17<3249::AID-ANIE3249>3.0.CO;2-D
https://doi.org/10.1002/1521-3773(20020902)41:17<3249::AID-ANIE3249>3.0.CO;2-D
https://doi.org/10.1002/1521-3773(20020902)41:17<3249::AID-ANIE3249>3.0.CO;2-D
https://doi.org/10.1039/a902675d
https://doi.org/10.1039/a902675d
https://doi.org/10.1039/a902675d
https://doi.org/10.1039/a902675d
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c00842?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

REVIEY

(144) Deacon, G. B,; Forsyth, C. M; Gitlits, A.; Skelton, B. W.; White,
A. H. Reactions of Lanthanoid Metals with 3,5-Diphenylpyrazole at
Elevated Temperatures: Synthesis and Structures of Both Homoleptic,
[Ln;(Phypz),] (Ln = La, Nd), [Ln,(Ph,pz)s] (Ln = Er, Lu), and
Heteroleptic, [Ln(Ph,pz);(Ph,pzH),] (Ln = La, Nd, Gd, Tb. Er or Y.
Dalton Trans. 2004, 1239—1247.

(145) Qayyum, S.; Haberland, K.; Forsyth, C. M.; Junk, P. C.; Deacon,
G. B; Kempe, R. Small Steric Variations in Ligands with Large
Synthetic and Structural Consequences. Eur. J. Inorg. Chem. 2008, 2008,
557—-562.

(146) Miiller-Buschbaum, K.; Mokaddem, Y.; Schappacher, F. M,;
Péttgen, R. 003[Eu(Tzpy),]: A Homoleptic Framework Containing
{Eu"N,,} Icosahedra. Angew. Chem., Int. Ed. 2007, 46, 4385—4387.

(147) Miiller-Buschbaum, K.; Quitmann, C. C. Two New Groups of
Homoleptic Rare Earth Pyridylbenzimidazolates: (NC;,Hg(NH),)-
[Ln(N;Cp,Hy),] with Ln = Y, Tb. Yb. Inorg. Chem. 2003, 42, 2742—
2750.

(148) Quitmann, C. C.; Miiller-Buschbaum, K. The Unsubstituted
Rare Earth Pyrazolates [Nd(Pz);(PzH),] and co1[Ho(Pz);(PzH),]:
Structural Diversity from Monomers to a Coordination Polymer. Z.
Anorg. Allg. Chem. 2005, 631, 1191—1198.

(149) Silverman, G. S.; Rakita, P. E. Handbook of Grignard Reagents,
1st ed.; CRC Press: Boca Raton, FL, 1996; pp 1—-736.

(150) Hamidi, S.; Deacon, G. B.; Junk, P. C.; Neumann, P. Direct
Reaction of Iodine-Activated Lanthanoid Metals with 2,6-Diisopropyl-
phenol. Dalton Trans. 2012, 41, 3541—3552.

(151) Deacon, G. B; Junk, P. C.; Urbatsch, A. Lanthanoid and
Alkaline Earth Complexes Involving New Substituted Pyrazolates. Aust.
J. Chem. 2012, 65, 802—810.

(152) Deacon, G. B.; Junk, P. C.; Urbatsch, A. Trivalent Rare Earth
Complexes of the Unsymmetrical 3-(2'-Thienyl)-S- (Trifluoromethyl)-
Pyrazolate Ligand. Eur. J. Inorg. Chem. 2011, 2011, 3592—3600.

(153) Deacon, G. B.; Hamidj, S.; Junk, P. C.; Kelly, R. P.; Wang, J.
Direct Reactions of lodine-Activated Rare-Earth Metals with Phenols of
Varying Steric Bulk. Eur. J. Inorg. Chem. 2014, 2014, 460—468.

(154) Guo, Z.; Blair, V. L,; Deacon, G. B.; Junk, P. C. Widely
Contrasting Outcomes from the Use of Tris(Pentafluorophenyl)
Bismuth or Pentafluorophenylsilver as Oxidants in the Reactions of
Lanthanoid Metals with N,N’-Diarylformamidines. Dalton Trans.
2020, 49, 13588—13600.

(155) Guo, Z.; Blair, V. L.; Deacon, G. B.; Junk, P. C. A Simple One-
Pot Route to Stable Formamidinatoiodidolanthanoid(III) Complexes
from Lanthanoid Metals. Chem. Commun. 2021, 57, 11513—11516.

(156) Safronova, A. V.; Bochkarev, L. N.; Malysheva, L. P.; Baranov, E.
V. Facile Synthesis of Rare-Earth Pyrazolonates by the Reaction of
Rare-Earth Metals with 1-Phenyl-3-Methyl-4-Isobutyryl-5-Pyrazolone.
Crystal Structures of [Ln(PMIP),], (Ln =Y, Gd, Tb, Er, Tm). Inorg.
Chim. Acta 2012, 392, 454—458.

(157) Mashima, K.; Nakayama, Y.; Nakamura, A.; Kanehisa, N.; Kai,
Y.; Takaya, H. A New Convenient Preparation of Monocyclooctate-
traenyl-Lanthanide Complexes from Metallic Lanthanides and
Oxidants. J. Organomet. Chem. 1994, 473, 85—91.

(158) Miiller-Buschbaum, K.; Quitmann, C. C. First Homoleptic Rare
Earth Carbazolates: Synthesis, Crystal Structures, Spectroscopic and
Thermal Investigations of Divalent c0o1[Ln(NC,Hg),] with Ln =
Europium and Ytterbium. Z. Anorg. Allg. Chem. 2003, 629, 1610—1616.

(159) Werner, D.; Bayer, U.; Rad, N. E.; Junk, P. C.; Deacon, G. B;
Anwander, R. Unique and Contrasting Structures of Homoleptic
Lanthanum(III) and Cerium(IIl) 3,5-Dimethylpyrazolates. Dalton
Trans. 2018, 47, 5952—5958.

(160) Deacon, G. B; Junk, P. C.; Werner, D. Enhancing the Value of
Free Metals in the Synthesis of Lanthanoid Formamidinates: Is a Co-
Oxidant Needed? Chem. - A Eur. ]. 2016, 22, 160—173.

(161) Deacon, G. B.; Vince, D. G. Bis(Pentafluorophenyl)Ytterbium:
A Transmetallation Synthesis of a Sigma-Bonded Lanthanide Organo-
metallic Compound. J. Organomet. Chem. 1976, 112, C1—-C2.

(162) Deacon, G. B.; Raverty, W. D.; Vince, D. G. Bis-
(Polyfluorophenyl)Ytterbium Compounds. J. Organomet. Chem.
1977, 135, 103—114.

6100

(163) Deacon, G. B.; Koplick, A. J. Bis(Phenylethynyl)Ytterbium - a
Novel Organolanthanide. J. Organomet. Chem. 1978, 146, C43—C4S.

(164) Deacon, G. B.; Koplick, A. J.; Raverty, W. D.; Vince, D. G.
Preparation and Identification of Some Organolathanoid Species in
Solution. J. Organomet. Chem. 1979, 182, 121—141.

(165) Deacon, G. B.; Koplick, A. J.; Tuong, T. D. Preparations and
Properties of Some Di(Alkynyl)Lanthanoids. Aust. J. Chem. 1982, 35,
941-949.

(166) Beaini, S.; Deacon, G. B.; Delbridge, E. E.; Junk, P. C.; Skelton,
B. W.; White, A. H. Dimethyltin(IV) Bis(3,5-Diphenylpyrazolate) as a
Synthetic Reagent in the Preparation of Rare-Earth Pyrazolate
Complexes. Eur. ]. Inorg. Chem. 2008, 2008, 4586—4596.

(167) Beaini, S.; Deacon, G. B.; Hilder, M.; Junk, P. C.; Turner, D. R.
Organotin Compounds as Reagents for the Synthesis of Lanthanoid
Complexes by Redox Transmetallation Reactions. Eur. J. Inorg. Chem.
2006, 2006, 3434—3441.

(168) Deacon, G. B.; Koplick, A. J.; Tuong, T. D. Reactions of
Lanthanide Elements with Thallous Cyclopentadienide-A New Route
to Cyclopentadienyllanthanides. Polyhedron 1982, 1, 423—424.

(169) Deacon, G. B; Forsyth, C. M.; Newnham, R. H.; Tuong, T. D.
Organolanthanoids. X. Syntheses of Cyclopentadienyllanthanoids by
Transmetallation Reactions in Pyridine, Acetonitrile and Ethers. Aust. J.
Chem. 1987, 40, 895—906.

(170) Deacon, G. B; Feng, T.; Nickel, S.; Ogden, M. L; White, A. H.
Organoamido- and Aryloxo-Lanthanoids. IV. Synthesis and x-Ray
Structures of Low-Coordinate [Yb(0-2,4,6-Bu';C4H,);(Thf)] and
[Yb(0O-2,4,6-Bu’yC¢H,),(u-OH)(Thf)], (Thf = Tetrahydrofuran).
Aust. J. Chem. 1992, 45, 671—683.

(171) Deacon, G. B.; Feng, T.; Nickel, S.; Skelton, B. W.; White, A. H.
A Simple Synthesis of Tetrahydrofuran Complexes of Lanthanoid
Trichlorides: Convenient Substitutes for Anhydrous Lanthanoid
Chlorides. J. Chem. Soc,, Chem. Commun. 1993, 1328—1329.

(172) Lin, G.; Wong, W. T. Synthesis and Crystal Structure of [ (1717’
CsH,PPh,)Tl],, and the Divalent Ytterbium Derivative [(#°-
CH,PPh,),Yb(DME)]. J. Organomet. Chem. 1995, 495, 203—208.

(173) Lin, G.; Wong, W. Synthesis and Structural Characterization of
Functionalized Organolanthanide Complexes [(17°-CsH,PPh,),Ln-
(DIME)] (Ln = Eu, Yb) (DIME = diethylene glycol dimethyl ether).
J. Organomet. Chem. 1996, 523, 93—98.

(174) Deacon, G. B; Delbridge, E. E.; Skelton, B. W.; White, A. H.
Synthesis of the First Lanthanoid(II) Pyrazolate Complex by Redox
Transmetallation from Thallium and Mercury Reagents. Eur. . Inorg.
Chem. 1998, 1998, 543—545.

(175) Guo, Z.; Blair, V,; Deacon, G. B.; Junk, P. C. Can Bismuth
Replace Mercury in Redox Transmetallation/Protolysis Syntheses from
Free Lanthanoid Metals? Chem. - A Eur. ]. 2018, 24, 17464—17474.

(176) Bochkarev, L. N.; Stepantseva, T.; Zakharov, L. N.; Fukin, G. K;
Yanovsky, A. I; Struchkov, Y. I. Synthesis and Crystal Structure of
Ph;Ln(THF); (Ln = Er, Tm). Organometallics 1995, 14, 2127—2129.

(177) Guo, Z.; Luy, J; Blair, V.; Deacon, G. B.; Junk, P. C. Replacing
Mercury: Syntheses of Lanthanoid Pyrazolates from Free Lanthanoid
Metals, AgCFs, and Pyrazoles, Aided by a Facile Synthesis of
Polyfluoroarylsilver Compounds. Eur. J. Inorg. Chem. 2019, 2019,
1018—1029.

(178) Gilman, H.; Jones, R. G. Organometallic Compounds of
Titanium, Zirconium, and Lanthanum. J. Org. Chem. 194S, 10, 505—
S1S.

(179) Deacon, G. B.; Pain, G. N.; Tuong, T. D. (3°*-
Cyclopentadienyl) Lanthanide Complexes from the Metallic Elements:
CpsLn (Ln = Nd, Sm), Cp,Y(DME). Inorg. Synth. 1990, 27, 291—296.

(180) Deacon, G. B.; Forsyth, C. M. A Half-Sandwich
Perfluoroorganoytterbium(II) Complex from a Simple Redox Trans-
metalation/Ligand Exchange Synthesis. Organometallics 2003, 22,
1349—-1352.

(181) Suleimanov, G. Z.; Bregadze, V. L; Koval'chuck, N. A;
Beletskaya, I. P. Synthesis of Carboranyl Derivatives of Di- and Tri-
Valent Lanthanides. J. Organomet. Chem. 1982, 235, C17—C18.

(182) De Bruin-Dickason, C. N.; Boutland, A. J.; Dange, D.; Deacon,
G. B,; Jones, C. Redox Transmetallation Approaches to the Synthesis of

https://doi.org/10.1021/acs.chemrev.1c00842
Chem. Rev. 2022, 122, 6040—6116


https://doi.org/10.1039/B400541D
https://doi.org/10.1039/B400541D
https://doi.org/10.1039/B400541D
https://doi.org/10.1039/B400541D
https://doi.org/10.1002/ejic.200701098
https://doi.org/10.1002/ejic.200701098
https://doi.org/10.1002/anie.200603682
https://doi.org/10.1002/anie.200603682
https://doi.org/10.1021/ic020681u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic020681u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic020681u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/zaac.200400509
https://doi.org/10.1002/zaac.200400509
https://doi.org/10.1002/zaac.200400509
https://doi.org/10.1039/c2dt11752e
https://doi.org/10.1039/c2dt11752e
https://doi.org/10.1039/c2dt11752e
https://doi.org/10.1071/CH12069
https://doi.org/10.1071/CH12069
https://doi.org/10.1002/ejic.201100487
https://doi.org/10.1002/ejic.201100487
https://doi.org/10.1002/ejic.201100487
https://doi.org/10.1002/ejic.201301362
https://doi.org/10.1002/ejic.201301362
https://doi.org/10.1039/D0DT03044A
https://doi.org/10.1039/D0DT03044A
https://doi.org/10.1039/D0DT03044A
https://doi.org/10.1039/D0DT03044A
https://doi.org/10.1039/D1CC04080D
https://doi.org/10.1039/D1CC04080D
https://doi.org/10.1039/D1CC04080D
https://doi.org/10.1016/j.ica.2012.03.032
https://doi.org/10.1016/j.ica.2012.03.032
https://doi.org/10.1016/j.ica.2012.03.032
https://doi.org/10.1016/0022-328X(94)80108-8
https://doi.org/10.1016/0022-328X(94)80108-8
https://doi.org/10.1016/0022-328X(94)80108-8
https://doi.org/10.1002/zaac.200300152
https://doi.org/10.1002/zaac.200300152
https://doi.org/10.1002/zaac.200300152
https://doi.org/10.1002/zaac.200300152
https://doi.org/10.1039/C8DT00338F
https://doi.org/10.1039/C8DT00338F
https://doi.org/10.1002/chem.201502953
https://doi.org/10.1002/chem.201502953
https://doi.org/10.1002/chem.201502953
https://doi.org/10.1016/S0022-328X(00)89373-0
https://doi.org/10.1016/S0022-328X(00)89373-0
https://doi.org/10.1016/S0022-328X(00)89373-0
https://doi.org/10.1016/S0022-328X(00)91694-2
https://doi.org/10.1016/S0022-328X(00)91694-2
https://doi.org/10.1016/S0022-328X(00)88767-7
https://doi.org/10.1016/S0022-328X(00)88767-7
https://doi.org/10.1016/S0022-328X(00)85882-9
https://doi.org/10.1016/S0022-328X(00)85882-9
https://doi.org/10.1071/CH9820941
https://doi.org/10.1071/CH9820941
https://doi.org/10.1002/ejic.200800642
https://doi.org/10.1002/ejic.200800642
https://doi.org/10.1002/ejic.200800642
https://doi.org/10.1002/ejic.200600045
https://doi.org/10.1002/ejic.200600045
https://doi.org/10.1016/S0277-5387(00)80833-5
https://doi.org/10.1016/S0277-5387(00)80833-5
https://doi.org/10.1016/S0277-5387(00)80833-5
https://doi.org/10.1071/CH9870895
https://doi.org/10.1071/CH9870895
https://doi.org/10.1071/CH9920671
https://doi.org/10.1071/CH9920671
https://doi.org/10.1071/CH9920671
https://doi.org/10.1039/c39930001328
https://doi.org/10.1039/c39930001328
https://doi.org/10.1039/c39930001328
https://doi.org/10.1016/0022-328X(95)05463-Y
https://doi.org/10.1016/0022-328X(95)05463-Y
https://doi.org/10.1016/0022-328X(95)05463-Y
https://doi.org/10.1016/0022-328X(96)06332-2
https://doi.org/10.1016/0022-328X(96)06332-2
https://doi.org/10.1016/0022-328X(96)06332-2
https://doi.org/10.1002/(SICI)1099-0682(199805)1998:5<543::AID-EJIC543>3.0.CO;2-D
https://doi.org/10.1002/(SICI)1099-0682(199805)1998:5<543::AID-EJIC543>3.0.CO;2-D
https://doi.org/10.1002/chem.201804703
https://doi.org/10.1002/chem.201804703
https://doi.org/10.1002/chem.201804703
https://doi.org/10.1021/om00005a001?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om00005a001?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/ejic.201801481
https://doi.org/10.1002/ejic.201801481
https://doi.org/10.1002/ejic.201801481
https://doi.org/10.1002/ejic.201801481
https://doi.org/10.1021/jo01182a002?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo01182a002?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om021039a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om021039a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om021039a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0022-328X(00)96093-5
https://doi.org/10.1016/S0022-328X(00)96093-5
https://doi.org/10.1039/C8DT02138D
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c00842?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

REVIEY

Extremely Bulky Amido-Lanthanoid(II) and -Calcium(II) Complexes.
Dalton Trans. 2018, 47, 9512—9520.

(183) Deacon, G. B.; Forsyth, C. M.; Newham, R. H. Synthesis of
Divalent Aryloxy- and Diorganoamido-Lanthanides from Bis-
(Pentafluorophenyl)Lanthanide(II) Complexes. Polyhedron 1987, 6,
1143—1145S.

(184) Deacon, G. B.; Forsyth, C. M. The Synthesis of a New Soluble
Samarium(II) Diorganoamide. Inorg. Chim. Acta 1988, 154, 121—122.

(185) Deacon, G. B.; Forsyth, C. M.; Gatehouse, B. M. Organoamido-
and Aryloxo-Lanthanoids. I The Preparation and Characterization of
Some Lanthanoid(II) Organoamides, and the X-Ray Crystal Structure
of Cis-Bis(Carbazol- 9-Yl)Tetrakis(Tetrahydrofuran)Europium(II).
Aust. J. Chem. 1990, 43, 795—806.

(186) Cole, M. L.; Deacon, G. B.; Forsyth, C. M.; Junk, P. C.; Konstas,
K.; Wang, J. Steric Modulation of Coordination Number and Reactivity
in the Synthesis of Lanthanoid(III) Formamidinates. Chem. - A Eur. J.
2007, 13, 8092—8110.

(187) Deacon, G. B.; Junk, P. C.; Werner, D. Lanthanoid Induced C-F
Activation of All Fluorine Atoms of One CF; Group. Eur. J. Inorg. Chem.
20185, 2015, 1484—1489.

(188) Cole, M. L.; Deacon, G. B.; Forsyth, C. M.; Junk, P. C.; Konstas,
K.; Wang, J.; Bittig, H.; Werner, D. Synthesis, Structures and Reactivity
of Lanthanoid(II) Formamidinates of Varying Steric Bulk. Chem. - A
Eur. J. 2013, 19, 1410—1420.

(189) Deacon, G. B; Junk, P. C.; Werner, D. The Synthesis and
Structures of Rare Earth 2-Fluorophenyl- and 2,3,4,5-Tetrafluorophen-
y1-N,N’-Bis(Aryl) Formamidinate Complexes. Polyhedron 2016, 103,
178—186.

(190) Deacon, G. B.; Junk, P. C.; Macreadie, L. K.; Werner, D.
Structural and Reactivity Consequences of Reducing Steric Bulk of
N,N-Diarylformamidinates Coordinated to Lanthanoid Ions. Eur. J.
Inorg. Chem. 2014, 2014 (30), 5240—5250.

(191) Cole, M. L.; Junk, P. C. The Synthesis of a Sterically Hindered
Samarium(II) Bis(Amidinate) and Conversion to Its Homoleptic
Trivalent Congener. Chem. Commun. 2008, 2695—2697.

(192) Deacon, G. B.; Nickel, S.; Mackinnon, P.; Tiekink, E. R. T.
Organoamido- and Aryloxo-Lanthanoids. II. Preparation of Tris(2,6-
Diphenylphenoxo)-Lanthanoid(III) Complexes and the X-Ray Struc-
tures of Low-Coordinate [Yb(O-2,6-Ph,C¢H;);] Containing an
Intramolecular Chelate Yb---z-Arene Interaction, and [Yb(O-2,6-
Ph,C¢H,);(thf),]-thf (thf = Tetrahydrofuran). Aust. J. Chem. 1990,
43, 1245—1257.

(193) Melman, J. H.; Emge, T.J.; Brennan, J. G. Fluorinated Thiolates
of Divalent and Trivalent Lanthanides. Ln-F Bonds and the Synthesis of
LnF;. Inorg. Chem. 2001, 40, 1078—1081.

(194) Melman, J. H,; Rohde, C.; Emge, T. J.; Brennan, J. G. Trivalent
Lanthanide Compounds with Fluorinated Thiolate Ligands: Ln-F
Dative Interactions Vary with Ln and Solvent. Inorg. Chem. 2002, 41,
28-33.

(195) Simler, T.; Feuerstein, T.J.; Yadav, R.; Gamer, M. T.; Roesky, P.
W. Access to Divalent Lanthanide NHC Complexes by Redox-
Transmetallation from Silver and CO, Insertion Reactions. Chem.
Commun. 2019, 5§, 222—225.

(196) Schwarz, N.; Sun, X; Yadav, R.; Koppe, R.; Simler, T.; Roesky,
P. W. Application of the Redox-Transmetallation Procedure to Access
Divalent Lanthanide and Alkaline-Earth NHC Complexes. Chem. — A
Eur. J. 2021, 27, 12857.

(197) Deacon, G.; Newnham, R. Organolanthanoids.VIIL. Some
Ligand-Exchange Reactions of Pentafluorophenyllanthanoids and
Bis(Phenylethynyl) Ytterbium(II). Aust. J. Chem. 19885, 38, 1757.

(198) Deacon, G. B.; Feng, T.; Mackinnon, P.; Newnham, R. H;
Nickel, S.; Skelton, B. W.; White, A. H. Organoamido- and Aryloxo-
Lanthanoids. V. Preparations of Low-Coordinate Lanthanoid(II)
Phenolates, Ln (OC4H,Bu',-2,6-X-4),(thf), (Ln = Yb or Eu; X = H,
Me or Bu; N = 2 or 3) and the X-Ray Crystal Structure of Five-
Coordinate [Yb (OC¢H,Bu',-2,6-X-4),(thf),]-thf. Aust. J. Chem. 1993,
46, 387—399.

(199) Deacon, G. B,; Fallon, G. D.; Forsyth, C. M.; Harris, S. C.; Junk,
P. C.; Skelton, W.; White, A. H. Manipulation of Reaction Pathways in

6101

Redox Transmetallation — Ligand Exchange Syntheses of Lanthanoid-
(11)/(11T) Aryloxide Complexes. Dalton Trans. 2006, 802—812.

(200) Deacon, G. B,; Feng, T. Skelton, B. W.; White, A. H.
Organoamido- and Aryloxo-Lanthanoids. XI. Syntheses and Crystal
Structures of Nd(Odpp);, Nd(Odpp);(Thf) and [Nd(Odpp);(Thf),]-
2(Thf) (Odpp = 2,6-Diphenylphenolate): Variations in Intramolecular
7-Ph-Nd Interactions. Aust. J. Chem. 1998, 48, 741—756.

(201) Deacon, G. B.; Forsyth, C. M; Jaroschik, F.; Junk, P. C.; Kay, D.
L.; Maschmeyer, T.; Masters, A. F.; Wang, J.; Field, L. D. Accessing
Decaphenylmetallocenes of Ytterbium, Calcium, and Barium by
Desolvation of Solvent-Separated Ion Pairs: Overcoming Adverse
Solubility Properties. Organometallics 2008, 27, 4772—4778.

(202) Kelly, R. P; Bell, T. D. M.; Cox, R. P.; Daniels, D. P.; Deacon, G.
B.; Jaroschik, F.; Junk, P. C.; Le Goff, X. F.; Lemercier, G.; Martinez, A.;
et al. Divalent Tetra- and Penta-Phenylcyclopentadienyl Europium and
Samarium Sandwich and Half-Sandwich Complexes: Synthesis,
Characterization, and Remarkable Luminescence Properties. Organo-
metallics 2015, 34, 5624—5636.

(203) Deacon, G. B.; Jaroschik, F.; Junk, P. C.; Kelly, R. P. A Divalent
Heteroleptic Lanthanoid Fluoride Complex Stabilised by the
Tetraphenylcyclopentadienyl Ligand, Arising from C-F Activation of
Pentafluorobenzene. Chem. Commun. 2014, 50, 10655—10657.

(204) Forsyth, C. M.; Deacon, G. B; Field, L. D.; Jones, C.; Junk, P.
C.; Kay, D. L,; Masters, A. F.; Richards, A. F. Dinuclear
Alkynyllanthanoid(II) Dications with Pentaphenylcyclopentadienyl
or Tri-Tert-Butyldiphosphacyclopentadienyl Counter Ions. Chem.
Commun. 2006, 1003—1005.

(205) Deacon, G. B.; Jaroschik, F.; Junk, P. C.; Kelly, R. P. Bulky
Group 2 Octaphenylmetallocenes and Direct Access to Calcium and
Ytterbium Pseudo-Grignard Complexes. Organometallics 2015, 34,
2369-2377.

(206) Deacon, G. B.; Delbridge, E. E.; Skelton, B. W.; White, A. H.
Organoamido- and Aryloxo-Lanthanoids, 19. Synthesis and Structures
of Cisoid and Transoid Bis(1,2-Dimethoxyethane)Bis(5>-Pyrazolato)-
Lanthanoid(IT) Complexes. Eur. J. Inorg. Chem. 1999, 1999, 751—761.

(207) Pfeiffer, D.; Ximba, B. J.; Liable-Sands, L. M.; Rheingold, A. L.;
Heeg, M. J.; Coleman, D. M.; Schlegel, H. B.; Kuech, T. F.; Winter, C.
H. Synthesis, Structure, and Molecular Orbital Studies of Yttrium,
Erbium, and Lutetium Complexes Bearing #>-Pyrazolato Ligands:
Development of a New Class of Precursors for Doping Semiconductors.
Inorg. Chem. 1999, 38, 4539—4548.

(208) Deacon, G. B.; Harika, R.; Junk, P. C.; Skelton, B. W.; Werner,
D.; White, A. H. The Synthesis, Structures and Polymorphism of the
Dimeric Trivalent Rare-Earth 3,5-Dimethylpyrazolate Complexes
[Ln(Me,pz);(Thf)],. Eur. J. Inorg. Chem. 2014, 2014, 2412—2419.

(209) Cosgriff, J. E; Deacon, G. B,; Hemling, H.; Schumann, H.
Monomeric Tris(57*-Pyrazolato) Lanthanoid Complexes with the Bulky
3,5-Di(tert-Butyl) Pyrazolato Ligand. Angew. Chem., Int. Ed. 1993, 32,
874—875.

(210) Cosgriff, J. E.; Deacon, G. B.; Gatehouse, B. M.; Schumann, H,;
Hemling, H. Organoamido- and Aryloxo-Lanthanoids. X. Tris (*-3,5-
Di-t-Butylpyrazolato) Lanthanoid(III) Complexes and the X-Ray
Crystal Structure of Er(?-Bu',pz);(Thf),. Aust. . Chem. 1994, 47
(7), 1223—1235.

(211) Cole, M. L.; Deacon, G. B; Junk, P. C.; Konstas, K. Steric
Engineering of C-F Activation with Lanthanoid Formamidinates. Chem.
Commun. 2005, 1581—1583.

(212) Deacon, G. B; Fallon, G. D.; Forsyth, C. M.; Schumann, H,;
Weimann, R. Syntheses of Low Coordination Number Divalent
Lanthanoid Organoamide Complexes, and the X-Ray Crystal
Structures of Bis[(N-2,6-Diisopropylphenyl)(N-Trimethylsilyl)-
Amido]Bis(Tetrahydrofuran)Samarium(II) and -Ytterbium(II).
Chem. Ber. 1997, 130, 409—415.

(213) Hauber, S. O.; Niemeyer, M. Stabilization of Unsolvated
Europium and Ytterbium Pentafluorophenyls by 7-Bonding Encapsu-
lation through a Sterically Crowded Triazenido Ligand. Inorg. Chem.
2005, 44, 8644—8646.

(214) Bard, A.J.; Parsons, R.; Jordan, J. Standard Potentials in Aqueous
Solutions, 1st ed.; Taylor & Francis: Boca Raton, FL, 198S; pp 1—848.

https://doi.org/10.1021/acs.chemrev.1c00842
Chem. Rev. 2022, 122, 6040—6116


https://doi.org/10.1039/C8DT02138D
https://doi.org/10.1016/S0277-5387(00)80968-7
https://doi.org/10.1016/S0277-5387(00)80968-7
https://doi.org/10.1016/S0277-5387(00)80968-7
https://doi.org/10.1016/S0020-1693(00)85176-2
https://doi.org/10.1016/S0020-1693(00)85176-2
https://doi.org/10.1071/CH9900795
https://doi.org/10.1071/CH9900795
https://doi.org/10.1071/CH9900795
https://doi.org/10.1071/CH9900795
https://doi.org/10.1002/chem.200700963
https://doi.org/10.1002/chem.200700963
https://doi.org/10.1002/ejic.201500137
https://doi.org/10.1002/ejic.201500137
https://doi.org/10.1002/chem.201202861
https://doi.org/10.1002/chem.201202861
https://doi.org/10.1016/j.poly.2015.10.016
https://doi.org/10.1016/j.poly.2015.10.016
https://doi.org/10.1016/j.poly.2015.10.016
https://doi.org/10.1002/ejic.201402653
https://doi.org/10.1002/ejic.201402653
https://doi.org/10.1039/b501447f
https://doi.org/10.1039/b501447f
https://doi.org/10.1039/b501447f
https://doi.org/10.1071/CH9901245
https://doi.org/10.1071/CH9901245
https://doi.org/10.1071/CH9901245
https://doi.org/10.1071/CH9901245
https://doi.org/10.1071/CH9901245
https://doi.org/10.1021/ic0006908?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic0006908?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic0006908?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic0104813?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic0104813?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic0104813?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C8CC08120D
https://doi.org/10.1039/C8CC08120D
https://doi.org/10.1002/chem.202101923
https://doi.org/10.1002/chem.202101923
https://doi.org/10.1071/CH9851757
https://doi.org/10.1071/CH9851757
https://doi.org/10.1071/CH9851757
https://doi.org/10.1071/CH9930387
https://doi.org/10.1071/CH9930387
https://doi.org/10.1071/CH9930387
https://doi.org/10.1071/CH9930387
https://doi.org/10.1071/CH9930387
https://doi.org/10.1039/B511609K
https://doi.org/10.1039/B511609K
https://doi.org/10.1039/B511609K
https://doi.org/10.1071/CH9950741
https://doi.org/10.1071/CH9950741
https://doi.org/10.1071/CH9950741
https://doi.org/10.1071/CH9950741
https://doi.org/10.1021/om800501z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om800501z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om800501z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om800501z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.organomet.5b00842?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.organomet.5b00842?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.organomet.5b00842?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C4CC04427D
https://doi.org/10.1039/C4CC04427D
https://doi.org/10.1039/C4CC04427D
https://doi.org/10.1039/C4CC04427D
https://doi.org/10.1039/b514358f
https://doi.org/10.1039/b514358f
https://doi.org/10.1039/b514358f
https://doi.org/10.1021/om501150b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om501150b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om501150b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/(SICI)1099-0682(199905)1999:5<751::AID-EJIC751>3.0.CO;2-5
https://doi.org/10.1002/(SICI)1099-0682(199905)1999:5<751::AID-EJIC751>3.0.CO;2-5
https://doi.org/10.1002/(SICI)1099-0682(199905)1999:5<751::AID-EJIC751>3.0.CO;2-5
https://doi.org/10.1021/ic990319o?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic990319o?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic990319o?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/ejic.201400099
https://doi.org/10.1002/ejic.201400099
https://doi.org/10.1002/ejic.201400099
https://doi.org/10.1002/anie.199308741
https://doi.org/10.1002/anie.199308741
https://doi.org/10.1071/CH9941223
https://doi.org/10.1071/CH9941223
https://doi.org/10.1071/CH9941223
https://doi.org/10.1039/B419047E
https://doi.org/10.1039/B419047E
https://doi.org/10.1002/cber.19971300316
https://doi.org/10.1002/cber.19971300316
https://doi.org/10.1002/cber.19971300316
https://doi.org/10.1002/cber.19971300316
https://doi.org/10.1021/ic0514602?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic0514602?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic0514602?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c00842?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

REVIEY

(215) Deacon, G. B.; Koplick, A. J.; Tuong, T. D. Organolanthanoids.
VI Syntheses of Cyclopentadienyllanthanoids by Transmetallation
Reactions Between Thallous Cyclopentadienides and Lanthanoid
Elements. Aust. J. Chem. 1984, 37, 517—525.

(216) Evans, W. J.; Bloom, L; Hunter, W. E.; Atwood, J. L. Synthesis
and X-Ray Crystal Structure of a Soluble Divalent Organosamarium
Complex. J. Am. Chem. Soc. 1981, 103, 6507.

(217) Cloke, F. G. N.; Green, M. L. H. Synthesis of Zerovalent Bis(e-
Arene) Compounds of Zirconium, Hafnium, Niobium, Tantalum, and
Tungsten Using the Metal Vapours. J. Chem. Soc.,, Dalton Trans. 1981,
1938—1943.

(218) Geoffrey, F.; Cloke, N.; Courtney, K. A.E.; Sameh, A. A.; Swain,
A. C.Bis(# -Arene) Complexes Of The Early Transition Metals Derived
From The 1,3,5-Tri-t-Butylbenzene Ligand. Polyhedron 1989, 8, 1641—
1648.

(219) Anderson, D. M.; Cloke, F. G. N.; Cox, P. A.; Edelstein, N.;
Green, J. C,; Pang, T.; Sameh, A. A.; Shalimoff, G. On the Stability and
Bonding in Bis(#7-Arene)lanthanide Complexes. J. Chem. Soc. Chem.
Commun. 1989, S3—5S.

(220) Cloke, F. G. N.; Khan, K;; Perutz, R. N. 57-Arene Complexes of
Scandium(0) and Scandium(IL). . Chem. Soc, Chem. Commun. 1991,
1372—-1373.

(221) Arnold, P. L; Cloke, F. G. N.; Hitchcock, P. B.; Nixon, J. F. The
First Example of a Formal Scandium(I) Complex: Synthesis and
Molecular Structure of the 22-Electron Scandium Triple Decker
Incorporating the Novel 1,3,5-Triphosphabenzene Ring. J. Am. Chem.
Soc. 1996, 118, 7630—7631.

(222) DeKock, C. W,; Ely, S. R; Hopkins, T. E.; Brault, M. A.
Preparation, Crystal and Molecular Structure and Properties of an
Asymmetric Lanthanide Cyclooctatetraene Complex [Ln(CgHjg)-
(OC4H,),][Ln(CsHg),], Where Ln = La, Ce, Nd and Er. Inorg.
Chem. 1978, 17 (3), 625—631.

(223) Blackborow, J. R.; Eady, C. R;; Von Gustorf, E. A. K.; Scrivanti,
A.; Wolfbeis, O. Chemical Syntheses with Metal Atoms. J. Organomet.
Chem. 1976, 108, C32—C34.

(224) Evans, W. J.; Engerer, S. C.; Piliero, P. A; Wayda, A. L.
Homogeneous Catalytic Activation of Molecular Hydrogen by
Lanthanoid Metal Complexes. J. Chem. Soc. Chem. Commun. 1979,
1007—1008.

(225) Evans, W. J.; Engerer, S. C.; Coleson, K. M. Reactivity of
Lanthanide Metals with Unsaturated Hydrocarbons: Terminal Alkyne
Reactions. J. Am. Chem. Soc. 1981, 103, 6672—6677.

(226) Ely, S. R.; Hopkins, T. E.; DeKock, C. W. Crystal and Molecular
Structure of a Novel Asymmetrical Neodymium-Cyclooctatetraene
Compound, Cyclooctatetraenylbis(Tetrahydrofuran)Neodymium-
(III) Bis(Cyclooctatetraenyl)Neodymate(III). J. Am. Chem. Soc.
1976, 98, 1624—1625.

(227) Evans, W. J.; Bloom, L; Hunter, W. E.; Atwood, J. L. Metal
Vapor Synthesis of (CsMe;),Sm(THF), and (C;Me,Et),Sm(THE),
and Their Reactivity with Organomercurial Reagents. Synthesis and X-
Ray Structural Analysis of (C;Mes),Sm(CgH;) (THF). Organometallics
1985, 4, 112—119.

(228) Cloke, F. G. N.; de Lemos, H. C.; Sameh, A. a. Homoleptic
Diazadiene Complexes of Titanium, Yttrium, and Some Lanthanoid
Elements. J. Chem. Soc,, Chem. Commun. 1986, 1344.

(229) Arnold, P. L.; Cloke, F. G. N.; Nixon, ]J. F. The First Stable
Scandocene: Synthesis and Characterisation of Bis(17-2,4,5-Tri-Tert-
Butyl-1,3-Diphosphacyclopentadienyl) Scandium(II). Chem. Commun.
1998, 797-798.

(230) Matignon, C.; Cazes, E. Le Chlorure Samareux. Ann. Chem.
Phys. 1906, 8, 417—426.

(231) McCollum, B. C.; Dudis, D. S.; Lachgar, A.; Corbett, J. D. The
Layered, Metallic Scandium Iodide Scyg;1,: Synthesis, Structure, and
Properties. Inorg. Chem. 1990, 29, 2030—2032.

(232) Jongen, L.; Mudring, A. V.; Meyer, G. The Molecular Solid
Scy4Ciol30: A Truncated, Hollow T4 Supertetrahedron of Iodine Filled
with a T3 Supertetrahedron of Scandium That Encapsulates the
Adamantoid Cluster Sc,C,o. Angew. Chem., Int. Ed. 2006, 45, 1886—
1889.

6102

(233) Corbett, J. D.; et al. Lanthanum Triiodide (and Other Rare-
Earth Metal Triiodides). Inorg. Synth. 1983, 30, 11—16.

(234) Druding, L. F.; Corbett, ]. D. Lower Oxidation States of the
Lanthanides. Neodymium(II) Chloride and Iodide. J. Am. Chem. Soc.
1961, 83, 2462—-2467.

(235) Corbett, J. D.; Druding, L. F.; Burkhard, W. J.; Lindahl, C. B.
Metal + Metal Halide Systems for Lanthanum Cerium and
Praseodymium Iodides. Discuss. Faraday Soc. 1961, 32, 79—83.

(236) Corbett, J. D.; Pollard, D. L.; Mee, J. E. Rare Earth Metal-Metal
Halide Systems. X. Phase Studies of the Yttrium and Erbium Chlorides
and Iodides. A Correlation of the Reduction Characteristics of the Rare
Earth Elements. Inorg. Chem. 1966, S, 761—766.

(237) Meyer, G. The Reduction of Rare-Earth Metal Halides with
Unlike Metals - Wohler’s Metallothermic Reduction. Z. Anorg. Allg.
Chem. 2007, 633, 2537—2552.

(238) Johnson, K. E.; Mackenzie, J. R. Anhydrous Chlorides of Some
Rare Earths. J. Inorg. Nucl. Chem. 1970, 32, 43—48.

(239) Asprey, L. B,; Kruse, F. H. Divalent Thulium. Thulium Di-
Todide. J. Inorg. Nucl. Chem. 1960, 13, 32—3S.

(240) Haschke, J.; Preparation, M. Phase Equilibriums, and Crystal
Chemistry of Samarium Bromides. Inorg. Chem. 1976, 15, 298—303.

(241) Hadenfeldt, C.; Held, W. Darstellung, Eigenschaften Und
Kristallstruktur Der Europium(II)-Phosphidhalogenide Eu,PCl,
Eu,PBr Und Eu,PL J. Less-Common Met. 1986, 123, 25—35.

(242) Bochkarev, M. N.; Fagin, A. A. A New Route to Neodymium-
(11) and Dysprosium(II) Iodides. Chem. - A Eur. ]. 1999, S, 2990—2992.

(243) Katkova, M. A; Fukin, G. K;; Fagin, A. A,; Bochkarev, M. N.
Reduction of Azobenzene by Neodymium(II), Dysprosium(Il), and
Thulium(II) Diiodides. J. Organomet. Chem. 2003, 682, 218—223.

(244) Evans, W. J; Allen, N. T.; Workman, P. S.; Meyer, J. C. Large
Scale Synthesis of Dysprosium and Neodymium Diiodides. Inorg.
Chem. 2003, 42, 3097—3099.

(245) Girard, P; Namy, J. L; Kagan, B. Divalent Lanthanide
Derivatives in Organic Synthesis. 1. Mild Preparation of SmI, and YbI,
and Their Use as Reducing or Coupling Agents. J. Am. Chem. Soc. 1980,
102 (8), 2693—2698.

(246) Williams, A. F.; Grandjean, F.; Long, G. J.; Ulibarri, T. A.; Evans,
W. J. Europium-151 Mossbauer Effect Study of Several
Organoeuropium(II) Complexes. Inorg. Chem. 1989, 28, 4584—4588.

(247) Watson, P. L; Tulip, T. H.; Williams, I. Defluorination of
Perfluoroolefins by Divalent Lanthanoid Reagents: Activating C-F
Bonds. Organometallics 1990, 9, 1999—2009.

(248) Yoshihiro, O.; Toshiyuki, I. Characterizations of Divalent
Lanthanoid Iodides in Tetrahydrofuran by UV-Vis, Fluorescence and
ESR Spectroscopy. Inorg. Chim. Acta 1988, 144, 143—146.

(249) Evans, W. J.; Gummersheimer, T. S.; Ziller, J. W. Coordination
Chemistry of Samarium Diiodide with Ethers Including the Crystal
Structure of Tetrahydrofuran-Solvated Samarium Diiodide,
SmL,(THF)s. J. Am. Chem. Soc. 1995, 117, 8999—9002.

(250) Miller, R. S.; Sealy, J. M.; Shabangi, M.; Kuhlman, M. L.; Fuchs,
J. R;; Flowers, R. A. Reactions of SmI, with Alkyl Halides and Ketones:
Inner-Sphere vs Outer-Sphere Electron Transfer in Reactions of Sm(II)
Reductants. J. Am. Chem. Soc. 2000, 122, 7718—7722.

(251) Imamoto, T.; Ono, M. The Reaction of Samarium(III) Iodide
with Samarium Metal in Tetrahydrofuran, A New Method for the
Preparation of Samarium(II) Iodide. Chem. Lett. 1987, 16, S01—502.

(252) Fedushkin, L. L.; Bochkarev, M. N.; Dechert, S.; Schumann, H.
A Chemical Definition of the Effective Reducing Power of Thulium(II)
Diiodide by Its Reactions with Cyclic Unsaturated Hydrocarbons.
Chem. - A Eur. J. 2001, 7, 3558—3563.

(253) Bochkarev, M. N.; Fedushkin, I. L.; Fagin, A. A.; Petrovskaya, T.
V.; Ziller, J. W.; Broombhall-Dillard, R. N. R.; Evans, W. J. Synthesis and
Structure of the First Molecular Thulium(II) Complex:
[Tml,(MeOCH,CH,0Me);]. Angew. Chem., Int. Ed. 1997, 36, 133—
13S.

(254) Bochkarev, M. N.; Fedushkin, L. L.; Dechert, S.; Fagin, A. A;
Schumann, H. [NdI,(Thf),], the First Crystallographically Authenti-
cated Neodymium(II) Complex. Angew. Chem., Int. Ed. 2001, 40,
3176—-3178.

https://doi.org/10.1021/acs.chemrev.1c00842
Chem. Rev. 2022, 122, 6040—6116


https://doi.org/10.1071/CH9840517
https://doi.org/10.1071/CH9840517
https://doi.org/10.1071/CH9840517
https://doi.org/10.1071/CH9840517
https://doi.org/10.1021/ja00411a046?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00411a046?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00411a046?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/DT9810001938
https://doi.org/10.1039/DT9810001938
https://doi.org/10.1039/DT9810001938
https://doi.org/10.1016/S0277-5387(00)80611-7
https://doi.org/10.1016/S0277-5387(00)80611-7
https://doi.org/10.1039/C39890000053
https://doi.org/10.1039/C39890000053
https://doi.org/10.1039/C39910001372
https://doi.org/10.1039/C39910001372
https://doi.org/10.1021/ja961253o?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja961253o?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja961253o?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja961253o?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic50181a022?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic50181a022?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic50181a022?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0022-328X(00)92025-4
https://doi.org/10.1039/c39790001007
https://doi.org/10.1039/c39790001007
https://doi.org/10.1021/ja00412a023?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00412a023?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00412a023?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00422a080?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00422a080?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00422a080?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00422a080?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om00120a019?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om00120a019?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om00120a019?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om00120a019?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c39860001344
https://doi.org/10.1039/c39860001344
https://doi.org/10.1039/c39860001344
https://doi.org/10.1039/a800089a
https://doi.org/10.1039/a800089a
https://doi.org/10.1039/a800089a
https://doi.org/10.1021/ic00335a054?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic00335a054?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic00335a054?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.200503914
https://doi.org/10.1002/anie.200503914
https://doi.org/10.1002/anie.200503914
https://doi.org/10.1002/anie.200503914
https://doi.org/10.1002/9780470132616.ch3
https://doi.org/10.1002/9780470132616.ch3
https://doi.org/10.1021/ja01472a010?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja01472a010?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/df9613200079
https://doi.org/10.1039/df9613200079
https://doi.org/10.1021/ic50039a015?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic50039a015?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic50039a015?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic50039a015?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/zaac.200700386
https://doi.org/10.1002/zaac.200700386
https://doi.org/10.1016/0022-1902(70)80447-X
https://doi.org/10.1016/0022-1902(70)80447-X
https://doi.org/10.1016/0022-1902(60)80232-1
https://doi.org/10.1016/0022-1902(60)80232-1
https://doi.org/10.1021/ic50156a012?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic50156a012?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0022-5088(86)90111-6
https://doi.org/10.1016/0022-5088(86)90111-6
https://doi.org/10.1016/0022-5088(86)90111-6
https://doi.org/10.1002/(SICI)1521-3765(19991001)5:10<2990::AID-CHEM2990>3.0.CO;2-U
https://doi.org/10.1002/(SICI)1521-3765(19991001)5:10<2990::AID-CHEM2990>3.0.CO;2-U
https://doi.org/10.1016/S0022-328X(03)00785-X
https://doi.org/10.1016/S0022-328X(03)00785-X
https://doi.org/10.1021/ic0300316?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic0300316?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00528a029?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00528a029?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00528a029?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic00325a010?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic00325a010?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om00157a006?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om00157a006?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om00157a006?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0020-1693(00)80978-0
https://doi.org/10.1016/S0020-1693(00)80978-0
https://doi.org/10.1016/S0020-1693(00)80978-0
https://doi.org/10.1021/ja00140a016?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00140a016?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00140a016?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00140a016?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja001260j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja001260j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja001260j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1246/cl.1987.501
https://doi.org/10.1246/cl.1987.501
https://doi.org/10.1246/cl.1987.501
https://doi.org/10.1002/1521-3765(20010817)7:16<3558::AID-CHEM3558>3.0.CO;2-H
https://doi.org/10.1002/1521-3765(20010817)7:16<3558::AID-CHEM3558>3.0.CO;2-H
https://doi.org/10.1002/anie.199701331
https://doi.org/10.1002/anie.199701331
https://doi.org/10.1002/anie.199701331
https://doi.org/10.1002/1521-3773(20010903)40:17<3176::AID-ANIE3176>3.0.CO;2-Y
https://doi.org/10.1002/1521-3773(20010903)40:17<3176::AID-ANIE3176>3.0.CO;2-Y
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c00842?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

REVIEY

(255) Maunder, G. H,; Sella, A. Simple Adducts of Samarium and
Ytterbium Diiodide: Synthesis and Molecular Structures of Lnl,(3,5-
Lutidine), (Ln = Sm, Yb) and YbI,(4-t-Butylpyridine),. Polyhedron
1998, 17, 63—68.

(256) Hou, Z.; Wakatsuki, Y. Isolation and X-Ray Structures of the
Hexamethylphosphoramide (Hmpa)-Coordinated Lanthanide(II)
Diiodide Complexes [SmL,(Hmpa),] and [Yb(Hmpa),(Thf),]L. J.
Chem. Soc. Chem. Commun. 1994, 1205—1206.

(257) Xémard, M.; Cordier, M.; Molton, F.; Duboc, C.; Le Guennic,
B.; Maury, O.; Cador, O.; Nocton, G. Divalent Thulium Crown Ether
Complexes with Field-Induced Slow Magnetic Relaxation. Inorg. Chem.
2019, 58, 2872—2880.

(258) Huh, D. N,; Ziller, J. W.; Evans, W. J. Facile Encapsulation of
Ln(1I) Ions into Cryptate Complexes from Lnl,(THF), Precursors (Ln
= Sm, Eu, Yb). Inorg. Chem. 2019, 58, 9613—9617.

(259) Spedding, F. H.; Daane, A. H. The Preparation of Rare Earth
Metals. J. Am. Chem. Soc. 1952, 74, 2783—2785.

(260) Selwood, P. W. Magnetochemical Properties of Samarium. J.
Am. Chem. Soc. 1934, 56, 2392—2394.

(261) Lebrun, A,; Namy, J. L.; Kagan, H. B. Samarium Dibromide an
Efficient Reagent for the Pinacol Coupling Reactions. Tetrahedron Lett.
1993, 34, 2311-2314.

(262) Jantsch, G.; Skalla, N. Uber Samarium(II)Jodid Und Den
Thermischen Abbau Des Samarium(III)Jodids. Z. Anorg. Allg. Chem.
1930, 193, 391—40S.

(263) Suta, M.; Lavoie-Cardinal, F.; Wickleder, C. Underestimated
Color Centers: Defects as Useful Reducing Agents in Lanthanide-
Activated Luminescent Materials. Angew. Chem., Int. Ed. 2020, 59,
10949—-10954.

(264) Huang, W.; Brosmer, J. L.; Diaconescu, P. L. In Situ Synthesis of
Lanthanide Complexes Supported by a Ferrocene Diamide Ligand:
Extension to Redox-Active Lanthanide Ions. New J. Chem. 20185, 39,
7696—7702.

(265) Li, W.; Fujikawa, H.; Adachi, G.-ya; Shiokawa, J. Absorption
and Emission Properties of Divalent Ytterbium Crown Ether
Complexes. Inorg. Chim. Acta 1986, 117, 87—89.

(266) Voos-Esquivel, C. A.; Eick, H. A. Synthesis of YbBr, and YbCl,
and an X-Ray Diffraction Study of the System YbBr,-YbCl,. J. Solid
State Chem. 1987, 67, 291—296.

(267) Schilling, G.; Kunert, C,; Schleid, T.; Meyer, G. Metal-
lothermische Reduktion Der Tribromide Und -Iodide von Thulium
Und Ytterbium Mit Alkalimetallen. Z. Anorg. Allg. Chem. 1992, 618, 7—
12.

(268) Lasocha, W.; Voos-Esquivel, C. A.; Hodorowicz, S. A.; Kim, B.
Y.; Eick, H. A. An X-Ray Powder Diffraction Study of the YbCl,-YbI,
System. J. Solid State Chem. 1988, 74, 67—73.

(269) Mudring, A. V.; Babai, A; Arenz, S; Giernoth, R. The
“Noncoordinating” Anion T,N~ Coordinates to Yb*": A Structurally
Characterized T,N~ Complex from the Ionic Liquid [mppyr][Tf,N].
Angew. Chem., Int. Ed. 2008, 44, 5485—5488.

(270) Van Den Hende, J. R.; Hitchcock, P. B.; Holmes, S. A.; Lappert,
M. F; Leung, W. P; Mak, T. C. W,; Prashar, S. Synthesis and
Characterisation of Lanthanide(II) Aryloxides Including the First
Structurally Characterised Europium(II) Compound [Eu(OC6H,Bu',-
2,6-Me-4),(Thf);]-thf (Thf = Tetrahydrofuran). J. Chem. Soc,, Dalton
Trans. 1995, 1427—1433.

(271) Berg, D. J.; Burns, C. J.; Andersen, R. A.; Zalkin, A. Electron-
Transfer Reactions of Divalent Ytterbium Metallocenes. Synthesis of
the Series [(MesC5),Yb],[u-E] (E = O, S, Se, or Te) and Crystal
Structure of [(MesC;),Yb],[p-Se]. Organometallics 1989, 8, 1865—
1870.

(272) Tilley, T. D.; Andersen, R. A;; Zalkin, A. Tertiary Phosphine
Complexes of the F-Block Metals. Crystal Structure of Yb[N-
(SiMe;),],[Me,PCH,CH,PMe, ]: Evidence for a Ytterbium-y-Carbon
Interaction. J. Am. Chem. Soc. 1982, 104, 3725—3727.

(273) Hitchcock, P. B.; Howard, J. A. K; Lappert, M. F.; Prashar, S.
The First Examples of Intermolecular Weak (Agostic) y-Methyl-Metal
Interactions in Organolanthanide Complexes: The Synthesis and X-

6103

Ray Structures of [{Yb(#-Cp”),}s] and [{Eu(#-Cp”),}e]
[Cp”=CsH;(SiMe;),-1,3]. J. Organomet. Chem. 1992, 437, 177—189.

(274) Plesniak, M. P.; Just-Baringo, X; Ortu, F.; Mills, D. P.; Procter,
D. J. SmCpR2-Mediated Cross-Coupling of Allyl and Propargyl Ethers
with Ketoesters and a Telescoped Approach to Complex Cyclo-
heptanols. Chem. Commun. 2016, 52, 13503—13506.

(275) Palumbo, C. T.; Ziller, J. W.; Evans, W. J. Structural
Characterization of the Bent Metallocenes, [CsH;(SiMe;),],Sm and
[CsH;(CMe;),],Ln (Ln = Eu, Sm), and the Mono(Cyclopentadienyl)
Tetraphenylborate Complex, [ CsH;(CMe;),]Eu(u-1%%"-Ph),BPh,. J.
Organomet. Chem. 2018, 867, 142—148.

(276) Kilpatrick, A. F.R.; Cloke, F. G. N. A Base-Free Synthetic Route
to Anti-Bimetallic Lanthanide Pentalene Complexes. Dalton Trans.
2017, 46, 5587—5597.

(277) Evans, W. J; Allen, N. T.; Ziller, J. W. Expanding Divalent
Organolanthanide Chemistry: The First Organothulium(II) Complex
and the in Situ Organodysprosium(II) Reduction of Dinitrogen. Angew.
Chem., Int. Ed. 2002, 41, 359—361.

(278) Yatabe, T.; Karasawa, M.; Isobe, K; Ogo, S.; Nakai, H. A
Naphthyl-Substituted Pentamethylcyclopentadienyl Ligand and Its
Sm(II) Bent-Metallocene Complexes with Solvent-Induced Structure
Change. Dalton Trans. 2012, 41, 354—356.

(279) Sitzmann, H.; Dezember, T.; Schmitt, O.; Weber, F.;
Wolmershiuser, G.; Ruck, M. Reactions of Free Cyclopentadienyl
Radicals. 3 Metallocenes of Samarium, Europium, and Ytterbium with
the Especially Bulky Cyclopentadienyl Ligands CsH(CHMe,),,
CsH,(CMe;);, and C;(CHMe,)s. Z. Anorg. Allg. Chem. 2000, 626,
2241-2244.

(280) Evans, W. J.; Allen, N. T.; Ziller, J. W. Facile Dinitrogen
Reduction via Organometallic Tm(II) Chemistry. J. Am. Chem. Soc.
2001, 123, 7927—7928.

(281) Khoroshen’kov, G. V.; Fagin, A. A.; Bochkarev, M. N.; Dechert,
S.; Schumann, H. Reactions of Neodymium(II), Dysprosium(1I), and
Thulium(II) Diiodides with Cyclopentadiene. Molecular Structures of
Complexes CpTml,(THF); and [NdL(THF),]*[NdI,(THF),]".
Russ. Chem. Bull. 2003, 52, 1715—1719.

(282) Jaroschik, F.; Nief, F.; Ricard, L. Synthesis of a New Stable,
Neutral Organothulium(II) Complex by Reduction of a Thulium (III)
Precursor. Chem. Commun. 2006, 426—428.

(283) Nief, F.; De Borms, B. T.; Ricard, L.; Carmichael, D. New
Complexes of Divalent Thulium with Substituted Phospholyl and
Cyclopentadienyl Ligands. Eur. J. Inorg. Chem. 2005, 2003, 637—643.

(284) Cantat, T.; Jaroschik, F.; Nief, F.; Ricard, L.; Mezailles, N.; Le
Floch, P. New Mono- and Bis-Carbene Samarium Complexes:
Synthesis, X-Ray Crystal Structures and Reactivity. Chem. Commun.
2008, 5178—5180.

(285) Nief, F.; Turcitu, D.; Ricard, L. Synthesis and Structure of
Phospholyl- and Arsolylthulium(II) Complexes. Chem. Commun. 2002,
1646—1647.

(286) Turcitu, D.; Nief, F.; Ricard, L. Structure and Reactivity of
Homoleptic Samarium(II) and Thulium(II) Phospholyl Complexes.
Chem. - A Eur. J. 2003, 9, 4916—4923.

(287) Tilley, T. D.; Andersen, R. A.; Zalkin, A. Divalent Lanthanide
Chemistry. Preparation and Crystal Structures of Sodium Tris[Bis-
(Trimethylsilyl) Amido]Europate(II) and Sodium Tris[Bis-
(Trimethylsilyl) Amido]Ytterbate(II), NaM[N(SiMe;),]s. Inorg.
Chem. 1984, 23, 2271-2276.

(288) Evans, W. J; Drummond, D. K; Zhang, H.; Atwood, J. L.
Synthesis and X-Ray Crystal Structure of the Divalent [Bis-
(Trimethylsilyl) Amido] Samarium Complexes [(Me;Si),N],Sm-
(THF), and {[(Me;Si),N]Sm(u-I)(DME)(THE)},. Inorg. Chem.
1988, 27 (3), 575—579.

(289) Evans, W. J.; Zucchi, G.; Ziller, J. W. Dinitrogen Reduction by
Tm(1I), Dy(II), and Nd(II) with Simple Amide and Aryloxide Ligands.
J. Am. Chem. Soc. 2003, 125, 10—11.

(290) Evans, W. ].; Lee, D. S,; Rego, D. B.; Perotti, ]. M.; Kozimor, S.
A,; Moore, E. K; Ziller, ]. W. Expanding Dinitrogen Reduction
Chemistry to Trivalent Lanthanides via the LnZ;/Alkali Metal
Reduction System: Evaluation of the Generality of Forming Ln,(u-

https://doi.org/10.1021/acs.chemrev.1c00842
Chem. Rev. 2022, 122, 6040—6116


https://doi.org/10.1016/S0277-5387(97)00252-0
https://doi.org/10.1016/S0277-5387(97)00252-0
https://doi.org/10.1016/S0277-5387(97)00252-0
https://doi.org/10.1039/c39940001205
https://doi.org/10.1039/c39940001205
https://doi.org/10.1039/c39940001205
https://doi.org/10.1021/acs.inorgchem.8b03551?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.8b03551?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.9b01049?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.9b01049?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.9b01049?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja01131a024?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja01131a024?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja01326a050?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0040-4039(00)77601-5
https://doi.org/10.1016/S0040-4039(00)77601-5
https://doi.org/10.1002/zaac.19301930132
https://doi.org/10.1002/zaac.19301930132
https://doi.org/10.1002/anie.202002009
https://doi.org/10.1002/anie.202002009
https://doi.org/10.1002/anie.202002009
https://doi.org/10.1039/C5NJ01402F
https://doi.org/10.1039/C5NJ01402F
https://doi.org/10.1039/C5NJ01402F
https://doi.org/10.1016/S0020-1693(00)88073-1
https://doi.org/10.1016/S0020-1693(00)88073-1
https://doi.org/10.1016/S0020-1693(00)88073-1
https://doi.org/10.1016/0022-4596(87)90366-5
https://doi.org/10.1016/0022-4596(87)90366-5
https://doi.org/10.1002/zaac.19926180102
https://doi.org/10.1002/zaac.19926180102
https://doi.org/10.1002/zaac.19926180102
https://doi.org/10.1016/0022-4596(88)90332-5
https://doi.org/10.1016/0022-4596(88)90332-5
https://doi.org/10.1002/anie.200501297
https://doi.org/10.1002/anie.200501297
https://doi.org/10.1002/anie.200501297
https://doi.org/10.1039/DT9950001427
https://doi.org/10.1039/DT9950001427
https://doi.org/10.1039/DT9950001427
https://doi.org/10.1039/DT9950001427
https://doi.org/10.1021/om00110a006?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om00110a006?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om00110a006?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om00110a006?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00377a033?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00377a033?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00377a033?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00377a033?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0022-328X(92)83442-K
https://doi.org/10.1016/0022-328X(92)83442-K
https://doi.org/10.1016/0022-328X(92)83442-K
https://doi.org/10.1016/0022-328X(92)83442-K
https://doi.org/10.1039/C6CC07318B
https://doi.org/10.1039/C6CC07318B
https://doi.org/10.1039/C6CC07318B
https://doi.org/10.1016/j.jorganchem.2017.09.038
https://doi.org/10.1016/j.jorganchem.2017.09.038
https://doi.org/10.1016/j.jorganchem.2017.09.038
https://doi.org/10.1016/j.jorganchem.2017.09.038
https://doi.org/10.1039/C6DT04475A
https://doi.org/10.1039/C6DT04475A
https://doi.org/10.1002/1521-3773(20020118)41:2<359::AID-ANIE359>3.0.CO;2-A
https://doi.org/10.1002/1521-3773(20020118)41:2<359::AID-ANIE359>3.0.CO;2-A
https://doi.org/10.1002/1521-3773(20020118)41:2<359::AID-ANIE359>3.0.CO;2-A
https://doi.org/10.1039/C1DT11844G
https://doi.org/10.1039/C1DT11844G
https://doi.org/10.1039/C1DT11844G
https://doi.org/10.1039/C1DT11844G
https://doi.org/10.1002/1521-3749(200011)626:11<2241::AID-ZAAC2241>3.0.CO;2-0
https://doi.org/10.1002/1521-3749(200011)626:11<2241::AID-ZAAC2241>3.0.CO;2-0
https://doi.org/10.1002/1521-3749(200011)626:11<2241::AID-ZAAC2241>3.0.CO;2-0
https://doi.org/10.1002/1521-3749(200011)626:11<2241::AID-ZAAC2241>3.0.CO;2-0
https://doi.org/10.1021/ja011282l?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja011282l?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1023/A:1026132017155
https://doi.org/10.1023/A:1026132017155
https://doi.org/10.1023/A:1026132017155
https://doi.org/10.1039/B514818A
https://doi.org/10.1039/B514818A
https://doi.org/10.1039/B514818A
https://doi.org/10.1002/ejic.200400784
https://doi.org/10.1002/ejic.200400784
https://doi.org/10.1002/ejic.200400784
https://doi.org/10.1039/b510327d
https://doi.org/10.1039/b510327d
https://doi.org/10.1039/b204337h
https://doi.org/10.1039/b204337h
https://doi.org/10.1002/chem.200305107
https://doi.org/10.1002/chem.200305107
https://doi.org/10.1021/ic00183a013?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic00183a013?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic00183a013?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic00183a013?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic00276a027?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic00276a027?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic00276a027?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0211712?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0211712?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja046047s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja046047s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja046047s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c00842?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

REVIEY

177:*-N,) Complexes via LnZ5/K. J. Am. Chem. Soc. 2004, 126, 14574—
14582.

(291) Evans, W. J.; Fang, M.; Zucchi, G. L.; Furche, F; Ziller, J. W.;
Hoekstra, R. M,; Zink, J. L Isolation of Dysprosium and Yttrium
Complexes of a Three-Electron Reduction Product in the Activation of
Dinitrogen, the (N,)* Radical. J. Am. Chem. Soc. 2009, 131, 11195—
11202.

(292) Goodwin, C. A. P,; Chilton, N. F.; Vettese, G. F.; Moreno
Pineda, E.; Crowe, I. F,; Ziller, . W.; Winpenny, R. E. P.; Evans, W. J.;
Mills, D. P. Physicochemical Properties of Near-Linear Lanthanide(II)
Bis(Silylamide) Complexes (Ln = Sm, Eu, Tm, Yb). Inorg. Chem. 2016,
S5, 10057—10067.

(293) Chilton, N. F.; Goodwin, C. A. P.; Mills, D. P.; Winpenny, R. E.
P. The First Near-Linear Bis(Amide) f-Block Complex: A Blueprint for
a High Temperature Single Molecule Magnet. Chem. Commun. 2018,
S51,101—-103.

(294) Goodwin, C. A. P; Chilton, N. F.; Natrajan, L. S.; Boulon, M.
E.; Ziller, ]. W.; Evans, W. J.; Mills, D. P. Investigation into the Effects of
a Trigonal-Planar Ligand Field on the Electronic Properties of
Lanthanide(II) Tris(Silylamide) Complexes (Ln = Sm, Eu, Tm, Yb).
Inorg. Chem. 2017, 56, 5959—5970.

(295) Moutet, J.; Schleinitz, J.; La Droitte, L.; Tricoire, M.; Pointillart,
F.; Gendron, F.; Simler, T.; Clavaguéra, C.; Le Guennic, B.; Cador, O;
et al. Bis-Cyclooctatetraenyl Thulium(II): Highly Reducing Lantha-
nide Sandwich Single-Molecule Magnets. Angew. Chem., Int. Ed. 2021,
60, 6042—6046.

(296) Xémard, M.; Zimmer, S.; Cordier, M.; Goudy, V.; Ricard, L;
Clavaguéra, C.; Nocton, G. Lanthanidocenes: Synthesis, Structure, and
Bonding of Linear Sandwich Complexes of Lanthanides. J. Am. Chem.
Soc. 2018, 140, 14433—14439.

(297) Clegg, W.; Eaborn, C.; Izod, K.; O’Shaughnessy, P.; Smith, J. D.
The First Structurally Authenticated o-Bonded Organosamarium(1I)
Derivative and Its Reaction with Benzophenone. Angew. Chem., Int. Ed.
1997, 36, 2815—2817.

(298) Bowman, L.J.; Izod, K.; Clegg, W.; Harrington, R. W. Synthesis
and Structures of Ln(II) and Ln(III) Dialkyls Derived from LnI, (Ln =
Nd, Tm, Yb). Organometallics 2007, 26, 2646—2651.

(299) Hitchcock, P. B.; Holmes, S. A.; Lappert, M. F.; Tian, S.
Synthesis, Structures and Reactions of Ytterbium(II) Alkyls. J. Chem.
Soc., Chem. Commun. 1994, 2691—2692.

(300) Yan, K. K.; Upton, B. M,; Ellern, A.; Sadow, A. D. Lewis Acid-
Mediated f-Hydride Abstraction Reactions of Divalent M(C-
(SiHMe,),),THF, (M = Ca, Yb). J. Am. Chem. Soc. 2009, 131 (42),
15110—1S5111.

(301) Yan, K.; Schoendorff, G.; Upton, B. M,; Ellern, A.; Windus, T.
L.; Sadow, A. D. Intermolecular f-Hydrogen Abstraction in Ytterbium,
Calcium, and Potassium Tris(Dimethylsilyl)Methyl Compounds.
Organometallics 2013, 32, 1300—1316.

(302) Pindwal, A;; Ellern, A.;; Sadow, A. D. Homoleptic Divalent
Dialkyl Lanthanide-Catalyzed Cross-Dehydrocoupling of Silanes and
Amines. Organometallics 2016, 35, 1674—1683.

(303) Hitchcock, P. B.; Khvostov, A. V.; Lappert, M. F. Synthesis and
Structures of Crystalline Bis (Trimethylsilyl) Methanido Complexes of
Potassium, Calcium and Ytterbium. J. Organomet. Chem. 2002, 663,
263—268.

(304) Hill, M. S.; Hitchcock, P. B. Synthesis of a Homoleptic Sm(II)
Bis(Phosphinimino)Methanide. Dalton Trans. 2003, 608, 4570—4571.

(305) Hitchcock, P. B.; Khvostov, A. V.; Lappert, M. F.; Protchenko,
A. V. Heteroleptic Ytterbium(II) Complexes Supported by a Bulky -
Diketiminato Ligand. Dalton Trans. 2009, 2383—2391.

(306) Takats, J.; Zhang, W.; et al. Synthesis and Structure of
Bis[ Hydrotris(3,5-Dimethylpyrazolyl)Borato] Samarium(II), Sm[HB-
(3,5-Me,pz);),, and the Product of Its Reaction with Azobenzene.
Organometallics 1993, 12, 4286—4288.

(307) Hillier, A. C; Zhang, X. W.; Maunder, G. H; Liu, S. Y,;
Eberspacher, T. A; Metz, M. V,; McDonald, R.;; Domingos, A,;
Marques, N.; Day, V. W,; et al. Synthesis and Structural Comparison of
a Series of Divalent Ln(Tp**), (Ln = Sm, Eu, Yb) and Trivalent

6104

Sm(Tp™?),X (X =F, C|, I, BPh,) Complexes. Inorg. Chem. 2001, 40,
5106—5116.

(308) Cheng, J.; Takats, J; Ferguson, M. J; McDonald, R.
Heteroleptic Tm(II) Complexes: One More Success for Trofimenko’s
Scorpionates. . Am. Chem. Soc. 2008, 130, 1544—1545.

(309) Zhang, X. W.; Maunder, G. H.; GieSmann, S.; Macdonald, R;
Ferguson, M. J; Bond, A. H. Rogers, R. D.; Takats, J. Stable
Heteroleptic Complexes of Divalent Lanthanides with Bulky
Pyrazolylborate Ligands — Iodides, Hydrocarbyls and Triethylborohy-
drides. Dalton Trans. 2011, 40, 195—210.

(310) Momin, A.; Carter, L.; Yang, Y.; McDonald, R; Essafi née
Labouille, S.; Nief, F.; Del Rosal, L; Sella, A.; Maron, L.; Takats, J. To
Bend or Not To Bend: Experimental and Computational Studies of
Structural Preference in Ln(Tp™?), (Ln = Sm, Tm). Inorg. Chem.
2014, 53, 12066—12075.

(311) Izod, K.; O’Shaughnessy, P.; Sheffield, . M.; Clegg, W.; Liddle,
S. T. Synthesis and Structural Characterization of Sm(II) and Yb(II)
Complexes Containing Sterically Demanding, Chelating Secondary
Phosphide Ligands. Inorg. Chem. 2000, 39, 4741—4748.

(312) Zitz, R; Hlina, J.; Gatterer, K.,; Marschner, C.; Szilvasi, T.;
Baumgartner, J. Neutral “Cp-Free” Silyl-Lanthanide(II) Complexes:
Synthesis, Structure, and Bonding Analysis. Inorg. Chem. 2015, 54,
7065—7072.

(313) Réant, B. L. L.; Berryman, V. E. J,; Basford, A. R.; Nodaraki, L.
E.; Wooles, A. J.; Tuna, F.; Kaltsoyannis, N.; Mills, D. P.; Liddle, S. T.
2Si NMR Spectroscopy as a Probe of s- And f-Block Metal(II)-Silanide
Bond Covalency. J. Am. Chem. Soc. 2021, 143, 9813—9824.

(314) Jones, C.; Stasch, A; Woodul, W. D. Gallyl Lanthanide
Complexes Containing Unsupported Ln-Ga (Ln = Sm, Eu, Yb or Tm)
Bonds. Chem. Commun. 2009, 113—115.

(315) Hitchcock, P. B.; Khvostov, A. V.; Lappert, M. F.; Protchenko,
A. V. Heteroleptic Ytterbium(II) Complexes Supported by a Bulky -
Diketiminato Ligand. Dalton Trans. 2009, 2383—2391.

(316) Jones, C.; Nembenna, S.; Stasch, A. Synthesis and Crystal
Structure of a Bulky -Diketiminato Ytterbium(II) Iodide Complex. J.
Chem. Crystallogr. 2011, 41, 1490—1493.

(317) Wen, Q; Feng, B.; Xiang, L.; Leng, X; Chen, Y. Divalent
Ytterbium Hydrido Complex Supported by a f-Diketiminato-Based
Tetradentate Ligand: Synthesis, Structure, and Reactivity. Inorg. Chem.
2021, 60, 13913—13919.

(318) Liy, X; Xiang, L.; Louyriac, E.; Maron, L.; Leng, X.; Chen, Y.
Divalent Ytterbium Complex-Catalyzed Homo- and Cross-Coupling of
Primary Arylsilanes. . Am. Chem. Soc. 2019, 141, 138—142.

(319) Liu, X.; Wen, Q.; Xiang, L.; Leng, X.; Chen, Y. Samarium(II)
Monoalkyl Complex Supported by a f-Diketiminato-Based Tetraden-
tate Ligand: Synthesis, Structure, and Catalytic Hydrosilylation of
Internal Alkynes. Chem. - A Eur. ]. 2020, 26, 5494—5499.

(320) Xu, C; Ye, Z.; Xiang, L.; Yang, S.; Peng, Q.; Leng, X.; Chen, Y.
Insertion of Metal-Substituted Silylene into Naphthalene’s Aromatic
Ring and Subsequent Rearrangement for Silaspiro-Benzocycloheptenyl
and Cyclobutenosilaindan Derivatives. Angew. Chem., Int. Ed. 2021, 60,
3189—-319S.

(321) Heitmann, D.; Jones, C.; Junk, P. C.; Lippert, K; Stasch, A.
Homoleptic Lanthanide(II)— Bis(Guanidinate) Complexes, [Ln-
(Giso),] (Giso = or Eu) vs Distorted Tetrahedral (Ln = Yb)
Geometries. Dalton Trans. 2007, 187—189.

(322) Heitmann, D.; Jones, C; Mills, D. P.; Stasch, A. Low
Coordinate Lanthanide(II) Complexes Supported by Bulky Guanidi-
nato and Amidinato Ligands. Dalton Trans. 2010, 39, 1877.

(323) Basalov, L. V,; Yurova, O. S.; Cherkasov, A. V.; Fukin, G. K;;
Trifonov, A. A. Amido Ln(II) Complexes Coordinated by Bi- and
Tridentate Amidinate Ligands: Nonconventional Coordination Modes
of Amidinate Ligands and Catalytic Activity in Intermolecular
Hydrophosphination of Styrenes and Tolane. Inorg. Chem. 2016, SS,
1236—1244.

(324) Wiecko, M.; Roesky, P. W.; Burlakov, V. V.; Spannenberg, A.
Bis(Phosphinimino)Methanides as Ligands in Divalent Samarium
Chemistry: Synthesis, Structures and Catalysis. Eur. J. Inorg. Chem.
2007, 2007, 876—881.

https://doi.org/10.1021/acs.chemrev.1c00842
Chem. Rev. 2022, 122, 6040—6116


https://doi.org/10.1021/ja046047s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja9036753?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja9036753?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja9036753?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.6b00808?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.6b00808?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C4CC08312A
https://doi.org/10.1039/C4CC08312A
https://doi.org/10.1021/acs.inorgchem.7b00664?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.7b00664?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.7b00664?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.202015428
https://doi.org/10.1002/anie.202015428
https://doi.org/10.1021/jacs.8b09081?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b09081?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.199728151
https://doi.org/10.1002/anie.199728151
https://doi.org/10.1021/om0611711?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om0611711?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om0611711?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c39940002691
https://doi.org/10.1021/ja9070865?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja9070865?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja9070865?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om3010299?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om3010299?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.organomet.6b00138?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.organomet.6b00138?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.organomet.6b00138?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0022-328X(02)01766-7
https://doi.org/10.1016/S0022-328X(02)01766-7
https://doi.org/10.1016/S0022-328X(02)01766-7
https://doi.org/10.1039/b313034g
https://doi.org/10.1039/b313034g
https://doi.org/10.1039/b818969b
https://doi.org/10.1039/b818969b
https://doi.org/10.1021/om00035a011?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om00035a011?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om00035a011?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic010325w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic010325w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic010325w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0776273?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0776273?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C0DT00162G
https://doi.org/10.1039/C0DT00162G
https://doi.org/10.1039/C0DT00162G
https://doi.org/10.1039/C0DT00162G
https://doi.org/10.1021/ic501816v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic501816v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic501816v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic0002871?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic0002871?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic0002871?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.5b01072?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.5b01072?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c03236?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c03236?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c03236?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/B817933F
https://doi.org/10.1039/B817933F
https://doi.org/10.1039/B817933F
https://doi.org/10.1039/b818969b
https://doi.org/10.1039/b818969b
https://doi.org/10.1007/s10870-011-0128-1
https://doi.org/10.1007/s10870-011-0128-1
https://doi.org/10.1021/acs.inorgchem.1c00686?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.1c00686?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.1c00686?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b12138?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b12138?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/chem.202000342
https://doi.org/10.1002/chem.202000342
https://doi.org/10.1002/chem.202000342
https://doi.org/10.1002/chem.202000342
https://doi.org/10.1002/anie.202012649
https://doi.org/10.1002/anie.202012649
https://doi.org/10.1002/anie.202012649
https://doi.org/10.1039/B614028A
https://doi.org/10.1039/B614028A
https://doi.org/10.1039/B614028A
https://doi.org/10.1039/b924367d
https://doi.org/10.1039/b924367d
https://doi.org/10.1039/b924367d
https://doi.org/10.1021/acs.inorgchem.5b02450?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.5b02450?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.5b02450?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.5b02450?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/ejic.200600947
https://doi.org/10.1002/ejic.200600947
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c00842?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

REVIEY

(325) Panda, T. K; Zulys, A; Gamer, M. T.; Roesky, P. W.
Bis(Phosphinimino)Methanides as Ligands in Divalent Lanthanide and
Alkaline Earth Chemistry - Synthesis, Structure, and Catalysis. J.
Organomet. Chem. 2005, 690, 5078—5089.

(326) Cheng, J.; Takats, J.; Ferguson, M. J.; McDonald, R.
Heteroleptic Tm(II) Complexes: One More Success for Trofimenko’s
Scorpionates. . Am. Chem. Soc. 2008, 130, 1544—1545.

(327) Reid, A. F.; Wailes, P. C. The Reaction of Molten Magnesium
Cyclopentadienide with Fluorides and Other Metal Halides. Inorg.
Chem. 1966, S (7), 1213—1216.

(328) Bottomley, F.; Paez, D. E.; White, P. S. The Reaction of
Scandium Trifluoride with Cyclopentadienyl Salts and the Crystal and
Molecular Structure of the Trimer of Fluorodicyclopentadienylscan-
dium. J. Organomet. Chem. 1985, 291, 35—41.

(329) Ding, Y. S; Yu, K. X;; Reta, D.; Ortu, F.; Winpenny, R. E. P,;
Zheng, Y. Z.; Chilton, N. F. Field- and Temperature-Dependent
Quantum Tunnelling of the Magnetisation in a Large Barrier Single-
Molecule Magnet. Nat. Commun. 2018, 9, 3134.

(330) Ortuy, F.; Reta, D,; Ding, Y. S.; Goodwin, C. A. P.; Gregson, M.
P.; Mclnnes, E. J. L.; Winpenny, R. E. P.; Zheng, Y. Z; Liddle, S. T.;
Mills, D. P,; et al. Studies of Hysteresis and Quantum Tunnelling of the
Magnetisation in Dysprosium(III) Single Molecule Magnets. Dalton
Trans. 2019, 48 (24), 8541—8545.

(331) Goodwin, C. A. P.; Schlimgen, A. W.; Albrecht-Schénzart, T. E.;
Batista, E. R.;; Gaunt, A. J.; Janicke, M. T.; Kozimor, S. A.; Scott, B. L.;
Stevens, L. M.; White, F. D.; et al. Structural and Spectroscopic
Comparison of Soft-Se vs. Hard-O Donor Bonding in Trivalent
Americium/Neodymium Molecules. Angew. Chem., Int. Ed. 2021, 60,
9459—9466.

(332) Windorff, C. J.; Sperling, J. M.; Albrecht-Schonzart, T. E.; Bai,
Z.; Evans, W. J.; Gaiser, A. N.; Gaunt, A. J.; Goodwin, C. A. P.; Hobart,
D. E,; Huffman, Z. K; et al. A Single Small-Scale Plutonium Redox
Reaction System Yields Three Crystallographically-Characterizable
Organoplutonium Complexes. Inorg. Chem. 2020, 59, 13301—13314.

(333) Goodwin, C. A. P.; Su, J.; Albrecht-Schmitt, T. E.; Blake, A. V.;
Batista, E. R;; Daly, S. R;; Dehnen, S.; Evans, W. J; Gaunt, A. J;
Kozimor, S. A.; et al. [Am(C;Me,H);]: An Organometallic Americium
Complex. Angew. Chem., Int. Ed. 2019, 58, 11695—11699.

(334) W, J.; Boyle, T.J.; Shreeve, J. L.; Ziller, J. W.; Evans, W. J. CP/
MAS %Y NMR Spectroscopy: A Facile Method for Characterizing
Yttrium-Containing Solids. Inorg. Chem. 1993, 32, 1130—1134.

(335) Izod, K; Liddle, S. T.; Clegg, W. A Convenient Route to
Lanthanide Triiodide THF Solvates. Crystal Structures of Lnl;(THF),
[Ln = Pr] and LnI;(THF); 5 [Ln = Nd, Gd, Y]. Inorg. Chem. 2004, 43,
214-218.

(336) Reed, J. B.; Hopkins, B. S.; Audrieth, L. F. Observations on the
Rare Earths. XLIV. Preparation of Rare Earth Compounds by the
Action of Fused and Solid “Onium” Salts on the Oxides. J. Am. Chem.
Soc. 1935, 57, 1159—1160.

(337) Meyer, G; et al. The Ammonium Chloride Route To
Anhydrous Rare Earth Chlorides-the Example of YCl;. Inorg. Synth.
1973, 25, 146—150.

(338) Young, R. C.; Hastings, J. L. Reaction of Lanthanum Oxide with
Ammonium Iodide. . Am. Chem. Soc. 1937, 59, 765—766.

(339) Huang, W,; Upton, B. M,; Khan, S. L; Diaconescu, P. L.
Synthesis and Characterization of Paramagnetic Lanthanide Benzyl
Complexes. Organometallics 2013, 32, 1379—1386.

(340) Edleman, N. L.; Wang, A.; Belot, J. A.; Metz, A. W.; Babcock, J.
R.; Kawaoka, A. M; Nj, J.; Metz, M. V.; Flaschenriem, C. J.; Stern, C. L.;
Liable-Sands, L. M.; et al. Synthesis and Characterization of Volatile,
Fluorine-Free f-Ketoiminate Lanthanide MOCVD Precursors and
Their Implementation in Low-Temperature Growth of Epitaxial CeO,
Buffer Layers for Superconducting Electronics. Inorg. Chem. 2002, 41,
5005—5023.

(341) Gompa, T. P; Rice, N. T.; Russo, D. R;; Aguirre Quintana, L.
M,; Yik, B. J.; Bacsa, J.; La Pierre, H. S. Diethyl Ether Adducts of
Trivalent Lanthanide Iodides. Dalton Trans. 2019, 48, 8030—8033.

(342) Windorff, C. J.; Dumas, M. T.; Ziller, J. W.; Gaunt, A. J;
Kozimor, S. A.; Evans, W. J. Small-Scale Metal-Based Syntheses of

6105

Lanthanide Iodide, Amide, and Cyclopentadienyl Complexes as
Analogues for Transuranic Reactions. Inorg. Chem. 2017, 56, 11981—
11989.

(343) Deacon, G. B,; Feng, T.; Junk, P. C.; Meyer, G.; Scott, N. M.;
Skelton, B. W.; White, A. H. Structural Variety in Solvated
Lanthanoid(III) Halide Complexes. Aust. J. Chem. 2000, 53, 853—865.

(344) Petricek, S. Syntheses of Lanthanide Bromide Complexes from
Oxides and the Crystal Structures of [LnBry(DME),] (Ln = Pr, Nd, Sm,
Eu), [LnBry(THF),] (Ln = Pr, Sm) and [EuBr,(THF);]-
[EuBr,(THF),]. Polyhedron 2004, 23, 2293—2301.

(345) Deacon, G. B; Koplick, A. J. A Convenient Synthesis of
Lanthanoid Trihalides in Tetrhydrofuran. Inorg. Nucl. Chem. Lett. 1979,
15, 263-265.

(346) Carter, F. L.; Murray, J. F. Preparation of the Anhydrous Rare
Earth Trichlorides, Tribromides, and Triiodides. Mater. Res. Bull. 1972,
7, 519—523.

(347) Reed, J. B.; Hopkins, B. S.; Audrieth, L. F.; et al. Anhydrous Rare
Earth Chlorides. Inorg. Synth. 1939, 1, 28—33.

(348) Taylor, M. D.; Carter, C. P. Preparation of Anhydrous
Lanthanide Halides, Especially Iodides. J. Inorg. Nucl. Chem. 1962, 24,
387-391.

(349) Meyer, G.; Détsch, S.; Staffel, T. The Ammonium-Bromide
Route to Anhydrous Rare Earth Bromides MBr;. J. Less-Common Met.
1987, 127, 155—160.

(350) Carver, C. T.; Monreal, M. J.; Diaconescu, P. L. Scandium Alkyl
Complexes Supported by a Ferrocene Diamide Ligand. Organometallics
2008, 27, 363—370.

(351) Huang, W.; Brosmer, J. L.; Diaconescu, P. L. In Situ Synthesis of
Lanthanide Complexes Supported by a Ferrocene Diamide Ligand:
Extension to Redox-Active Lanthanide Ions. New J. Chem. 2018, 39,
7696—7702.

(352) Freeman, J. H.; Smith, M. L. The Preparation of Anhydrous
Inorganic Chlorides by Dehydration with Thionyl Chloride. J. Inorg.
Nucl. Chem. 1958, 7, 224—227.

(353) Wu, S. H.; Ding, Z. B.; Li, X. J. A Facile Method for Preparation
of Tetrahydrofuran Complexes of Lanthanide Trichlorides. Polyhedron
1994, 13, 2679—2681.

(354) Hazin, P. N.; Huffman, J. C.; Bruno, J. W. Synthetic and
Structural Studies of Pentamethylcyclopentadienyl Complexes of
Lanthanum and Cerium. Organometallics 1987, 6, 23—27.

(355) Carver, C. T.; Monreal, M. J.; Diaconescu, P. L. Scandium Alkyl
Complexes Supported by a Ferrocene Diamide Ligand. Organometallics
2008, 27, 363—370.

(356) Atwood, J. L.; Smith, K. D. Crystal and Molecular Structure of
Trichlorotris(Tetrahydrofuran)Scandium(IIT). J. Chem. Soc., Dalton
Trans. 1974, 921—-923.

(357) Boyle, T. J.; Ottley, L. A. M.; Alam, T. M.; Rodriguez, M. A;
Yang, P.; Mcintyre, S. K. Structural Characterization of Methanol
Substituted Lanthanum Halides. Polyhedron 2010, 29, 1784—1795.

(358) Coles, M. P.; Hitchcock, P. B.; Lappert, M. F.; Protchenko, A. V.
Syntheses and Structures of the Crystalline, Hightly Crowded 1,3-
Bis(Trimethylsilyl) Cyclopentadienyls [MCp”;] (M = Y, Er, Yb),
[PbCp”,], [{YCp”,(#-OH)},], [(ScCp”2)2(/4-7]2:7’]2-C2H4)],
[YbCp”,Cl(u-Cl)K(18-crown-6)], and [{KCp”}.]. Organometallics
2012, 31, 2682—2690.

(359) Sobota, P.; Utko, J.; Szafert, S. Ionization of YCI3 in
Tetrahydrofuran. Crystal Structures of the [trans-YCL,(THF);][trans
-YCI,(THF),] Salt and Polymeric [YCl;.2THF],, Compounds. Inorg.
Chem. 1994, 33, 5203—5206.

(360) Martinez-Arripe, E.; Jean-Baptiste-Dit-Dominique, F.; Auffrant,
A,; Le Goff, X. F.; Thuilliez, J.; Nief, F. Synthesis and Characterization
of Bidentate Rare-Earth Iminophosphorane o-Aryl Complexes and
Their Behavior as Catalysts for the Polymerization of 1,3-Butadiene.
Organometallics 2012, 31, 4854—4861.

(361) Mou, Z; Liu, B.; Liu, X.; Xie, H.; Rong, W.; Li, L.; Li, S.; Cui, D.
Efficient and Heteroselective Heteroscorpionate Rare-Earth-Metal
Zwitterionic Initiators for ROP of Rac-Lactide: Role of o-Ligand.
Macromolecules 2014, 47, 2233—2241.

https://doi.org/10.1021/acs.chemrev.1c00842
Chem. Rev. 2022, 122, 6040—6116


https://doi.org/10.1016/j.jorganchem.2005.03.023
https://doi.org/10.1016/j.jorganchem.2005.03.023
https://doi.org/10.1021/ja0776273?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0776273?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic50041a030?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic50041a030?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0022-328X(85)80200-X
https://doi.org/10.1016/0022-328X(85)80200-X
https://doi.org/10.1016/0022-328X(85)80200-X
https://doi.org/10.1016/0022-328X(85)80200-X
https://doi.org/10.1038/s41467-018-05587-6
https://doi.org/10.1038/s41467-018-05587-6
https://doi.org/10.1038/s41467-018-05587-6
https://doi.org/10.1039/C9DT01655D
https://doi.org/10.1039/C9DT01655D
https://doi.org/10.1002/anie.202017186
https://doi.org/10.1002/anie.202017186
https://doi.org/10.1002/anie.202017186
https://doi.org/10.1021/acs.inorgchem.0c01671?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.0c01671?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.0c01671?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201905225
https://doi.org/10.1002/anie.201905225
https://doi.org/10.1021/ic00059a018?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic00059a018?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic00059a018?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic034851u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic034851u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic034851u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja01310a003?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja01310a003?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja01310a003?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/9780470132562.ch35
https://doi.org/10.1002/9780470132562.ch35
https://doi.org/10.1021/ja01283a510?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja01283a510?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om3010433?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om3010433?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic020299h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic020299h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic020299h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic020299h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C9DT00775J
https://doi.org/10.1039/C9DT00775J
https://doi.org/10.1021/acs.inorgchem.7b01968?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.7b01968?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.7b01968?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1071/CH00117
https://doi.org/10.1071/CH00117
https://doi.org/10.1016/j.poly.2004.07.009
https://doi.org/10.1016/j.poly.2004.07.009
https://doi.org/10.1016/j.poly.2004.07.009
https://doi.org/10.1016/j.poly.2004.07.009
https://doi.org/10.1016/0020-1650(79)80142-7
https://doi.org/10.1016/0020-1650(79)80142-7
https://doi.org/10.1016/0025-5408(72)90248-6
https://doi.org/10.1016/0025-5408(72)90248-6
https://doi.org/10.1002/9780470132326.ch11
https://doi.org/10.1002/9780470132326.ch11
https://doi.org/10.1016/0022-1902(62)80034-7
https://doi.org/10.1016/0022-1902(62)80034-7
https://doi.org/10.1016/0022-5088(87)90372-9
https://doi.org/10.1016/0022-5088(87)90372-9
https://doi.org/10.1021/om7007277?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om7007277?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C5NJ01402F
https://doi.org/10.1039/C5NJ01402F
https://doi.org/10.1039/C5NJ01402F
https://doi.org/10.1016/0022-1902(58)80073-1
https://doi.org/10.1016/0022-1902(58)80073-1
https://doi.org/10.1016/S0277-5387(00)81320-0
https://doi.org/10.1016/S0277-5387(00)81320-0
https://doi.org/10.1021/om00144a006?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om00144a006?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om00144a006?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om7007277?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om7007277?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/dt9740000921
https://doi.org/10.1039/dt9740000921
https://doi.org/10.1016/j.poly.2010.02.027
https://doi.org/10.1016/j.poly.2010.02.027
https://doi.org/10.1021/om2009364?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om2009364?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om2009364?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om2009364?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic00101a011?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic00101a011?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic00101a011?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om300389v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om300389v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om300389v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma500209t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma500209t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c00842?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

REVIEY

(362) Avent, A. G.; Cloke, F. G. N; Elvidge, B. R.; Hitchcock, P. B.
Yttrium Complexes Incorporating the Chelating Diamides [ArN-
(CH,)xNAr]* (Ar = C¢H;2,6-Pr2, x = 2, 3) and Their Unusual
Reaction with Phenylsilane. Dalton Trans. 2004, 1083—1096.

(363) Kauzlarich, S. M.; Hughbanks, T.; Corbett, J. D.; Klavins, P.;
Shelton, R. N. Two Extended Metal Chain Compounds, Y,I;C and
Y4I,C,. Synthesis, Structure, Properties, and Bonding. Inorg. Chem.
1988, 27, 1791—-1797.

(364) Deacon, G. B.; Feng, T.; Junk, P. C.; Skelton, B. W.; Sobolev, A.
N.; White, A. H. Preparation and X-Ray Crystal Structures of
Tetrahydrofuran-Complexed Rare Earth Chlorides — a Structurally
Rich Series. Aust. J. Chem. 1998, 51, 75—89.

(365) Sanchez-Barba, L. F.; Hughes, D. L; Humphrey, S. M,;
Bochmann, M. New Bis(Allyl)(Diketiminato) and Tris(Allyl)
Lanthanide Complexes and Their Reactivity in the Polymerization of
Polar Monomers. Organometallics 2008, 24, 3792—3799.

(366) Deacon, G. B.; Forsyth, C. M.; Junk, P. C.; Skelton, B. W,;
White, A. H. Lithium and Lanthanoid(III) Complexes of the Chelating
N,N-Dimethyl-N’-Trimethylsilylethane-1,2-Diaminate(1—) Ligand. J.
Chem. Soc.,, Dalton Trans. 1998, 1381—1388.

(367) Carver, C. T.; Williams, B. N.; Ogilby, K. R.; Diaconescu, P. L.
Coupling of Aromatic N-Heterocycles Mediated by Group 3
Complexes. Organometallics 2010, 29, 835—846.

(368) Trifonov, A. A,; Van De Weghe, P.; Collin, J.; Domingos, A.;
Santos, I. Synthesis of Lanthanide Complexes Coordinated by an
Asymmetric Cyclopentadienyl Ligand. J. Organomet. Chem. 1997, 527,
225-237.

(369) Evans, W. ].; Shreeve, J. L.; Ziller, ]. W.; Doedens, R. J. Structural
Diversity in Solvated Lanthanide Halide Complexes. Inorg. Chem. 1995,
34, 576—585.

(370) Broderick, E. M.; Thuy-Boun, P. S.; Guo, N.; Vogel, C. S;
Sutter, J.; Miller, J. T.; Meyer, K,; Diaconescu, P. L. Synthesis and
Characterization of Cerium and Yttrium Alkoxide Complexes
Supported by Ferrocene-Based Chelating Ligands. Inorg. Chem. 2011,
S0, 2870—2877.

(371) Broderick, E. M.; Guo, N.; Wu, T.; Vogel, C. S.; Xu, C.; Sutter,
J.; Miller, J. T.; Meyer, K; Cantat, T.; Diaconescu, P. L. Redox Control
of a Polymerization Catalyst by Changing the Oxidation State of the
Metal Center. Chem. Commun. 2011, 47, 9897—9899.

(372) Hitchcock, P. B.; Hulkes, A. G.; Lappert, M. F. Oxidation in
Nonclassical Organolanthanide Chemistry: Synthesis, Characteriza-
tion, and X-Ray Crystal Structures of Cerium(III) and -(IV) Amides.
Inorg. Chem. 2004, 43, 1031—1038.

(373) Liddle, S. T.; Arnold, P. L. Synthesis of Heteroleptic
Cerium(III) Anionic Amido-Tethered N-Heterocyclic Carbene
Complexes. Organometallics 2005, 24, 2597—260S.

(374) Wwilley, G. R; Woodman, T. J.; Drew, M. G. B. Lanthanide-
(IIT) Chloride-Tetrahydrofuran Solvates: Structural Patterns within the
Series LnCl;(THF),, Where n = 2,3,3.5 and 4: Crystal and Molecular
Structures of [PrCl(u-Cl),(THF),],, [Nd(u-Cl);(H,O)(THF)], and
GdCL,(THF),. Polyhedron 1997, 16, 3385—3393.

(375) Wang, Z; Hu, N.; Sakata, K; Hashimoto, M. Syntheses,
Characterization and Crystal Structures of §,14-Dihydro-6,8,15,17-
Tetramethyldibenzo[b,i][1,4,8,11] Tetraazacyclotetradecine Rare
Earth(III) Complexes Zenglin. J. Chem. Soc, Dalton Trans. 1999,
1695—-1700.

(376) Wengqi, C.; Zhongsheng, J.; Yan, X.; Yuguo, F.; Guangdi, Y.
Crystal Structure of NACI;-4THF and Its Catalytic Activity in
Polymerization of Diene. Inorg. Chim. Acta 1987, 130, 125—129.

(377) Balashova, T. V.; Kusyaev, D. M.; Kulikova, T. I; Kuznetsova,
0. N,; Edelmann, F. T.; Giemann, S.; Blaurock, S.; Bochkarev, M. N.
Use of Neodymium Diiodide in the Synthesis of Organosilicon,
-Germanium and -Tin Compounds. Z. Anorg. Allg. Chem. 2007, 633,
256—260.

(378) Clark, D. L.; Gordon, J. C.; Scott, B. L.; Watkin, J. G. Synthesis
and Characterization of a Mixed-Ring Bis-Cyclopentadienyl Derivative
of Neodymium. X-Ray Crystal Structures of (7-CsMes)NdI,(Py); and
(7-CsMes) (7-CsH,SiMe;)NdI(Py). Polyhedron 1999, 18 (10), 1389—
1396.

6106

(379) Anfang, S.; Karl, M.; Faza, N.; Massa, W.; Dehnicke, K.; Magull,
J. Synthese Und Kristallstrukturen Der Seltenerd-Komplexe
[Lal,(THF)S]*1,~, [SmCl,(THE),], [ErCl,(THF) ]*
[ErCl,(THF),]~, [ErCl;(DME),] Und [Na(18-Krone-6)(THF),]*
[YbBr,(THF),]™. Z. Anorg. Allg. Chem. 1997, 623, 1425—1432.

(380) Zamora, M. T.; Johnson, K. R. D.; Hinninen, M. M,; Hayes, P.
G. Differences in the Cyclometalation Reactivity of Bisphosphinimine-
Supported Organo-Rare Earth Complexes. Dalton Trans. 2014, 43,
10739-10750.

(381) Collin, J.; Giuseppone, N.; Jaber, N.; Domingos, A.; Maria, L.;
Santos, L. Todo Bis Bistrimethylsilylamido Lanthanides. J. Organomet.
Chem. 2001, 628, 271-274.

(382) Bartenbach, D.; Wenzel, O.; Popescu, R.; Faden, L. P.; Reif}, A.;
Kaiser, M.; Zimina, A.; Grunwaldt, J. D.; Gerthsen, D.; Feldmann, C.
Liquid-Phase Synthesis of Highly Reactive Rare-Earth Metal Nano-
particles. Angew. Chem., Int. Ed. 2021, 60, 17373—17377.

(383) Xie, Z.; Chiu, K. Y.; Wu, B.; Mak, T. C. W. Autoionization of
Smlj; in Tetrahydrofuran. X-Ray Crystal Structure of the Ionic Complex
[SmL(THF)][SmI,(THF),]. Inorg. Chem. 1996, 35, 5957—5958.

(384) Hitchcock, P. B.; Lappert, M. F; Tian, S. Synthesis,
Characterisation and Reactions of 1,3-Bis(Trimethylsilyl)-1-Aza-
Allyl-Lanthanide Complexes; X-Ray Structures of [Sm(LL’),I(Thf)],
[Yb(LL'),] and [RN = C(Bu")CH(R)], (Thf = Tetrahydrofuran, LL' =
17*-N(R)C(Bu')CHR, R = SiMe3). J. Organomet. Chem. 1997, 549, 1—
12.

(385) Lin, S. — H.; Dong, Z. -C; Huang, J. -S; Zhang, Q. -E; Ly, J.- X.
Structure of Trichlorotetrakis(Tetrahydrofuran)Europium(IIl). Acta
Crystallogr. Sect. C 1991, 47, 426—427.

(386) Joseph, S.; Radhakrishnan, P. K. Rare Earth Iodide Complexes
of 4-Formyl-2, 3-Dimethyl-]- Phenyl-3-Pyrazolin-S-One. Synth. React.
Inorg. Met. Chem. 1982, 12, 1219—1229.

(387) Willey, G. R;; Meehan, P. R;; Rudd, M. D.; Clase, H. J.; Alcock,
N. W. Synthesis Crystal Structure of [GdCl,dibenzo-18-crown-6-
MeCN][SbCl¢]-2MeCN dibenzo-18-crown-6—2,3,11,12-dibenzo-
1,4,7,10,13,16-hexaoxacyclooctadeca-2,11-diene. Inorg. Chim. Acta
1994, 215, 209—213.

(388) Roitershtein, D. M.; Puntus, L. N.; Vinogradov, A. A.; Lyssenko,
K. A.; Minyaev, M. E.; Dobrokhodov, M. D.; Taidakov, I. V.; Varaksina,
E. A; Churakov, A. V,; Nifant'’Ev, 1. E. Polyphenylcyclopentadienyl
Ligands as an Effective Light-Harvesting p-Bonded Antenna for
Lanthanide +3 Ions. Inorg. Chem. 2018, 57, 10199—10213.

(389) Willey, G. R.; Meehan, P. R.; Woodman, T. J.; Drew, M. G. B.
Identification of the Dysprosium(III) Chloride Solvate DyCl;(thf)ss:
Crystal of the Ion Pair [Trans-DyCl,(thf)s][trans-DyCl,(thf),].
Polyhedron 1997, 16, 623—627.

(390) Pan, Y; Xu, T.; Yang, G. W.; Jin, K.; Lu, X. B. Bis(Oxazolinyl)-
Phenyl-Ligated Rare-Earth-Metal Complexes: Highly Regioselective
Catalysts for Cis —1,4-Polymerization of Isoprene. Inorg. Chem. 2013,
52, 2802—2808.

(391) Raeder, J.; Reiners, M.; Baumgarten, R.; Miinster, K.; Baabe, D.;
Freytag, M.; Jones, P. G.; Walter, M. D. Synthesis and Molecular
Structure of Pentadienyl Complexes of the Rare-Earth Metals. Dalton
Trans. 2018, 47, 14468—14482.

(392) Long, J.; Selikhov, A. N.; Mamontova, E.; Lyssenko, K. A;
Guari, Y,; Larionova, J; Trifonov, A. A. Single-Molecule Magnet
Behaviour in a Dy(III) Pentagonal Bipyramidal Complex with a Quasi-
Linear Cl-Dy-Cl Sequence. Dalton Trans. 2019, 48, 35—39.

(393) Petricek, S. Synthesis and Structural Similarities of Yttrium and
Lanthanide Chloride Complexes with Diglyme and Tetrahydrofuran.
Acta Chim. Slov. 2009, 56, 426—433.

(394) Deacon, G. B.; Forsyth, C. M,; Scott, N. M. Solvent-Free
Lanthanoid Complexes Derived From Chelation-Supported Organo-
amide Ligands. Eur. J. Inorg. Chem. 2002, 2002, 1425—1438.

(395) Johnson, K. R. D. D.; Coté, A. P.; Hayes, P. G. Four-Coordinate
Erbium Organometallic and Coordination Complexes: Synthesis and
Structure. J. Organomet. Chem. 2010, 695, 2747—2755.

(396) Deacon, G. B.; Evans, D. J.; Junk, P. C. New Variations on the
LnCl;(L)n (L = Tetrahydrofuran or 1, 2-Dimethoxyethane) Structural

https://doi.org/10.1021/acs.chemrev.1c00842
Chem. Rev. 2022, 122, 6040—6116


https://doi.org/10.1039/B400149D
https://doi.org/10.1039/B400149D
https://doi.org/10.1039/B400149D
https://doi.org/10.1021/ic00283a024?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic00283a024?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1071/C97174
https://doi.org/10.1071/C97174
https://doi.org/10.1071/C97174
https://doi.org/10.1021/om050309x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om050309x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om050309x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/a800022k
https://doi.org/10.1039/a800022k
https://doi.org/10.1021/om900943m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om900943m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0022-328X(96)06688-0
https://doi.org/10.1016/S0022-328X(96)06688-0
https://doi.org/10.1021/ic00107a009?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic00107a009?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic102076g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic102076g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic102076g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c1cc13117f
https://doi.org/10.1039/c1cc13117f
https://doi.org/10.1039/c1cc13117f
https://doi.org/10.1021/ic035100v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic035100v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic035100v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om050061b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om050061b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om050061b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0277-5387(97)00078-8
https://doi.org/10.1016/S0277-5387(97)00078-8
https://doi.org/10.1016/S0277-5387(97)00078-8
https://doi.org/10.1016/S0277-5387(97)00078-8
https://doi.org/10.1016/S0277-5387(97)00078-8
https://doi.org/10.1039/a900100j
https://doi.org/10.1039/a900100j
https://doi.org/10.1039/a900100j
https://doi.org/10.1039/a900100j
https://doi.org/10.1016/S0020-1693(00)85941-1
https://doi.org/10.1016/S0020-1693(00)85941-1
https://doi.org/10.1002/zaac.200600255
https://doi.org/10.1002/zaac.200600255
https://doi.org/10.1016/S0277-5387(98)00438-0
https://doi.org/10.1016/S0277-5387(98)00438-0
https://doi.org/10.1016/S0277-5387(98)00438-0
https://doi.org/10.1016/S0277-5387(98)00438-0
https://doi.org/10.1002/zaac.19976230918
https://doi.org/10.1002/zaac.19976230918
https://doi.org/10.1002/zaac.19976230918
https://doi.org/10.1002/zaac.19976230918
https://doi.org/10.1039/C4DT00863D
https://doi.org/10.1039/C4DT00863D
https://doi.org/10.1016/S0022-328X(01)00793-8
https://doi.org/10.1002/anie.202104955
https://doi.org/10.1002/anie.202104955
https://doi.org/10.1021/ic9604526?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic9604526?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic9604526?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0022-328X(96)06879-9
https://doi.org/10.1016/S0022-328X(96)06879-9
https://doi.org/10.1016/S0022-328X(96)06879-9
https://doi.org/10.1016/S0022-328X(96)06879-9
https://doi.org/10.1016/S0022-328X(96)06879-9
https://doi.org/10.1107/S0108270190007788
https://doi.org/10.1080/00945719909349523
https://doi.org/10.1080/00945719909349523
https://doi.org/10.1016/0020-1693(93)03687-6
https://doi.org/10.1016/0020-1693(93)03687-6
https://doi.org/10.1016/0020-1693(93)03687-6
https://doi.org/10.1021/acs.inorgchem.8b01405?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.8b01405?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.8b01405?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0277-5387(96)00315-4
https://doi.org/10.1016/0277-5387(96)00315-4
https://doi.org/10.1021/ic300976p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic300976p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic300976p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C8DT03123A
https://doi.org/10.1039/C8DT03123A
https://doi.org/10.1039/C8DT04098B
https://doi.org/10.1039/C8DT04098B
https://doi.org/10.1039/C8DT04098B
https://doi.org/10.1002/1099-0682(200206)2002:6<1425::AID-EJIC1425>3.0.CO;2-T
https://doi.org/10.1002/1099-0682(200206)2002:6<1425::AID-EJIC1425>3.0.CO;2-T
https://doi.org/10.1002/1099-0682(200206)2002:6<1425::AID-EJIC1425>3.0.CO;2-T
https://doi.org/10.1016/j.jorganchem.2010.07.033
https://doi.org/10.1016/j.jorganchem.2010.07.033
https://doi.org/10.1016/j.jorganchem.2010.07.033
https://doi.org/10.1002/1521-3749(200209)628:9/10<2033::AID-ZAAC2033>3.0.CO;2-G
https://doi.org/10.1002/1521-3749(200209)628:9/10<2033::AID-ZAAC2033>3.0.CO;2-G
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c00842?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

REVIEY

Theme — NdCl;(Dme), and YbCL(Thf);s. Z. Anorg. Allg. Chem.
2002, 628, 2033—2036.

(397) Emge, T. J.; Kornienko, A.; Brennan, J. G. Trans Influence in a
Mer-Octahedral Triiodidolanthanide: Triiodidotris(Tetrahydrofuran-
kO)Ytterbium(IIl). Acta Crystallogr. Sect. C Cryst. Struct. Commun.
2009, 65, 422—425.

(398) Niemeyer, M. Trans -Diiodopentakis(Tetrahydrofuran)-
Ytterbium(III) Tetraiodo- Trans -Bis(Tetrahydrofuran)Ytterbium-
(II1). Acta Crystallogr. Sect. E Struct. Reports Online 2001, 57, m363—
m364.

(399) Caballo, J.; Garcia-Castro, M.; Martin, A.; Mena, M.; Pérez-
Redondo, A.; Yélamos, C. Molecular Nitrides with Titanium and Rare-
Earth Metals. Inorg. Chem. 2011, 50, 6798—6808.

(400) Natrajan, L.; Pécaut, J.; Mazzanti, M.; LeBrun, C. Controlled
Hydrolysis of Lanthanide Complexes of the N-Donor Tripod Tris(2-
Pyridylmethyl)Amine versus Bisligand Complex Formation. Inorg.
Chem. 2008, 44, 4756—4765.

(401) Birmingham, J. M.; Wilkinson, G. The Cyclopentadienides of
Scandium, Yttrium and Some Rare Earth Elements. J. Am. Chem. Soc.
1956, 78, 42—44.

(402) MacDonald, M. R.; Fieser, M. E.; Bates, J. E.; Ziller, J. W.;
Furche, F.; Evans, W. J. Identification of the + 2 Oxidation State for
Uranium in a Crystalline Molecular Complex, [K(2.2.2-Cryptand)]-
[(CsH,SiMe;);U]. J. Am. Chem. Soc. 2013, 135, 13310—13313.

(403) Stults, S. D.; Andersen, R. A.; Zalkin, A. Structural Studies on
Cyclopentadienyl Compounds of Trivalent Cerium: Tetrameric
(MeC;H,);Ce and Monomeric (Me;SiCsH,);Ce and
[(Me;Si),CsH;]5Ce and Their Coordination Chemistry. Organo-
metallics 1990, 9, 115—122.

(404) Krinsky, J. L.; Minasian, S. G.; Arnold, J. Covalent Lanthanide
Chemistry near the Limit of Weak Bonding: Observation of
(CpSiMe;);Ce-ECp* and a Comprehensive Density Functional
Theory Analysis of Cp;Ln-ECp (E = Al, Ga). Inorg. Chem. 2011, 50,
345-357.

(40S) Peterson, J. K; MacDonald, M. R; Ziller, J. W.; Evans, W. J.
Synthetic Aspects of (C;H,SiMe;);Ln Rare-Earth Chemistry: For-
mation of (CyH,SiMe;);Lu via [(CsH,SiMe;),Ln]" Metallocene
Precursors. Organometallics 2013, 32, 2625—2631.

(406) MacDonald, M. R;; Bates, J. E.; Fieser, M. E.; Ziller, J. W.;
Furche, F.; Evans, W. J. Expanding Rare-Earth Oxidation State
Chemistry to Molecular Complexes of Holmium(II) and Erbium(II).
J. Am. Chem. Soc. 2012, 134, 8420—8423.

(407) MacDonald, M. R;; Ziller, J. W.; Evans, W. J. Synthesis of a
Crystalline Molecular Complex of Y**, [(18-Crown-6)K]-
[(CsH,SiMe;);Y]. J. Am. Chem. Soc. 2011, 133, 15914—15917.

(408) Hammel, A.; Schwarz, W.; Weidlein, J. Koordinationsverhalt-
nisse in Cyclopentadienylverbindungen. I. Die Struktur Einer
Monomeren Ln(Cp®);-Verbundung Tris(Methylcyclopentadienyl)-
Ytterbium. J. Organomet. Chem. 1989, 363, C29—C35.

(409) Xie, Z.; Hahn, F. E.; Qian, C. Synthesis and Molecular Structure
of (MeCp);La (MeCp = CH,C;H,): A Tetrameric Complex of the
Type [(MeCp);Lal,. J. Organomet. Chem. 1991, 414, C12—Cl14.

(410) Burns, J. H,; Baldwin, W. H.; Fink, F. H. Crystal Structure of
Neodymium Tris(Methylcyclopentadienide). Inorg. Chem. 1974, 13,
1916—1920.

(411) Angadol, M. A.; Woen, D. H.; Windorff, C. J; Ziller, J. W,;
Evans, W. J. Tert-Butyl(Cyclopentadienyl) Ligands Will Stabilize
Nontraditional + 2 Rare-Earth Metal Ions. Organometallics 2019, 38,
1151—-1158.

(412) Rodrigues, I; Xue, T. Y.; Roussel, P.; Visseaux, M. (t
BuCsH,);Nd: A Triscyclopentadienyl Rare Earth Compound as Non-
Classical Isoprene Polymerization Pre-Catalyst. J. Organomet. Chem.
2013, 743, 139—146.

(413) Sofield, C. D.; Andersen, R. A. A General Synthesis and Crystal
Structure of [(Me;C),CsH;]5Ce. J. Organomet. Chem. 1995, S01,271—
276.

(414) Goodwin, C. A. P.; Ortu, F.; Reta, D.; Chilton, N. F.; Mills, D. P.
Molecular Magnetic Hysteresis at 60 K in Dysprosocenium. Nature
2017, 548, 439—442.

6107

(415) Goodwin, C. A. P.; Reta, D.; Ortu, F.; Chilton, N. F.; Mills, D. P.
Synthesis and Electronic Structures of Heavy Lanthanide Metal-
locenium Cations. J. Am. Chem. Soc. 2017, 139, 18714—18724.

(416) Liu, J.; Reta, D.; Cleghorn, J. A.; Yeoh, Y. X.; Ortu, F.; Goodwin,
C. A. P; Chilton, N. F.; Mills, D. P. Light Lanthanide Metallocenium
Cations Exhibiting Weak Equatorial Anion Interactions. Chem. - A Eur.
J. 2019, 25, 7749—7758.

(417) Randall McClain, K.; Gould, C. A.; Chakarawet, K.; Teat, S. J.;
Groshens, T. J.; Long, J. R.; Harvey, B. G. High-Temperature Magnetic
Blocking and Magneto-Structural Correlations in a Series of
Dysprosium(III) Metallocenium Single-Molecule Magnets. Cherm. Sci.
2018, 9, 8492—8503.

(418) Jaroschik, F.; Nief, F.; Le Goff, X. F.; Ricard, L. Synthesis and
Reactivity of Organometallic Complexes of Divalent Thulium with
Cyclopentadienyl and Phospholyl Ligands. Organometallics 2007, 26,
3552—-35S8.

(419) Khoroshenkov, G. V.; Petrovskaya, T. V.; Fedushkin, I. L.;
Bochkarev, M. N.. On the Reactivity of Lanthanide Iodides Lnl, (x < 3)
Formed in the Reactions of Lanthanide Metals with Iodine. Z. Anorg.
Allg. Chem. 2002, 628, 699—702.

(420) Du, S Yin, J; Chi, Y; Xu, L; Zhang, W. X. Dual
Functionalization of White Phosphorus: Formation, Characterization,
and Reactivity of Rare-Earth-Metal Cyclo-P; Complexes. Angew. Chem.,
Int. Ed. 2017, 56, 15886—15890.

(421) Lappert, M. F.; Singh, A.; Atwood, J. L.; Hunter, W. E. Use of
the bis(trimethylsilyl) cyclopentadienyl ligand for stabilising early (f—
f3) lanthanocene chlorides; X-ray structure of [(Pr{zn-
[CsH;(SiMe;),]},Cl),] and of isoleptic scandium and ytterbium
complexes. J. Chem. Soc. Chem. Commun. 1981, 1190—1191.

(422) Xie, Z.; Chui, K.; Liu, Z.; Xue, F.; Zhang, Z.; Mak, T. C.W.; Sun,
J. Systematic Studies on the Reactions of Lanthanide Trichlorides with
Na[1,3-bis(trimethylsilyl) cyclopentadienyl]. Crystal structures of [1,3-
(Me;Si),CsH;]sLn (Ln = La, Nd, Gd, Dy). J. Organomet. Chem. 1997,
549, 239—-244.

(423) Thompson, M. E.; Baxter, S. M.; Bulls, A. R.; Burger, B. J;
Nolan, M. C.; Santarsiero, B. D.; Schaefer, W. P.; Bercaw, J. E. "6 Bond
Metathesis” for C-H Bonds of Hydrocarbons and Sc-R (R = H, Alkyl,
Aryl) Bonds of Permethylscandocene Derivatives. Evidence for
Noninvolvement of the 7 System in Electrophilic Activation of
Aromatic and Vinylic C-H Bonds. J. Am. Chem. Soc. 1987, 109, 203—
219.

(424) Gong, L.; Streitwieser, A.; Zalkin, A. Structure of (17’
CsMe;),LuCl(C,HgO) and Exchange of Co-Ordinated Solvent. J.
Chem. Soc,, Chem. Commun. 1987, 460—461.

(425) Evans, W. J.; Peterson, T. T.; Rausch, M. D.; Hunter, W. E.;
Zhang, H.; Atwood, J. L. Synthesis and X-Ray Crystallographic
Characterization of an Asymmetric Organoyttrium Halide Dimer:
(CsMes),Y(u-Cl)YCI(CsMes),. Organometallics 1985, 4, S54—559.

(426) Rausch, M. D.; Moriarty, K. J.; Atwood, J. L.; Weeks, J. A;
Hunter, W. E,; Brittain, H. G. Synthetic, X-Ray Structural, and
Photoluminescence Studies on Pentamethylcyclopentadlenyl Deriva-
tives of Lanthanum, Cerium, and Praseodymium. Organometallics
1986, S, 1281—-1283.

(427) Evans, W. J.; Olofson, J. M.; Zhang, H.; Atwood, J. L. Synthesis
and X-Ray Crystal Structure of an Unusual Oligomeric Bis-
(Pentamethylcyclopentadienyl) Halide Complex of Cerium:
[(CsMe;),CeCLK(THF)],. Organometallics 1988, 7, 629—633.

(428) Schumann, H.; Albrecht, L; Loebel, J.; Hahn, E.; et al. Bis
(Pentamethylclopentadienyl) Halide and Alkyl Derivatives of the
Lanthanides. Organometallics 1986, 5, 1296—1304.

(429) Lin, H.-H.; Zeng, D.-S,; Shen, Q. CSD Entry FONGEU,
Deposition Number 1159090.

(430) Junk, P. C.; Smith, M. K. Crystallographic Report: Bis(y,-
Chloro)-{bis(Diethylether)-Lithium}-Bis(#°-Pentamethyl-
Cyclopentadienyl)Samarium(IIT). Appl. Organomet. Chem. 2004, 18,
252—-252.

(431) Meng, Y. S.; Zhang, Y. Q.; Wang, Z. M.; Wang, B. W.; Gao, S.
Weak Ligand-Field Effect from Ancillary Ligands on Enhancing Single-
Ion Magnet Performance. Chem. - A Eur. ]. 2016, 22, 12724—12731.

https://doi.org/10.1021/acs.chemrev.1c00842
Chem. Rev. 2022, 122, 6040—6116


https://doi.org/10.1002/1521-3749(200209)628:9/10<2033::AID-ZAAC2033>3.0.CO;2-G
https://doi.org/10.1107/S0108270109038268
https://doi.org/10.1107/S0108270109038268
https://doi.org/10.1107/S0108270109038268
https://doi.org/10.1107/S1600536801011254
https://doi.org/10.1107/S1600536801011254
https://doi.org/10.1107/S1600536801011254
https://doi.org/10.1021/ic2008683?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic2008683?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic0502224?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic0502224?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic0502224?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja01582a009?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja01582a009?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja406791t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja406791t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja406791t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om00115a018?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om00115a018?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om00115a018?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om00115a018?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic102028d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic102028d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic102028d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic102028d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om400116d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om400116d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om400116d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja303357w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja303357w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja207151y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja207151y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja207151y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0022-328X(89)87130-X
https://doi.org/10.1016/0022-328X(89)87130-X
https://doi.org/10.1016/0022-328X(89)87130-X
https://doi.org/10.1016/0022-328X(89)87130-X
https://doi.org/10.1016/0022-328X(91)83252-Y
https://doi.org/10.1016/0022-328X(91)83252-Y
https://doi.org/10.1016/0022-328X(91)83252-Y
https://doi.org/10.1021/ic50138a025?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic50138a025?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.organomet.8b00941?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.organomet.8b00941?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jorganchem.2013.06.035
https://doi.org/10.1016/j.jorganchem.2013.06.035
https://doi.org/10.1016/j.jorganchem.2013.06.035
https://doi.org/10.1016/0022-328X(95)98950-5
https://doi.org/10.1016/0022-328X(95)98950-5
https://doi.org/10.1038/nature23447
https://doi.org/10.1021/jacs.7b11535?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b11535?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/chem.201901167
https://doi.org/10.1002/chem.201901167
https://doi.org/10.1039/C8SC03907K
https://doi.org/10.1039/C8SC03907K
https://doi.org/10.1039/C8SC03907K
https://doi.org/10.1021/om700316a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om700316a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om700316a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/1521-3749(200203)628:3<699::AID-ZAAC699>3.0.CO;2-U
https://doi.org/10.1002/1521-3749(200203)628:3<699::AID-ZAAC699>3.0.CO;2-U
https://doi.org/10.1002/anie.201708897
https://doi.org/10.1002/anie.201708897
https://doi.org/10.1002/anie.201708897
https://doi.org/10.1039/C39810001190
https://doi.org/10.1039/C39810001190
https://doi.org/10.1039/C39810001190
https://doi.org/10.1039/C39810001190
https://doi.org/10.1039/C39810001190
https://doi.org/10.1016/S0022-328X(97)00489-0
https://doi.org/10.1016/S0022-328X(97)00489-0
https://doi.org/10.1016/S0022-328X(97)00489-0
https://doi.org/10.1021/ja00235a031?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00235a031?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00235a031?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00235a031?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00235a031?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C39870000460
https://doi.org/10.1039/C39870000460
https://doi.org/10.1021/om00122a022?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om00122a022?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om00122a022?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om00137a048?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om00137a048?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om00137a048?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om00093a009?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om00093a009?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om00093a009?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om00093a009?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om00138a003?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om00138a003?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om00138a003?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/aoc.613
https://doi.org/10.1002/aoc.613
https://doi.org/10.1002/aoc.613
https://doi.org/10.1002/chem.201601934
https://doi.org/10.1002/chem.201601934
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c00842?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

REVIEY

(432) Evans, W. J.; Grate, J. W.; Levan, K. R;; Bloom, L; Peterson, T.
T.; Doedens, R. J; Zhang, H.; Atwood, J. L. Synthesis and X-Ray
Crystal Structure of Bis (Pentamethylcyclopentadienyl) Lanthanide
and Yttrium Halide Complexes. Inorg. Chem. 1986, 25, 3614—3619.

(433) Watson, P. L.; Whitney, J. F.; Harlow, R. L.
(Pentamethylcyclopentadienyl) Ytterbium and -Lutetium Complexes
by Metal Oxidation and Metathesis. Inorg. Chem. 1981, 20, 3271—3278.

(434) Beletskaya, 1. P.; Voskoboynikov, A. Z.; Chuklanova, E. B;
Kirillova, N. L; Shestakova, A. K.; Parshina, I. N.; Gusev, A. L;
Magomedov, G. K. I. Bimetallic Lanthanide Complexes with
Lanthanide-Transition Metal Bonds. Molecular Structure of (C,HO)-
(CsHy),Lu-Ru(CO),(CsHy). The Use Of **La NMR Spectroscopy. J.
Am. Chem. Soc. 1993, 115, 3156—3166.

(435) Ortu, F.; Packer, D.; Liu, J.; Burton, M.; Formanuik, A.; Mills, D.
P. Synthesis and Structural Characterization of Lanthanum and Cerium
Substituted Cyclopentadienyl Borohydride Complexes. J. Organomet.
Chem. 2018, 857, 45—51.

(436) Goodwin, C. A. P.; Reta, D.; Ortu, F.; Liu, J.; Chilton, N. F.;
Mills, D. P. Terbocenium: Completing a Heavy Lanthanide Metal-
locenium Cation Family with an Alternative Anion Abstraction
Strategy. Chem. Commun. 2018, 54, 9182—9185.

(437) Liu, J.; Nodaraki, L. E.; Cobb, P.].; Giansiracusa, M. J.; Ortu, F.;
Tuna, F; Mills, D. P. Synthesis and Characterisation of Light
Lanthanide Bis-Phospholyl Borohydride Complexes. Dalton Trans.
2020, 49, 6504—6511.

(438) Guo, F. S.; Day, B.M,; Chen, Y. C.; Tong, M. L.; Mansikkamiki,
A; Layfield, R. A. Magnetic Hysteresis up to 80 K in a Dysprosium
Metallocene Single-Molecule Magnet. Science 2018, 362, 1400—1403.

(439) White II1, J. P.; Deng, H.; Shore, S. G. Borohydride Complexes
of Europium(Il) and Ytterbium(II) and Their Conversion to Metal
Borides. Structure of (L),Yb[BH,], (L = CH;CN, CsH;N). Inorg.
Chem. 1991, 30, 2337—2342.

(440) Makhaev, V. D.; Borisov, A. P. Tetrahydroborates of Divalent
Samarium, Europium, and Ytterbium. Russ. J. Inorg. Chem. 1999, 44,
1411-1413.

(441) Marks, S; Heck, J. G.; Habicht, M. H; Ofa-Burgos, P,;
Feldmann, C.; Roesky, P. W. [Ln(BH,),(THF),](Ln = Eu, Yb)-A
Highly Luminescent Material. Synthesis, Properties, Reactivity, and
NMR Studies. J. Am. Chem. Soc. 2012, 134, 16983—16986.

(442) Momin, A.; Bonnet, F.; Visseaux, M.; Maron, L.; Takats, J.;
Ferguson, M. J; Le Goff, X. F.; Nief, F. Synthesis and Structure of
Divalent Thulium Borohydrides, and Their Application in e-
Caprolactone Polymerisation. Chem. Commun. 2011, 47, 12203—
12208.

(443) Schmid, M.; Guillaume, S. M.; Roesky, P. W. -Diketiminate
Rare Earth Borohydride Complexes: Synthesis, Structure, and Catalytic
Activity in the Ring-Opening Polymerization of e-Caprolactone and
Trimethylene Carbonate. Organometallics 2014, 33, 5392—5401.

(444) Schmid, M.; Ona-Burgos, P.; Guillaume, S. M.; Roesky, P. W.
(Iminophosphoranyl) (Thiophosphoranyl)Methane Rare-Earth Boro-
hydride Complexes: Synthesis, Structures and Polymerization
Catalysis. Dalton Trans. 2015, 44, 12338—12348.

(445) Schmid, M.; Guillaume, S. M.; Roesky, P. W. 2,5-Bis{N-(2,6-
Diisopropylphenyl)Iminomethyl}pyrrolyl Borohydride Complexes of
the Divalent Lanthanides - Synthesis, Structures and Ring-Opening
Polymerization of e-Caprolactone. J. Organomet. Chem. 2013, 744, 68—
73.

(446) Jaroschik, F.; Bonnet, F.; Le Goff, X. F.; Ricard, L.; Nief, F.;
Visseaux, M. Synthesis of Samarium(II) Borohydrides and Their
Behaviour as Initiators in Styrene and e-Caprolactone Polymerisation.
Dalton Trans. 2010, 39, 6761—6766.

(447) Zange, E. Entwicklung Eines Mikroverfahrens Zur Darstellung
von Boranaten Der Schweren Lanthaniden. Chem. Ber. 1960, 93, 652—
657.

(448) Bernstein, E. R.; Chen, K. M. Spectroscopic Properties of Rare
Earth Borohydrides: Er(BH,);;3THF in Pure and Mixed Crystals.
Chem. Phys. 1975, 10, 215—228.

6108

(449) Brukl, A.; Rossmanith, K. Uber Die Umsetzung von Chloriden
Der Seltenen Erden Mit Lithiumborhydrid. Monat. Chem. 1959, 90,
481—487.

(450) Rossmanith, K.; Muckenhuber, E. Uber Die Umsetzung von
Chloriden Der Seltenen Erden Mit Lithiuborhydrid. Monat. Chem.
1961, 92, 600—604.

(451) Andersen, R. A. Tris((Hexamethyldisilyl) Amido)Uranium-
(11I1): Preparation and Coordination Chemistry. Inorg. Chem. 1979, 18,
1507—-1509.

(452) Cendrowski-Guillaume, S. M.; Le Gland, G.; Nierlich, M.;
Ephritikhine, M. Lanthanide Borohydrides as Precursors to Organo-
metallic Compounds. Mono(Cyclooctatetraenyl) Neodymium Com-
plexes. Organometallics 2000, 19, 5654—5660.

(453) Yuan, F; Li, T; Li, L; Zhou, Y. Polymerization of &-
Caprolactone by Lanthanide Trisborohydrides and Crystal Structure of
[Ce(BH,),(THF)] [Ce(BH,),(THF),]. J. Rare Earths 2012, 30,
753-756.

(454) Guillaume, S. M.; Schappacher, M.; Soum, A. Polymerization of
e-Caprolactone Initiated by Nd(BH4),(THF);: Synthesis of Hydrox-
ytelechelic Poly(e-Caprolactone). Macromolecules 2003, 36, 54—60.

(455) Bonnet, F.; Visseaux, M.; Barbier-Baudry, D.; Hafid, A.; Vigier,
E.; Kubicki, M. M. Organometallic Early Lanthanide Clusters:
Syntheses and x-Ray Structures of New Monocyclopentadienyl
Complexes. Inorg. Chem. 2004, 43, 3682—3690.

(456) Visseaux, M.; Mainil, M.; Terrier, M.; Mortreux, A.; Roussel, P.;
Mathivet, T.; Destarac, M. Cationic Borohydrido-Neodymium
Complex: Synthesis, Characterization and Its Application as an
Efficient Pre-Catalyst for Isoprene Polymerisation. Dalton Trans.
2008, 4558—4561.

(457) Morris, J. H.; Smith, W. E. Synthesis and Characterisation of a
Tetrahydrofuran Derivative of Scandium Tetrahydroborate. J. Chem.
Soc., Chem. Commun. 1970, 245.

(458) Olsen, J. E.; Frommen, C.; Serby, M. H.; Hauback, B. C. Crystal
Structures and Properties of Solvent-Free LiYb(BH,),_,Cl, Yb(BH,),
and Yb(BH,),_,Cl,. RSC Adv. 2013, 3, 10764—10774.

(459) Olsen, J. E.; Frommen, C.; Jensen, T. R; Riktor, M. D.; Serby,
M. H.; Hauback, B. C. Structure and Thermal Properties of Composites
with RE-Borohydrides (RE = La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Er, Yb or
Lu) and LiBH,. RSC Adv. 2014, 4, 1570—1582.

(460) Jepsen, L. H.; Ley, M. B; Cerny, R; Lee, Y. S.; Cho, Y. W,;
Ravnsbzk, D.; Besenbacher, F.; Skibsted, J.; Jensen, T. R. Trends in
Syntheses, Structures, and Properties for Three Series of Ammine Rare-
Earth Metal Borohydrides, M(BH,);-nNH; (M =Y, Gd, and Dy). Inorg.
Chem. 2018, 54, 7402—7414.

(461) Grinderslev, J. B.; Meller, K. T.; Bremholm, M.; Jensen, T. R.
Trends in Synthesis, Crystal Structure, and Thermal and Magnetic
Properties of Rare-Earth Metal Borohydrides. Inorg. Chem. 2019, S8,
5503—-5517.

(462) Grinderslev, J. B; Jensen, T. R. Trends in the Series of Ammine
Rare-Earth-Metal Borohydrides: Relating Structural and Thermal
Properties. Inorg. Chem. 2021, 60, 2573—2589.

(463) Schumann, H.; Keitsch, M. R; Demtschuk, J.; Miihle, S.
Synthesis of Monomeric Bis(Cyclopentadienyl)Lanthanide Tetrahy-
droborates with Bulky Cyclopentadienyl Ligands. Single Crystal X-Ray
Structures of [(17°-CsMe;),SmBH,(THF)] and [(i7°-CsMe,Et),Y(u-
H),BH,(THF)]. Z. Anorg. Allg. Chem. 1998, 624, 1811—1818.

(464) Visseaux, M.; Chenal, T.; Roussel, P.; Mortreux, A. Synthesis
and X-Ray Structure of a Borohydrido Metallocene of Neodymium and
Its Use as Pre-Catalyst in Nd/Mg Dual-Component Ethylene and
Isoprene Polymerisations. J. Organomet. Chem. 2006, 691, 86—92.

(465) Bonnet, F.; Da Costa Violante, C.; Roussel, P.; Mortreux, A.;
Visseaux, M. Unprecedented Dual Behaviour of a Half-Sandwich
Scandium-Based Initiator for Both Highly Selective Isoprene and
Styrene Polymerisation. Chem. Commun. 2009, 3380—3382.

(466) Georges, S.; Bonnet, F.; Roussel, P.; Visseaux, M.; Zinck, P. 8-
Diketiminate-Supported Magnesium Alkyl: Synthesis, Structure and
Application as Co-Catalyst for Polymerizations Mediated by a
Lanthanum Half-Sandwich Complex. Appl. Organomet. Chem. 2016,
30, 26-31.

https://doi.org/10.1021/acs.chemrev.1c00842
Chem. Rev. 2022, 122, 6040—6116


https://doi.org/10.1021/ic00240a017?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic00240a017?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic00240a017?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic50224a026?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic50224a026?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00061a015?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00061a015?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00061a015?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jorganchem.2017.09.010
https://doi.org/10.1016/j.jorganchem.2017.09.010
https://doi.org/10.1039/C8CC05261A
https://doi.org/10.1039/C8CC05261A
https://doi.org/10.1039/C8CC05261A
https://doi.org/10.1039/D0DT01241F
https://doi.org/10.1039/D0DT01241F
https://doi.org/10.1126/science.aav0652
https://doi.org/10.1126/science.aav0652
https://doi.org/10.1021/ic00010a022?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic00010a022?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic00010a022?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja308077t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja308077t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja308077t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c1cc15294g
https://doi.org/10.1039/c1cc15294g
https://doi.org/10.1039/c1cc15294g
https://doi.org/10.1021/om500708x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om500708x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om500708x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om500708x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C4DT04034A
https://doi.org/10.1039/C4DT04034A
https://doi.org/10.1039/C4DT04034A
https://doi.org/10.1016/j.jorganchem.2013.04.052
https://doi.org/10.1016/j.jorganchem.2013.04.052
https://doi.org/10.1016/j.jorganchem.2013.04.052
https://doi.org/10.1016/j.jorganchem.2013.04.052
https://doi.org/10.1039/c001795g
https://doi.org/10.1039/c001795g
https://doi.org/10.1002/cber.19600930318
https://doi.org/10.1002/cber.19600930318
https://doi.org/10.1016/0301-0104(75)87037-6
https://doi.org/10.1016/0301-0104(75)87037-6
https://doi.org/10.1007/BF00903010
https://doi.org/10.1007/BF00903010
https://doi.org/10.1007/BF00918615
https://doi.org/10.1007/BF00918615
https://doi.org/10.1021/ic50196a021?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic50196a021?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om000558f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om000558f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om000558f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S1002-0721(12)60124-0
https://doi.org/10.1016/S1002-0721(12)60124-0
https://doi.org/10.1016/S1002-0721(12)60124-0
https://doi.org/10.1021/ma020993g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma020993g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma020993g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic035444l?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic035444l?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic035444l?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/b806669h
https://doi.org/10.1039/b806669h
https://doi.org/10.1039/b806669h
https://doi.org/10.1039/c2970000245a
https://doi.org/10.1039/c2970000245a
https://doi.org/10.1039/c3ra40435h
https://doi.org/10.1039/c3ra40435h
https://doi.org/10.1039/c3ra40435h
https://doi.org/10.1039/C3RA44012E
https://doi.org/10.1039/C3RA44012E
https://doi.org/10.1039/C3RA44012E
https://doi.org/10.1021/acs.inorgchem.5b00951?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.5b00951?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.5b00951?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.8b03258?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.8b03258?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.0c03464?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.0c03464?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.0c03464?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/(SICI)1521-3749(1998110)624:11<1811::AID-ZAAC1811>3.0.CO;2-W
https://doi.org/10.1002/(SICI)1521-3749(1998110)624:11<1811::AID-ZAAC1811>3.0.CO;2-W
https://doi.org/10.1002/(SICI)1521-3749(1998110)624:11<1811::AID-ZAAC1811>3.0.CO;2-W
https://doi.org/10.1002/(SICI)1521-3749(1998110)624:11<1811::AID-ZAAC1811>3.0.CO;2-W
https://doi.org/10.1016/j.jorganchem.2005.08.036
https://doi.org/10.1016/j.jorganchem.2005.08.036
https://doi.org/10.1016/j.jorganchem.2005.08.036
https://doi.org/10.1016/j.jorganchem.2005.08.036
https://doi.org/10.1039/b903403j
https://doi.org/10.1039/b903403j
https://doi.org/10.1039/b903403j
https://doi.org/10.1002/aoc.3395
https://doi.org/10.1002/aoc.3395
https://doi.org/10.1002/aoc.3395
https://doi.org/10.1002/aoc.3395
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c00842?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

REVIEY

(467) Bonnet, F.; Jones, C. E.; Semlali, S.; Bria, M.; Roussel, P.;
Visseaux, M.; Arnold, P. L. Tuning the Catalytic Properties of Rare
Earth Borohydrides for the Polymerisation of Isoprene. Dalton Trans.
2013, 42, 790—801.

(468) Barbier-Baudry, D.; Blacque, O.; Hafid, A,; Nyassi, A;
Sitzmann, H.; Visseaux, M. Synthesis and X-Ray Crystal Structures of
(CsH'Pr,)Ln(BH,),(THF) (Ln = Nd and Sm), Versatile Precursors for
Polymerization Catalysts. Eur. J. Inorg. Chem. 2000, 2000, 2333—2336.

(469) Fadlallah, S.; Terrier, M.; Jones, C.; Roussel, P.; Bonnet, F.;
Visseaux, M. Mixed Allyl-Borohydride Lanthanide Complexes: Syn-
thesis of Ln(BH,),(C;H;)(THF); (Ln = Nd, Sm), Characterization,
and Reactivity toward Polymerization. Organometallics 2016, 35, 456—
461.

(470) Arliguie, T.; Lance, M.; Nierlich, M.; Vigner, J.; Ephritikhine, M.
Inverse Cycloheptatrienyl Sandwich Complexes. Crystal structure of
[U(BH,),(OCHy)s][(BH,);U(u-n",n7-C;H;)U(BH,)3]. J. Chem.
Soc., Chem. Commun. 1994, 847—848.

(471) Cendrowski-Guillaume, S. M.; Nierlich, M.; Lance, M,;
Ephritikhine, M. First Chemical Transformations of Lanthanide
Borohydride Compounds: Synthesis and Crystal Structures of [(1-
CsHg)Nd(BH,)(THF)], and [(7-CgHg)Nd(THF),][BPh,]. Organo-
metallics 1998, 17, 786—788.

(472) Robert, D.; Kondracka, M.; Okuda, J. Cationic Rare-Earth
Metal Bis(Tetrahydridoborato) Complexes: Direct Synthesis, Struc-
ture and Ring-Opening Polymerisation Activity toward Cyclic Esters.
Dalton Trans. 2008, 2667—2669.

(473) Arliguie, T.; Belkhiri, L.; Bouaoud, S. E.; Thuéry, P.; Villiers, C.;
Boucekkine, A.; Ephritikhine, M. Lanthanide(III) and Actinide(III)
Complexes [M(BH,),(THF);][BPh,] and [M(BH,),(18-crown-6)]-
[BPh,] (M = Nd, Ce, U): Synthesis, Crystal Structure, and Density
Functional Theory Investigation of the Covalent Contribution to
Metal-Borohydride Bonding. Inorg. Chem. 2009, 48, 221—230.

(474) Long, J.; Selikhov, A. N.; Rad’kova, N. Y.; Cherkasov, A. V,;
Guari, Y.; Larionova, J.; Trifonov, A. A. Synthesis, Structures and
Magnetic Properties of Two Heteroleptic Dy** Borohydride Com-
plexes. Eur. J. Inorg. Chem. 2021, 2021, 3008—3012.

(475) Yu, K. X;; Ding, Y. S.; Zhai, Y. Q; Han, T.; Zheng, Y. Z.
Equatorial Coordination Optimization for Enhanced Axiality of
Mononuclear Dy(III) Single-Molecule Magnets. Dalton Trans. 2020,
49, 3222-3227.

(476) He, M.; Guo, F. S.; Tang, J.; Mansikkamiki, A.; Layfield, R. A.
Fulvalene as a Platform for the Synthesis of a Dimetallic
Dysprosocenium Single-Molecule Magnet. Chem. Sci. 2020, 11,
S5745-S5752.

(477) He, M.; Guo, F. S.; Tang, J.; Mansikkamiki, A.; Layfield, R. A.
Synthesis and Single-Molecule Magnet Properties of a Trimetallic
Dysprosium Metallocene Cation. Chem. Commun. 2021, 57, 6396—
6399.

(478) Nakamori, Y.; Li, H. W.; Kikuchi, K.; Aoki, M.; Miwa, K;
Towata, S.; Orimo, S. Thermodynamical Stabilities of Metal-
Borohydrides. J. Alloys Compd. 2007, 446—447, 296—300.

(479) Makhaev, V.; Borisov, A. P. Synthesis of Bis(Cyclopentadienyl)-
Tetrahydroborato Complexes of Scandium by Reacting Scandium
Tetrahydroborate with Sodium Cyclopentadienes. Russ. J. Coord. Chem.
1992, 403—40S.

(480) Lobkovskii, E. B.; Kravchenko, S. E.; Semenenko, K. N. X-Ray
Structure Study of Crystals of the Tetrahydrofuranate of Scandium
Borohydride. J. Struct. Chem. 1977, 18, 312—314.

(481) Remhof, A.; Borgschulte, A.; Friedrichs, O.; Mauron, P.; Yan,
Y.; Ziittel, A. Solvent-Free Synthesis and Decomposition of Y(BH,).
Scr. Mater. 2012, 66, 280—283.

(482) Sato, T.; Miwa, K.; Nakamori, Y.; Ohoyama, K; Li, H. W,;
Noritake, T.; Aoki, M.; Towata, S. I; Orimo, S. I. Experimental and
Computational Studies on Solvent-Free Rare-Earth Metal Borohy-
drides R(BH,); (R =Y, Dy, and Gd). Phys. Rev. B - Condens. Matter
Mater. Phys. 2008, 77, 104114.

(483) Segal, B. G; Lippard, S. J. Transition Metal Hydroborate
Complexes. 10. Crystal and Molecular Structure of Tris-

6109

(Tetrahydroborato) Tris( Tetrahydrofuran) Yttrium(III). Inorg. Chem.
1978, 17, 844—850.

(484) Lobkovskii, E. B.; Kravchenko, S. E.; Kravchenko, O. V. Crystal
and Molecular Structure of a 1:2 Complex of Tris(Tetrahydroborato)-
Yttrium with Tetrahydrofuran. J. Struct. Chem. 1983, 23, 582—586.

(485) Volkov, V. V.; Khikmatov, M.; Mirsaidov, U.; Gabuda, S. P.;
Kozlova, S. G. Internal Rotation and Phase Transitions in Lanthanum
Tetrahydroborates. J. Struct. Chem. 1988, 29, 58—61.

(486) Li, J; Ni, X; Ling, J.; Shen, Z. Syntheses and Properties of
Poly(Diethyl Vinylphosphonate) Initiated by Lanthanide Tris-
(Borohydride) Complexes: Polymerization Controllability and Mech-
anism. J. Polym. Sci. Part A Polym. Chem. 2013, S1, 2409—241S.

(487) Gafurov, B. A.; Mirsaidov, I. U.; Nasrulloeva, D. K.; Badalov, A.
Simulating the Synthesis and Thermodynamic Characteristics of the
Desolvation of Lanthanide Borohydride Tris-Tetrahydrofuranates.
Russ. J. Phys. Chem. A 2013, 87, 1601—1606.

(488) Grinderslev, J. B.; Jepsen, L. H.; Lee, Y. S.; Moller, K. T.; Cho, Y.
W.; Cerny, R; Jensen, T. R. Structural Diversity and Trends in
Properties of an Array of Hydrogen-Rich Ammonium Metal
Borohydrides. Inorg. Chem. 2020, 59, 12733—12747.,

(489) Payandeh Gharibdoust, S.; Ravnsbzk, D. B.; Cerny, R.; Jensen,
T. R. Synthesis, Structure and Properties of Bimetallic Sodium Rare-
Earth (RE) Borohydrides, NaRE(BH,),, RE = Ce, Pr, Er or Gd. Dalton
Trans. 2017, 46, 13421—13431.

(490) Heere, M.; Payandeh GharibDoust, S. H.; Frommen, C;
Humpbhries, T. D.; Ley, M. B.; Serby, M. H.; Jensen, T. R.; Hauback, B.
C. The Influence of LiH on the Rehydrogenation Behavior of Halide
Free Rare Earth (RE) Borohydrides (RE = Pr, Er). Phys. Chem. Chem.
Phys. 2016, 18, 24387—24395.

(491) Li, W.; Xue, M.; Zhang, Y.; Yao, Y.; Shen, Q. Direct Synthesis of
Ion-Pair Lanthanide Borohydrides and Their High Activity for
Polymerization of L-Lactide and e-Caprolactone. Z. Anorg. Allg.
Chem. 2014, 640, 1455—1461.

(492) Moller, K. T.; Jorgensen, M.; Fogh, A. S Jensen, T. R.
Perovskite Alkali Metal Samarium Borohydrides: Crystal Structures
and Thermal Decomposition. Dalton Trans. 2017, 46, 11905—11912.

(493) Humpbhries, T. D.; Ley, M. B.; Frommen, C.; Munroe, K. T.;
Jensen, T. R; Hauback, B. C. Crystal Structure and in Situ
Decomposition of Eu(BH,), and Sm(BH,),. J. Mater. Chem. A 2015,
3, 691—698.

(494) Gennari, F. C. Mechanochemical Synthesis of Erbium
Borohydride: Polymorphism, Thermal Decomposition and Hydrogen
Storage. J. Alloys Compd. 2013, 581, 192—195.

(495) Bradley, D. C.; Ghotra, J. S.; Hart, F. A. Three-Co-Ordination in
Lanthanide Chemistry: Tris[Bis(Trimethylsilyl) Amido]Lanthanide-
(III) Compounds. J. Chem. Soc,, Chem. Commun. 1972, 349—350.

(496) Bradley, D. C.; Ghotra, J. S.; Road, M. E.; Hart, A. Low Co-
Ordination Numbers in Lanthanide and Actinide Compounds. Part 1.
The Preparation and Characterization of Tris{bis(Trimethylsilyl)-
Amido}lanthanides. J. Chem. Soc., Dalton Trans. 1973, 1021—1023.

(497) Anwander, R; Runte, O.; Eppinger, J; Gerstberger, G.;
Herdtweck, E.; Spiegler, M. Synthesis and Structural Characterisation
of Rare-Earth Bis(Dimethylsilyl)Amides and Their Surface Organo-
metallic Chemistry on Mesoporous MCM-41. ]. Chem. Soc,. Dalton
Trans. 1998, 847—858.

(498) Boyle, T.J.; Bunge, S. D.; Clem, P. G.; Richardson, J.; Dawley, J.
T.; Ottley, L. A. M,; Rodriguez, M. A; Tuttle, B. A;; Avilucea, G. R;;
Tissot, R. G. Synthesis and Characterization of a Family of Structurally
Characterized Dysprosium Alkoxides for Improved Fatigue-Resistance
Characteristics of PDyZT Thin Films. Inorg. Chem. 2008, 44, 1588—
1600.

(499) Tilley, T. D.; Andersen, R. A; Zalkin, A. Tertiary Phosphine
Complexes of the F-Block Metals. Crystal Structure of Yb[N-
(SiMe;),],[Me,PCH,CH,PMe, ]: Evidence for a Ytterbium-y-Carbon
Interaction. J. Am. Chem. Soc. 1982, 104, 3725—3727.

(500) Tilley, T. D.; Andersen, R. A.; Zalkin, A. Divalent Lanthanide
Chemistry. Preparation and Crystal Structures of Sodium Tris[Bis-
(Trimethylsilyl) Amido]Europate(II) and Sodium Tris[Bis-

https://doi.org/10.1021/acs.chemrev.1c00842
Chem. Rev. 2022, 122, 6040—6116


https://doi.org/10.1039/C2DT31624B
https://doi.org/10.1039/C2DT31624B
https://doi.org/10.1002/1099-0682(200011)2000:11<2333::AID-EJIC2333>3.0.CO;2-S
https://doi.org/10.1002/1099-0682(200011)2000:11<2333::AID-EJIC2333>3.0.CO;2-S
https://doi.org/10.1002/1099-0682(200011)2000:11<2333::AID-EJIC2333>3.0.CO;2-S
https://doi.org/10.1021/acs.organomet.5b00877?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.organomet.5b00877?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.organomet.5b00877?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C39940000847
https://doi.org/10.1039/C39940000847
https://doi.org/10.1021/om9709446?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om9709446?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om9709446?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/b801030g
https://doi.org/10.1039/b801030g
https://doi.org/10.1039/b801030g
https://doi.org/10.1021/ic801685v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic801685v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic801685v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic801685v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic801685v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/ejic.202100436
https://doi.org/10.1002/ejic.202100436
https://doi.org/10.1002/ejic.202100436
https://doi.org/10.1039/D0DT00011F
https://doi.org/10.1039/D0DT00011F
https://doi.org/10.1039/D0SC02033H
https://doi.org/10.1039/D0SC02033H
https://doi.org/10.1039/D1CC02139G
https://doi.org/10.1039/D1CC02139G
https://doi.org/10.1016/j.jallcom.2007.03.144
https://doi.org/10.1016/j.jallcom.2007.03.144
https://doi.org/10.1007/BF00753983
https://doi.org/10.1007/BF00753983
https://doi.org/10.1007/BF00753983
https://doi.org/10.1016/j.scriptamat.2011.11.010
https://doi.org/10.1103/PhysRevB.77.104114
https://doi.org/10.1103/PhysRevB.77.104114
https://doi.org/10.1103/PhysRevB.77.104114
https://doi.org/10.1021/ic50182a011?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic50182a011?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic50182a011?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/BF00746166
https://doi.org/10.1007/BF00746166
https://doi.org/10.1007/BF00746166
https://doi.org/10.1007/BF00750177
https://doi.org/10.1007/BF00750177
https://doi.org/10.1002/pola.26626
https://doi.org/10.1002/pola.26626
https://doi.org/10.1002/pola.26626
https://doi.org/10.1002/pola.26626
https://doi.org/10.1134/S0036024413100075
https://doi.org/10.1134/S0036024413100075
https://doi.org/10.1021/acs.inorgchem.0c01797?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.0c01797?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.0c01797?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C7DT02536J
https://doi.org/10.1039/C7DT02536J
https://doi.org/10.1039/C6CP04523E
https://doi.org/10.1039/C6CP04523E
https://doi.org/10.1002/zaac.201300380
https://doi.org/10.1002/zaac.201300380
https://doi.org/10.1002/zaac.201300380
https://doi.org/10.1039/C7DT02405C
https://doi.org/10.1039/C7DT02405C
https://doi.org/10.1039/C4TA04080E
https://doi.org/10.1039/C4TA04080E
https://doi.org/10.1016/j.jallcom.2013.07.012
https://doi.org/10.1016/j.jallcom.2013.07.012
https://doi.org/10.1016/j.jallcom.2013.07.012
https://doi.org/10.1039/c39720000349
https://doi.org/10.1039/c39720000349
https://doi.org/10.1039/c39720000349
https://doi.org/10.1039/dt9730001021
https://doi.org/10.1039/dt9730001021
https://doi.org/10.1039/dt9730001021
https://doi.org/10.1039/dt9730001021
https://doi.org/10.1039/a705608g
https://doi.org/10.1039/a705608g
https://doi.org/10.1039/a705608g
https://doi.org/10.1021/ic048550b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic048550b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic048550b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00377a033?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00377a033?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00377a033?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00377a033?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic00183a013?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic00183a013?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic00183a013?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c00842?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

REVIEY

(Trimethylsilyl) Amido] Ytterbate(I1), NaM[N(SiMe;), 5. Inorg. Chem.
1984, 23, 2271-2276.

(501) Bienfait, A. M.; Schidle, C.; Maichle-Méossmer, C.; Térnroos, K.
W.; Anwander, R. Europium Bis(Dimethylsilyl)Amides Including
Mixed-Valent Eus[N(SiHMe,),]s[#-N(SiHMe,),],. Dalton Trans.
2014, 43, 17324—17332.

(502) Tilley, T. D.; Zalkin, A.; Andersen, R. A,; Templeton, D. H.
Divalent Lanthanide Chemistry. Preparation of Some Four- and Six-
Coordinate Bis[(Trimethylsilyl) Amido] Complexes of Europium(II).
Crystal Structure of Bis[Bis(Trimethylsilyl)Amido]Bis(1,2-
Dimethoxyethane)Europium(II). Inorg. Chem. 1981, 20, S51—554.

(503) Katzenmayer, M. M,; Wolf, B. M.; Mortis, A.; Maichle-
Mossmer, C.; Anwander, R. Polymeric Dimethylytterbium and the
Terminal Methyl Complex (Tp' ®*M®)Yb(CH,)(Thf). Chem. Commun.
2021, 57, 243—246.

(504) Van Den Hende, J. R.; Hitchcock, P. B.; Holmes, S. A.; Lappert,
M. F. Synthesis and '7'Yb-{"H} nuclear magnetic resonance spectra of
ytterbium(II) aryloxides [Yb(OR’),(L),][(L),=(OEt,),, (thf),, (thf),,
(pyridine), or Me,PCH,CH,PMe,] and [{Yb(u-OR’)(X)},](X = OR’
or NR,)(R’= C4H,Bu,-2,6-Me-4, R = SiMe,, thf = tetrahydrofuran). J.
Chem. Soc., Dalton Trans. 1995, 1435—1440.

(505) Nagl, L; Scherer, W.; Tafipolsky, M.; Anwander, R. The First
Oligomeric Samarium(II) Silylamide: Coordinative Saturation through
Agostic Sm---SiH Interactions. Eur. J. Inorg. Chem. 1999, 1999, 1405—
1407.

(506) Rabe, G. W.; Rheingold, A. L.; Incarvito, C. D. Crystal Structure
of Ytterbium-Bis[Bis(m-Dimethylsilylamido)Ytterbium-
Dimethylsilylamide (Tetrahydrofuran) ] —Tetrahydrofuran (1/1),
C1uH,00N¢O,Si;,Ybs C,H,O. Z. Krist. NCS 2000, 215, S60—562.

(507) Richardson, G. M.; Douair, L; Cameron, S. A.; Bracegirdle, J.;
Keyzers, R. A;; Hill, M. S.; Maron, L.; Anker, M. D. Hydroarylation of
Olefins Catalysed by a Dimeric Ytterbium(II) Alkyl. Nat. Commun.
2021, 12, 3147.

(508) Shi, Y,; Li, J; Cui, C. Synthesis of divalent ytterbium
terphenylamide and catalytic application for regioselective hydro-
silylation of alkenes. Dalton Trans. 2017, 46, 10957—10962.

(509) van den Hende, J. R;; Hitchcock, P. B.; Lappert, M. F. Three-
coordinate neutral ligand-free ytterbium(II) complexes [{YbX(u-
X)},](X = OAr 1 or OCBu'; 3) or [{Yb(NR,)(p-X)},](X = OCBu',
2 or OAr 4)(Ar = C¢H,Bu',-2,6-Me-4, R = SiMe,); the X-ray structures
of 1 and 2. J. Chem. Soc., Chem. Commun. 1994, 1413—1414.

(510) Zhao, P.; Zhu, Q; Fettinger, J. C.; Power, P. Characterization of
a Monomeric, Homoleptic, Solvent-Free Samarium Bis(Aryloxide).
Inorg. Chem. 2018, 57, 14044—14046.

(511) Deacon, G. B.; Forsyth, C. M; Junk, P. C. 7%:5° Coordination of
Tetraphenylborate to Ytterbium(II): A New Class of Lanthanoid Ansa-
Metallocenes. Eur. J. Inorg. Chem. 2008, 2005, 817—821.

(512) Bienfait, A. M.; Wolf, B. M.; Térnroos, K. W.; Anwander, R.
Ln(II)/Pb(I1)-Ln(III)/Pb(0) Redox Approach toward Rare-Earth-
Metal Half-Sandwich Complexes. Organometallics 2015, 34, 5734—
5744.

(513) Schuetz, S. A;; Day, V. W.; Sommer, R. D.; Rheingold, A. L;
Belot, J. A. Anhydrous Lanthanide Schiff Base Complexes and Their
Preparation Using Lanthanide Triflate Derived Amides. Inorg. Chem.
2001, 40, 5292—5295.

(514) Hitchcock, P. B,; Hulkes, A. G.; Lappert, M. F.; Li, Z.
Cerium(III) dialkyl dithiocarbamates from [Ce{N(SiMe;),};] and
tetraalkylthiuram disulfides, and [Ce(x*-S,CNEt,),] from the Ce™
precursor; Tb™ and Nd™ analogues. Dalton Trans. 2004, 129—136.

(515) Roger, M.; Barros, N.; Arliguie, T.; Thuéry, P.; Maron, L,;
Ephritikhine, M. U(SMes*) n, (n = 3, 4) and Ln(SMes*) 3 (Ln = La,
Ce, Pr, Nd): Lanthanide(III) /Actinide(III) Differentiation in Agostic
Interactions and an Unprecedented # 3 Ligation Mode of the
Arylthiolate Ligand, from X-Ray Diffraction and DFT Analysis. ]. Am.
Chem. Soc. 2006, 128, 8790—8802.

(516) Behrle, A. C.; Schmidt, J. A. R. Synthesis and Reactivity of
Homoleptic -Metalated N,N-Dimethylbenzylamine Rare-Earth-Metal
Complexes. Organometallics 2011, 30, 3915—3918.

6110

(517) Yuen, H. F.; Marks, T. J. Synthesis and Catalytic Properties of
Phenylene-Bridged Binuclear Organolanthanide Complexes. Organo-
metallics 2008, 27, 155—158.

(518) Occhipinti, G.; Meermann, C.; Dietrich, H. M.; Litlabe, R
Auras, F; Tornroos, K. W.,; Maichle-Méssmer, C.; Jensen, V. R;;
Anwander, R. Synthesis and Stability of Homoleptic Metal(III)
Tetramethylaluminates. J. Am. Chem. Soc. 2011, 133, 6323—6337.

(519) Skar, H.; Seland, J. G.; Liang, Y.; Froystein, N. A.; Térnroos, K.
W.; Anwander, R. Screening of the Relaxivity of Gadolinium-Loaded
Periodic Mesoporous Silica Functionalized by Means of Soft Metal-
organic Silylamide Grafting. Eur. J. Inorg. Chem. 2013, 2013, 5969—
5979.

(520) Dietrich, H. M.; Meermann, C.; Térnroos, K. W.; Anwander, R.
Sounding out the Reactivity of Trimethylyttrium. Organometallics
2006, 25, 4316—4321.

(521) Hitchcock, P. B.; Lappert, M. F.; Singh, A. Three- and Four-Co-
Ordinate, Hydrocarbon-Soluble-Aryloxides of Scandium, Yttrium, and
the Lanthanoids; X-Ray Crystal Structure of Tris(2,6-di-t-Butyl-4-
MethylPhenoxo)Scandium. J. Chem. Soc, Chem. Commun. 1983,
1499—-1501.

(522) Barnhart, D. M,; Clark, D. L.; Gordon, J. C.; Huffman, J. C.;
Vincent, R. L.; Watkin, J. G.; Zwick, B. D. Synthesis, Properties, and X-
Ray Structures of the Lanthanide 7°-Arene-Bridged Aryloxide Dimers
Ln,(0-2,6-i-Pr,C¢H;)s and Their Lewis Base Adducts Ln(O-2,6-i-
Pr,C¢H,) (THF), (Ln = Pr, Nd, Sm, Gd, Er, Yb, Lu). Inorg. Chem. 1994,
33, 3487—-3497.

(523) Fischbach, A.; Herdtweck, E.; Anwander, R.; Eickerling, G;
Scherer, W. Reactivity of Trimethylaluminum with Lanthanide
Aryloxides: Adduct and Tetramethylaluminate Formation. Organo-
metallics 2003, 22, 499—509.

(524) Yin, H,; Carroll, P. J.; Manor, B. C.; Anna, J. M.; Schelter, E. J.
Cerium Photosensitizers: Structure-Function Relationships and
Applications in Photocatalytic Aryl Coupling Reactions. J. Am. Chem.
Soc. 2016, 138, 5984—5993.

(525) Cole, B. E.; Falcones, 1. B.; Cheisson, T.; Manor, B. C.; Carroll,
P. J.; Schelter, E. J. A Molecular Basis to Rare Earth Separations for
Recycling: Tuning the TriNOx Ligand Properties for Improved
Performance. Chem. Commun. 2018, 54, 10276—10279.

(526) Dong, X.; Robinson, J. R. The Role of Neutral Donor Ligands in
the Isoselective Ring-Opening Polymerization of: Rac -f#-Butyrolac-
tone. Chem. Sci. 2020, 11, 8184—8195.

(527) Evans, W. J.; Ansari, M. A;; Ziller, J. W.; Khan, S. L. Utility of
Arylamido Ligands in Yttrium and Lanthanide Chemistry. Inorg. Chem.
1996, 35, 5435—5444.

(528) Klimpel, M. G.; Gérlitzer, H. W.; Tafipolsky, M.; Spiegler, M.;
Scherer, W.; Anwander, R. f-SiH Agostic Bonding in Sterically
Crowded Lanthanidocene Silylamide Complexes. J. Organomet.
Chem. 2002, 647, 236—244.

(529) Anwander, R; Klimpel, M. G.; Dietrich, H. M.; Shorokhov, D.
J.; Scherer, W. High Tetraalkylaluminate Fluxionality in Half-Sandwich
Complexes of the Trivalent Rare-Earth Metals. Chem. Commun. 2003,
3, 1008—1009.

(530) Booij, M.; Kiers, N. H.; Heeres, H. J.; Teuben, J. H. On the
Synthesis of Monopentamethylcyclopentadienyl Derivatives of Yt-
trium, Lanthanum, and Cerium. J. Organomet. Chem. 1989, 364, 79—86.

(531) Vitanova, D. V.; Hampel, F.; Hultzsch, K. C. Rare Earth Metal
Complexes Based on p-Diketiminato and Novel Linked Bis(f-
Diketiminato) Ligands: Synthesis, Structural Characterization and
Catalytic Application in Epoxide/CO,-Copolymerization. J. Organo-
met. Chem. 2008, 690, 5182—5197.

(532) Luo, Y.; Lei, Y.; Fan, S.; Wang, Y.; Chen, J. Synthesis of Mono-
Amidinate-Ligated Rare-Earth-Metal Bis(Silylamide) Complexes and
Their Reactivity with [Ph;C][B(C4F;),], AlMe; and Isoprene. Dalton
Trans. 2013, 42, 4040—40S51.

(533) Benndorf, P; Jenter, J.; Zielke, L.; Roesky, P. W. Chiral
Lutetium Benzamidinate Complexes. Chem. Commun. 2011, 47,2574—
2576.

(534) Yin, H.; Carroll, P. J.; Anna, J. M.; Schelter, E. J. Luminescent
Ce(III) Complexes as Stoichiometric and Catalytic Photoreductants

https://doi.org/10.1021/acs.chemrev.1c00842
Chem. Rev. 2022, 122, 6040—6116


https://doi.org/10.1021/ic00183a013?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C4DT02411G
https://doi.org/10.1039/C4DT02411G
https://doi.org/10.1021/ic50216a047?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic50216a047?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic50216a047?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic50216a047?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D0CC06981G
https://doi.org/10.1039/D0CC06981G
https://doi.org/10.1039/DT9950001435
https://doi.org/10.1039/DT9950001435
https://doi.org/10.1039/DT9950001435
https://doi.org/10.1039/DT9950001435
https://doi.org/10.1002/(SICI)1099-0682(199909)1999:9<1405::AID-EJIC1405>3.0.CO;2-#
https://doi.org/10.1002/(SICI)1099-0682(199909)1999:9<1405::AID-EJIC1405>3.0.CO;2-#
https://doi.org/10.1002/(SICI)1099-0682(199909)1999:9<1405::AID-EJIC1405>3.0.CO;2-#
https://doi.org/10.1038/s41467-021-23444-x
https://doi.org/10.1038/s41467-021-23444-x
https://doi.org/10.1039/C7DT01837A
https://doi.org/10.1039/C7DT01837A
https://doi.org/10.1039/C7DT01837A
https://doi.org/10.1039/C39940001413
https://doi.org/10.1039/C39940001413
https://doi.org/10.1039/C39940001413
https://doi.org/10.1039/C39940001413
https://doi.org/10.1039/C39940001413
https://doi.org/10.1021/acs.inorgchem.8b02677?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.8b02677?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/ejic.200400953
https://doi.org/10.1002/ejic.200400953
https://doi.org/10.1002/ejic.200400953
https://doi.org/10.1021/acs.organomet.5b00837?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.organomet.5b00837?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic010060l?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic010060l?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/B311397C
https://doi.org/10.1039/B311397C
https://doi.org/10.1039/B311397C
https://doi.org/10.1021/ja0584830?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0584830?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0584830?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0584830?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om200363z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om200363z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om200363z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om7008952?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om7008952?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja2001049?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja2001049?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/ejic.201300756
https://doi.org/10.1002/ejic.201300756
https://doi.org/10.1002/ejic.201300756
https://doi.org/10.1021/om060488y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c39830001499
https://doi.org/10.1039/c39830001499
https://doi.org/10.1039/c39830001499
https://doi.org/10.1039/c39830001499
https://doi.org/10.1021/ic00094a009?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic00094a009?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic00094a009?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic00094a009?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om020784k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om020784k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b02248?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b02248?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C8CC04409K
https://doi.org/10.1039/C8CC04409K
https://doi.org/10.1039/C8CC04409K
https://doi.org/10.1039/D0SC03507F
https://doi.org/10.1039/D0SC03507F
https://doi.org/10.1039/D0SC03507F
https://doi.org/10.1021/ic951499e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic951499e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0022-328X(01)01428-0
https://doi.org/10.1016/S0022-328X(01)01428-0
https://doi.org/10.1039/b212754g
https://doi.org/10.1039/b212754g
https://doi.org/10.1016/0022-328X(89)85333-1
https://doi.org/10.1016/0022-328X(89)85333-1
https://doi.org/10.1016/0022-328X(89)85333-1
https://doi.org/10.1016/j.jorganchem.2005.03.066
https://doi.org/10.1016/j.jorganchem.2005.03.066
https://doi.org/10.1016/j.jorganchem.2005.03.066
https://doi.org/10.1016/j.jorganchem.2005.03.066
https://doi.org/10.1039/c2dt32868b
https://doi.org/10.1039/c2dt32868b
https://doi.org/10.1039/c2dt32868b
https://doi.org/10.1039/C0CC04962J
https://doi.org/10.1039/C0CC04962J
https://doi.org/10.1021/jacs.5b05411?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5b05411?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c00842?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

REVIEY

for Halogen Atom Abstraction Reactions. J. Am. Chem. Soc. 2015, 137,
9234-9237.

(535) Crozier, A. R.; Bienfait, A. M.; Maichle-Méssmer, C.; T6érnroos,
K. W,; Anwander, R. A Homoleptic Tetravalent Cerium Silylamide.
Chem. Commun. 2013, 49, 87—89.

(536) Schneider, D.; Spallek, T.; Maichle-Mé&ssmer, C.; Térnroos, K.
W.; Anwander, R. Cerium Tetrakis(Diisopropylamide) - a Useful
Precursor for Cerium(IV) Chemistry. Chem. Commun. 2014, SO,
14763—14766.

(537) Kim, J. E.; Bogart, J. A.; Carroll, P. J.; Schelter, E. J. Rare Earth
Metal Complexes of Bidentate Nitroxide Ligands: Synthesis and
Electrochemistry. Inorg. Chem. 2016, SS, 775—784.

(538) Levin, J. R;; Dorfner, W. L.; Dai, A. X; Carroll, P.J.; Schelter, E.
J. Density Functional Theory as a Predictive Tool for Cerium Redox
Properties in Nonaqueous Solvents. Inorg. Chem. 2016, SS, 12651—
12659.

(539) Woen, D. H.; Chen, G. P.; Ziller, J. W.; Boyle, T. J.; Furche, F.;
Evans, W. J. Solution Synthesis, Structure, and CO, Reduction
Reactivity of a Scandium(II) Complex, {Sc[N(SiMe;),];}". Angew.
Chem., Int. Ed. 2017, 56, 2050—2053.

(540) Ghotra, J. S.; Hursthouse, M. B.; Welch, A. J. Three-Co-
Ordinate Scandium(III) and Europium(III); Crystal and Molecular
Structures of Their Trishexamethyldisilylamides. J. Chem. Soc,, Chem.
Commun. 1973, 669—670.

(541) Westerhausen, M.; Hartmann, M.; Pfitzner, A.; Schwarz, W.
Bis(Trimethylsilyl ) Amide und -Methanide Des Yttriums - Molekul-
strukturen von Tris(Diethylether)Lithium-(u-Chloro)-Tris[Bis-
(Trimethylsilyl )Methyl]Yttriat, Solvensfreiem Yttrium-Tris[Bis-
(Trimethylsilyl)amid] Sowie Dem Bis(Benzonitril)-Komplex. Z.
Anorg. Allg. Chem. 1995, 621, 837—850.

(542) Dietrich, H. M.; Meermann, C.; Térnroos, K. W.; Anwander, R.
Sounding out the Reactivity of Trimethylyttrium. Organometallics
2006, 25, 4316—4321.

(543) Herrmann, W. A. Reaktivitatsbestimmender Einfluf Der
Ligandenkonstitution Bei Seltenerdamiden: Herstellung Und Struktur
Sterisch Uberladener Alkoxid-Komplexe. Zeitschrift fur Naturforsch. -
Sect. B J. Chem. Sci. 1994, 49b, 1789.

(544) Bradley, D. C.; Ghotra, J. S.; Hart, F. A.; Hursthouse, M. B.;
Raithby, P. R. Syntheses, Properties, and Crystal and Molecular
Structures of Triphenylphosphine Oxide and Peroxo-Derivatives of
[Bis( Trimethylsilyl) Amido]Lanthanoids. J. Chem. Soc,, Dalton Trans.
1977, 1166—1172.

(545) Rees, W. S.; Just, O.; Van Derveer, D. S. Molecular Design of
Dopant Precursors for Atomic Layer Epitaxy of StS:Ce. J. Mater. Chem.
1999, 9, 249-252.

(546) Bubrin, D.; Niemeyer, M. Formation of Novel T-Shaped NNN
Ligands via Rare-Earth Metal-Mediated Si-H Activation. Inorg. Chem.
2014, 53 (3), 1269—1271.

(547) Andersen, R. A; Templeton, D. H,; Zalkin, A. Structure of
Tris(Bis(Trimethylsilyl) Amido)Neodymium (II1I), Nd[N(Si-
(CH,)3),]5. Inorg. Chem. 1978, 17, 2317—2319.

(548) Brady, E. D; Clark, D. L.; Gordon, J. C.; Hay, P. J.; Keogh, D.
W.; Poli, R; Scott, B. L; Watkin, J. G. Tris(Bis(Trimethylsilyl)-
Amido)Samarium: X-Ray Structure and DFT Study. Inorg. Chem. 2003,
42, 6682—6690.

(549) Sundermeyer, J.; Khvorost, A.; Harms, K. Tris[Bis-
(Trimethylsilyl) Amido]Samarium Tetrahydrofuran Solvate. Acta
Crystallogr. Sect. E Struct. Reports Online 2004, 60, m1117—m1119.

(550) Rabe, G. W.; Yap, G. P. A. Crystal Structure of Samarium
Tris[Bis(Dimethylsilyl) Amide]Bis(Tetrahydrofuran), Sm[N-
(SiHMe,),]5(THF),. Z. Krist. NCS 2000, 215, 457—458.

(551) Bienfait, A. M.; Wolf, B. M.; Térnroos, K. W.; Anwander, R.
Trivalent Rare-Earth-Metal Bis(Trimethylsilyl)Amide Halide Com-
plexes by Targeted Oxidations. Inorg. Chem. 2018, 57, 5204—5212.

(552) Herrmann, W. A,; Anwander, R; Kleine, M.; Scherer, W.
Lanthanoiden-Komplexe, I Solvensfreie Alkoxid-Komplexe Des Neo-
dyms Und Dysprosiums. Kristall- Und Molekiilstruktur von Trans-
Bis(Acetonitril) Tris( Tri-tert-butylmethoxy) Neodym. Chem. Ber. 1992,
125, 1971-1979.

6111

(553) Rastitter, M.; Zulys, A.; Roesky, P. W. Bis(Phosphinimino)-
Methanide Rare Earth Amides: Synthesis, Structure, and Catalysis of
Hydroamination/Cyclization, Hydrosilylation, and Sequential Hydro-
amination/Hydrosilylation. Chem. - A Eur. ]. 2007, 13, 3606—3616.

(554) Hitchcock, P. B.; Khvostov, A. V.; Lappert, M. F.; Protchenko,
A.V. Ytterbium(II) Amides and Crown Ethers: Addition versus Amide
Substitution. J. Organomet. Chem. 2002, 647, 198—204.

(555) Niemeyer, M. Reactions of Hypersilyl Potassium with Rare-
Earth Metal Bis(Trimethylsilylamides): Addition versus Peripheral
Deprotonation. Inorg. Chem. 2006, 45, 9085—9095.

(556) Sommerfeldt, H. M.; Meermann, C.; Schrems, M. G.; T6rnroos,
K. W,; Froystein, N. A.; Miller, R. J; Scheidt, E. W.; Scherer, W.;
Anwander, R. Characterization and Reactivity of Peralkylated Ln"AI"™
Heterobimetallic Complexes. Dalton Trans. 2008, 1899—1907.

(557) Niemeyer, M. Synthesis and Structural Characterization of
Several Ytterbium Bis(Trimethylsilyl) Amides Including Base-Free[Yb-
{N(SiMe;),},(u-Cl)], — A Coordinatively Unsaturated Complex with
Additional Agostic Yb---(H3C—Si) Interactions. Z. Anorg. Allg. Chem.
2002, 628, 647—657.

(558) Scarel, G.; Wiemer, C.; Fanciulli, M.; Fedushkin, I. L.; Fukin, G.
K.; Domrachev, G. A.; Lebedinskii, Y.; Zenkevich, A.; Pavia, G.
[(Me,Si),N];Lu: Molecular Structure and Use as Lu and Si Source for
Atomic Layer Deposition of Lu Silicate Films. Z. Anorg. Allg. Chem.
2007, 633, 2097.

(559) So, Y. M.; Leung, W. H. Recent Advances in the Coordination
Chemistry of Cerium(IV) Complexes. Coord. Chem. Rev. 2017, 340,
172—-197.

(560) Kim, J. E.; Bogart, J. A.; Carroll, P. J.; Schelter, E. J. Rare Earth
Metal Complexes of Bidentate Nitroxide Ligands: Synthesis and
Electrochemistry. Inorg. Chem. 2016, 55, 775—784.

(561) Gulino, A.; Casarin, M.; Conticello, V. P.; Gaudiello, J. G.;
Mauermann, H.; Fragald, I; Marks, T. J. Efficient Synthesis, Redox
Characteristics, and Electronic Structure of a Tetravalent Tris-
(Cyclopentadienyl) Cerium Alkoxide Complex. Organometallics 1988,
7,2360—2364.

(562) Evans, W. J.; Deming, T. J.; Ziller, J. W. The Utility of Ceric
Ammonium Nitrate Derived Alkoxide Complexes in the Synthesis of
Organometallic Cerium(IV) Complexes: Synthesis and First X-Ray
Crystallographic Determination of a Tetravalent Cerium Cyclo-
pentadienide Complex, (CsH;);Ce(OCMe;). Organometallics 1989,
8, 1581—-1583.

(563) Moehring, S. A.; Miehlich, M.; Hoerger, C. J.; Meyer, K; Ziller,
J. W.; Evans, W. J. A Room-Temperature Stable Y(II) Aryloxide: Using
Steric Saturation to Kinetically Stabilize Y(II) Complexes. Inorg. Chem.
2020, 59, 3207—-3214.

(564) Xu, X; Yao, Y,; Zhang, Y.; Shen, Q. Crystal Structure of
Tris(2,6-Di-Tert-Butyl-4-Methylphenolato-O) (Tetrahydrofuran-O)
Erbium Toluene Solvate. Appl. Organomet. Chem. 2004, 18, 382—383.

(565) Butcher, R. J.; Clark, D. L.; Grumbine, S. K.; Vincent-Hollis, R.
L.; Scott, B. L.; Watkin, J. G. Ammoniacal Synthesis of Lanthanum
Aryloxide Complexes and Observation of a Unique Interconversion
between Oxygen- and 77-Arene-Bridged Dimeric Species. X-Ray Crystal
Structures of La,(OAr)s(NH;), (n = 0, 2), La(OAr);(NH3),, and
La(OAr);(THF), (Ar = 2,6-i-Pr,C4H,). Inorg. Chem. 1995, 34, 5468—
5476.

(566) Evans, W. J.; Johnston, M. A.; Greci, M. A,; Ziller, J. W. Facile
Formation of Luminescent Terbium(III) Aryloxide Complexes
Directly from Terbium Metal Including the X-Ray Crystal Structures
of Tb(OC¢H;Me,-2,6);(THF); and Tb(OCH,Pr,-2,6);(THF),.
Polyhedron 2001, 20, 277—280.

(567) Xia, Q; Cui, Y.; Yuan, D.; Wang, Y.; Yao, Y. Synthesis and
Characterization of Lanthanide Complexes Stabilized by N-Aryl
Substituted p-Ketoiminato Ligands and Their Application in the
Polymerization of Rac-Lactide. J. Organomet. Chem. 2017, 846, 161—
168.

(568) Hong, Y.; Zheng, Y.; Xue, M; Yao, Y,; Zhang, Y.; Shen, Q.
Phenylene-Bridged -Ketoiminate Dilanthanide Aryloxides: Synthesis,
Structure, and Catalytic Activity for Addition of Amines to
Carbodiimides. Z. Anorg. Allg. Chem. 2015, 641, 1230—1237.

https://doi.org/10.1021/acs.chemrev.1c00842
Chem. Rev. 2022, 122, 6040—6116


https://doi.org/10.1021/jacs.5b05411?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C2CC37404H
https://doi.org/10.1039/C4CC06228K
https://doi.org/10.1039/C4CC06228K
https://doi.org/10.1021/acs.inorgchem.5b02236?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.5b02236?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.5b02236?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.6b01779?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.6b01779?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201611758
https://doi.org/10.1002/anie.201611758
https://doi.org/10.1039/c39730000669
https://doi.org/10.1039/c39730000669
https://doi.org/10.1039/c39730000669
https://doi.org/10.1002/zaac.19956210523
https://doi.org/10.1002/zaac.19956210523
https://doi.org/10.1002/zaac.19956210523
https://doi.org/10.1002/zaac.19956210523
https://doi.org/10.1021/om060488y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/dt9770001166
https://doi.org/10.1039/dt9770001166
https://doi.org/10.1039/dt9770001166
https://doi.org/10.1039/a805757e
https://doi.org/10.1039/a805757e
https://doi.org/10.1021/ic402941z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic402941z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic50186a062?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic50186a062?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic50186a062?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic0341690?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic0341690?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1107/S1600536804016435
https://doi.org/10.1107/S1600536804016435
https://doi.org/10.1515/ncrs-2000-0374
https://doi.org/10.1515/ncrs-2000-0374
https://doi.org/10.1515/ncrs-2000-0374
https://doi.org/10.1021/acs.inorgchem.8b00240?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.8b00240?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/cber.19921250902
https://doi.org/10.1002/cber.19921250902
https://doi.org/10.1002/cber.19921250902
https://doi.org/10.1002/chem.200601510
https://doi.org/10.1002/chem.200601510
https://doi.org/10.1002/chem.200601510
https://doi.org/10.1002/chem.200601510
https://doi.org/10.1016/S0022-328X(01)01408-5
https://doi.org/10.1016/S0022-328X(01)01408-5
https://doi.org/10.1021/ic0613659?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic0613659?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic0613659?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/b716603f
https://doi.org/10.1039/b716603f
https://doi.org/10.1002/1521-3749(200203)628:3<647::AID-ZAAC647>3.0.CO;2-L
https://doi.org/10.1002/1521-3749(200203)628:3<647::AID-ZAAC647>3.0.CO;2-L
https://doi.org/10.1002/1521-3749(200203)628:3<647::AID-ZAAC647>3.0.CO;2-L
https://doi.org/10.1002/1521-3749(200203)628:3<647::AID-ZAAC647>3.0.CO;2-L
https://doi.org/10.1002/zaac.200700223
https://doi.org/10.1002/zaac.200700223
https://doi.org/10.1016/j.ccr.2016.12.009
https://doi.org/10.1016/j.ccr.2016.12.009
https://doi.org/10.1021/acs.inorgchem.5b02236?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.5b02236?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.5b02236?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om00101a016?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om00101a016?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om00101a016?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om00108a042?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om00108a042?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om00108a042?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om00108a042?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om00108a042?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.9b03587?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.9b03587?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/aoc.667
https://doi.org/10.1002/aoc.667
https://doi.org/10.1002/aoc.667
https://doi.org/10.1021/ic00126a016?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic00126a016?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic00126a016?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic00126a016?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic00126a016?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0277-5387(00)00629-X
https://doi.org/10.1016/S0277-5387(00)00629-X
https://doi.org/10.1016/S0277-5387(00)00629-X
https://doi.org/10.1016/S0277-5387(00)00629-X
https://doi.org/10.1016/j.jorganchem.2017.06.002
https://doi.org/10.1016/j.jorganchem.2017.06.002
https://doi.org/10.1016/j.jorganchem.2017.06.002
https://doi.org/10.1016/j.jorganchem.2017.06.002
https://doi.org/10.1002/zaac.201500047
https://doi.org/10.1002/zaac.201500047
https://doi.org/10.1002/zaac.201500047
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c00842?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

REVIEY

(569) Peng, H.; Zhang, Z.; Qi, R;; Yao, Y.; Zhang, Y.; Shen, Q.; Cheng,
Y. Synthesis, Reactivity, and Characterization of Sodium and Rare-
Earth Metal Complexes Bearing a Dianionic N-Aryloxo-Functionalized
p-Ketoiminate Ligand. Inorg. Chem. 2008, 47, 9828—9835.

(570) Gu, W.; Xu, P.; Wang, Y.; Yao, Y.; Yuan, D.; Shen, Q. Synthesis
and Characterization of Yttrium and Ytterbium Complexes Supported
by Salen Ligands and Their Catalytic Properties for Rac-Lactide
Polymerization. Organometallics 2015, 34, 2907—2916.

(571) Heeres, H. J; Meetsma, A,; Teuben, ]J. H,; Rogers, R. D.
Mono(Pentamethylcyclopentadienyl) Complexes of Cerium(III). Syn-
thesis, Molecular Structure Thermal Stability, and Reactivity of
(CsMeS) CeX, (X = 2,6-Di-Tert-Butylphenoxo, CH(SiMe,),, and
N(SiMe;),) Complexes. Organometallics 1989, 8, 2637—2646.

(572) Butcher, R. J; Clark, D. L.; Gordon, J. C.; Watkin, J. G.
Synthesis and X-Ray Crystal Structures of the Samarium Mono-
(Pentamethylcyclopentadienyl) Aryloxide Complexes (17-CsMes)Sm-
(0-2,6-t-Bu,C¢H;),(THF) and [(1-CsMes)Sm(0-2,6-i-Pr,C¢H,);Li-
(THF)]. Differences in metathesis chemistry of 2,6-di-iso-propylphen-
oxide and 2,6-di-tert-butylphenoxide ligands. J. Organomet. Chem. 1999,
577,228-237.

(573) Conley, M. P.; Lapadula, G.; Sanders, K.; Gajan, D.; Lesage, A.;
Del Rosal, I; Maron, L.; Lukens, W. W.; Copéret, C.; Andersen, R. A.
The Nature of Secondary Interactions at Electrophilic Metal Sites of
Molecular and Silica-Supported Organolutetium Complexes from
Solid-State NMR Spectroscopy. J. Am. Chem. Soc. 2016, 138, 3831—
3843.

(574) Avent, A. G.; Caro, C. F.; Hitchcock, P. B.; Lappert, M. F.; Li, Z.;
Wei, X. H. Synthetic and Structural Experiments on Yttrium, Cerium
and Magnesium Trimethylsilylmethyls and Their Reaction Products
with Nitriles; With a Note on Two Cerium f-Diketiminates. J. Chem.
Soc., Dalton Trans. 2004, 1567—1577.

(575) Sridharan, V.; Menéndez, J. C. Cerium (IV) Ammonium Nitrate
as a Catalyst in Organic Synthesis. Chem. Rev. 2010, 110, 3805—3849.

(576) Bradley, D. C.; Chatterjee, A. K.; Wardlaw, W. Structural
Chemistry of the Alkoxides. Part VI. Primary Alkoxides of Quadrivalent
Cerium and Thorium. J. Chem. Soc. 1956, 2260—2264.

(577) Bradley, D. C.; Chatterjee, A. K.; Wardlaw, W. Structural
Chemistry of the Alkoxides. Part VIL. Secondary Alkoxides of
Quadrivalent Cerium and Thorium. J. Chem. Soc. 1956, 3469—3472.

(578) Bradley, D. C.; Chatterjee, A. K.; Wardlaw, W. Structural
Chemistry of the Alkoxides. Part IX. Tert.-Alkoxides of Quadrivalent
Cerium. J. Chem. Soc. 1957, 2600—2604.

(579) Gradeff, P. S.; Schreiber, F. G.; Brooks, K. C.; Sievers, R. E.
Simplified Method for the Synthesis of Ceric Aikoxides from Ceric
Ammonium Nitrate. Inorg. Chem. 1985, 24, 1110—1111.

(580) Gradeff, P. S.; Schreiber, F. G.; Mauermann, H. Preparation of
Ceric Alkoxides in Glycol Ethers. J. Less-Common Met. 1986, 126, 335—
338.

(581) Evans, W.J.; Deming, T.J.; Olofson, J. M.; Ziller, J. W. Synthetic
and Structural Studies of a Series of Soluble Cerium(IV) Alkoxide and
Alkoxide Nitrate Complexes. Inorg. Chem. 1989, 28, 4027—4034.

(582) Friedrich, J.; Schneider, D.; Bock, L.; Maichle-Mossmer, C.;
Anwander, R. Cerium(IV) Neopentoxide Complexes. Inorg. Chem.
2017, 56, 8114—8127.

(583) Williams, U. J.; Schneider, D.; Dorfner, W. L.; Maichle-
Mossmer, C.; Carroll, P. J.; Anwander, R.; Schelter, E. J. Variation of
Electronic Transitions and Reduction Potentials of Cerium(IV)
Complexes. Dalton Trans. 2014, 43, 16197—16206.

(584) Sutton, A. D.; Clark, D. L.; Scott, B. L.; Gordon, J. C. Synthesis
and Characterization of Cerium(IV) Metallocenes. Inorganics 2015, 3,
589—596.

(585) Haddow, M. F.; Newland, R. J.; Tegner, B. E.; Mansell, S. M.
Reversible Temperature-Induced Polymorphic Phase Transitions of
[Y(OAr);] and [Ce(OAr);] (Ar = 2,6-: 'Bu,-4-MeC¢H,): Intercon-
versions between Pyramidal and Planar Geometries. CrystEngComm
2019, 21, 2884—2892.

(586) Skar, H.; Bienfait, A. M.; Schnitzlbaumer, M.; Térnroos, K. W.;
Anwander, R. High 'H Relaxivity Gadolinium-Grafted Mesoporous
Silica Materials. Z. Anorg. Allg. Chem. 2014, 640, 604—615.

6112

(587) Stecher, H. A.; Sen, A.; Rheingold, A. L. Synthesis, Structure,
and Reactivity of Tricoordinate Cerium(III) Aryloxides. The First
Structurally Characterized Monomeric Ln(OR); Complexes. Inorg.
Chem. 1988, 27, 1130—1132.

(588) Steele, L. A. M.; Boyle, T. J.; Kemp, R. A;; Moore, C. The
Selective Insertion of Carbon Dioxide into a Lanthanide(III) 2,6-Di-t-
Butyl-Phenoxide Bond. Polyhedron 2012, 42, 258—264.

(589) Schlifer, J.; Tyrra, W.; Mathur, S. Octakis(Tert-Butoxo)-
Dicerium(IV) [Ce,(O'Bu)g]: Synthesis, Characterization, Decompo-
sition, and Reactivity. Inorg. Chem. 2014, 53, 2751-2753.

(590) Schlifer, J.; Stucky, S.; Tyrra, W.; Mathur, S. Heterobi- and
Trimetallic Cerium(IV) Tert -Butoxides with Mono-, Di-, and
Trivalent Metals (M = K(I), Ge(II), Sn(II), Pb(II), Al(III), Fe(III)).
Inorg. Chem. 2013, 52, 4002—4010.

(591) Amberger, H. D.; Reddmann, H.; Guttenberger, C.; Unrecht,
B.; Zhang, L.; Apostolidis, C.; Walter, O.; Kanellakopulos, B. Zur
Elektronenstruktur Hochsymmetrischer Verbindungen Der F-Ele-
mente. Spektroskopische Und Strukturelle Charakterisierung von
Tris(2,6-Di-t-Butyl-Phenolato ) Lanthanid(III) (Ln(OAr’)y; Ln = Pr,
Nd) Sowie Parametrische Analyse Des Kristallfeld-Aufspal. Z. Anorg.
Allg. Chem. 2003, 629, 1522—1534.

(592) Qi, G. Z.; Shen, Q.; Lin, Y. H. A Bis(2,6-Di-Tert-Butyl-4-
Methylphenolato)Samarium(II) Complex, [Sm(OAr),(Thf);]-Thf.
Acta Crystallogr. Sect. C Cryst. Struct. Commun. 1994, 50, 1456—1458.

(593) Evans, W. J.; Anwander, R,; Ansari, M. A; Ziller, J. W.
Samarium(II) Surrounded by Only Oxygen Donor Ligands: [KSm(u-
OC¢H,Bu2—2,6-Me-4);(THF)],. Inorg. Chem. 1995, 34, S—6.

(594) Yao, Y. M; Shen, Q;; Zhang, Y.; Xue, M. Q.; Sun, J. Syntheses
and Reactivities of Bisaryloxo Lanthanide Chlorides and Crystal
Structures of [Ln(ArQO),CI(THF),]-(MePh) (Ln = Er, Yb) and
[Sm(ArO),(THF);]-(MePh) (ArO = 2,6-di-tert-butyl-4-methylphe-
noxo). Polyhedron 2001, 20, 3201—3208.

(595) Hou, Z.; Fujita, A,; Yoshimura, T.; Jesorka, A,; Zhang, Y,;
Yamazaki, H.; Wakatsuki, Y. Heteroleptic Lanthanide Complexes with
Aryloxide Ligands. Synthesis and Structural Characterization of
Divalent and Trivalent Samarium Aryloxide/Halide and Aryloxide/
Cyclopentadienide Complexes. Inorg. Chem. 1996, 35, 7190—719S.

(596) Qi, G.; Lin, Y,; Hu, J,; Shen, Q. L Synthesis and Crystal
Structure of a Four-Coordinate Aryloxo Samarium Complex [Sm-
(OAr);(THF)](THF) (OAr = 2.6-Ditertbutyl-4-Methylphenoxo).
Polyhedron 1995, 14, 413—415. )

(597) Carretas, J.; Branco, J.; Margalo, J.; Domingos, A.; Pires de
Matos, A. P. Europium(II) and Ytterbium(II) Aryloxide Chemistry:
Synthesis and Crystal Structure of [Eu(OC¢H;Bu',-2,6),(THF),]-0.
75C,Hg and [Yb(OC¢H;Bu',-2,6),(NCMe),]. Polyhedron 2003, 22
(11), 1425—1429.

(598) Zhang, H.; Nakanishi, R.; Katoh, K.; Breedlove, B. K.; Kitagawa,
Y.; Yamashita, M. Low Coordinated Mononuclear Erbium(III) Single-
Molecule Magnets with C;, symmetry: A Method for Altering Single-
Molecule Magnet Properties by Incorporating Hard and Soft Donors.
Dalton Trans. 2018, 47, 302—305.

(599) Bochkarev, M. N.; Fagin, A. A.; Fedushkin, L. L.; Petrovskaya, T.
V.; Evans, W.].; Greci, M. A,; Ziller, ]. W. Alkyl(Aryl) Oxy Derivatives of
Thulium(IIT). Russ. Chem. Bull. 1999, 48, 1782—178S.

(600) Deacon, G. B.; Meyer, G; Stellfeldt, D.; Zelesny, G.; Skelton, B.
W.; White, A. H. Syntheses of Bis(Aryloxo)Halogenoytterbium(III)
Complexes: [Yb(OAr),X(THF),] (X = Cl, Br, I; OAr = OC4H,—
2,6-Bu,—4-R; R = H, Me, 'Bu) and the X-Ray Crystal Structures of
[Yb(OC4H,—2,6-'Bu2—4-Me),I(THF),] and [Yb(OC4Hs,-
2,6-Bu,),OH(THF)],. Z. Anorg. Allg. Chem. 2001, 627, 1652—1658.

(601) Fischbach, A.; Herdtweck, E.; Anwander, R.; Eickerling, G.;
Scherer, W. Reactivity of Trimethylaluminum with Lanthanide
Aryloxides: Adduct and Tetramethylaluminate Formation. Organo-
metallics 2003, 22, 499—509.

(602) Cao, Y,; Du, Z; Li, W; Li, J.; Zhang, Y,; Xu, F.; Shen, Q.
Activation of Carbodiimide and Transformation with Amine to
Guanidinate Group by Ln(OAr);(THF), (Ln: Lanthanide and
Yttrium) and Ln(OAr);(THF), as a Novel Precatalyst for Addition

https://doi.org/10.1021/acs.chemrev.1c00842
Chem. Rev. 2022, 122, 6040—6116


https://doi.org/10.1021/ic8011469?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic8011469?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic8011469?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.organomet.5b00223?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.organomet.5b00223?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.organomet.5b00223?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.organomet.5b00223?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om00113a020?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om00113a020?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om00113a020?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om00113a020?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0022-328X(98)01046-8
https://doi.org/10.1016/S0022-328X(98)01046-8
https://doi.org/10.1016/S0022-328X(98)01046-8
https://doi.org/10.1016/S0022-328X(98)01046-8
https://doi.org/10.1016/S0022-328X(98)01046-8
https://doi.org/10.1021/jacs.6b00071?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b00071?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b00071?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/B316695N
https://doi.org/10.1039/B316695N
https://doi.org/10.1039/B316695N
https://doi.org/10.1021/cr100004p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr100004p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/jr9560002260
https://doi.org/10.1039/jr9560002260
https://doi.org/10.1039/jr9560002260
https://doi.org/10.1039/jr9560003469
https://doi.org/10.1039/jr9560003469
https://doi.org/10.1039/jr9560003469
https://doi.org/10.1039/jr9570002600
https://doi.org/10.1039/jr9570002600
https://doi.org/10.1039/jr9570002600
https://doi.org/10.1021/ic00201a033?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic00201a033?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0022-5088(86)90319-X
https://doi.org/10.1016/0022-5088(86)90319-X
https://doi.org/10.1021/ic00320a018?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic00320a018?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic00320a018?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.7b00828?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C4DT01386G
https://doi.org/10.1039/C4DT01386G
https://doi.org/10.1039/C4DT01386G
https://doi.org/10.3390/inorganics3040589
https://doi.org/10.3390/inorganics3040589
https://doi.org/10.1039/C9CE00184K
https://doi.org/10.1039/C9CE00184K
https://doi.org/10.1039/C9CE00184K
https://doi.org/10.1002/zaac.201300566
https://doi.org/10.1002/zaac.201300566
https://doi.org/10.1021/ic00280a005?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic00280a005?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic00280a005?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.poly.2012.05.021
https://doi.org/10.1016/j.poly.2012.05.021
https://doi.org/10.1016/j.poly.2012.05.021
https://doi.org/10.1021/ic4025876?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic4025876?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic4025876?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic400030j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic400030j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic400030j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/zaac.200300110
https://doi.org/10.1002/zaac.200300110
https://doi.org/10.1002/zaac.200300110
https://doi.org/10.1002/zaac.200300110
https://doi.org/10.1002/zaac.200300110
https://doi.org/10.1107/S0108270193014234
https://doi.org/10.1107/S0108270193014234
https://doi.org/10.1021/ic00105a003?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic00105a003?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0277-5387(01)00939-1
https://doi.org/10.1016/S0277-5387(01)00939-1
https://doi.org/10.1016/S0277-5387(01)00939-1
https://doi.org/10.1016/S0277-5387(01)00939-1
https://doi.org/10.1016/S0277-5387(01)00939-1
https://doi.org/10.1021/ic960683c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic960683c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic960683c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic960683c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0277-5387(94)00251-9
https://doi.org/10.1016/0277-5387(94)00251-9
https://doi.org/10.1016/0277-5387(94)00251-9
https://doi.org/10.1016/S0277-5387(03)00193-1
https://doi.org/10.1016/S0277-5387(03)00193-1
https://doi.org/10.1016/S0277-5387(03)00193-1
https://doi.org/10.1039/C7DT04053A
https://doi.org/10.1039/C7DT04053A
https://doi.org/10.1039/C7DT04053A
https://doi.org/10.1007/BF02494829
https://doi.org/10.1007/BF02494829
https://doi.org/10.1002/1521-3749(200107)627:7<1652::AID-ZAAC1652>3.0.CO;2-7
https://doi.org/10.1002/1521-3749(200107)627:7<1652::AID-ZAAC1652>3.0.CO;2-7
https://doi.org/10.1002/1521-3749(200107)627:7<1652::AID-ZAAC1652>3.0.CO;2-7
https://doi.org/10.1002/1521-3749(200107)627:7<1652::AID-ZAAC1652>3.0.CO;2-7
https://doi.org/10.1002/1521-3749(200107)627:7<1652::AID-ZAAC1652>3.0.CO;2-7
https://doi.org/10.1021/om020784k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om020784k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic200091s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic200091s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic200091s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c00842?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

REVIEY

of Amines to Carbodiimides: Influence of Aryloxide Group. Inorg.
Chem. 2011, 50, 3729-3737.

(603) Fukuzumi, S.; Fujii, Y.; Suenobu, T. Metal Ion-Catalyzed
Cycloaddition vs Hydride Transfer Reactions of NADH Analogues
with p-Benzoquinones. J. Am. Chem. Soc. 2001, 123 (42), 10191—
10199.

(604) Ekkehardt Hahn, F.; Mohr, J. Synthese Und Strukturen von
Bis(Trietanolamin)Lanthanoid-Komplexen. Chem. Ber. 1990, 123,
481—484.

(60S) Massaux, J.; Duyckaerts, G. Methode de Preparation de Sels
Anhydres de Lanthanides Pour La Polarographie En Solvants Non
Aqueux Aprotiques. Anal. Chim. Acta 1974, 73, 416—419.

(606) Caravan, P.; Téth, E.; Rockenbauer, A.; Merbach, A. E. Nuclear
and Electronic Relaxation of Eu**(,y: An Extremely Labile Aqua Ion. J.
Am. Chem. Soc. 1999, 121, 10403—10409.

(607) Teprovich, J. A.; Antharjanam, P. K. S.; Prasad, E.; Pesciotta, E.
N.; Flowers, R. A. Generation of SmII Reductants Using High Intensity
Ultrasound. Eur. J. Inorg. Chem. 2008, 2008, 5015—5019.

(608) Maisano, T.; Tempest, K. E.; Sadasivam, D. V.; Flowers, R. A. A
Convenient Pathway to Sm(II)-Mediated Chemistry in Acetonitrile.
Org. Biomol. Chem. 2011, 9, 1714—1716.

(609) Collin, J.; Giuseppone, N.; Machrouhi, F.; Namy, J. L.; Nief, F.
New Synthesis and Reactions of [Sm(OTf),(DME),]. a Salt-Free
Samarium(II) Triflate. Tetrahedron Lett. 1999, 40, 3161—3164.

(610) Hanamoto, T ; Sugimoto, Y.; Sugino, A.; Inanaga, J. Preparation
and Reaction of Lanthanide(Il) Trifluoromethanesulfonates. Synlett.
1994, 1994 (5), 377—378.

(611) van den Hende, J. R;; Hitchcock, P. B.; Lappert, M. F. Reactions
of Ytterbium (II) Amides with Various Bronsted Acids, CS, or LINRy;
Crystal Structures of [{Yb(NR,)(u-OCBu';)},] and [Yb-
(OCBu'Y),(thf),](R = SiMe,, thf = tetrahydrofuran). J. Chem. Soc,
Dalton Trans. 1995, 2251—-2258.

(612) Bodizs, G.; Raabe, L; Scopelliti, R.; Krossing, I; Helm, L.
Synthesis, Structures and Characterisations of Truly Homoleptic
Acetonitrile Ln** Complexes in Solid State and in Solution. Dalton
Trans. 2009, 5137—5147.

(613) Xémard, M.; Jaoul, A.; Cordier, M.; Molton, F.; Cador, O.; Le
Guennic, B,; Duboc, C,; Maury, O.; Clavaguéra, C.; Nocton, G.
Divalent Thulium Triflate: A Structural and Spectroscopic Study.
Angew. Chem., Int. Ed. 2017, 56, 4266—4271.

(614) Imamoto, T.; Koide, Y.; Hiyama, S. Cerium(IV) Trifluor-
omethanesulfonate as a Strong Oxidizing Agent. Chem. Lett. 1990, 19,
1445—1446.

(615) Berthet, J. C.; Lance, M.; Nierlich, M.; Ephritikhine, M. Simple
Preparations of the Anhydrous and Solvent-Free Uranyl and Cerium-
(IV) Triflates UO,(OTf), and Ce(OTf), - Crystal Structures of
UO,(OT(),(Py); and [{UO,(Py),},(4-O)][OTA],. Eur. J. Inorg. Chem.
2000, 2000 (9), 1969—1973.

(616) Hickson, J. R.; Horsewill, S. J.; Bamforth, C.; McGuire, J.;
Wilson, C.; Sproules, S.; Farnaby, J. H. The Modular Synthesis of Rare
Earth-Transition Metal Heterobimetallic Complexes Utilizing a Redox-
Active Ligand. Dalton Trans. 2018, 47, 10692—10701.

(617) Mahoney, B. D.; Piro, N. A; Carroll, P. J.; Schelter, E. J.
Synthesis, Electrochemistry, and Reactivity of Cerium(III/IV)
Methylene-Bis-Phenolate Complexes. Inorg. Chem. 2013, 52, 5970—
5977.

(618) Rabe, G. W.; Riede, J.; Schier, A. Synthesis, X-Ray Crystal
Structure Determination, and NMR Spectroscopic Investigation of
Two Homoleptic Four-Coordinate Lanthanide Complexes: Trivalent
(*Bu,P),La[(u-P'Bu,),Li(thf)] and Divalent Yb[(u-PtBu,),Li(thf)],.
Inorg. Chem. 1996, 3S, 40—4S.

(619) Moehring, S. A; Ziller, J. W.; Evans, W. J. Rare-Earth
Complexes of the Asymmetric Amide Ligands, N(SiMe;)Ph and
N(SiMe;)Cy. Polyhedron 2019, 168, 72—79.

(620) Wooten, A. J.; Carroll, P. J.; Walsh, P. J. Insight into Substrate
Binding in Shibasaki’s Li;(THF),(BINOLate);Ln Complexes and
Implications in Catalysis. J. Am. Chem. Soc. 2008, 130 (23), 7407—
7419.

6113

(621) Smith, P. H,; Reyes, Z. E,; Lee, C. W,; Raymond, K. N.
Characterization of a Series of Lanthanide Amine Cage Complexes.
Inorg. Chem. 1988, 27, 4154—4165.

(622) Cassani, M. C.; Gun’ko, Y. K; Hitchcock, P. B.; Lappert, M. F.;
Laschi, F. Synthesis and Characterization of Organolanthanidocene-
(1I1) (Ln) La, Ce, Pr, Nd) Complexes Containing the 1,4-Cyclohexa-
2,5-Dienyl Ligand (Benzene 1,4-Dianion): Structures of [K([18]-
crown-6)][Ln{5°-CsH;(SiMe;),-1,3},(CsHs) ] [Cp" = n”*-
CsH;(SiMe;),-1,3; Ln = La, Ce, Nd]. Organometallics 1999, 18 (26),
5539-5547.

(623) Hitchcock, P. B.; Hulkes, A. G.; Lappert, M. F.; Protchenko, A.
V. Diversity of Triflate Coordination Modes in Neodymocene
Complexes Containing Bulky Bis(Trimethylsilyl)Cyclopentadienyl
Ligands. Inorg. Chim. Acta 2006, 359, 2998—3006.

(624) Kilimann, U.; Edelmann, F. T. Cyclooctatetraenyl-Komplexe
Der Fruhen Ubergangsmetalle Und Lanthanoide II. Neue Cyclo-
octatetraenyl- Halbsandwich-Komplexe Des Yttrium. J. Organomet.
Chem. 1994, 469, C5—C9.

(625) Simpson, C. K.; White, R. E.; Carlson, C. N.; Wrobleski, D. A.;
Kuehl, C. J; Croce, T. A,; Steele, I. M.; Scott, B. L.; Young, V. G,;
Hanusa, T. P.; et al. The Role of Alkali Metal Cations in MMA
Polymerization Initiated by Neutral and Anionic Allyl Lanthanide
Complexes. Organometallics 2005, 24, 3685—3691.

(626) White, R. E.; Carlson, C. N.; Veauthier, J. M.; Simpson, C. K;
Thompson, J. D.; Scott, B. L.; Hanusa, T. P.; John, K. D. Observation of
Internal Electron Transfer in Bulky Allyl Ytterbium Complexes with
Substituted Terpyridine Ligands. Inorg. Chem. 2006, 45, 7004—7009.

(627) Lauenstein, A.; Tegenfeldt, J. Ion Coordination and Chain
Mobility in La(CF;SO4);PEO, Studied with NMR Spectroscopy. J.
Phys. Chem. B 1997, 101, 3311-3317.

(628) Fuming, M.; Guangxing, L.; Jin, N.; Huibi, X. A Novel Catalyst
for Transesterification of Dimethyl Carbonate with Phenol to Diphenyl
Carbonate: Samarium Trifluoromethanesulfonate. J. Mol. Catal. A
Chem. 2002, 184, 465—468.

(629) Egashira, K; Yoshimura, Y.; Kanno, H.; Suzuki, Y. TG-DTA
Study on the Lanthanoid Trifluoromethanesulfonate Complexes. J.
Therm. Anal. Calorim. 2003, 71, 501—508.

(630) Sella, A.; Brown, S. E.; Steed, J. W.; Tocher, D. A. Synthesis and
Solid-State Structures of Pyrazolylmethane Complexes of the Rare
Earths. Inorg. Chem. 2007, 46, 1856—1864.

(631) Dietrich, H. M.; Raudaschl-Sieber, G.; Anwander, R.
Trimethylyttrium and Trimethyllutetium. Angew. Chem., Int. Ed.
2005, 44, 5303—5306.

(632) Hart, F. A.; Massey, A. G.; Saran, M. S. Phenyls and Alkyls of the
Group IITA Metals. J. Organomet. Chem. 1970, 21, 147—154.

(633) Barisic, D.; Diether, D.; Maichle-Méssmer, C.; Anwander, R.
Trimethylscandium. J. Am. Chem. Soc. 2019, 141, 13931—13940.

(634) Zimmermann, M.; Rauschmaier, D.; Eichele, K.; Térnroos, K.
W.; Anwander, R. Amido-Stabilized Rare-Earth Metal Mixed Methyl
Methylidene Complexes. Chem. Commun. 2010, 46, 5346—5348.

(635) Schumann, H.; Miiller, J. Tris[ (N,N,N’,N’-Tetramethylethyle-
nediamine) Lithium ]Hexamethylerbate(III) and -Lutetate(III). Angew.
Chem., Int. Ed. 1978, 17, 276.

(636) Schumann, H.; Pickardt, J.; Bruncks, N. Crystal and Molecular
Structure of [Li(Tmen)];[Er(CH;)4). Angew. Chem., Int. Ed. 1981, 20,
120—121.

(637) Schumann, H.; Lauke, H; Hahn, E.; Pickardt, J. Metal-
lorganische Verbindungen Der Lanthanoiden. XVIII. Synthese Und
Struktur von Tris[(1,2-Dimethoxyethan)Lithium]Hexamethyllutetat-
(1I). J. Organomet. Chem. 1984, 263, 29—35.

(638) Schumann, H.; Miiller, J.; Bruncks, N.; Lauke, H.; Pickardt, J.;
Schwarz, H.; Eckart, K. Organometallic Compounds of the
Lanthanides. Tris[ (Tetramethylethylenediamine)Lithium] Hexameth-
yl Derivatives of the Rare Earths. Organometallics 1984, 3, 69—74.

(639) Kramer, M. U.; Robert, D.; Arndt, S.; Zeimentz, P. M.; Spaniol,
T. P.; Yahia, A;; Maron, L.; Eisenstein, O.; Okuda, J. Cationic Methyl
Complexes of the Rare-Earth Metals: An Experimental and Computa-
tional Study on Synthesis, Structure, and Reactivity. Inorg. Chem. 2008,
47, 9265—9278.

https://doi.org/10.1021/acs.chemrev.1c00842
Chem. Rev. 2022, 122, 6040—6116


https://doi.org/10.1021/ic200091s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja016370k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja016370k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja016370k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/cber.19901230312
https://doi.org/10.1002/cber.19901230312
https://doi.org/10.1016/S0003-2670(01)85482-9
https://doi.org/10.1016/S0003-2670(01)85482-9
https://doi.org/10.1016/S0003-2670(01)85482-9
https://doi.org/10.1021/ja992264v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja992264v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/ejic.200800876
https://doi.org/10.1002/ejic.200800876
https://doi.org/10.1039/c0ob01229g
https://doi.org/10.1039/c0ob01229g
https://doi.org/10.1016/S0040-4039(99)00417-7
https://doi.org/10.1016/S0040-4039(99)00417-7
https://doi.org/10.1055/s-1994-22861
https://doi.org/10.1055/s-1994-22861
https://doi.org/10.1039/DT9950002251
https://doi.org/10.1039/DT9950002251
https://doi.org/10.1039/DT9950002251
https://doi.org/10.1039/DT9950002251
https://doi.org/10.1039/b822322j
https://doi.org/10.1039/b822322j
https://doi.org/10.1002/anie.201700576
https://doi.org/10.1246/cl.1990.1445
https://doi.org/10.1246/cl.1990.1445
https://doi.org/10.1002/1099-0682(200009)2000:9<1969::AID-EJIC1969>3.0.CO;2-0
https://doi.org/10.1002/1099-0682(200009)2000:9<1969::AID-EJIC1969>3.0.CO;2-0
https://doi.org/10.1002/1099-0682(200009)2000:9<1969::AID-EJIC1969>3.0.CO;2-0
https://doi.org/10.1002/1099-0682(200009)2000:9<1969::AID-EJIC1969>3.0.CO;2-0
https://doi.org/10.1039/C8DT01262H
https://doi.org/10.1039/C8DT01262H
https://doi.org/10.1039/C8DT01262H
https://doi.org/10.1021/ic400202r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic400202r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic950643t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic950643t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic950643t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic950643t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.poly.2019.04.026
https://doi.org/10.1016/j.poly.2019.04.026
https://doi.org/10.1016/j.poly.2019.04.026
https://doi.org/10.1021/ja7107933?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja7107933?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja7107933?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic00296a015?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om990536x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om990536x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om990536x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om990536x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om990536x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.ica.2005.12.063
https://doi.org/10.1016/j.ica.2005.12.063
https://doi.org/10.1016/j.ica.2005.12.063
https://doi.org/10.1016/0022-328X(94)80089-8
https://doi.org/10.1016/0022-328X(94)80089-8
https://doi.org/10.1016/0022-328X(94)80089-8
https://doi.org/10.1021/om050098w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om050098w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om050098w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic060603x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic060603x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic060603x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp9623958?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp9623958?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S1381-1169(02)00013-4
https://doi.org/10.1016/S1381-1169(02)00013-4
https://doi.org/10.1016/S1381-1169(02)00013-4
https://doi.org/10.1023/A:1022899725410
https://doi.org/10.1023/A:1022899725410
https://doi.org/10.1021/ic062370f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic062370f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic062370f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.200463109
https://doi.org/10.1016/S0022-328X(00)90605-3
https://doi.org/10.1016/S0022-328X(00)90605-3
https://doi.org/10.1021/jacs.9b06879?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c003206a
https://doi.org/10.1039/c003206a
https://doi.org/10.1002/anie.197802761
https://doi.org/10.1002/anie.197802761
https://doi.org/10.1002/anie.198101201
https://doi.org/10.1002/anie.198101201
https://doi.org/10.1016/0022-328X(84)85007-X
https://doi.org/10.1016/0022-328X(84)85007-X
https://doi.org/10.1016/0022-328X(84)85007-X
https://doi.org/10.1016/0022-328X(84)85007-X
https://doi.org/10.1021/om00079a013?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om00079a013?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om00079a013?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic801259n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic801259n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic801259n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c00842?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

REVIEY

(640) Berger, T.; Lebon, J.; Maichle-Méssmer, C.; Anwander, R.
CeCl;/n-BuLi: Unraveling Imamoto’s Organocerium Reagent. Angew.
Chem., Int. Ed. 2021, 60, 15622—15631.

(641) Lappert, M. F.; Pearce, R. Stable Silylmethyl and Neopentyl
Complexes of Scandium(III) and Yttrium(III). J. Chem. Soc, Chem.
Commun. 1973, 126.

(642) Arndt, S.; Voth, P.; Spaniol, T. P.; Okuda, J. Dimeric Hydrido
Complexes of Rare-Earth Metals Containing a Linked Amido-
Cyclopentadienyl Ligand: Synthesis, Characterization, and Mono-
mer-Dimer Equilibrium. Organometallics 2000, 19, 4690—4700.

(643) Schumann, H.; Freckmann, D. M. M.; Dechert, S. The
Molecular Structure of Tris (Trimethylsilylmethyl) Samarium,
-Erbium, -Ytterbium, and -Lutetium. Z. Anorg. Allg. Chem. 2002, 628,
2422-2426.

(644) Atwood, J. L; Hunter, W. E; Rogers, R. D.; Holton, J;
McMeeking, J.; Pearce, R; Lappert, M. F. Neutral and Anionic
Silylmethyl Complexes of the Group 3a and Lanthanoid Metals; the X-
ray crystal and molecular structure of [Li(thf),][Yb{CH-
(SiMe,),};Cl](thf = tetrahydrofuran). J. Chem. Soc, Chem. Commun.
1978, 140—142.

(645) Evans, W.J.; Brady, J. C.; Ziller, J. W. Double Deprotonation of
a Cyclopentadienyl Alkene to Form a Polydentate Trianionic
Cyclopentadienyl Allyl Ligand System. J. Am. Chem. Soc. 2001, 123
(31), 7711=7712.

(646) Barker, G. K.; Lappert, M. F. Stabilisation of Transition Metals
in a Low Coordinative Environment Using the Bis(Trimethylsilyl)-
Methyl Ligand; a Monomeric Cr'™ Alkyl, Cr[CH(SiMe;),];, and
Related Complexes. J. Organomet. Chem. 1974, 76, C45—C46.

(647) Mortis, A.; Barisic, D.; Eichele, K.; Maichle-Mossmer, C.;
Anwander, R. Scandium Bis(Trimethylsilyl)Methyl Complexes Re-
visited: Extending the *Sc NMR Chemical Shift Range and a New
Structural Motif of Li{CH(SiMe,),]. Dalton Trans. 2020, 49, 7829—
7841.

(648) Arndt, S.; Spaniol, T. P.; Okuda, J. Homogeneous Ethylene-
Polymerization Catalysts Based on Alkyl Cations of the Rare-Earth
Metals: Are Dicationic Mono(Alkyl) Complexes the Active Species?
Angew. Chem., Int. Ed. 2003, 42, 5075—5079.

(649) Elvidge, B.R.; Arndt, S.; Zeimentz, P. M.; Spaniol, T. P.; Okuda,
J. Cationic Rare-Earth Metal Trimethylsilylmethyl Complexes
Supported by THF and 12-Crown-4 Ligands: Synthesis and Structural
Characterization. Inorg. Chem. 2008, 44, 6777—6788.

(650) Li, X.; Nishiura, M.; Hu, L.; Mori, K;; Hou, Z. Alternating and
Random Copolymerization of Isoprene and Ethylene Catalyzed by
Cationic Half-Sandwich Scandium Alkyls. J. Am. Chem. Soc. 2009, 131,
13870—13882.

(651) Nishiura, M.; Baldamus, J.; Shima, T.; Mori, K,; Hou, Z.
Synthesis and Structures of the C;Me,SiMe;-Supported Polyhydride
Complexes over the Full Size Range of the Rare Earth Series. Chem. - A
Eur. J. 2011, 17, 5033—5044.

(652) Butovskii, M. V.; Kempe, R. Rare Earth-Metal Bonding in
Molecular Compounds: Recent Advances, Challenges, and Perspec-
tives. New J. Chem. 20185, 39, 7544—7558.

(653) Butovskii, M. V.; Tok, O. L.; Wagner, F. R; Kempe, R.
Bismetallocenes: Lanthanoid-Transition-Metal Bonds through Alkane
Elimination. Angew. Chem., Int. Ed. 2008, 47, 6469—6472.

(654) Butovskii, M. V.; Oelkers, B.; Bauer, T.; Bakker, J. M.; Bezugly,
V.; Wagner, F. R.;; Kempe, R. Lanthanoid-Transition-Metal Bonding in
Bismetallocenes. Chem. - A Eur. ]. 2014, 20, 2804—2811.

(655) Butovskii, M. V.; Déring, C.; Bezugly, V.; Wagner, F. R;; Grin,
Y.; Kempe, R. Molecules Containing Rare-Earth Atoms Solely Bonded
by Transition Metals. Nat. Chem. 2010, 2, 741—744.

(656) Estler, F.; Eickerling, G.; Herdtweck, E.; Anwander, R. Organo-
Rare-Earth Complexes Supported by Chelating Diamide Ligands.
Organometallics 2003, 22, 1212—1222.

(657) Aillerie, A.; Rodriguez-Ruiz, V.; Carlino, R.;; Bourdreux, F.;
Guillot, R.; Bezzenine-Lafollée, S.; Gil, R.; Prim, D.; Hannedouche, J.
Asymmetric Assisted Tandem Catalysis: Hydroamination Followed by
Asymmetric Friedel—Crafts Reaction from a Single Chiral N,N,N’,N’-

6114

Tetradentate Pyridylmethylamine-Based Ligand. Chem. Catal. Chem.
2016, 8, 2455—2460.

(658) Emslie, D. J. H; Piers, W. E.; Parvez, M.; McDonald, R.
Organometallic Complexes of Scandium and Yttrium Supported by a
Bulky Salicylaldimine Ligand. Organometallics 2002, 21, 4226—4240.

(659) Niemeyer, M. A Trigonal-Bipyramidal Coordinated Ytterbium-
(II1) Alkyl: Tris(Trimethylsilylmethyl)Bis(Tetrahydrofuran-O)-
Ytterbium(III). Acta Crystallogr. Sect. E Struct. Reports Online 2001,
57, m§53—mSSS.

(660) Chen, S. M,; Zhang, Y. Q; Xiong, J.; Wang, B. W,; Gao, S.
Adducts of Tris(Alkyl) Holmium(IIT) Showing Magnetic Relaxation.
Inorg. Chem. 2020, 59, 5835—5844.

(661) Yan, C.; Liu, Z.-X;; Xu, T.-Q. Regioselective, Stereoselective,
and Living Polymerization of Divinyl Pyridine Monomers Using Rare
Earth Catalyst. Polym. Chem. 2020, 11, 2044—2052.

(662) Avent, A. G.; Caro, C. F.; Hitchcock, P. B.; Lappert, M. F.; Li, Z.;
Wei, X.-H. Synthetic and Structural Experiments on Yttrium, Cerium
and Magnesium Trimethylsilylmethyls and Their Reaction Products
with Nitriles; with a Note on Two Cerium f-Diketiminates. Dalton
Trans. 2004, 1567—1577.

(663) Qi, G.; Nitto, Y.; Saiki, A.; Tomohiro, T.; Nakayama, Y.; Yasuda,
H. Isospecific Polymerizations of Alkyl Methacrylates with a Bis(Alkyl)
Yb Complex and Formation of Stereocomplexes with Syndiotactic
Poly(AlkylMethacrylate)s. Tetrahedron 2003, S9, 10409—10418.

(664) Zhu, X.; Guo, D.; Yao, F.; Huang, Z.; Li, Y.; Xie, Z.; Wang, S.
Synthesis, Characterization, and Catalytic Activity of Dinuclear Rare-
Earth Metal Alkyl Complexes Bearing 2,6-Diisopropylphenylamido-
methyl Functionalized Pyrrolyl Ligand. Organometallics 2021, 40,
1633—1641.

(665) Cui, D.; Nishiura, M.; Hou, Z. Alternating Copolymerization of
Cyclohexene Oxide and Carbon Dioxide Catalyzed by Organo Rare
Earth Metal Complexes. Macromolecules 2005, 38, 4089—4095.

(666) Lukesové, L.; Ward, B. D.; Bellemin-Laponnaz, S.; Wadepohl,
H; Gade, L. H. High Tacticity Control in Organolanthanide
Polymerization Catalysis: Formation of Isotactic Poly(a-Alkenes)
with a Chiral C;-Symmetric Thulium Complex. Dalton Trans. 2007,
920—-922.

(667) Hong, D.; Zhu, X.; Wang, S.; Wei, Y.; Zhou, S.; Huang, Z.; Zhu,
S.; Wang, R; Yue, W; Mu, X. Synthesis, Characterization, and
Reactivity of Dinuclear Organo-Rare-Earth-Metal Alkyl Complexes
Supported by 2-Amidate-Functionalized Indolyl Ligands: Substituent
Effects on Coordination and Reactivity. Dalton Trans. 2019, 48, 5230—
5242.

(668) Yan, C.; Xu, T. Q.; Lu, X. B. From Stereochemically Tunable
Homopolymers to Stereomultiblock Copolymers: Lewis Base Regu-
lates Stereochemistry in the Coordination Polymerization of 2-
Vinylpyridine. Macromolecules 2018, 51, 2240—2246.

(669) Rufanov, K. A.; Freckmann, D. M. M,; et al. Studies on the
Thermolysis of Ether-Stabilized Lu(CH,SiMe;);. Molecular Structure
of Lu(CH,SiMe,);(THF)(Diglyme). Z. fur Naturforsch. - Sect. B J.
Chem. Sci. 2005, 3, 533—537.

(670) Manzer, L. E. Paramagnetic Organometallic Compounds of the
Early Transition Metals Stabilized by Chelating Benzyl and Phenyl
Ligands. J. Am. Chem. Soc. 1978, 100, 8068—8073.

(671) Harder, S. Syntheses and Structures of Homoleptic Lanthanide
Complexes with Chelating O-Dimethylaminobenzyl Ligands: Key
Precursors in Lanthanide Chemistry. Organometallics 2005, 24, 373—
379.

(672) Ruspic, C.; Moss, J. R;; Schiirmann, M.; Harder, S. Remarkable
Stability of Metallocenes with Superbulky Ligands: Spontaneous
Reduction of Sm™ to Sm™. Angew. Chem., Int. Ed. 2008, 47,2121—2126.

(673) Harder, S.; Ruspic, C.; Bhriain, N. N.; Berkermann, F;
Schurmann, M. Benzyl Complexes of Lanthanide(II) and Lanthanide-
(III) Metals: Trends and Comparisons. Z. Naturforsch. - Sect. B J. Chem.
Sci. 2008, 63, 267—274.

(674) Zhang, W.; Nishiura, M.; Mashiko, T.; Hou, Z. Range of Group
3 and Lanthanide Metals. Synthesis, Structural Characterization, and
Catalysis of Phospine P-H Bond Addition to Carbodiimides. Chem. - A
Eur. J. 2008, 14, 2167—2179.

https://doi.org/10.1021/acs.chemrev.1c00842
Chem. Rev. 2022, 122, 6040—6116


https://doi.org/10.1002/anie.202103889
https://doi.org/10.1039/c39730000126
https://doi.org/10.1039/c39730000126
https://doi.org/10.1021/om000506q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om000506q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om000506q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om000506q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/1521-3749(200211)628:11<2422::AID-ZAAC2422>3.0.CO;2-B
https://doi.org/10.1002/1521-3749(200211)628:11<2422::AID-ZAAC2422>3.0.CO;2-B
https://doi.org/10.1002/1521-3749(200211)628:11<2422::AID-ZAAC2422>3.0.CO;2-B
https://doi.org/10.1039/c39780000140
https://doi.org/10.1039/c39780000140
https://doi.org/10.1039/c39780000140
https://doi.org/10.1039/c39780000140
https://doi.org/10.1021/ja004320u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja004320u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja004320u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0022-328X(00)87391-X
https://doi.org/10.1016/S0022-328X(00)87391-X
https://doi.org/10.1016/S0022-328X(00)87391-X
https://doi.org/10.1016/S0022-328X(00)87391-X
https://doi.org/10.1039/D0DT01247E
https://doi.org/10.1039/D0DT01247E
https://doi.org/10.1039/D0DT01247E
https://doi.org/10.1002/anie.200352532
https://doi.org/10.1002/anie.200352532
https://doi.org/10.1002/anie.200352532
https://doi.org/10.1021/ic0511165?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic0511165?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic0511165?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja9056213?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja9056213?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja9056213?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/chem.201002998
https://doi.org/10.1002/chem.201002998
https://doi.org/10.1039/C5NJ00802F
https://doi.org/10.1039/C5NJ00802F
https://doi.org/10.1039/C5NJ00802F
https://doi.org/10.1002/anie.200800407
https://doi.org/10.1002/anie.200800407
https://doi.org/10.1002/chem.201304125
https://doi.org/10.1002/chem.201304125
https://doi.org/10.1038/nchem.718
https://doi.org/10.1038/nchem.718
https://doi.org/10.1021/om020783s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om020783s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/cctc.201600604
https://doi.org/10.1002/cctc.201600604
https://doi.org/10.1002/cctc.201600604
https://doi.org/10.1021/om020382c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om020382c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1107/S1600536801018566
https://doi.org/10.1107/S1600536801018566
https://doi.org/10.1107/S1600536801018566
https://doi.org/10.1021/acs.inorgchem.9b03264?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C9PY01852B
https://doi.org/10.1039/C9PY01852B
https://doi.org/10.1039/C9PY01852B
https://doi.org/10.1039/B316695N
https://doi.org/10.1039/B316695N
https://doi.org/10.1039/B316695N
https://doi.org/10.1016/j.tet.2003.07.014
https://doi.org/10.1016/j.tet.2003.07.014
https://doi.org/10.1016/j.tet.2003.07.014
https://doi.org/10.1021/acs.organomet.1c00097?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.organomet.1c00097?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.organomet.1c00097?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma050256v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma050256v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma050256v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/B700269F
https://doi.org/10.1039/B700269F
https://doi.org/10.1039/B700269F
https://doi.org/10.1039/C9DT00507B
https://doi.org/10.1039/C9DT00507B
https://doi.org/10.1039/C9DT00507B
https://doi.org/10.1039/C9DT00507B
https://doi.org/10.1021/acs.macromol.8b00125?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.8b00125?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.8b00125?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.8b00125?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1515/znb-2005-0509
https://doi.org/10.1515/znb-2005-0509
https://doi.org/10.1515/znb-2005-0509
https://doi.org/10.1021/ja00494a007?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00494a007?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00494a007?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om049327p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om049327p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om049327p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.200705001
https://doi.org/10.1002/anie.200705001
https://doi.org/10.1002/anie.200705001
https://doi.org/10.1515/znb-2008-0307
https://doi.org/10.1515/znb-2008-0307
https://doi.org/10.1002/chem.200701300
https://doi.org/10.1002/chem.200701300
https://doi.org/10.1002/chem.200701300
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c00842?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

REVIEY

(675) Bambirra, S.; Meetsma, A.; Hessen, B. Lanthanum Tribenzyl
Complexes as Convenient Starting Materials for Organolanthanum
Chemistry. Organometallics 2006, 25, 3454—3462.

(676) Harder, S.; Ruspic, C.; Bhriain, N.; Berkermann, F.; Schiirmann,
M. Benzyl Complexes of Lanthanide(II) and Lanthanide(III) Metals:
Trends and Comparisons. Z. Naturforsch. 2008, 63, 267—274.

(677) Meyer, N.; Roesky, P. W.; Bambirra, S.; Meetsma, A.; Hessen,
B.; Saliu, K; Takats, J. Synthesis and Structures of Scandium and
Lutetium Benzyl Complexes. Organometallics 2008, 27, 1501—150S.

(678) Wooles, A. J.; Mills, D. P.; Lewis, W.; Blake, A. J.; Liddle, S. T.
Lanthanide Tri-Benzyl Complexes: Structural Variations and Useful
Precursors to Phosphorus-Stabilised Lanthanide Carbenes. Dalton
Trans. 2010, 39, 500—510.

(679) Mills, D. P.; Wooles, A. J.; McMaster, J.; Lewis, W.; Blake, A. J.;
Liddle, S. T. Heteroleptic [M(CH,C¢H;),(I)(THF);] Complexes (M
=Y or Er): Remarkably Stable Precursors to Yttrium and Erbium T-
Shaped Carbenes. Organometallics 2009, 28, 6771—6776.

(680) Harder, S. The Chemistry of Ca" and Yb™: Astoundingly Similar
but Not Equal! Angew. Chem., Int. Ed. 2004, 43, 2714—2718.

(681) Wolf, B. M.; Stuhl, C.; Anwander, R. Synthesis of Homometallic
Divalent Lanthanide Organoimides from Benzyl Complexes. Chem.
Commun. 2018, 54, 8826—8829.

(682) Kong, F.; Li, M.; Zhou, X.; Zhang, L. Synthesis, Structure and
Reactivity of Guanidinate Rare Earth Metal Bis(O-Aminobenzyl)
Complexes. RSC Adv. 2017, 7, 29752—29761.

(683) Jiang, W.; Zhang, L. J.; Zhang, L. X. Synthesis, Structure, and
Reactivity of Monoguanidinate Rare-Earth Metal Aminobenzyl Enolate
Complexes. Eur. . Inorg. Chem. 2020, 2020, 2153—2164.

(684) Harder, S.; Naglav, D.; Ruspic, C.; Wickleder, C.; Adlung, M.;
Hermes, W.; Eul, M,; Péttgen, R.; Rego, D. B.; Poineau, F.; et al.
Physical Properties of Superbulky Lanthanide Metallocenes: Synthesis
and Extraordinary Luminescence of [Eu"(Cp™©),] (Cp®'®=(4-"Bu-
CgH,)s- Cyclopentadienyl). Chem. - A Eur. ]. 2013, 19, 12272—12280.

(685) Mills, D. P.; Cooper, O.].; McMaster, J.; Lewis, W.; Liddle, S. T.
Synthesis and Reactivity of the Yttrium-Alkyl-Carbene Complex
[Y(BIPM)(CH,C¢H,)(THF)] (BIPM = {C(PPh,NSiMe,),}). Dalton
Trans. 2009, 4547—4555.

(686) Gregson, M.; Chilton, N. F.; Ariciu, A.-M.; Tuna, F.; Crowe, L.
F.; Lewis, W.; Blake, A. J.; Collison, D.; McInnes, E.J. L.; Winpenny, R.
E. P; et al. A Monometallic Lanthanide Bis(Methanediide) Single
Molecule Magnet with a Large Energy Barrier and Complex Spin
Relaxation Behaviour. Chem. Sci. 2016, 7, 155—165.

(687) Gregson, M.; Ly, E.; Mills, D. P.; Tuna, F.; McInnes, E. J. L;
Hennig, C.; Scheinost, A. C.; McMaster, ].; Lewis, W.; Blake, A. J.; et al.
The Inverse-Trans-Influence in Tetravalent Lanthanide and Actinide
Bis(Carbene) Complexes. Nat. Commun. 2017, 8, 14137.

(688) Liddle, S. T.; Mills, D. P.; Gardner, B. M.; McMaster, J.; Jones,
C.; Woodul, W. D. A Heterobimetallic Gallyl Complex Containing an
Unsupported Ga-Y Bond. Inorg. Chem. 2009, 48, 3520—3522.

(689) Van Velzen, N. J. C.; Harder, S. Deca-Arylsamarocene: An
Unusually Inert Sm(II) Sandwich Complex. Organometallics 2018, 37,
2263-2271.

(690) Xie, H.; Wy, C.; Cui, D.; Wang, Y. Ligand-Free Scandium Alkyl
and Alkoxide Complexes for Immortal Ring-Opening Polymerization
of Lactide. J. Organomet. Chem. 2018, 875, 5—10.

(691) Evans, W. J.; Anwander, R.; Ziller, J. W. Inclusion of AI2Me6 in
the Crystalline Lattice of the Organometallic Complexes LnAl;Me;,.
Organometallics 1995, 14, 1107—1109.

(692) Zimmermann, M.; Freystein, N. A.; Fischbach, A.; Sirsch, P.;
Dietrich, H. M.; Térnroos, K. W.; Herdtweck, E.; Anwander, R.
Homoleptic Rare-Earth Metal(III) Tetramethylaluminates: Structural
Chemistry, Reactivity, and Performance in Isoprene Polymerization.
Chem. - A Eur. J. 2007, 13, 8784—8800.

(693) Nieland, A.; Mix, A.; Neumann, B.; Stammler, H. G.; Mitzel, N.
W. Lanthanoid Tetramethylaluminates and Their Paramagnetic NMR
Parameters. Eur. . Inorg. Chem. 2014, 2014, 51—-57.

(694) Klooster, W. T.; Lu, R. S.; Anwander, R.; Evans, W. J.; Koetzle,
T. F.; Bau, R. Neutron Diffraction Study of [Nd(AlMe,),]-0.5 Al,Me
at 100 K: The First Detailed Look at a Bridging Methyl Group with a

6115

Trigonal-Bipyramidal Carbon Atom. Angew. Chem., Int. Ed. 1998, 37,
1268—1270.

(695) Holton, J.; Lappert, M. F.; Ballard, D. G. H.; Pearce, R.; Atwood,
J. L; Hunter, W. E. Alkyl-Bridged Complexes of the d- and f-Block
Elements. Part 2. Bis[Bis(#-Cyclopentadienyl)Methylmetal(III)]
Complexes, and the Crystal and Molecular Structure of the Yttrium
and Ytterbium Species. J. Chem. Soc., Dalton Trans. 1979, 54—61.

(696) Schrems, M. G.; Dietrich, H. M.; Térnroos, K. W.; Anwander,
R. [Ln"AI"(Alkyl)s],: Donor Addition Instead of Donor-Induced
Cleavage. Chem. Commun. 2008, 2 (47), 5922—5924.

(697) Robert, D.; Spaniol, T. P.; Okuda, J. Neutral and Monocationic
Half-Sandwich Methyl Rare-Earth Metal Complexes: Synthesis,
Structure, and 1,3-Butadiene Polymerization Catalysis. Eur. J. Inorg.
Chem. 2008, 2008, 2801—2809.

(698) Dietrich, H. M.; Zapilko, C.; Herdtweck, E.; Anwander, R.
Ln(AlMe,); as New Synthetic Precursors in Organolanthanide
Chemistry: Efficient Access to Half-Sandwich Hydrocarbyl Complexes.
Organometallics 2008, 24, 5767—5771.

(699) Zimmermann, M.; Estler, F.; Herdtweck, E.; T6érnroos, K. W.;
Anwander, R. Distinct C - H Bond Activation Pathways in Diamido-
Pyridine-Supported Rare-Earth Metal Hydrocarbyl Complexes. Orga-
nometallics 2007, 26, 6029—6041.

(700) Zimmermann, M.; Takats, J.; Kiel, G.; Tornroos, K. W.;
Anwander, R. Ln(III) Methyl and Methylidene Complexes Stabilized
by a Bulky Hydrotris(Pyrazolyl)Borate Ligand. Chem. Commun. 2008,
612—614.

(701) Litlabe, R.; Zimmermann, M.; Saliu, K.; Takats, J.; Térnroos, K.
W.; Anwander, R. A Rare-Earth Metal Variant of the Tebbe Reagent.
Angew. Chem., Int. Ed. 2008, 47, 9560—9564.

(702) Le Roux, E.; Nief, F.; Jaroschik, F.; Térnroos, K. W.; Anwander,
R. Mono-Phosphacyclopentadienyl Bis(Tetramethylaluminate) Lan-
thanide Complexes. Dalton Trans. 2007, 4866—4870.

(703) Barisic, D.; Schneider, D.; Maichle-Mdssmer, C.; Anwander, R.
Formation and Reactivity of an Aluminabenzene Ligand at Pentadienyl-
Supported Rare-Earth Metals. Angew. Chem., Int. Ed. 2019, 58, 1515—
1518.

(704) Dietrich, H. M.; Térnroos, K. W.; Anwander, R. LaALEt;,: A
Homoleptic Ethyllanthanum Complex. Angew. Chem., Int. Ed. 2011, S0,
12089—12093.

(705) Klimpel, M. G.; Anwander, R.; Tafipolsky, M.; Scherer, W.
Peralkylated Ytterbium(II) Aluminate Complexes YbALR, New
Insights into the Nature of Aluminate Coordination. Organometallics
2001, 20, 3983—3992.

(706) Hollfelder, C. O.; Jende, L. N.; Diether, D.; Zelger, T.; Stauder,
R.; Maichle-Méssmer, C.; Anwander, R. 1,3-Diene Polymerization
Mediated By Homoleptic Tetramethylaluminates of the Rare-Earth
Metals. Catalysts 2018, 8, 61.

(707) Kénig, S. N.; Chilton, N. F.; Maichle-Mdssmer, C.; Pineda, E.
M.; Pugh, T.; Anwander, R.; Layfield, R. A. Fast Magnetic Relaxation in
an Octahedral Dysprosium Tetramethyl-Aluminate Complex. Dalton
Trans. 2014, 43, 3035—3038.

(708) Gompa, T. P.; Ramanathan, A.; Rice, N. T.; La Pierre, H. S. The
Chemical and Physical Properties of Tetravalent Lanthanides: Pr, Nd,
Tb, and Dy. Dalton Trans. 2020, 49, 15945—15987.

(709) Rice, N. T ; Popov, I. A;; Russo, D. R.; Bacsa, J.; Batista, E. R.;
Yang, P.; Telser, J.; La Pierre, H. S. Design, Isolation, and Spectroscopic
Analysis of a Tetravalent Terbium Complex. J. Am. Chem. Soc. 2019,
141, 13222—13233.

(710) Rice, N. T,; Popov, I. A,; Russo, D. R,; Gompa, T. P;
Ramanathan, A.; Bacsa, J; Batista, E. R;; Yang, P.; La Pierre, H. S.
Comparison of Tetravalent Cerium and Terbium Ions in a Conserved,
Homoleptic Imidophosphorane Ligand Field. Chem. Sci. 2020, 11,
6149—-6159.

(711) Willauer, A. R.; Palumbo, C. T.; Fadaei-Tirani, F.; Zivkovic, L;
Douair, I.; Maron, L.; Mazzanti, M. Accessing the + IV Oxidation State
in Molecular Complexes of Praseodymium. J. Am. Chem. Soc. 2020,
142, 5538—5542.

(712) Willauer, A. R;; Palumbo, C. T.; Scopelliti, R;; Zivkovic, L;
Douair, I.; Maron, L.; Mazzanti, M. Stabilization of the Oxidation State

https://doi.org/10.1021/acs.chemrev.1c00842
Chem. Rev. 2022, 122, 6040—6116


https://doi.org/10.1021/om060262v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om060262v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om060262v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1515/znb-2008-0307
https://doi.org/10.1515/znb-2008-0307
https://doi.org/10.1021/om701171y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om701171y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/B911717B
https://doi.org/10.1039/B911717B
https://doi.org/10.1021/om9007949?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om9007949?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om9007949?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.200353557
https://doi.org/10.1002/anie.200353557
https://doi.org/10.1039/C8CC05234D
https://doi.org/10.1039/C8CC05234D
https://doi.org/10.1039/C7RA04524G
https://doi.org/10.1039/C7RA04524G
https://doi.org/10.1039/C7RA04524G
https://doi.org/10.1002/ejic.202000148
https://doi.org/10.1002/ejic.202000148
https://doi.org/10.1002/ejic.202000148
https://doi.org/10.1002/chem.201302021
https://doi.org/10.1002/chem.201302021
https://doi.org/10.1002/chem.201302021
https://doi.org/10.1039/b902079a
https://doi.org/10.1039/b902079a
https://doi.org/10.1039/C5SC03111G
https://doi.org/10.1039/C5SC03111G
https://doi.org/10.1039/C5SC03111G
https://doi.org/10.1038/ncomms14137
https://doi.org/10.1038/ncomms14137
https://doi.org/10.1021/ic900278t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic900278t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.organomet.8b00254?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.organomet.8b00254?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jorganchem.2018.09.002
https://doi.org/10.1016/j.jorganchem.2018.09.002
https://doi.org/10.1016/j.jorganchem.2018.09.002
https://doi.org/10.1021/om00003a011?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om00003a011?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/chem.200700534
https://doi.org/10.1002/chem.200700534
https://doi.org/10.1002/ejic.201301266
https://doi.org/10.1002/ejic.201301266
https://doi.org/10.1002/(SICI)1521-3773(19980518)37:9<1268::AID-ANIE1268>3.0.CO;2-Y
https://doi.org/10.1002/(SICI)1521-3773(19980518)37:9<1268::AID-ANIE1268>3.0.CO;2-Y
https://doi.org/10.1002/(SICI)1521-3773(19980518)37:9<1268::AID-ANIE1268>3.0.CO;2-Y
https://doi.org/10.1039/DT9790000054
https://doi.org/10.1039/DT9790000054
https://doi.org/10.1039/DT9790000054
https://doi.org/10.1039/DT9790000054
https://doi.org/10.1039/b512047k
https://doi.org/10.1039/b512047k
https://doi.org/10.1002/ejic.200800040
https://doi.org/10.1002/ejic.200800040
https://doi.org/10.1002/ejic.200800040
https://doi.org/10.1021/om0506163?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om0506163?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om700830k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om700830k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/B713378B
https://doi.org/10.1039/B713378B
https://doi.org/10.1002/anie.200803856
https://doi.org/10.1039/b709633j
https://doi.org/10.1039/b709633j
https://doi.org/10.1002/anie.201812515
https://doi.org/10.1002/anie.201812515
https://doi.org/10.1002/anie.201105251
https://doi.org/10.1002/anie.201105251
https://doi.org/10.1021/om0102091?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om0102091?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/catal8020061
https://doi.org/10.3390/catal8020061
https://doi.org/10.3390/catal8020061
https://doi.org/10.1039/C3DT52337C
https://doi.org/10.1039/C3DT52337C
https://doi.org/10.1039/D0DT01400A
https://doi.org/10.1039/D0DT01400A
https://doi.org/10.1039/D0DT01400A
https://doi.org/10.1021/jacs.9b06622?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b06622?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D0SC01414A
https://doi.org/10.1039/D0SC01414A
https://doi.org/10.1021/jacs.0c01204?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c01204?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201914733
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c00842?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

REVIEY

+ IV in Siloxide-Supported Terbium Compounds. Angew. Chem., Int.
Ed. 2020, 59, 3549—3553.

(713) Palumbo, C. T.; Zivkovic, L; Scopelliti R.; Mazzanti, M.
Molecular Complex of Tb in the + 4 Oxidation State. J. Am. Chem. Soc.
2019, 141, 9827—9831.

(714) Woen, D. H.; Kotyk, C. M.; Mueller, T. J.; Ziller, J. W.; Evans,
W. J. Tris(Pentamethylcyclopentadienyl) Complexes of Late Lantha-
nides Tb, Dy, Ho, and Er: Solution and Mechanochemical Syntheses
and Structural Comparisons. Organometallics 2017, 36, 4558—4563.

(715) Woen, D. H.; White, J. R. K; Ziller, J. W.; Evans, W. J.
Mechanochemical C—H Bond Activation: Synthesis of the Tuckover
Hydrides, (CsMes),Ln(u-H)(u-n":5>-CH,CsMe,)Ln(CsMe;) from
Solvent-Free Reactions of (CsMes),Ln(u-Ph),BPh, with KC;Mes. J.
Organomet. Chem. 2019, 899, 120885.

(716) Fetrow, T. V; Daly, S. R. Mechanochemical Synthesis and
Structural Analysis of Trivalent Lanthanide and Uranium Diphenyl-
phosphinodiboranates. Dalton Trans. 2021, 50, 11472—11484.

(717) Gerber, L. C. H.; Le Roux, E.; Térnroos, K. W.; Anwander, R.
Elusive Trimethyllanthanum: Snapshots of Extensive Methyl Group
Degradation in La-Al Heterobimetallic Complexes. Chem. - A Eur. ].
2008, 14, 9555—9564.

NOTE ADDED AFTER ASAP PUBLICATION

This paper was published ASAP on January 31, 2022, with errors
in Schemes 21 and 79. The corrected version was reposted on
February 2, 2022.

6116

https://doi.org/10.1021/acs.chemrev.1c00842
Chem. Rev. 2022, 122, 6040—6116


https://doi.org/10.1002/anie.201914733
https://doi.org/10.1021/jacs.9b05337?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.organomet.7b00385?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.organomet.7b00385?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.organomet.7b00385?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jorganchem.2019.120885
https://doi.org/10.1016/j.jorganchem.2019.120885
https://doi.org/10.1016/j.jorganchem.2019.120885
https://doi.org/10.1039/D1DT01932E
https://doi.org/10.1039/D1DT01932E
https://doi.org/10.1039/D1DT01932E
https://doi.org/10.1002/chem.200801174
https://doi.org/10.1002/chem.200801174
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c00842?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

